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ABSTRACT

The.wofk examines the basis of a dews~point hygrometer
which senses the incipience of dew by the change in surféce,
resistance of a cooled insulator. ',The study is.primariiyA
concérned with soda-lime glass surfaées although silica and
‘polymers were briefly examined iﬁ the éxperimental work.v
The water vapour adsorption process oﬁ_glass is reviewéd,
and the ensuing chemical énd,physical modification of the
surface structure is noted. .The ﬁater vapour to 1iquid water.
phase transitiqn was shown to be basically a droplet
nucleation process in surface féatures such as cracks and
scratches., A condensation réte equatioh‘was developed, and
extended to a model which simulates thé nucleaﬁioh process in

surface pits and the growth rates of droplets.

An experimental apparatus is described_which enabled
small insulator specimens to be_cooled over a carefully
controlled temperature range in a gas stream of constant

humidity. The surface resistivity and a microscopic oy

examination éf the growing dew deposit wefe simultaneously
monitored during the cooling process. The measured
resistivity characteristics were in good agreement with
earlier work, but have been more abcurately compared with the
thermodynamic_dew-point temperature. Soiuble surface
.materials‘in the soda-lime glass were shown to have a
considerable influence on the temperature at which thé dew

deposit formed. A cbmputer—based model of the surface film



énd coalescing droplets has predicted some of thé observed
resistivity inflection charactéristics at the dew-poinf.

The measured droplet growth rates were in good agreement with
the predicted rates; 'and_the rate process of condensation
“has been satisfactorily related to the time depéhdénf surface

resistivity characteristics.
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CHAPTER 1

"Introduction

v1 1) Thls project was initiated to 1nvestigate a type of dew-p01nt
humldlty measurement instrument which involves measuring the electrlcal.d
surface resistance at the dew~point.‘ Durlng the course of thls work

it became apparent that dew~point hygrometry was a complex thermodynamic .
process, and that the particular method studied had recelved very llttle
background research. The scientific d1901plines involved in dew formatlon
are dlverse, and although individual sectlons are often well understood,
few previous attempts have been made to study the whole process. A: '
computer based model of a substantlal part of the droplet growth mechanlsm
was derlved and where possible 1t was compared with experlmental results.-_

An experimental -apparatus was constructed to meaeure the surface

‘resistance of insulators at.the dew~point whilst 81mu1taneously a110w1ng'
an optlcal examlnation of the surface to be made. The results of the
experlments explaln some of the fundamental.prlnciples of surface |
conductivity at the dew~point whilst allowmng a comparlson to be made

with the more conventlonal opt1ca1_dew»point.detectlon.ﬂ

1.2 Dew~Point as a Humidity ReportingﬁForm"

For many practical applications‘it:isumost cOnuénieht to oeasureb
humidity in terms ofbthe dew-point‘temoerature. ‘British Standard 1339
'1965 defines "dew-point" as, "the temperature at whlch the: Vapour pressure'
of the water vapour in the air 1s equal to the saturatlon vapour pressure
over water.," | -

The "thermodynamic dew~point" is defined‘for,a eystem'in,which
the ideal gas laws hold-ae,'"The‘température-at:which»the miring ratio,
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 has its maximum vaiue"“ (The m1x1ng ratio is deflned as "the zatlo of -

- the maes of water vapour to the mass of dry a1r w1th whlch the water

vapour is as soc1ated")

Furthermore, "the thermodynamlo dew~p01nt 1s the temperature at -

which condensation beglns to- occur under normal condltnons when the .

initial mixture is cooled at conetant pressure"

'work uses the latest N. B S. curve (I P T”

‘Greenspan (1),

B§1339 deflnes dew~p01nt hygrometryiby "The temperature of a slowlym p

'coo]ed surface exposed to the. alr 1s observed when a - thln fllm of dew

is seen to be formlng. That temperature 1s the dew—p01nt" 3

In practice the deW—poxnt temperature may be converted to another o

reportlng form, such as "relatlve humldlty"f, The oonvers1on is. mede w1thgff

' referenoe to a eaturation vapour pressure curve for water.‘ The data

for such a curve is experlmentally derlve' although theoretlcal treat- S
mentq can now obtaln a good f1t to experlmental resulte.; The presont

- 68) publlshed by Wexler and,

Dickson (2) p01nts out that the termlnology for the "dew—poznt"
reporting form is. confused by the term "frost-point" used in metoorou
logical work for saturation over 1ce. The 'Internatlonal Standards 5

Organisation! suggest the uee of the term "condeneatlon temperature"t”

- and this may eventually replace the dew~»or frost-p01nt reportlng forms.‘_kf

From the present work 1t 1s fe]t that the deflnltlon 1n Bs1339,

-~ and other sources, of "dew—point hygrometry" should oonsider the dew~v"’
poxnt to be an equlllbrlum value, rather than suggest that net condensatlon

‘occurs, Wylie, Dav1es and Caw (3) suggest a depos1t should be formed

and then maintained at a constant sizé.- The equxllbrlum temperature,
at which the rates of condensatlon and evaporation are equal, lo the

"dew—p01nt" Furthermore, Wylie et al have expPrimentally shown the




equilibrium temperature to give a more accurate dew—point determination
than noting the temperature of the:onset of condensation, The present

work confirms Wylie'é findings.

1.3 The DéVelopmenf of Cooled Surface Déw—Point Hygrometers

In 1660Athe'Academia Del Cimépio published the first work describing
an instrumént relyiﬁg upon condensation to meaéure hﬁmidity. Thié
apparatus used an ice filled cone to form dew on thé external sutface.
The dew was collected in a graduated container under the cone apex, and
the humidity was recorded as a rate of‘dew collection. . In‘1751 Le Roy
developed an instrument in which the temperatﬁre of dew fofmation was
noted. Present day instruments ﬁse the same basic ériniciple although
improvements have been made on all asbects_of the design. The methgd
is now a sub-standard humidity méasurement.

Until recently, dew-point instruments have used'metallic surfaces
cooled by ether or petrol evaporatiCn'Qn the uhdefside. 'A.microscbpe
was used by the operator to note the dew_formation, and the temperature
was manually controlled during the operation. Recent'developménts
have used Peltier-effect thermoelectric coolers, and a light source and
photocell system to detect the light reflectiénjfrom the deposit.

A control 1oop between the dew detectipn system énd the cooier enables
the instrument ;ho hold the surface temperé.ture at the dew~point.
Electrical temperature transducers are mounted just beneath:the surface

~ and énable a continuous record of the deﬁ—point temperature to be obiained.

The optical method 6f detecting and controlling the size of a dew
deposit is generally a slow process because of the slow rates of mass

transfer in most instruments. From time to time, developments have



-{ ?»1;’

appeared in the llterature aimed. atv;peolxng up tho dew detection  -'
method The general beljef behlnd such developments lS that 1£ a n@pQSlt"
can be detected before lt reaches the sxze of v1¢1ble droplcts,the ;
spoed will be 1ncreased. | B
One recent technlque for detectlng a deposmt haq been to pass a}pha "
radiation through the layer from a. radloactlve source beneath the
ﬂopo¢1tlon gurface to an alpha part:cle detector above. The cnange in
| pulse helght in the detector is a measure of the dew dep051t thlcknecs._
The overall 1nstrumentat10n is. complex and thereforo covtly, nevertheless
commerclal 1nstruments bas@d on the technlque are avallablﬁ.d”

A second technlque for dpteotlng a d@pOQIt has been: to coo] an
electrical Lnoulator, and note the surface conduct1v1ty as'a dep031t 1s':
formed. This is tho grocnss to be studled 1n the present work and thp,:'
;olloW1ng sections trace the developmént of the method and the prnblemb‘

which have initiated the prespnt research project.

1.4 Dew-Point Ingtruments Based on_tﬁé SurfécélEléctric31 Conductivity :

of & Cooled Insulator

Brldgeman (4) in 1966 des cribed a commerclal dewﬁpolnﬁ hygromrter L
which detected dew on a cooled electrlcal 1nsulator by measurlng the |
surface conduct1v1ty. A more comprehen31ve study of thls 1nstxument was.
given by Bridgeman and Kraft (;) in 1969 | ‘ _. -

The background work to the development of the technlque ig: based
on many earllpr studxes Wthh have shOWn that certain 1nsu1ators decrea (]
in surface resistance as the vapour pressure is 1ncreased Brldgeman |
cites he work of Smail, Brooksbank and Thornton (6\ in 1931 who | meaeuted
the durface resistance oi glass as 1ts temperature reached th@ deWbp01nt

- The work of Field (7 1n 1946 ign quoted because it «howed that certaln
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materials had a fast reéistance response to a humidity change, and would,
'therefore, be most éuitable for an instrument, Finally, the work of.
Leone (8) in 1963 is quoted because he produced an automatic instrument
based on the conductivity princible,.

Smail et al (6) showed that the surface resistance of glass was
 constant at humidity donditions near the dew—pointyvfor a wide range of
dew-point temperatures. From this work Bridgeman:(and.preSumably Léone)
' deducéd thét the surface resistance need only-be controlled at a given
value and that the temperature of the surface wéuld be the dew—pdint.

Leone suggested that the surface resistance should be coﬁtréiled at
.a valﬁe corresponding to a temperature just above the dew-point. The
reason for this was to reduce the ahount of the deposit aﬁd hence»increase
the speed of the instrument. Bridgeman has aﬂopted a similar technique.

" The commercial instrument described by Bridgeman and produded by
Vap-Air Division, Vapor Corporétion (U.S.A.) uses an epoxy-filled
glass cloth surface and gold comb‘electrodeé. The'éurface température
is measured by a thermocouple. .The‘instrumept repeatability is qubted
as 0.5°F and the long term stability in an air*cbnditioned atmospﬁere

was 2°F over a three year period..

1.5 The Investigation in the Preseht Wo:k

A review of the background work relating‘té {the déw—poinf‘instrument
described in the previous section has re#ealed a number of importanﬁ
points which require clarification. The underlyihg.problém ié that no
simultaneoué measurement of opticaland electrical characteristics
at the dew-point, has been found in the'literature.

The instruments of Bridgeman, and Leone, do ﬁot méasuré the thermo-

dynamic dew-point, but are reported to measure a temperature sémewhat
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. higher and hence are calibrated to the dew-point. Nevertheless, it 1s

felt that the basic work of Smail et al (6) should be repeated whilst

_ "51multaneous1y maklng an optical examlnataon of the surface, and precisely

~ controlling the surface temperature at a range of values passing through |
ﬁhe thermodynamic dew-~point., | |
Following_Smail et al, a glass‘Surface was Ehosén és the insulator
for the practical work., This has the advantage that there is a consider-
able quantity of published 1literature dé3cribing not‘only the electrical
characteristics, but alsc the physica17and chemical characteristics of
glass., Where necessary, surfaces of other.materials have been used to
consolidate the results on glass.
| The feview work begins by conéidering how Water vapour becomes
attached to glass, and discusses the physical, chemical énd electrical
properties of the system. The review prbceeds to show how the attached
molecules become a liquid phase and gfow by condensation after saturation.
A model is derived .to investigaté the phyéical growth during this process.

The experimental work shows, where possible, the validity of the model.



CHAPTER 2

A Review of Water Adsorption and Chemlsorptlon on Glasa and its Fffeot

on the Surface Conduct1V1ty ,

The purpose of this chapter is to show how water vapour is adsorbed
on a glass surface and what effect this has on the surface electrlcal
conductivity. It is shown that the Process involves chemisorption as
well as bhysical adsorption, hence the chemical reactions between water

and glass are reviewed in some depth.

The chapter reviews the literature on the subjects, starting with

-a discuasion on physical adsorption, (section 2.1), and a“qualitat;Ve

(section 2.2)and quantitative (section 2,3) description of the process.
It is pointed out that the glass - waterISystem is complex, involves

chemisorption and has so far eluded successful theoretical treatment.

Relevant literature on the chemical constitution of glasses is reviewed

briefly (section 2.4)>and that on the physical and chemical structure of
glass surfaces more fully (section 2.5). The practical results of many
workers who have measured the adsorption of wéter vapour on glass are
discussed in section 2.6 ahd the important chémical reactions are noted
in section 2.7, Finally, section 2.8 reviews the results obtalned by

workers who have measured the surface conductivity of glass in atmospheres

of high water vapour pressure,



2.1 The Process of Physical Adsorption

Wéter.vapour molecules may combine with a solid material by the
- processes of absorption and adsorption. The 'free' surface of a solid
usually has excess energy available because molecules in the ouier layer
have unbound energy on»thé 'free' side. The excess ehefgy, or "surface
free energy", attracts water vapbur molecules to the surface. The
capture of a vapour molecule is a spontaneous action because it lowers
the surface free energy, Molecules attracted onto a sclid surface'are
said to be "adsorbed". Molecules attracfed into a porous solid are
said to be "absorbed", although actually adsorbed on the internal
surfacé. Alternatively, absorption involves the diffuéion;:and dissolutlon,
of the vapour in the bulk of the matefial, Both types. of abqolptlon qre
much slowéx processes than adsorption.  The term "sorption" is often used
when both adsorption and absorption oceur together.

Tard solids generally have tightly bound moloru]er,and surface
rearrangement to lower the energy is slight. " Soft solids, however,
tend to bve wéakly bound and surface molecules may move in order to
minimise the surface free energy, . Hard sélids are, therefore,;more
likely to adsorb water vapour beéause it resﬁlts'in a large free energy
decrease.

The intermolecular forces betwsen vapour moleculés and surface.
molecules are discussed, for example, by Young and Crowell (Q> | When
two atnms are adJaLenﬁ s the electron space cloud of one produ(e a
regonant movement in the other. The resultant force is attractive and
is called a dispersion force. If the atoms move closer together;a
repulsive force is set up due to the linking of the electron élouds.
Thus an equilibrium state may be reached in ﬁhich an adsarbed molecule

remains attached to the asurface molecules. The nature of the bond is
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also affected by the polar characteristics of the molecules, If both

the vapour and the solid surface molecules are polar, an electrostatic

attraction will exist in addition to the dispersion forces and hence. a

very strong bond is formed, One such bond is the 'Hydrogen Bond' which

is especially important in the water-glass éystem. Thg hydrogen
g atoms of thevwater dipole are attracted to negative surface ions
such as inorganic oxides and eépecially OH™ ions, (The.chemicaluaction
of water on glass produces NaDH,'whilst the basic constituents of glass
are oxides). |

v In addition to the physical forces which nay exist between ﬁolecules,
chemical action can occur betweeh certain groups. ‘Chemisorption' takes
place when a chemical bond is forméd bétween the adsorbent and adsorbate,
This involves elecfron sharing or displadement and conseﬁuently the‘
formation of a new.subsfance. Gregg (10)'points out fhat it is oftgn
very difficult to complefely distinguish‘between chemigorption'and
physical adsorption, however chemigorption is restricted to a singular
molecular 1ayér and generally is a slower rate process than physical
adsorption, 'Furthermore, chemisorption‘is often an irreversible process,
In the water vapour-glass system both physical adsorption and chemigorp~
tion take place, |

Comprehensive reviews of adsoiption processes are given by Gregg (10),
Gregg and Sing (11) and Young and Crowell (9). Specialised topics

are discussed in the papers edited by Flood‘(12L
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2.2 Adsorption Isotherms

Quantitative adsorption data is usually expressed by an adsorption
isotherm, The prdinates are the amount of vapouf’adsorﬁed. whilst the
abscissae are the relative vapour Dregsure, The data is taken at constant
temperature. The curve must pass through the origin because this represents
'zero vapour adsorbed' at 'zero vapour pressure'. The maximum relatlve'
pressure of P/Po = 1,0 corresponds to the saturation vapour pressure,

If there is no chemical reaction, each point on the 1sotherm igs a time
1nvar1ant equilibrium atate,

Brunauer, Deming, Deming and Teller have classified adsorption
isotherms info five types. Gregg (10), for exampie, has discussed the
characteristics of the five isothermé. Fig. 1 shows types II and IV
which are common with water vapour adsorﬁtion. Experimental studies
~ (see section 2.6) show that at relative préssures lesé than about 0,25
the adsdrbed vapour consists of g partially completed layer of mono=
molecular thickness, As the relative pressure approaches saturation,‘

a mul timolecular layer is formed which may take either of two characteris-
tics at saturation, dependent upoh the surface free energy. The curve
may pass through the éaturation pressure with a finite amount adsorbed,

or the amount adsorbed may increase aaymptotically as saturation is
approached,

With porous solids, capilliary condensation may occur at high
. relative pressures. This effect is‘discussed more fully in Chépter 4,

One characteristic of capilliery condensation is the occurrence of ad-
sorption hysteresis., Fig., 2 shows an adsorption isbtherm which exhibits
hysteresis, The greater amount of adsorﬁed vapour found when lowering
the pressure can be explained in terﬁs of the liquid traﬁped in the
pores, and is in equilibrlum with the system due to the Kelvin Effect,

discussed in Chapter 3,
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2.3 The Development of Adsorption Equations

Several theories havé beeri develéped to account for_adécrption. Thc.
diverse nature of surface structures and propertxes and the complex
intermolecular forces at surfacos,has stopped the d@velapmpnt of a.
general theory wh;ch would fit any adsprbent/adsorbate combination,
However, certain theories based upon $imp1e, idéal systems have yielded
results which compare fayourably with exper1menta1 results._' 

Young and Crowell (9) have traced ‘the development of adsorptlcn
theories., The early work of Polanyl in 1914 dﬂd Langmulr 1n 1916 was
based upon the formation of a monomolecular 1ayer. In 1938 Brunauer,
Fmmett and Teller extended the work of Langmulr and developed an equatlon
for multllayer adso:ptlon. The:r result is genera]]y rofered to as the
BET,equétion. The equation is derlved:from a model which assumes that
at any given pressure £he molecules are arranged.one above anolher andn
influenced only in a vertical directioh at eéch»éitea The equilibrium
state is considered to conglst of: equa] ovaporatlon and condens¢t10n rates
given by the kinetic theory of gases. Desplte makJng a number of s1mp11w
fying assumptions, the BET equation wx;l fit many type I1 isotherms by -
choosing a singlé suitable constént' usuaily by.emﬁiﬁical methods.-

The simple BET equatlon uuggests an 1nf1n1te adqorbpd 1ayer at
saturation. The equatlon is easily modlfled to yleld a. fJnlte adsorptlon
al saturation, and again retains 31mpl;c1ty-by-requ1r1ng only two constants.
The BET equation has been extended in usage ByICOnsidering the.pféviously
neglected assumptions, and with certaiﬁ refinements it'may describe ‘
most isotherms, “

The system in the present work consists of pol#r_adsorbent and

adsorbate. Young and Crowell (9) have‘discussed the'polarisatipn‘theories
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of adsorption,and although the underlying assumptions of earlier wofk
are believed untenable, the form of the equation is shown to fit mdch
data. The general form of the equation is :-
RL(P/R)=n bk ke (1)

Where 'n' is the number of adsorbed layers and K; and YK;,are constants. -
Bradley (13) derived thls equatlon. , |

No fully acceptable theory has been found which descrlbos polar
adsorpt1qn, nor has it been found p0851b1e to completely accpunt for
capilliary'condensation effects on the type v isdtherm. Ne§erthe1ess,
Wylie (43) has theoretically demonstrated hysferésis'éffects_pn ceftain
surface defects, and the present work examinésiihe rolé of capilliary
condensation as saturation is readhed,: |

The adsorption of water on a glasé:sufoCe ds ofﬁﬁrimary interest‘
in the present work. Before reVigwihglpublished adsqrﬁtioﬁ‘iSOtherms-
for glass it is necessary to conSidér ﬁrieflyfthé physicalvstruétﬁpé

of glass surfaces.

2.4 The Compositioh of Glass ‘ : v _

The 'glasslike state' is defined by-Holiand-_(M) as a'splid w’_ith.
the molecula& disorder of a liquid frozén in its étfucfdfe. The term -

glass' is usually applied to compounds based on fused 1norgan10 OdeeS

with silica as the main component, | |

Glass made from pure silida{poésesées ménydbf the‘propefties_of,d
an 'ideal glass' and is resistant to chemlcal attack and thermal shosk.
Slllca glass, however, is used only to a limited extent beoause 1t is ) -
difficult to work and has a high melting p01nt.:-Most commqrcial glasseév
contain several oxides which produde'a-iower‘meiting‘point and‘méke'the ‘

glass easier to work, Approximately 90iper cenf‘df‘manufaCtured glass
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BLE
% Composition O Various Guasses
AJB|IC|D]|E]JF]G]H]|
Si 02 960 806| 722 | 73-1 | 71:5 | 671 | 588|476 |
Ne, O | 421133| 87125 92| I-7] 20
Ca O 1 03[1071157|81 |08 |
K20 1718360
Po O | o 1581127
A 03104 1:9(05(03 (13
Fez O.3 OI Ol 04' -
Mg O 28113335
 55)_03 ' | I'O ‘ '
B,0a] 3-6 119 - |7 |40
Zn 0 | | 25199
Ba O 1143292
Guass Tyee

A Vycor

B Pyrex’ (BorosiLicaTe)

C Winbow Guass {Sooa - Lime)

D  BotTie Guass (Sosn-Lime)

E Microscope Cover Suip {Usep In Present Work)

' Tasce-Ware CrysaL Guass (Leao Guass)

G Opricau FLINT (Barium FLint)

H  Opticae Crown (Barium Crown)
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is 'soda=lime' glass, and is used in such-applications:aavﬁottles and

windows. | o | | |
Table 1 shows the chemical comPoéition of'8‘ty§ioa1 glaases..’Tha

data is given by thtleton and Morey (15), Holland (14) and in manufacturer -

llierature. Column E describes the glaas used in the-present};nvestlgatlon.

2.5 The Structure of a Glass Sgrface'

A freshly formed glass surface conaists of'ﬁicroscopic domains.':
of the glass constituents such as soda or lime 0. 01 to O 1pm 1n size,
The physical and chemlcal structure is 1argely determlned by: the method
of surface preparation. Holland (14) quotes‘a simple example of the
effects of 'cleaning' a_sﬁrface. Heat'ireatment causes the alkali |
components to diffuse to the aurfacefor efaporate; Chémicalk'cleanihg;‘.
may selectlvely remove components from the surface or may deposit the
products of reactions., Acid cleaning 1eaches out the basic oxides and -
1ea§es a gilica rich layer at the surface. The surface‘becomeszpqﬁouszu
due to the dissolved démains{ | |

Most glass ia formed by blowing tq-the réquiied‘shapa in a steei
mould or is produced in‘plates by the.;float; processai‘The latter‘aethod
involves pouring the molten glass onto the surface of a bath of molten
tin. Glasses, such as optical glass, are often ground and pollshed to
produce the final surface: finish. Holland (14) discusses the grlndlng
and polishing_methods'and it is usaful:ﬁb cpmpa;e the surface propertles‘
with those praduced‘by a 'natural formiﬁg'LpfboeSa. o

The physical effects of polishihg arelto>chi§ parts of the rough
surface and move some‘chips into sﬁrfaééféraéks.'”Chemicai action accom-
panies certain polishing methods and it has been shown that oxides may

be dissolved out of the glass durlng pollshlng.‘.The'pollsh is deposited :
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in cracks and over much of the surface to a depth of O, Ogﬂm to 0. 1mn.

The pits and scratches remalnlng after. careful pollshlng are generally

- from O. O/Mm to O.fum. Acid attack is shown to be greater on a pollshed.'

- surface and is belleved to dlssolve the-debris out of cracks.

Tichane and Carrier (16) have studied the mxcrostructure of a

_sodasllme glass surface durlng various. cleanlng processes. The glass

was manufactured by a drawing process dlrectly from the melt and was
not polished. The freshly fractured glass was shown to cons1st of
domains 0.01um in size. Weathered glass'contalued much larger domglns
up to O.%un whilst glacs washed in uatcr hadddomainSubetween thesc'
limits., The various cleanlng agents produced a range of surfaces w1tu
domains from O, 3 m to 0. O/ym- Unfortunately ‘the . study did not include

an analysis of thenhemlcal nature of the surface to show which components

were affected by the cleaning.

The recent work of Trap (17)‘haéuieViewcd many of the factors
affecting the surface structure of glaSses.‘cThe*thérmal treatmeht during
manufacture is believed to have a con31derab1e effect on the surface
arrangement of molecules. The surface 1s shown: to- contaxn a much greater
quantity of the constituent oxides than the‘bulk; and the surface_cxideS“
group to form structural units."The pciardéaticﬁ characteristicé cfA
the constituent oxides.determine; theﬂinciiucticn to moue.to the surfade;‘
Sodium anddPotassiuu are most 1ikeiy tc mcvejtoithe Surface; but,cglcium
and metallic oxides are much less influeuced; |

clegrly the physical shape of a élcss surface depends upon ¢chemical
action and surface preparation, The profile cf»the éurface*determines
the initial stages o£ adsorpticn énd ccndenscticn. 'Furthermore, '
adsorbed water will be likeiy touieact_With the_surfacc apd alter its

shape and constitution during adscrpfich..
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2.6 A Review of !xperlmental Work on the Adsorptlon of Water Vapour

on Glass

There are two fundémeﬁtal methods pfﬁméasurinthhe amount of
water vapour adsorbed on a glass surface,‘ﬁFirstly,rgravimetrid in which
the glass is weighed in atmospheres'of différentvvapour pressures.
Thus the mass of adsorbed water is giﬁen directly by the mass change.
Secondly, volumetric techniques in whloh a ‘measured VOlume of vapour,
at a given pressure, is admitted to a glass vessel of known surface
area, and when equilibrium is reached the. ‘new va@our pressure is noted
The adsorbed volume may be calculated fromlhe pressure and volume

1"

data,
~ |

Many variations of the above methods are descrlbcd in the llteruture
together with indirect methods which are callbrated agaxnst the basic
techniques, One cther method which glves a dlrect measurement of the
adsorbed vapour is to detect the layer thickness by an optical system.
The ellipticity of reflected polarlsed light from & surfaca has been
shown by a number of worke#s to reiate to\ihe'adsorbéd‘layer thickness.,
The indirect methods have included capacitaﬁce méasurements through the
bulk of the filn, 1nfra~red absorptlcn by the film, NMR technlques and
chemlcal analyais, .

Frazer (18) in 1929 used the light ﬁc?arisation technique to obtain
adsorption isotherms. He claims an efror of‘iess than 0.3nm (the
diameter of a water molecuie ié apprpximafely 0.26nm). Plate glass
(soda-~lime silicate) was used and prepared by starting a crack and
steadily pulling to reveal 'a new surfacé. The glass was kept in a vacuum
system and water was introduced to providé eachfreqﬁired vapour préssure.
Fig. 3 shows Frazer's results, At relatlve presSures below 0.3 there was

no detectable adqorptlon, however Frazer notes that ‘a "probable monolayer"
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would defy accurate detection by his apparatus. - When the relative ‘
'pressure was increased to O, 7, the formation and growth of a second layer
was observed. Above thias pressure there was a rapid ihcrease in lay@r
thloknoss which reached 2 4nm (approx. 10 layers) at the hlghest recorded
relative pressure of 0.9,

Derjaguin and Zorin (19) in 1957 used a liéht polarisation techﬁique
similar to Frazers to study adsorption at relative préssures near
saturation. The glass, of unspecified type, was washed in alcohol and
cleaned in a glow dischérge.' Fig. 4 shoWs Derjaguin's results, énd it
is noted that multimoleculai adsorption was not detected until a relative
pressure of 0.95. The layer thickneés:incréased such that it had a
thickness of 7nm at saturation(P/Po = 9, As condensation set in, dew
droplets were observed on the suffaCe. The plane adsorbed layer was
observed to co-exist with the droplets, Howeverbthe 1ayér-reméined-at
constant depth whilst the droplets grew. Derjaguin suggests that this
is due to the fact that further thickness bf:the plane iayer,"would'
increase its thermodynamic potentiél above'tha£ of the droplets, and
result in the transport of excess water to the drops."

Derjaguin states that the sﬁrface.wasva'poiishéd plane glass plate
with a ground flat surface. The study of glahs:polishing téchniques
made by Holland (14)suggests that even.the best methods leave a polish
layer of 0.0§um where the glass surface has a_modified»chemical structure,
Similarly, scratch marks are found of 0.65 to O.lum‘depth. "It is felt,
therefore, that the mlcrostructure of the surface used by Derjaguln is
not trukly plane and the composition is uncertaln. These factors are
expected to influence the adsorption proness. Doubté about fhe validity
of Derjaguins results are also expressed by Dav1es (?O)

Mc Haffie and Lenher (21) in 1925 used a constant volume, pressure
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change method»to study water vapour adsorption on the inner surface of
a glass vessel. Fig. 5 shows. their eiperimental’results=as expressed
by Yager and Mbrgan (22). Thebglass, a soft Duroglass, was pfepared.
by washing in chromic acid, followed by fuming.nitric acid and then
repeated »washing'with distilled water. Holland (14) shows that this
process leaches the surface and produ#es a microporous fegion of 1arge
surface area. The chemical nature of the surface is also modified by
such a treatment.‘ Thus the true number of laYers adsorbed will bebless
ihan shoﬁn, and capilliary cbndénsatibn mayibe présent.

Garbatski and Folman (2%) in 1956 used a capacitance method of
measuring water vapour adsorption on giass. Their capacitor consisted
of a séndﬁich of two separated'micppscope cover glasses with brass
electrode plates cemented on each oﬁtér shrfaéé. Thg dielectric system
consisted of cement + glass.+ adsorbate + vapour + adsorbate + glass +
cement. The change in adsorbate thicknéss was thus given by the capa=
citance change. The glass was cleaned in detergent solution and dilute
nitric acid and finally rinsed for hours in diétilled wate?.. The réquired
relaiive pressure was obtained from solutiéns of known concen{ratién |
and vapour pressure}  KC1 solutions were used between P/Po = 0.86 to
0.98. Mannitol solutions.were ﬁSed Between P/Po = 0;985 to 0.9976.

The true surface area was considered to be»between % and 5 times the linear
area, and the lack of observed capi11iary condensation was used as evidence
to suggest fhat the area could not'bé greafer than this., Fig. 6 shows

the adsorption isotherm for this wopk. The data has been compared with
Bradley's derived formula for the pqlariSation theory of'adsorption,

and a good agreement was reached. "The form of the equation was

I CL(P/R) - K;>= r;.Dn - Lki Q)
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fGarbatskivand Folman chiose values of £he three constants by empirical
means "to give optimum fit to a straight plot'.

A review of recenf literature (1960 onwards) hasvshown that there
has been 1it§le published data for water vapour adsorption on plane
glass surfaces, The'techniqﬁeé available to study adsorption have ad; |
vanced considerabdbly, but research'interest has ceﬁtered on silica, or
compound glasses whiéh have been finely'divided to give a large surface
area. The importance of chemisorptioh»effects (see Seﬁtion ?;?) has
caused most researchers to chose adsorbent surfaces of closely controlled
structure and oomposition. 'Plane' glass surfaces, eapecially of multi-
component glasses, have too many unknowh‘propertigs'to yield consistent
results, |

Adsorption on the plane surface of a quartz crystal (crystallihe
9102 ) has been studied by 'piezograwiﬁetric'bméthodé. Slutsky and
Wade‘(24) in 1962 showed how an osciliafing quarté crystal changes
freguency whilst vapour is adsorbed on one suffacé. A measurement of

10
g.

10 e is easily available and King (25) suggests a detection limit

12

of 107 ' gram, Quartz spring balance'techhiques have been used in many

6

adsorption studies and measuremeni resolution was generally 10 = to

10“10 gram; Quarfz spring methods have oftén‘used adsofbents with a
large surface area to obtain suffiéient sénsitivity. The piezogravi~
metric method, however, is sensitive eﬁbughfto neasure adsorption on a
small crystal with a 'real' area close to the 'linear’ éiea. Khan (26)
in 1972 has published an adsorption iéotherm for water vapour on quartz,
His results cover the range P/Po = 0,051 to 0.725 and aie shoﬁn ih

Fig 7. The isotherm is type II with a monolayer completion at P/Pos0,3

The ratic between 'real' and 'linear' area was calculated to be 1.8 to 1.
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Morariu ahd Mills (27) in 1972 have studied‘thevadsorption of
water vapour os silica of high surface area.v Nuclear Magnetic Resonance,
NVR, - and Differential Thermal Anelysis; DTA, vere used to study adsorption
on silicas of dlfferent surface a01dity. The 51lica used was mlcroporous |
and it was suggested that the pore neck diameter was decreased by acid
treatment, The isotherms were shown to be type II and showed hysteresis‘
effects due to the pores, Most;eiperiﬁentai work on adsorption on
silica involves measuring the true su:ﬁace area By monolayer adsorption
of nitrogen. ‘The area of a nitrogen mclecule is 16,2 12 ccmpared'withv
10.7 Kz for a water molecule. Morariu ana Mills suggest that waper
molecules can enter pores which are not accessible to nitrogen molecules,
and this may infroduee errorsvin interfseting resﬁlts. |

The recent trends in water vapour adsorptlon studles on slllca
based materlals are placmg a large emphasis on the true chemcal nature.

of the surface. Carruthers et al (28), for example, have reported many

| different mechanisms 1nvolved in the water/solld 1nteract10n during -

adsorpt1on.

2.7 The Chemical Action of Water on.’Giass

The modification of a glass surface by condensed water is observed ’
in the present work. A literature review of prev1ous studles of ohemlcal
attack has been undertaken to find (1) Whlch glasses are susceptlble to
water attack,(2) The rate of reaction,(3) The.change in chemlcal*structure
of the surface,(4) The change in phy81cal structure of the surface.

Taylor and Smith (29) in 1936 studied the dlssolutlon of alkali from
various glasses. Test were made w1th a01d1c, neutral (water), and
alkallne solvents, The rate of reactlon was noted at temperatures

" between 5 C and 90 C, and both powdered and plate glass samples Were
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ugsed, The t&sts.determined the weight loss ofvthe glass and the alkalinity
_increase of the solvent. Soda, Nago, wag shown to be the main source
of chemical reaction, and soda-lime glasses ware, thérefore,~the most
soluble, A typical result showed that 0.0032gm of Na20 was removedbfrom
T x '1030m2 surface area'of sodanlime_glasé after 4 hours at 2500..
Furthermore, the tests showed that 85%»6f the weight lose had occured
after one hour. (For the present wak if is ﬁsefﬁl to éalculate that -
the surface lost a volume of 0.2 x 1O§m13 per cm2, and that if 107
of the surface ares was attacked then the dépth_of penetration of conical
pits Was'0.0éum,) |
Two types of soda-lime glass ﬁere studied by Taylor and Smith.
The result quoted above is for a soda-lime glass with a composition
very close to that of the microscope cover slips used in the present
experimenta} work., The second SOda~1ime'g1ass‘had a much smalier lime,
Cal, content and a slightly higher soda, Nas0, content., The weight
loss for this glass was twice that bf fhe_dne.qu§ted abqve, and ﬁolland
»(14) suggests that the Cal content modifies the Nao0 reaction with water.
Charles (30) in 1958 made a study of water cormdsion of soda~lime -
.glass to show how surface leaching modified the fracture mechanism,
He listsfive main features of the attacklprocegszé
"(1) Acceleration of the corrosidn‘proceésuis often observed., (2) The
corrosion products, formed by hydrothermal reacfibns, often contain
crystalline quartz, hydrous alkali.silicafes,‘silica-gei, and other -
crjstalline forms of silica that have been difficult to identify,
(3) The corroded material generally 1oseévits coherency and decrepitates
by exfoliation of ‘layers or by a blockwisé disintegration. (4) The
boundary between the corroded and uncorréded matgrial is generally sharp.

(5) A large expansion in volume of the.corrodéd-material accompanies thc.
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reaction with water." The above features are dependent upon the glass
composition, the temperature and duration of the reaction.

Charles' experimentél work ShOWSbthat the rate of corresion is much -
greater in steam than in liquid water at the same temperature. The
" reason for this‘effect WAS’believedgto be that bulk water dilutes thé
increasing alkalinity caused by Cerésion products. The steam phase,
howeyer, allows the>Water on the surface to be in a small volume and
hence high alkaline content.

Pure silica is not attacked by water at témperatures up to 300°C,
Charles, however, shows that the inclusion of sodium molecules at the
terminal ends of the silica structure enéblesba chain reaction to proceed
when water, generaliy at over 100°C, is on the glass surface. Al lower
temperatures the priméry reaction betwéen water and- the soda-lime glass
is shown to be Na' ion diffusion.,

The primary interest of Charles' work was the rate of crack or flaw
growth due to the 1eaching process., Thin glass rods were supported at
one end and heavily loaded at the other end. The Surrounding atmosphere
was controlled at a range 6f temperatures frﬁm ~50°C_to +15OOC, and at
relative humidities between 50% and saturation. The experiment indicated
the time taken for each rod to bréak. A typical regult showed that
glasé in a saturated atmosphere at 24°C took an éverage of 16 minutes
to fail,although the range of results lay between 1.5 minutes and 100
minutes. The depth of flaws at the inStant of breaking was shown to be
mostly between 0.5 and 0.8um.

" The recent work of Carruthers et al (28) in 1971 has shown evideﬁce
that many processes simultaneously take place during water sorption
on glass, Carruthers notes:-

"(1) Hydrogen bonding between water molecules and surface hydroxyl



25,

groups (iona). (2) Surface hydration of exposed surface cations by

water molecules. (3) Diasociative chemisorption, e.g., hydroxylation

of silica., (4) MHydration in depth of poofly ordered cations éhg.,

Cr3+ or A15+, original]y,éclvated and not fully éoordinated‘in,the

oxide strﬁcture. (5) Hydroxide or oxide~hydroxide formation in depth,"
Holiand (14) has reviewed the literature, including references (29)

and (30) above, and forms the view that water on glass produces a two

way diffusion process., Alkali is removed from the glass by the diffusion

of Na' ions to the glass surface and the counter diffusion of B' ions

into the glass to waintain electrical neutrality. Holland's evidence shows

that this is a rate process determined mainly by ﬁhe diffusion rate of

the sodium ions. Holland also discusses thé effects of the glasstOnsti-

~tuents other than soda in determining the water attack properties.

The main effect of lime is to slow down the soda/water reaction,

Similarly other constitﬁents in a glass tend to f£ill the gaps in the lattice

structure of a basic soda~lime~silicate and thus imprbve the éurface

stability, Holland shows that the sfability against corrosion of a soda~

lime glass eventually improves after ﬁuch washing in watef, §team of

alkalia This is due to the fact that the solvent removes the active

materials from the glass surface and leaves behind a prédominantly

micropcrous region of silica.

2.8 A Review of The Surface Conductivity of Glass

There has been a considerable quantity of published work on the
surface conductivity of insulators in general, and glass in particular.
The bulk of this literature quotes the surface conductivity_as a function
of the vapour pressure surrounding the surface.. Most of this work has

restricted the measurements to vapour pressures bvelow saturation, although
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a faw workers have briefly noted the effects of a saturated vapour.

| The primary purpose of the present work‘is to study the-surfacei
conductivity just before, during, and subsequent to vapour saturation
on a glass surface, This revieﬁ section is, therefore, biased towards
results obtained in atmospheres approaching saturation., The main aims
of the review are to examine the postulated méchanisms of conduction; to
~examine the effects of glass compositipn and chemical action on the surface
conductivity; and finallyitovquote results obtained by workers using
similar surfaces to those studied in the pfesent work,

Faraday in 1830 showed that the surface qpnductivity of glass
increased due to adsorbed water., He inferred that the conduction was
electfolytic and that the electrolyte waé formed by water combining with
alkali dissolved from the glass; Most exberiments gince that time cdnfirm
Faraday's findings and have quaﬁtitatively shown how the surféce resistance
varieé with vapour pressure. Flots of the logarithm of surfacg.resistance
against relative humidity show a characteristic sigmoid_shape which is
linear from approximately 25 to 80% R.H, Plots of capacitance, on a lineér
axis, against relative humidity show a similar shape‘to the logarithmic
resistance curve, ‘

Chirkov (31) and Seminov and Chirkov (32) in 1946-7, made a close
examinafion of the surface conductivity of a number of,materials,to.
discover the conductance mechanism, Their experimental procedure was to
clean a specimen of each material, place it in s vacuum chamber and in-
troduce water until the desired vapour pressure was achieved, The
gurface conductivity was measured at each vapour pressure, The specimen
was then covered with a véry small quaﬁtity of alkali, or acid, and the
conductivity was again measured over a range of vapour pressures.

Chirkov has shown that a fresh glass surface decreased iﬁ resistance

as the vapour pressure was increased; however fresh specimens of quartz
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and also various polymers showed no measurable resistance, even near
saturation vapour pressure, Quartz and polymers treated with acidic
or alkaline substances again showed no measurable resistance when dry,
but when fhe vapour pressure was increased, the resistance rapidly
decreased, Chirkov concluded that the éonductivity on a surface is
primarily electrolytic, and that the two conditions for cqnduction are
free ions on the surface and adsorbed water to act as a solvent., It
was also shown that only a very small fraction of the solute molecules'
became dissociated,

Le Clerc (34) in 1954 has shown that when glass is subjected to & moist
‘atmosphere the surface resistance decreases rapidly during the first
two to three hours and then slowly rises over a period of up to 2 months.
The initial fall was believed to Ee due to ionic migration from the glass to
the water, and the subsequent pfocess was ascribed to water attacking
the glass surface,

Edge and 0ldfield (35) in 1960_made a study of the time dependence
of the surface conductivity of various glasses which were either untreatéd
or had been leached in water. .Two processes were again shown to occur,
Initially the weakly bound alkali ions on the surface formed alkali
hydroxide with the adsorbed water Qapour, and an increased electrolytic
conduction occurred, Prolonged exposure to the water vapour»increased the
amount of reaction of the glass and thﬁs increased the alkalinity. The
alkaline solution further atitacked the glass, producing complex compounds,
but the reaction was slow and hence the resistance decreased at a élower
rate. The test conditions were not maintained for a sufficienf time
to show if Le Clerc's observation of a long term resistance increase
would occur, However, the ageing process was accelerated by leaching

the surface, and this led to results similar to those of Le Clerc.
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Edge and 0ldfield have shown that the resistance increased as the
time of leaching increased., The soda~lime glass was shown to be most
affected by the leaching, and the soda content hed & predominantveffégt
on the resistance. A typical result showed that a glass surface which
was leached during a 5 minute period in boiling water, increased in surface
resistance by 1021. A leaching time of 30 minutes increased the resistance
by another decade, These effects were believed to be due to the
removal of sodium ions from the glass éurface during the leaching and
subsequent washing.

The method of measuring the surface resistivity has been found to
affect the 'measured! value; The passage of d.c, causeé electrode
polarization, and the electrolytic nature of glass surface conduction
accentuates the problem on such types as soda~lime silicate. Salthouse
and Mc Ilhagger (36) in 1963 investigeted the electrode polarisation
effects on glass as a function of applied voltage and time of passage,

The resisfance of the glass surrounding‘either electrode was shown to
form a high resistance band dependent upon ion concentration and typé.
An.alkéliné surface was shown to be depleted of sodium ions at the anode
and this region was therefore high resistahce. It was suggested by
ualthouse and dc Ilhagger (37) that surface resistances should be me;sured
with an a.c. excitation to reduce polarisation effects,

The review so far has shown the electrolytic nature of conductibn
on. glass and indicates that many of the earlier results by workers
using d.c. techniques are subject to errors. In 1931 Smail, Brooksbénk
and Thornton (6) used a d.c. measuring tehenique to investigate the
surface conductivity of a glass surface. Deépite the errors involved
in the use of 60 Volts d.c. for measurements, and the periods of 2 to 3

hours between readings, the results of resistance as a function of vapour
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. Pressure are of considerable interest to the present work,

Smail et al cooled a glass tube in a chamber of controlled vapour
pressure and temperature. Thus, the vapour pressure at the glass surface
increased asithe glass temperature fell, and eventually passed through
the dew-point temperature, Figé. 8 and 9 shoﬁ Smail's résults for the
vsurface resistivity as the temperaturé was redﬁced through the dew-~point.
Three stages were defined from the results on fig. 8., In the first.
stage Smail states that the resistance has an "asymptotic approach to
an infinitely high value" at the dry conditions at high temperatures.

In the second stage,the logarithm of the surface resistivity decreased
linearly with surface temperature. In the third stage,the resiatance
passes through a minimum and a maximum, Smail states that in curve C,
(shown here in fig. 9), the vresistance increase between the points Qf
inflection,occurs at the "true dew-point" and that this condition takes
place over %OC. The reason for the inflection was believed tonbe dﬁe

to a surface film of water breaking up into droplets. However, no
optical observations of the surface were made during the experiments,
Unfortunately, the results shown did not indicate the vapour préssure
'and temperature in the chamber, thus the thermodyﬁamically determined
dew—point is unknown., The results did show, however, that the‘resiStance
at the "dew-point" was a constant, irrespective of the "dew~point“ tempera-
ture,

‘Semenov and Chirkov (32) in 1946 have measured the surface resistance
of various materiais as a function of vapour pressure. Their resultéﬂfor
a mica surface show a resistance minimum at vapour pressures juét below
- saturation. Fig. 10 shows the surface resistance as a function of -

vapour pressure for mica coated firstly with ten molecular layers of
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oxalic acid and secondly with one molecular layer of the acid, The

third curve shows the results for mica after a protracted treatment by
'fuming hydrochloric acid. The saturation vapour pressures (for pure
water) are indicated on the graphs and it is seen that in all cases the
minimun resistance occurs before séturation. (In chapter 3 section

3.4 of tﬁe present work it is éhown that»the vapour pressure on a water
soluble surface is legs than that on an’insolﬁble surface;.it is possible,
therefore, that saturation may have occurred on the surface at a lower pressure
than indicated,) Seminov's work did not note & similar effect on other
types of surface under saturation condiﬁions, nor did it prolong the
saturation Qonditions on mica to show if the resistance would eventually
decrease again, as found by Smail.

Field (7) in 1946 investigated the change in d.c. and a.c. electrical
characferistics of many types of surface following step changes>in
humidity from OR.H. to 1oov/;n.n. and a subséquerit return to OZH.H. The
apparatus consisted of.a glass desicator jar which had.the test material
connected to electrodes at the top of the jar. The base was filled
with water for 1007R.H. and silica gel for O%R.,H., The formation of &
‘deposit® ﬁas noted on some materials.‘.Field found that materials
with negligible volume absorption decreased in resistance by many decades
and reacheé an equilibrium value after about 10 minutes exposure to 100%R.H. .
Quartz and hydrocarbon wax surfaces showed a minimum fesistance value
followedvby a slight increase. Materials with volume absorptioh all
showed a minimum resistance which occurred after about 5 minutes exposure.
The resistance then increased to an equiiibrium value, and for glass
bonded mica the final value was doublé that of the minimum, Fig. 11 ‘
shows the resistance change with time for glass bonded mica., The
0%R.H. recovery curves showed that non—ébsorbent surfaces quickly.incréased

in resistance, whilst absorbent surface were much slower to increase,
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Field's results show that a time dependéni resistance minimum

- occurs on materials, especially porous surfaces, when subjected to a'hiéh
humidity. However, the quotéd resistance-valuea are believed to be
unreliable due'to the method of cleaning the surfaces, The specimens
were cleaned with "grain alcohol" aud then baked at 60°C. Field states
‘that this procedure does not complefely rémove "oil films and'othér
‘substancesﬂ, but gives‘a surface which "will exist in nbrmal»use".

~ Only one specimen of each material was tested.

From the preceding review it ié seen‘thatfthe surface conduction on.
glass is mainly ionic., Thus the msoda content of a soda~lime glass haa
a marked effect on the surface resistance.‘ When the vapour pressure is
" increased,the adsorbed water forms an electrolytlc solutlon with the
free sodium ions on the surface and the_resistance falls. The alkaline
solution so produced further attacksvthe surface.. The resistance, there-
fore, falls quickly at first but when leaching 6ccurs, (followed by a
Temoval of.ions), the resistance may rise,

| The literaturé has shown two pdssible mechanisms which would cause
a resistance minimum at or near the deWbp01nt. ‘Firstly a minimum caused
by the break up of a surface film into droplets, and secondly a minimum
caused by water leaching the surface.

The work so far has considered only a-multilayer of adsorbed water
as saturation is approached, and Smail (6) has postulated a break up of
this film into droplets at the dew-point., It is therefore necessary to
structure the present wopk towards a study of a surface during the
vapour to liquid phase change. A knowledge of the surface state, togethér |
with the physical, chemical and electricai’effects feviewed in thei
present chapter, is hoped to yleld a better understanding of the surface

resistance characteristlcs at the dew~point.»
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CHAPTER 3

The Condensation of Water on Plane and Curved Surfaces
S An initial discussion of the vapour to liquid phase transition and
nucleation is followed by a discussion of the f#ctors'which define the
physical shapé of the condensate on a'Suffacg(seétioﬁs'3.1 and 3.2).
The Kelvin equation,relating thevvapour.pressure_adjacént’to a curved
liquid surface to the vapour pressure ih the.buik of a gas,is discussed
in section 3.3, The Raoult equation wﬁich describes the effect of solﬁble
impurities on the condensate vapour pressure is discﬁésed in section 3.4.

The method used to calculate the'?ate‘of éOndensation'is outlined
in section 3.5. This is based on the éuggestioﬁs of Wjiie,‘Davieé and
Caw who outlined the method but did not’presént it in any detail.  The
‘rate equation for condensation on a pléne-surfaéé is derived,in section
3.6, and-is extended, using the Kelvih.equation, to coﬁsidef cdndensatiOn-
on a curved surface(section 3.7). If_i; shéWn‘that dfqplets with_é :
radius below a certain critical size 5éhno£'grow by‘CSndehsatibn'ahd '
'~ an expression is derived, in section 3:8, féf the critical size as a
function of the physical variables, Finally section 3.9 discﬁsses the
practical significanpe of certain conclusions which were made fiom the
rate equation in section 3¢T | |

Chapter 4 uses equationg37 and 47, describing the rate of}condensation,
as the basis of the model describing,dﬁopiet nugleation and growth on

a surface.
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3.1 The Water Vapour to Liguid Water Phase Transition

A review of the literature concefned with theiphase tfansition of |
vapour to liquid shows itwo basic proceqses dependent upon the experlmental‘
system studied. The first system oonsistq of water vapour alone, or in an
inert gas, thch is cooled or preuurlsed untll llquld water forms9
generally in the shape of droplets. Thls process is known ag "homogpneous
nucleation", and will be dlscuqsed brlefly to show the - energy barrler
which delays a phase tran51tlon.v‘ . :

The only way in which a nucleus'of the second phase may come  about |
is by the qlmultaneous meeting of sufficient molecules to form a stable
phase., This spontaneous nucleatlon 1s due to molecular den91ty fluc- |
tuations and it may be shown that the mlnimum number of molecules required
to form a stable nucleus depends upon the 2as PVT charactlstics. |

Frenkelv(SB) and more recently'MoDonaldi(§9 and 40) ha&e reviewéd
the processes involved in homogeheous oooloaiion, McDonaid‘pointo out
that thermodynamic systemsvtend to assome a otato of minimum‘Gibbs
free'energy and that liquid watef is ih a'lower energy staté.than ﬁho
supersaturated vapour. The barrier which stops ihe diiect tréhsition
to the liquid phase is due to the fact that the llquld phase can only
form in the shape of spherlcal drops.

The energy transfer is from the‘bolk frée~‘energy of the vapour '>.‘
to the surface free energy of the dropiet. -The oecrease_ih:bu1k freo 
energy of the vapour is proportionai to theumaéooof tho vapoﬁr coﬁdenée&,
whilst the increase of surface free ene?gy io,proportional to the area
of the droplet. Thus the increasé'is proportiooal to the droplot‘fa&ius.
squared, and the decrease is proportionolvto'the radius cubed- With the
small radii involved in the initial tran31tlon, the squared term must

be larger than the cubed tern as the radius increases from'zero, hence
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the energy barrier stops nucleation.

McDonaJd shows that for a given amount of oupersatotatlon, z, there’
exists a droplet radiua, beyond whlch the energy barrier is overcome.
The probability statistics of sufficient molecules Joining together to
form a droplet with a radius greater than the critical value have:been .
oalculated. For one centimetre cubed of water vapour, the waiting time
with 72 = 2 ig 1078 years, for Z = 3 it is 2 x 10u years, and for

=4 it is 0.2 seconds., The experlmeptal work of Allen and Kassner

(41) show that Z values in the order'of 5 lead to immediate successfui
nuoleation.‘ |

The second basic process of liquid formation from a saturated
vapour occurs when a solid, water-édsoibent material is surrounded by
the vapour, This process is called "hoterogeneoﬁs nucleation" and is
considered in detail because it is the‘orocesS which brings about con-
densation in the present experimontal Work. |

In Chapter 2 it was shown that high'energy'surfaces adsorb water
vapour and as the vapour pressure approaches'satﬁration the adsorbed
layer may become tens of moleculeo thiok; Wy1ie (43), for example, shows
that this adsorbed water will act as a nucleus for the phase tran81tlon.o:
The development of the adsorbed water nucleus into a freely growing con—
densate is shown to be a very complex s1tuation.. The first theoretlcal
treatment of the problem was made by Volmer (42) in 1939 who examined
the vapour supersaturation necessary to form a sultable nucleus on a
solid surface, Volmer's work showed that the supersaturatlon is related
to the contact angle between the liquid water and the solid surface.
The theoretical work of Wylie (43 , 44 and 45) and Turnbull (46) show.

that the physical shape of the surface, together with the contact angle

1nformat;on, enable the nucleation process to be predicted. In general,
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the supersaturation necessary for heterogeneous nucleation is only a
few per cent above saturation values, whilst:homOgeneous nucleation
requires'supersaturation of many times the saturation values.

Twomey (47) has experimentally tested Volmer's predlctlon of the
dependence of supersaturatlon on the water—to—solld contact angle., He
shows that contact angles between 10 -and 80 requ1re.supersaturation
between 2% for the former angle and 1507 for the latter. McCormxck and
Wegtwater (48) have experlmentally studied the surface features whlch
promote nucleation. Their experimental work uSed a-surface whioh;wav'
maintained at a temperature 6°¢ lower than the saturatlon "dew-p01nt"
temperature, Their results clearly showrthat scratches and pits in the -
surface are the centres in which droplets nucleate and grow. The reglons
between the nucleation centres were con81dered inactlve and recelved

‘no net condensation, Their surface was 1ow energy i.e. high contact
angle with water. : | | y

Jakob (49) in 1936 postulated aimechanism of droplet formation‘
which did not involve nucleatioh.. TheiprooeSS_wes considered totbegin
with the formation of an adsorbeo 1ayerIWhich reaches a oonSiderable‘
thickness at saturation'conditioné. "Hydrodynamlc 1nstab111ty of the film"
was postulated to take place and the film would then break up into
droplets, A new film would form over the expoSed area.

Experimental evidence from many workers has shown that the droplets
seen on a surface after saturatlon were formed by nucleatlon. Tt is worth
noting that most studies are made on surfaces Whlch are covered with a
monolayer of oily‘substance'to decrease the surface energy. (This ie
a practicalvrequirement for "dropwise" condenser systems). The eipéri—

mental work relating to the state of the surface between the droplets

hag, until recently, been unable to show whether net condensation occurs
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in this fegion, as postulated by Jakob,

‘Umur and Griffifh (50) used a sensitive optical system to examiﬁe
gurfaces during droplet fofmation;' The first surface studied was copper
co&eréd with a monolayer of cupric ¢leate, and the‘second was gold
plated copper. The pits and scratches on the éﬁrface were éonsidered to
have a low contact angle with watér, whilst the 'plane' surface had a
high contact angle. When the suifapé was cooléd there was nb,optical
indication of a 'liquid' film more than a ﬁonolayer in height. Dropletis
were seen to form and grow whilst the film between them did not change
from a monolayer. When certain surface areas were-séen:to aliow the
water to spread, the experiment revealed that subsequent cooling fé:med
a liquid 1ayef between the drops on thiS‘érea,iand that net condensation
occurred,

Ffom the preceding review it is seen'that a non-wettable solid
will nublqate droplets in or on surface irfegularities and that adsorption
does not influence subsequent droplet growth. A wettabie or partially
wettable solid will again nucleate droplets in surface irregularities but
subsequent growth will include droplets or film regions between the

nucleated droplets.

3,2 The Spreading of Liquid Water on a Sclid Surface

The energy interaction between é solid surface, a layer of adsorbed
water, and a droplet of bulk water,must be considered when'détermining
the physical shape of the droplet. The free surface of a liquid always
tends to form a shape which represents minimum free energy, and this
corresponds to a shape of minimum surface area, Thus bulk liquid tends
to form spherical drops because this represents the minimum area to

volume ratio.
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Adam (51 and 52 for example) has described the basic theory of
droplet eduﬁibrium on a surface, The contact between a liquid and the
supporting solid is measured directly”in terms Qf the"contaét angie" 61

If the adhesion of the liquid to the solid is equal to or greater

than the cohesion of the liquid,the contact angle is zero and‘theré is

complete wetting, If the adhesion between liquid and solid .is less than

the cohesion of the liquid there is a finite contact angle 6.
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FIG;12 shows the energy intefaction_betweén a 1iéuid droplet and

its supporting surface. Resolution of tensions yieldé |
Yoo + Jiv. cos® = Ysv o : ceeese(3)

Adam defines Wsi as the 'work of adhesion' between liquid and solid;
and the 'work of cohesion' of the.liquid.is Zle, Hence.it is shown that
W = (Yev +Yv)=Ysu = Yy <I_+ ’C'o_se) | “_””»(.45‘

Equation (3) shows how thevcontaétvanglé gives a relationship
between the free energies of-the system coﬁponents.. | |

In practice,:the only properties ﬁhich can be.reliébly‘measured
are the contact angle '6',:and the surface ffée énergy (surface-tension),
of.liquids. Attempts to measure the surface free energy of solids havé
been reported but are partially influehced by adsorbed water vapour,
which is very difficult to femove from .the microstructure of a solid.
The contact angle has been shown to have different values for advancing

and recfeding droplet edged. Adam_(52) cohciudes that there is probably
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no single cause of this hystefesis;* The most probable cauges are a 
penetration of the water into the microstructure of é_sufface; a chemical
reaction between the liquid aod fhe sﬁrface;‘Or‘thé presence‘of surface
films which decrease the liquid attraefion But'cre removed by_contaot

with the 1iquid.' In the case of watef dropléts'on a ourfaoebit ;s,alsc {“
possible that the adsorbed water vapour sﬁrfounding the droplets could
ﬁave‘a different thickness, and hencekfree'energy, in the'differeht‘.ix
conditions necessary for evaporation and condeﬁsation;'

The effect of adsorbed vapour aroﬁnd‘é'dfoplét is tovsubsténtially:c'-
lower the surface free ecergy X%V;v Aaom hasicéntinuéd theiéimple oﬁaiysis
outlined in equations (3) and (4) to'iﬁcludczthe effects of adéorbeof
water, This analysis is not feViewed'in gfoatér détéil because the
contact angle information rcquiiod‘for}the ﬁresent work is meagured:
directly under the experimentai COnditions( 

Cohtact'angles‘for waier on varioos sufféces havé been determined
by many workers. A Brief review;of their reéuits indicate a conside:aole
spread in angle measurement for supposedly 51m11ar surfaces. An éxémple
of this uncertalnty is the contact angle of. water on a gold surface.v
Dav1e (20) has optlcally studled the condensatlon of water vapour on.
gold and quotos contact angles in the range 60° to 70° Bernett-and"
~ Zisman (53) have shown that gold whlch ‘was subgected to a rlgorous
cleaning procedure and then electron diffraction examinatlon, showedv
complete wetting when water was placed on the surface.- leman suggests‘
that the hlgh contact angle found: by other workers was due to contam1na~
tion with an organlc ‘film which was cxoatedvdu:;ng_their 'cleaning
proceduve, . | | | | |

Holland (14) has}reviewcd_fhe fiﬁdings‘of.many workers detefminingo
the contact angle ofowater‘on a glassicurface; 'The values are mostly

less than 300 and depernd uﬁon the. methad of‘clechihg the‘giasé. Carefully
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cleaned soda-lime glass is generally shown to exhibit complete wetting.
Shafrin and Zisman (54) have also studied soda~lime glass and found

complete wetting. Contact angles measured in the preéent work rangé from»

complete wetting to 20°,

3.3 The Kelvin Equation

One of the most significant factofs affecting fhe formation and
subsequent growth of a liquid droplét dh avsurfé¢e is fhe ratio of the
vapour pressure over a curved interface to fhe séturat;on Qépour pressure
over a plane interface, In 1871 Lord Keivin'dévelbped an equation which ,
gives the relation between the vapour pressure-jﬁst outside .a droplet
and thé saturation vapour pressﬁre ofer a-plane surface of tﬁe éame'
liquid at the same temperafure. The practical Significance of this
equation is that to maintain the coﬁvei'inteﬁface of a droplet in equ&ifv
brium with its vapour,the vapour must Be supersaturateﬂa_jwhereas a
concave interface betwéen liquid aﬁd vapour will ieaoh equﬂibrinm with the
vapour below its saturation pressure over'a-élane interface,

The Kelvin equation is usually'defived by{oné of two methods.
Firstly by considering the forces on £hé meﬁiscus‘of a 1iqﬁid'in a
capillary tube, Secondly by’thermodyﬁémiés,fwhére the-surfacé'free
energy of a droplet is calculated whilét'if recei&es a Smali increment
from fhe surrounding vapour. Derivatibhs by ea@h of.theée meihods aré‘v
shown, for example, by Harrison (55). 

The exact form of the equation isi

), B - 2my
PW RT/Orc R i o oaooeé(s)

Wuers & . o _ S L
ris bhe vapour pressure just oulside o »olrof’etv of radius T and in
equlibrium with the droplet surface. S

is' the saltyration vapour rress'uré over a ',o'ane hq{uia( surface.
is the surface tension, : ' : ‘
is Lhe “'\?,ufnl molecular weia)@t.
is the Uhniversal gas constant,

is Lhe lictuld temperature.
is Che liguid olensi't‘ﬂ. "

o X<
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¥elvin's original equation is the 'approximate' or 'linear' form
P-= R [1 - 2.M.Y) ()
R.i../o.n o
‘ _ Lisgarten et al (57) have reviewed these equations and ekperimentélly-"
shown equation (5) to be the best fit for their data. A significant
difference between equations (5) and (6) is only present fbp surfade:
radii of less than 50nm.
For a concave interface the exponent is. taken as negatlve and the
radius considered positive. Table (2) shows the ratio of Pr/Pw for

different radii, ¢ , at a temperature df BOOOK and pure water dropieté,

, T (nm) Pr/ Pw . .
1000 oot Tasg (2
100 J-01 1 ’
10 HE P/ R PREDCTED By
5 [-234 THE KELVIN [ quarion (5) -
2 691 ' 1 '
| 2 86

As a comparison, the diameter of'a water molecule is apprqximately

0.,26nn,

%,4 The Raoult Equation

Water soluble molecules on a surface undérgoing épndenSatioh will
tend to lower the effective vapour preésure §f the coﬁdensed droblets. o
Raoult's Law is used to predict the effect 6f.sQiuble,mQ1écules_on the -
total pressure, but it is worth noting,(Mbore (58)) that it is only a good
approximation with certain solutions. The Raouit Law gtates that the
partial vapour pressure of the solvent,'at‘a'given temﬁerature T,
decreases in proportion to the mole fraction_of_thé solute.‘

Following the notation used by Hafrisoﬂr(56);

For each component F% = Xxi .'F%if : ceoedlT)
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From Raoult's Law \
P- 2R
i=

Where P is the actual total vapour pressure at a temperature T of

:E X; F%t o eeese(B)

irl-

a liquid oon81st1ng of k. components.
Pi' is ‘the part1a1 pressure ylelded by component 'i' in the mlxture
‘Poi is the saturation vapour pressure of the pure component '1'1
at temperature T |
‘Xi' is the mole fraction of oompomemt 'y
Thus dissolved matterlin water dmoplete causesia reduction;ofvthe.
water vapour pressure by an amount directly rroportional to the moleoular

concentration of the solute,

3.5 The Rate of Water Vapour Condemsation

The. preceding sections have qhown some of. the factors which 1nf1uence
the forma tion of a condensed water phase. The following two sections
are intended  to derive equations for tue rate Of'condensation onto an
already formed liquid depoeit; |

The condensation process to be descrlbed 1s brought about by coollng
the active surface below the temperature correspondmg to vapour saturatlon.'
A carrier gas oontaxning water vapour ‘of deflned saturation vapour
pressure and temperature is considered to pass dver a laminar horlzontal
surface subcooled by a known amount An expression is derived flrstly
for the rate of condensation of vapour onto a plane water surface, and -
secondly the rate of condensation omto_the»curved surface of a small
water droplet, | | |

The eaturation vapour pressure of water at 0°c is 610 75 Pascals
whilst the total atmospherlc pressure of the carrler gas. is 1,01 x 105j:

Pascals, The partial vapour pressure is thus approxxmate1y50.6ﬁ;of the



 total pressure,

the carrier gasvignoring the effect of the water vapdur.‘

is taken directly from the work of Eckert,(59);
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A relationship is obtained fo:’the;heat‘transfer from

This derivation

The conversion to a

mass transfer coefflcient is based upon the method described by leie,

Davies and Caw (3).

convert from a pressure "driving potential".

a temperature "driving potential",

Flnally, the Clausius Clapeyron equation is used to

in_the rate equation, to

3.6 The Rate of Condensation on a Plane Liguid Surface

The heét transfer coefficientefor gas flowing over a surface has been

described by Eckert (59).

‘An abridged form of Eckert's proof isAshown

~ below because intermediate seotions of the derivation are required at

a later stage in the present work.,

The velocity and temperature gredients above the surface are shown in:

fig. (13)
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Fi6.(3) Temeerature Ans Verocity Or Gas Frowive Across Sugrace

The gas-flow has a free stream velocity Us, and a bulk tempergture’Ta:

The gas velocity beneath the boundary layer, shown_in (a), has;a_profile,

shown in (b), which 1a'Us at the boundary_edge'andizero'at the surface.

The temperature boundary layer begins at a distanceGXJ from -
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the leading edge of the surface, and has a profile, shown in (b), which

 varies betweenTw and Ta . The velocity and temperature boundary 1ayer o

heights at X are 8 and ST respectlvely. va ' is the shear stress at
vvthe wall.__ ' . ,
Hckert assumes the velocity _‘.-PrOf ile to bie ‘r(‘éprese’rilted' by:; ' |
U = e by ey s erfv_fft"‘;~t,?4a,x9> n
And the temperature profile of the form. 5§ R o

AT=(Tx - Tw)= a’+ lv\‘j + C}j i J,ﬁs R .....(10)

The  constants are , found by applying physica.l boundary condltlons to the

profiles. The profiles are then represaented by

Uoo3(4) - L(L " -.»tf*.- R
od Bl 2 (L) - L(E) e

The veloclty proflleb is now related to 'the'bsh'ea.'r' stress at the waill‘by'
the integral equation'of motion, dérivé\d by Eckert as : PR
—-— j /Oj' ux- ( US - UX) ' JB . - ,‘....'.(,13).

Where /03 is the gas density,

S:}E})stltjtwn of (11). into (13) ylelds S i ~,--‘...'(1,4)_ 

w = . us . ‘

- 230 AN | s o
Now the shear stress at the wa.ll Tw /J(‘i‘;‘*”) ' ,'_...f.-(15-)' o

Where/u is the coefficient of molecular viscosity of the: gaé.

Substitution of (11) into (15) and equating this with (14)

gives Sz 280.x.
v 13.Us. ("8
tlwu S_i = ———-———-i .61 ‘ ' ' “ |
$ X Rex 2 ' o : o .'f”“(16.)

Where Rex is the Reynolds Number = /OJ cUs . x

The rate of heat energy flow per unit ‘grea, aw, ‘é;tx is obtained from‘

the temperature profile equation (12), and the conduction equation:-

Qw = -k (447)
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Where 'k is the thermal conductivity of the gas. Rogers and llayhew (60),
for example, show that SR o .
=-k i_.(Ta‘TW) . Lo '

) ZST : _ ooooco(17)
and this equatlon requires a value for ST before a solutlon ¢can be ob‘tamed.

ST is related to § by ;ﬁ ‘%’ (usmg Rogers‘ notatlon)

Thus Qw = - 2x+;364.{2.x | Rex . (Ta "Tw) ' | ..’..;..(18)

From equations (17_) and (16),

Now, Rogers and Mayhew (60) show the,t",:. /é (Tm '
L a

Where Pra, the Prandtl Number = Cp. : -and’
Cr is the gas ‘'specific heat'. , :
_ P R (Ta Tw)
Hence (Ow = O 332 rat, Rex™.
and the heat transfer coeffiment hx is deflned as hx='- _I:Ql_r o
. aT lw

Thus . h O 332 Pro. Rex . k/)(
or Nux= 0:332 . Pra”, Rex
Where Nux is the Nuaselt Number "= hx . X
Now, the average value of hx over a distance x 1s ;\x y. where

"\x‘"J hx dx th_

bx = O 664 Pra". Rex f lz/x;"-_ | o)

The method of calculatlng the masg transfer.rate is based upon an
analogy between heat transfer and mass transfer. Thls analogy is dlscussed
by Eckert (59) and also by Kusuda (61) | | | B

Unlike the heat transfer equatlon, the followxng development of mass
transfer equatlons does not appear directly in the llterature. The
method was suggested by Wylie, Davies and Caw (3), but the equatlons do
not appear in their publlehed 11terature. Wylie et al do, however, show B
results calculated from their equatlons, hence it has been found posaible

to compare the present work with' thelr results.
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- A relationship between the mass transs.fer coefficiarit,rhw, and the
hea_t transfer coefficient, H—;c. may be obtained by coﬁsider’iﬁg‘ a 'wet |
surface which is adiabatically evaporatlng into a gas stream. At ecv;u\librium,’
where the net heat transfer is zero, the latent heat d1331pated from the
.surface must equal the convective heat Qc ’ transferred to the surface.

Thus Qc = mw.,hﬁa — o ......(20)-
Where My is the mass: transfer rate to unit surfacé area- hFJ is the N

latent heat of vapoy{risation.

Now QC_ = F’_;"(T“""TW)

from the previous derivations.

v‘...;.,(21)

An analogous mass transfer :equatvioll'x may be Wfit{eri
My = Muw, (Xw—xw)! L eeeesa(22)
Where Mwis the mass transfer coefflclent analogous to: hx and
(Xw )(oo) is the mole fraction 'dmv:.ng potentxal"
analogous to ( Ta - Tw) |
Now Xw is the mole fraction 'of w:a;ter' vapour in the carrier gas :
adjacfent to the ]1quid surface and for perfect gases o
Xw = F%ﬁ/ﬁDA o "; v......(23)
And Xy is the mole fra'ctio.n of vrv_ateri "v'a_.pou:.r_ in.‘. j;he_ bplk gas and for a .
perfect gas 5 S
| °°/P_A L ()
In' which, Pw is the saturation vapour pressure over plane water, P,e is
the partial vapour pressure ih fhe bulk gas:af;d PA is th’e _aitmos‘pheric
pressure, o

Equation (22) becomes

Mew = M (R - P,o)/PA e (25)
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uubstltutlng (21) and (25) into (20) ylelds v
Pu-Po = e PalTa- Tw)
mw. hFa ' z |
Which may be compared with the usual form of the psychrometer equatlon.
Pw _poo A pA ( Tw)
Where A is the 'psychrometer constant' and usually has a value in the
range 6 x 1004°c1 1o 8 x 10'4"(3"1 depending upon surface geometry, and
is slightly influenced by gas veloclty'and‘ﬁcmperature; It is discussed;»l‘
" by Harrison (63). | | l“ : | ‘- . P
Thus My = hx/hp3 | : _......(26)
(This relatlonshlp appears, W1thout derlvailon, in a paper by Wy]le
62) where it was used to calculate the mass transfer to a small crystal)
In the literature (for example (59) and (61)) a second method
has been derived to,relaternh(and hx.' This;ls‘pased upOn;a’slm;lar.
derivation to the psychrometer rclatioﬁship.cndcic called ﬁhé 'Lewis
Relationship'. Thic'takes:the form:—..c RERA _ -
N, = - ;;; ) . ‘oﬁi.f o ".-é;}.(27)'.
n1w./om; Cpm‘- T i
»JL is the Lewis Number and is very close’tocf.o for moist air. (:PM
and/on are mean valucs‘betweec_the‘frec gt#echcpdﬂsorface:conditions
and are difficult to calculate ﬁifh'good'accorécy. |
The psychrometer relationship isfﬁscd.ihbtois woik Becanso:dafa'
is more readily available than for thchewis rcictiooéhip.
Equation (21) shows thaf the "driﬁingAforcé“Vfofvﬁass transfer
may be expressed as c vapour preésure,differenccg -If the_caturation,c
vapour pressure EL, corresponding to fhe sufface'temoeratufe;Tb,jis
greagter than the part1a1 vapour pressure F) in the carrler gas then'
net evaporatlon will occur. If 'RM' is equal to 'EL' the ”drivxng

potential" is zero and there is no net transfer of water vapour. If
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F;/ is less than P there is a negative pressure differential and

. net condensation occurs.

For condensation, the mass transfer rate equation is

Me = my. (P - R ceveen(28)

= |
And from (26) this may be equated to the heat transfer

e (Re-PR) cevenn(29)

Mu =
"\FJ.A.PA

In this work,supersaturation is brought abouf by sub-cooling the éurfade
on which the liquid phase forms. The édnversibn'betWeen pressure diff-
erential and temperature differential is madg from the Clausius Clapeyron
equatién.‘ For a vapour to-liquid traneitionithé»form of fhe'equatioh is

dP = heg S veries(30)
dT E(%-W) R

The equation is derived, for example, by Harrison (55).;f%%; is the
slope of the saturation vapour pressuﬁe/tempéraiuré curvé>at»the defined
1; value,

Neglecting the volume of water.cdhpared'to_that of the vapour,

Equation (30) becomes

P = J1£}47GEL

5; e (31)
a0 |

Wher?/Ov, the density of the vabour, is substituted for the reciprocal
of the specific volume of the vapour.  
Treating the vapour on an 'ideal gas' basis‘it'must obey the

relationship

R W = mv. R Ts | ;_..V...j(32)
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Thus ‘/Ov Cme . I o o e (33)

Substituting (33) into (31) gives

4P he MR )
T e

For a small pressure differential

__OE ~ -—-———-—..._.P” — PW ‘ . ‘ : .o.oo-v '

T o )
Mus T -T, o= (R=RRT 036
Substituting (36) into (29) gives

M., b b MR (T -T)
| AR T RTE T T

Mo = B, M. P (T-Tu) o)
. AR, R. TS : :

For the desired rate equatidn,lJSZis a:variable, the other parameters
are defined by the gas constitution,and surfabéldimensions.

H; may be fully expressed as

hx = 2 k 0-332, Pra /'&_ /Us cveres(38)

Which yields the complete expresatdn_for the mass transfer rate

Moo 0-664.k Ba M. P., (Ts - Tw) /ow. % | ......<59)
A BR.T2. w/ /Us S

This equation yields results which greisimilar to those of Wylie,Davieé'~
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and Caw (3).. The only difference ngurs in the values obtained for H;
and are approximately 10% lower, H0wever,'Wylié'et al have allowed for
slight initial gas turbulence in-thei? équaiion and this will presumably

cause the.difference.

3.7 The Rate of Condensation on a‘CuIQed Liquid Surfaée.

The theory so far has considered maés traﬁéfér id afplane liquid
surface. Most of the growth of the liquid ﬁhas_é'takes{pla{cg on .small
droplets, however, and the_preceﬁding;théoryvhas been modified by the
“author in accordénce with Kelvinfs Equ§tion‘ﬂesgfibed.in sectioﬁ (3;3).
Fig.(14) illustrates the effect of‘inﬁérfabeEcurvaturé_on thé "drivihg_ -
potential” for condensation]raté{ . | |

,Decrea‘sihg Conveax
Drbf'el: Curvaturﬁ

~Plane
Liiuid‘ '
Surface

________

PagriaL
Varour
Pressuke Py l---~<<--- eeees

R

%.’______.--__-_-..

TeMPERATURE - Ts

Fis. (14) Varour Pressure Curve FoxA Convex INT.ERFF‘\CE

AB represents the Clausius Clapeyron,férm of.the saturated vapour pfessu?e
curve over a limited, and therefore 1inéér,_regioh. AB is for saturation
with respect to a plane interface. CDlreprgséﬁﬁs the Clausius Clapeyron
form of the saturated vapour pressure curve for saturatien with respeét'

to a convex liquid to vapour interfaces
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The effect of a cencave quuid to vapour interface ig to plaee the
curve CD below that of?AB. aimllarly the Raoult's Law effect of soluble
impurities is that of 1OWering the effective saturatlon vapour pressure
curve below that of AB for a pure 11quid and plane 1nterfaee. The follow-
ing work will consider the effective saturat1on vapour pressure curve
CD to be defined by the Kelvin Fquatlon, and will dssume that there
are no soluble 1mpur1t1es. |

The pressure "drlving potential™ for the rate equatlon ‘for a plane
interface was defined as(EQ F&). The mod1f1ed potential for a curved
interface must therefore be (l%»v*'F%)

By analogy to Fquatlon (29) the. mass transfer rate becomes

Mr . _ hx __.(Peﬂ-'-Pr:') B N ......(40)

by A P

where Mr is the mass transfer réteefo:javdefine&.radius'ofleurveture.vv'

Kelvin's Equation is } In 'F? ;; 2?;N1;Y‘  $ : , ......}(41)“
R Re11/f>fk" '

Where—ﬂd is the 1nterface temperature where Fi and]3 are measured.

Thus R - P ex,,(ﬂy ) P ......(42)
w/or‘c 2

And therefore

e R “P(%TT.;&)}

From which . ' _
R=P = P -Puexp (2 Tfﬁ)ua@ Pw) r(2 wm‘ ) )

From equation (36) P Pu = (Ts- ) (hs . T P,.)

Therefore [ — P,

efpw.exf(z.%) '(Ts Tw( )P ex,,(_%ﬁc) e (85
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e ~exr<z;:;n>[ S

(This equation is for a convex interface, for ‘a contave interface
the exponent is negatlve) » ‘
Substitution of (46) into the rate equatlon (40) ylelds the desired

rate equation with a tgmperature "drivxng potential“.

| m“h}::.A.PI;; { —exr(y%]l_‘;ll:ﬁ)[lf“s:fw)(i;{..T)}} | ) (47)

Which may be fully expressea.as:-

"R ATt )

._.f’.;.(4é_)‘-

3.8 The Minimum Dropléthadius of Cugvaturé‘for Suééessful Nuqleatiqn o

From Fig. (14) itfis seen that asvthe droplet radius.decréases,,
Pr tends to P, (for a defined T ande) | WhéhR- = P there wi:.-llk be no
further growth and the droplpt radlus Qf curvature at this condltlon,_
r* , represents the critical radius at.whlch_vapour evaporat;on and
vapour condensation upén the droplet ére at eqﬁai‘rateé; | | |

From equation (475 the 1imiting-?élue of Yﬁ = " may be found by

setting the equation within the'parenﬁheses.tovZero;

Thus ex’,(%ql_ )_ I/{I_(Ts'.TW)(‘%F‘f“%‘)} e (49)

R.T:
~(Ts- TN mj My

Therefore
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2. M.Y.' . h(R.T5) - [n(R.T; "‘_(TrTw).th.M)» *_"~--(5'0)

- From Which

o MY s
R Tw/o{ln QTs)"‘ In(RTs"(Ts Tw)hij M} '

3,9 A Discussion of the Rate Eguation for égrved Liqﬁid Surfaces.

Equation (48) may be written:-

e K Run B {1 (exp () - n; mm)} e (32)

Whefe Ka . Q'éé‘r;k. Pra /_gg‘.xﬁ:
A.PA. X, hFa /U SRR
) . o -
R

Ks . .M.Y
/OTw
Ke . _heaoM

And Kp, is positive for a cdnvex water .ito gas int"erféce,‘ or ,negétive for
a concave ﬁrater to gas intefface._ , - |

If a gas containing water vapour of saturatlon vapour pressure P 0
at a temperatureTs (with respect to a pla.ne water surface), is passed |
over a surface at a temperature Tw_,_ such. thafc’the liqu;.d _wgte_r phase _"
is condensed in the'qum of dropie’ts or in the form of water w’ithih |

surface pits, the following deductions may be made from equa.tion(‘j?‘).

(i) The mass transfer rate is proporti:ohal “to' the square root of the
gas velocity.

(ii) For a constant droplet radius of curvature, the mass transfer
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rate is directly proportional to the~eﬁrface sﬁbncooling.

(iii) For a constant surface sub»ceolihé, the mass trans fer reto decreases
with decrelslng radxue of curvature of dxoplets making a convex tnter face
with the gas.

(iv) TFor a constaﬁt surface sub-eooliné, the mass transfef'rate iecreeSesv
with decrea31ng radius of curvature of water maklng a concave interface
wlth the gas, (e.g. inside a surface pit) |

(v) For a surface temperature T@, above that of the saturation‘ temperature
1;, mass transfer is still possidble if a small concave radlus of water

~ curvature exists, (1.e. inside a surface plt)

(vi) For a constant surface sub-coollng, there exlqts a certaln ccnvex.'
radluu of curvature below whlch no growth 18’p0331ble. At radii Just
greater than this critical radlus, growth rates w111 be slow, due to

- this curvature effect,

The relatlonshlp described 1n (11) has neglected the effect of-Rd
appearing in Ks, and the term -Te appearing in Kc. Substitutlng typlca]
values into equatlon‘(32) shews that this om;ssien has-negl&glble effect
on the general result, . | | |

The mest important assumptions’made in thefderivation‘of the mass
transfer rate equation ere:- ok |
(1) There is a laminar, horizontal gae flow across the surface. ‘This
limits the maximum gas flow rate to velocxtles below the turbulence reglon.
(ii) The surface is plane; that ls,droplets do not 1nf1uence‘the gas.
flow contours., Typically the boundary:1ayerithiekness,&; ie 2mm at
1cmbfrom the surface edge; whilst-d?opieté'are genera11y~<0;005mm_hight
(iii) The surface suB—cooling,(1;*7b);:is small;and'mueh less than
(Ta-Tw).. This ensures that the Cleusiﬁe 'Cla,peyrep equation:may be used,.

and that convective heat transfer from the gas is much greater than the
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'latent‘heat' from the massvtransfer.u

(ivj Radiation and conduction heat transfer isvneglégible-compaxed with
the convective heat transfer, - See seétion 5.2., |

(v) There is no temperature gradient through the droplet thuq the

qurfaco temperature ];/, is the same as the waterugas lnterfaoe temperature.

(Thls is discussed in detail in sectlon 4 4).

The equatlon discussed in thjs sectlon is uqed as the basis of the .

moedel of drcplet nucleatlon derlved Ln Chapter 4
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CHAPTER 4

A Model Describing The Physical Growth of Dew Droplets

The purpose of this chapter is. to develop a simple model of a glass
surface on which dropiqts are nucleated‘and grow by condensation, Tﬁis
nodel is required to determine the time taken for the nucleation of a
droplet, and to predict the subsequent rate Af gr0wthvof that droplet,
as a function of the variables found‘in‘practice.

The model requires s number of geometriéal relaiionships and the
basic formulae are quoted in section 4.i. A simple growth rate formula
is derived in sectioﬁ 4.2 forva dfoplgt'dn a plane surface. The literafure
describing the prbcesé of dropwise cbndgﬁsation in sing1e-component
vapour systems is reviewed in section 4.3'and ihg growth equationé aré
compared 1o thosé derived in section 4.?. The droplet growth equations
in section 4.2 have neglected temperaiure gradientS»in the droplets,
and the validify of this omission is discussed in section 4.4.

The physicél structure of sélidvsurfacesvis discussed.in section 4.5
and from this review a cénicéllpit is chosen as a representative feature
in which droplets are nucleated on a glass surface._ The nucleation and
growth of droplets is gebmetrically modelled.in eecfion 4,6, and the rate
equatiqn for condensation, developed in section 3.7, is combined with
the geometry to model the complete groﬁth cycle (section 4.7). Section
4.8 shows typical results of the growth cycie which were baséd on the
model and solved by a computer program,
| The model which is develoﬁed in Sectioné 4.1 to- 4.8 relates to the
growth of a single isolated droplét.‘ In practice, there ére two_important
features éf the droplet growth proceés which cannot be easily combined

in the model, The first feature is the interaction between thg droplet
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and the adsorbed film covering the surface outside the pit., This is
discussed in section 4.9, The second‘fgature is the interaction between
neighbouring droplets and particularly the effects of dfoplet coalescence,
This is discussed in section 4.10, and some of the recent techniques

which have been adopted to model multi-droplet growth are indicated.

4.1 The Geometry of a Liquid Droplet

The purpose 6f this section is to derive the baéic geométrical
relationships which describe a droplet on a surface. The droplet is
- assumed to be the cap of a sphere, and fhe contact angle with the'surface

is assumed to be less than 900.

- DrofLeT

Fla. 15
6

' N SURFACE
"
\
. ) \ .
A

T
T N

[}
The volume, V, of the cap of a sphere is:-

V=1r h — 57 R ..;....(53)_»

which may be expressed:-

\/"'é'.ﬂ.h (h’“+3. e) weeeean(54)

- cmam.
-
-
P

nov  h=r(l-CsB) | e (55)
and Ye = Tb//Snu 6 ‘ . eveeese(56)
from (55) and (56), Chente g ceeeena (5)

~ substitution of (55) into (54) yields the expression:-

V= A, le [2 ~ 3Cos O+ Cos’B cresses(H8)
3 Sn*b : :
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equation (58) may be written:-

V =__‘_7T r93 {(|“6556)1(2+C059)}. ‘

3 S’ 6 roreneeld)

'I‘he surface ares, ‘5, of the cap of & sphere 1s .
S o 2. ']T. re . h s » o-..-oo(6o).

substitution of (55) and (56) into (60) produces ) v e

S- 2. JT-,rs‘”(l—Cose) © veenena(61)

Sin* b ' ‘
or S 4‘ 7T, re( Cos@ >

‘ : (o526 sevneea(62) v

In section (4.6) an expression is reduired which defines D as a fuﬁctibn
of V and Ts, | No simple solution has been found for such a relations?hi‘p
based upon equation (58). However, an approximation} has been d.erived
which gives good results for smaii coptagt angles,

Substituting (57) into (54) yields . |
v= lT_'_r_a_'_s tanﬂ + _|_ tqn3 _Q_} . ‘ . 00.;.}.(63)
2 2 3 2 -

when f is small, ta.ng‘ > tan’ —26' |

3

Thus \/ >~ T, Ts tabn._e_ o eeveesa(64)
2 2 _

Equations (64) and (58) have been compared in order"to' estimate the

“error in calculating volume at low contact' angles. Table 3 ‘shows these

. results,
Conracr Anace Dirrerence BeTween
0° Eaun. (63) Aws (64).1 7 ]
2 0-01
4 |- 0-04
|0 0-25
20 |03
30 2:3
40 1 42

Tagre3  Frrors Invorvep In Tue Use Or THE Smpunsb
Vm.ums EaunTion
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4.2 A Simplified Droplet Growth Equation

The purpose of this section is to use the maaé transfer equations,
derived in Chapter 3, to predict the growth rate of dew dropiets. In
practice, the easiest droplet measurement during #he growth process
is the basal radius,Ts . The aim>of this_work, therefére, is to calcuiate
Te as a function of time when such paraﬁete:s as sub-cooling (Ts'— Tw),
contact angle 6, and gas velocity Us, are kept_consta.nt. | |

Wylie, Davies and Caw (3) havé quoted a droplet growth equation
although no derivation is givgn'and certain>simplifying aSSumptioﬁsv
are’unclear. The following derivation_yields;anvequatién similax to B
that of Wylie et él,<but the'baﬁié assumpﬁions are noted and the work
in the subseduent sections produces a m&re éccuréte growth simulatién.

Consider a droﬁlet on a plane horizpntal surface which is Sub-coolgd
below the dew—poinf temperature. The‘drqplet is assumed sufficiently'
large to be unaffected by the'Kelvin,Effect.

The volume, Vw, of the droplet_is

Vu = Ki. rcs

vevense(65)
Where K, = l/3 (1- Cose)1 (2 +Cos 9) - from equafion (59)
The desired expremssion im the rate ofichange.of Ye
now A_r_'c_ - J Vw . A-VW v‘ v v'}cooao.a(66)
db dt dr | |
From equation (65), ’J Vi - 3,‘K|_ o . ceesesel(67)
d Te o .

The rate of change of volume, J\,, is given by =
- dt

(The volume rate per unit area) x (The 'active' droplet area).
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The volume rate, q, is the mass transfer rate, My, , (derived in
Chapter 3) divided by the density of water.

The 'active! dropiet area, Ac, is taken by Wylie, Davies and Caw
(3), to be the plane horizontal area of the surface covered by the -
droplet, The difference between the water surface area and the 'planev'
surface area has been calculated from equation (62). The difference is
0.8% for a contact angle O, of 10%; 1.5% for 0 = 15° and 2.9% for
0 = 20°, This ‘error' is énia.ll compared to those invol'ved in the calcula-
tion ofmMm,, and presumably is small compared with the uncertaintjbof'

defining the ‘active' area for condensation.

Thus Ac = IU . nﬁ. SI'n'l 6 06000070(68)

And o‘\/w = . Ac = . Tx, rlz.‘ Sin26 """;'(69)
Tr 1 q e .

Hence, from equation (66)

dre . g A cerenna(70)
dt 3V KTt |

- T(. rcz. q. Sin 6

Tv. Y‘cz{t(|"Cose)z(2+Cose)}
_ g D= ool
(1~ Cos 9)2(2+C059)

dre . {1+ CosB) I . .
dt - {1~ Cos8){ 2+ Cos 6) | " eseseea(T1)

Equation (71), which shows a linear change in radius of curvature with

time, is the same as equation (1) quoted by Wylie, Davies and Caw (3).

now s = Te,Sinb

Ct.' (|+Cose).5in9‘ ceseea(72)
Todt (2 +Cos0)1-Cos6)
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Growth rates will now be calculated by éubstifutin_g typical values,
(see Appendix 1), into equation (72), . ‘

Conpider a plane interface, with nitrogén flbviing parallel to the
surface at 1m/sec frge stream velocity., If the w}apour d'ew-poix_lt
température is 1°C and the surfac'e. temperature is O.9°C, then the heat

,trénafer coefficiént, Bc y 18 given by gQuationv(19A ) in Chapter 3,
- 385 W we °C' (for x- 10en)
And the mass transfer rate (from equation (37) Chapter 3)
Mo = .00 x |0"°"  kg nit sec’

Now, the volume transfer rate q = mu;

I

-

where /O is the water density = [0 ks UM

Thus (l = 1-00x 107 ‘kjl. m?, s
10° kg. m>

It

|-00 «x |O—q m/sec

1f O is 20°, then (1 + Cos 9). SinB - 374
(2 +Cos B) “"Cos@)

Hence j_f_@_ = 3, 74_ N lo"3'lum/ sec

for the defined conditions.
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A literature survey has shown that most published data relating
to the growth rates of water droplets has considered the vapour phase
to be free from other gases. Thus most data is for "pure
water vapour" condensation., It was initially congidered, however, that
the present system under experimental investigation (with 0.6% water
vapour in nitrogen) should be comparable in some aépects to the publi#hed
work, The following section reviews some of the "dropwise condensation®
literature, and relates it to the present work,

4.3 A Comparison with the Growth Equations for a Gas-Free System.

For many years it‘has been known that the rate of heat iransfer
in condenser systems may bé considerably increased by ensuring that
condensation forms in droplets rather than a'continﬁous film., Recently,
many workers have closely analysed the mechanism of dropwise condensation
in stream condgnsers, for example, so that the heat transfér coefficient
may be derived and also to find ways of ensuring that droplets will
form in preference to a film, |

Westwater (64) has summarized the results of much of this work and
shows a number of features which differ from the theoretical results
shown in this Chapter. The important differences are that the heat -
transfef rates'quoted in (64) are considerably greatef, the.time taken
to nucleate drops and their subsequent gréwth,is cbnsiderably faster,
and fiﬁally the basal rgdius is shown to vary linearly witﬁ the square

root of time i,e, d re’ = (constant) veeooselT3)
dt

It is necessary to consider this work in greater detail to discover
where the two condensation processes differ and what analogies may be
found between them, The most important difference is due to the fact

that the work considered by Westwater (64) relates to the condensation

of steam, or pure water vapour, in a gas-free syatem, Whereas the
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condensation considered in the present work is from water vapour in‘a gas
stream where the partial vapour pressure is in the ofder of 0.6% of
the total pressure. The heat transfer coefficients conasidered by
Westwater (64) cover the range from_104‘to 107 W/n' .g. deg C,whilst the
values calculated in this chapter are in the order of 40W/m2.s deg C,
This difference is due almost entirely to the presence of the carrler gaa.

Umur and Griffith (50), and most other workers who have demved
formulae which relate droplet radius to'time, consider that due to the
high heat transfer, the growth rate ias proportional not only to the
droplet surface area but also inversely proportional to ihe‘length of
the heat tfansfer path within the drop. ~ Thus, as the droplet grows,
the temperature of its upper surface becomes inpreaeingly greater ‘than
the wall surfaée temperatuie, hence the "temperature-differenco driving-
potential" between interface and vapour willvdeorease;

A relationship.for the rate of change of droplgt basal radiusl
(ra), with time has beeﬂ derived by following a similar procedure to
the derivation of equation (73) in the preVioua section. |

A droplet on a surface is congidered to be réceiving_cbndensate.
from a single component vapourv(i.e, no ‘'carrier! gas). The‘rate 6f
heat transfer is high, and hence there is a thernal gredient through

the droplet.

The droplet volume ‘Vw = Kz. 733 3 ""’f‘(74)
where K2 ) 7 (l _ Cose)z (2 + COS»G) ocv00t60(75)
3. Sin*6

Now the rate of mass transfer is proportional to the area of the drop,
and inversely proportional to the length of the heat transfer path in

the dxrop.
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Hence the volume rate of mass transfer is

ﬂi i} 1,' A.. _K.t coceoesl(76)
dt h S

Where h is the vertical height of the céntre of the droplet and K4/h
is the 'average effective heat conduction path' through the droplet.
Precise calculations of this path length have been made by Fatica and
Katz (72) and more recently by Umur and Griffith (50), but are not

included in this simple model,

From equation (57), '- h = T‘s . tan (%) |

Thus dW _ g% o 1tk voenens(T7)
0{ t ‘ Ts. tan 6/2

= KT veeeees(T8)

Where ‘t/ is the volume rate of condensation closely analogous to cl

in section 4.2.

and Ks = Kq-jT/ tan—g‘
From equation (74) d Vw : 3 K. Té »...o.‘..(79)

| d Ts
Now  drs . d Vi ‘/// d Vi - veeeeel(80)
; dt dre |

/
s

. gK.m
3.Ke. 18"

:-%——'——-K—/ 3)(—-'—'
3. Ky Te

N

ceseess(B1)

ceevess(B2)

ST - oo Kot + C
7 5K )
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‘Equation (83) clearly shows that the rate of droplet giowth decreases
with time. This equation contrasts with the linear growth equation (72)
derived in section 4.2, and the difference is due fo the droplet tempera-
ture gradient resulting from the high heat flux. Hence the 'simplified’
growth equation (72) may only be used when the temﬁerature gradient is
small, The justification for neglecting this gradient in the present
work is discussed in the following secfion;,

The effects of non-condensible gas (air) in a water vqpour atmos=~
phere have been experimentally studied by McCormick and Westwater(74),
The air concentration was low, and the measured effect was the reduction
of the heat tfénsfér coefficient, The coefficient was reducéd to 50%
of the gas~free value by 4400ppm air, and to 30% by 6500ppm.' Xo
experiments have been reported (or presumably undértaken) for the cone
siderably greater gas concentrations used in the presgnt work,

The rates of droplet growth in gas—free systems, guoted by Westwater

2 %0 10% times greater than the rates predicted

(64), are approximately 10
by equation (72). The theoretical approach to caleculating the mass
transfer in gas-free systems follows a different method to that in the
present work., Westwater (64) has reviewed the theoretical work, and
the most satisfactory approach is generally to derive the condensation

rate directly from the kinetic theory. This arproach was used by

Umur and Griffith (50) and based on the 'kinetic' studies of Schrage

(73). The present system with nitrogen 'carrier' gas involves water

vapour diffusion towards the surface, and hence the process is more
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difficult to accurately quantify.

The most useful analogies between the different dropwise conden-
sation studies concern the process of droplet formation and growth
dynamics., The work relating to gas-free vapour condensation is referred
to in reviewing the proceés of nmuclegtion, ana again in describing

multiple droplet growth and coalescence,

4.4 The Effect of Droplet Heat Conduction on the Mass Transfer Mguations

In Chapter 3 section 3.6 it was assumed that the interface temperature
be tween the droplet and the vapour was identical to the wall temperature.
The accuracy of this assumption will now be tested, based upon the
conduction equations used in section 3.6.

The heat condﬁcted through the droplet, per unit area

0 = ke (T =T)/h eeenl84)

(this is the longest path length, and therefore represents thé maximum
temperature difference).

The heat, Q, may be equated to the convective heat transfer derived

in Chapter 3 section 3,6,

Q = hx.(Te~-Tw)
oo Ti~Tw = hx.h . (1}5“'11v) cesesss(B5)

Rw

From equation (57) h = T8 .tan*%F

oo T - Tw hwx.tang}.z(To“‘Tw).Ts

.'0.'0'(86)
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Typically hx

i

40 \n//m*,"c for a gas velocity of lm/sec

(T::"“Tw): ZOOC
6. =20°
kw.: Oé \A//m.oC

Therefore, from equation (86) i —Tw ~250. 15 (%)

The initial stages of condensation studied in this work consider
values of Ts in the order of 1Qpnumaximum..
Therefore Ti-T, == 2:5x10° °c

This error is seen to be small over the range of conditions
specified for the heat transfer qnd for.the droplet dimensions. However,v
under certain conditions, the error cannot be neglected. If the surface
gub-cooling below the dew-point is very small, or the droplet contact

angle is large, then the condensation rate will slow down or even cease.

4.5 The Physical Shape of Surfaces Nucleating Dropletis,

The process of droplet formation by nncleétion depends upon thg
shape of the nucleant., The purp03e of this section is to discuss the
mechanism of nucleation on solid surfaces and to find a suitable geo-~
metrical model to simulate nucleation centres on a glass surface,

The physical surface models described in the literature fall into -
three broad categories. Firstly, crystalline surface features such as
steps, regular corners, rectangular pits, and nounds, Secon&ly, surface
scratches and pits‘which resemble such shapes as troughs, hemispherical
cavities, cylindrical cavities and conical pits, Finally, solid insoluble
surface deposits, such as particles of ﬁaterials with colloidal dimensions.,

MéCormick and Westwater (48) have made a microscopic study of

metallic surfaces during the nucleation of water droplets from a
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paturated water vapour atmosphere. Moat droplets were seen to form in.
pits and scratches rather than on mounds, Pits made by spark erosion
were shown to successfully nucleate droplets, The work also studied
the nucleating abilities of many types of particles on the surface,
and concludes that those with lowest wate: contact angles were the
most effective nucleants,

Much of the literature dealing with.ihe theoretical study of nucleation
is based on the mechanism of liquid boiling. The boiling process
is closely analogous to the droplet growth process,'thus the work |
dealing with boiling has recently been dppligd:to the study of droﬁwise
condensation, Hsu (65) has derived quations which show. the moat effective
size range of surface cavities for nudleate boiling., Hsu found that for
any given water temperature and vessel temperature there was a corres-
ponding size of surface pit which nucleated bubbles in the fastest
time, The work of Hsu, and othefs, has led to the concept of an
‘effective size range of nucleation sites! for eégh amount of super~
heating. Thus if a surface contains cavities of all sizes, oﬁly a range
of sizes will be capable of nucleating bubbles, and of these éavities,
the ones which nucleate fastest will be the most efféctive.

McCormick and Westwater (48) have used the equationg-developed by
Hsu, and applied them to the nucleation of water droplets in surface
pits. The equations have been further developed to stﬁdy nucleation
on particles, MNcCormick and Westwatér congider that a particle on
the surface will become covered by adsorbed vapour at saturation and
will act as though it were a liquid droplet. The necessary conditions
for this are that the particle is completely wettable by the water and
that the layer is sufficiently thick to act as a 'true liquid water
phase'; Frenkel (66) has examined this process and shows that the free

energy of molecules in a thin adsorbed layer is used in bonding to the
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surface molecules and cannot act aas a free liquid.

Tﬁe physical feétures of glass surfaces have been discussed in
Chapter 2 section 2.5, The electron microscope study of soda-lime
glass made by Tiéhane and Carrier (16) has indicated the’typeé of feature
available for nucleation. Perf¢¢tly clean glass contains domains of
the oxides which are approximately 0.0lum in width. Weathered or
leached glass is much rougher and appears to hawe'fhe chemically soluble
components (soda, for example) removed, The surface thus becomes
increasingly pitted as leachihg ocecurs,

The conical pit has been chosen as the nucléation centre in»the
simulation of a glass surface, The diameter of pits diséussed in the above
literature are in the order of O‘le and the theoretical study in
the present work will consider nucleation in pits‘within the range
0,01 to 1.9ﬂm dismeter,

The theoretical study of nucleation made by Hsu (65) and developed
for condensation by McCormick and Westwater (48), has been primarily
undertaken to find the size of feafures capable of nucleating a new
phase, as a function of the supersaturation. The upper limit of the
pit size is related to the temperature gradient through the forming
droplet. The lower limit is set by the Kelvin Effect, The stﬁdy in
the present work has shown that the limitation due fo a temperature
gradient is negligible under the conditions of low heat transfer, The
simulation of droplet nucleation in a conical pit will, therefore,
consider the Kelvin Effect to be the most important limitation in small
pits. It is hoped to show that the ‘'time to nucleate' is the upper

limitation of pit size in the present work.
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4.6 Droplet Nucleation in a Conical Pit

In order to produce a simple model of liquid water growth in g
conical pit it is necessaﬁy to set certain limits on the generality
of the model, The water to surface contact éngle,fa, is assumed
constant, even though the concept of any contact angle has little
meaning during the initial sfages of adsdrption. Also, the contact
angle is assumed to be small, and experimentally found values for glass

(section (3.2)) suggest that the suitable range is from 250 to 0°
(for complete wetting). '
The sum of the contact angle 9, plus the pit semicone angle,¢ ,

must be less than 90O othefwise the initial stages of the model will

not enable growth to be studied. If (6+4) > 90°, éupersaturation

is necessary before any 'considerable' growth will take place,

The nucleatign and growth of a droplet in a conical pit is considered

to pass through four regions. Fig. (16) shows the boundéries of thege

defined regions.

Fria. L6

GRrowTH Region Bounparies

The nucleation process is considered to begin in the pit aﬁex

where a few water molecules will be present even at temperatures well

" above the dew-point, As fhe dew~-point is approached, further adsorption

occurs in the pit apex and a multi-molecular layer of water is formed

which has a small radius, concave interface with the vapour, The
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concave interface allows further growth, even at temperatures above the
dew-point, due to the Kelvin kffect (Chapter 3 section 3.3)., The
liquid water phase grows in the pit and maintains the contact angle,O,
at the wall. This is :egion 1 and it continues until the watei/wall
contact position reaches the moﬁth of the éit;

Fig. (17) showsvan ideal model of the mouth of the pit. The radius,
Tm, is normally considered negligible. It is used here, however, to
show how the water grows from region 1 to reéion 4 whilst maintaining

the constant water/solid contact angle.

C _' Reaion 4 | :
Region 3 \_k HorizontaL Sureace
. SRR
Reaion 2

Tm FIG, | 7
\I\/HTER'/\/\/ALL CO.'NTRCT AT PIT MOUTH

A
Recron 1

A represents the water surface gt the completion of stage 1.

B represents the water surface at the completion of stage 2,
where the water has a plane, horizontsl surface, Growth above this
limit requires a convex interface, thus region 3 can only exist when
the s0lid surface is sub-cooled below the dew-point, During growth
in regions 2 and 3, the water basal radius is consideied constant, T,
the mouth radius of the pit. C represents thQ water surface when the
contact angle 0 is formed with respect to the horizontal surface.

Any subsequent volume increase causes the basal radius to increase,

whilst B remains constant., The growth away from the pit is called

region 4. Nucleation is defined to be complete when a droplet begins
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to grow away from the pit.

An analysis of this process requires the calculation of the water/gas
interface radius of curva.fure, as a function of the water volume, and
with defined contact angle@ » Expressions will be derived to represent
the growth geometry for each of the four stages.

i) Region 1

Fig 18

Given = Vorume, VI ; Conract Anare, B; Semicone Anaie, 4.

Fine & 12, 13
Liquid Volume = (Volume of cone with basal radiusla) - (Volume of

spherical cap of base radius 1a )

R = é[[tt—r—‘i;? - (Volume of cap with tangent to horizdnta,l B )
.Can v :
Now On = (qoo;[e*'ﬁ])
' I T J_,yr,n"{2~3.5m(9+¢)+ Sm’(ewf)}
3. tan}lf 3 Cos* (0 +4) |
‘T =[3.\/: ot 2~3.5.-n<e+¢)+sm3(e+¢>}] oo
[ | Sin g Cos® (0+4) | ceeeeen(87)

and i = Ta/Cos (6+4) veeeee.(88)
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ii) Region 2

Fig. |

GIVEN + Vorume, V! 3 Contacr Ancie, 03 SfﬂlcowsANGLE,ﬁ; Pr Rasius, Te.
Fino = To, '

During growth in the mouth of a pit, the basal radius is a constant,
TP . The angle between the tangent to the interface edge, and the horizon-
tal is a variable,e;\ « In order to find T¢ it is necessary to calculate
O for a gifren Via, 6, g andt?. The usual équation for the volume of

the cap of a sphere is

Vh = 1., Y}3{2';3£05&\+C%39A ...g..489)
3 Sin® Ba -

This expression appears to yield no simple solution for On as a function
of VIa and7?. For this reason, the approximate solution (Equation (64))

im usged,

Thus Ba ::. 2. tan-'(M)' : vereeess(90)

., 1e?

Now, the total water volume = (The Volume of the Cone with basal radius
7% ) = (The volume of the cap of a sphere with basal radius 17 and

contact angle On)

ivee V= Vic - Vi
Y/

il

Y _ w1, fan®
.3$ar1ﬂ 2 2

— ® .Cot ~ 2 Lan B 4.....;..
Vi = 7r.6rp {26 ¢ 7_} feeenl97)

and the required radius, ¢ = TP/ Sin Oa
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T s n/&.n {2. tan“'(;u/;&r;ﬁ)} | veenens(92)
. Te

iii) Region 3 .

Fi6 20

}rowth.in this region is seen to be similar to that in region 2, The
basal radius is constrained at 17 ’ and the radius of curvature,YE,
ig required as a function of the volume,
if \G is the total wafer volume, and \@w is the volume above the
horizontal surface, then _
V%w = \Aﬂ - \QC |
And from equation (64)

Oe = 2. tan (ZJT[VIR\{H> | .....‘..(93)

Hence T: = n/s.-n{z, tan"(z.[v;'—wc]) erennn(94)

™.,
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ivz Region 4

l | Fra. 2]

GIVEN TOTALVOLuME,\/I P+ Raowus, 7o ; CONTHCT ANGLE 0; Ssmcowe Anore N
Fino = T2, 75,

In this region the basal radius of the droplet increases beyond the

pit, and the only constraint is the contact angle 8.

Now  Vpp = Vi - Ve

From equation (58)

Vb =1 7. 18t {2 - 3.L0s6+ (o6 .........
3 Sin*6 }' - (93)
Y.
Thus [& = 3. Vb, Sin'6 3 crseeces(96
! { (2~3.Cos 0+ Cos® 9)} - (%)
and rc = TB/SinO . aouoaooo(97)

4.7 A Computer Based Model Simulating Droplet Nucleation and Growth

The mass transfer rate equation (47) derived in Chapter 3 will
now be combined with the geometrical relationships derived in thg‘
preceding section so that the entire nucleation and grqwth process
may be modelled,

The model assumes that the conical pit undér consideration contains
a very small volume of water at 'Time = Q°', ‘The basal radius of this
vater is taken to be 1% of the pit mouth radius. Furthermore, the model

assumeg that the water surface area which actively collects the condensed
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vapour is the plane horizontal basal area, The rate equation (47)

(in chapter 3), and the,gebmetric equations(87) to (97) have ali beén
derived in such a manner that they readily form a 'finite difference'
type of equation suitable for computer.solution{ The basic purpose of
the model is to calculate the water position and dimensions as a funcfion
of time, The time increments are chosen to enable a minimum of 200

steps during each of the four regions ofbgrowth defined in the preceding
section, |

Fig. 22 shows the block diagram of the computer program which
simulates fhe growth process. Each volume increment can only be cal-
culated when the interfaée radius of curvature is known. In this
model the fadius of curvature from theiprecéding step is carried to
the next step as the basis for the increment calculatioh.

The'input/data to the program congists of physical constants for
water and the carrier gas; tﬁe humidity of the carrier gas defined by
its dew-point and saturation vapour’pressure; the time increments
necesgsary for the computer solution; the velocity of the carrier gas
across the surface; the temperature of the cooled surface;-and finally,
the dimensions of the conical pit, |

The assumption that Ts = 1% of T+ at 'Time = O' is used to find the
initial conditions for Volume, V| , basal radius within the pit,Ts,
and radius of curvature,lc. The volume increment corresponding to ai
unit time step is calculated for a concave interface with ares and
curvature defined by the initial conditions., This volume increment is
added to the initial volume, and equations (87) and (88) are used to find
the new values of 1a and Tc . This procedure is repeated at each time
interval until either of itwo intervening conditions occur., If the growth
rate becomes zero the program stops and indicates this condition,

if Ta 2 Tﬁ,the water has filled the volume prescribed to region 1 and
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- growth must proceed in region 2,

The excess water from the final time increment in region 1 is
considered to be the initial conditions for region 2 growth, The time
increments for region 2 are approximately 10% of those used in region 1
because of the smaller volume involved., The volunme VI, and radivs of
curvature,:, are calculated from equations (91)and (92). Again, the
time increments continue until either of two conditions occur. If the
growth rate is zero the program‘stops. . If the total volume,\m , is
greater than or equal to the volume of‘fhe cone alone, growth proceeds
"in region 3, |

Region 3 is similat to region 2, in the method of simulation.

The interface is convex, thus the exponent in the mass transfer rate
squation is now positive., I'c is calculated from equation (94), and

the time increments are similar to thqse.used in region 2, If the growth
rate is zero, the program stops. 1f the total water volﬁme exceeds

that of a cone plus the full cap of a sphere, the growth proceeds in
region 4.

In region 4, Y¢ is found from equation (97) and Te from (96).

The growth rate cammot be zero bécause the transition between regions 3
and 4 represents the minimum convex radius of curvature, (Thevlimitation
discussed in section (4.4) is not included in this simple model).

Growth continues, with large time increments, until a pre-determined
basal radius is reached. ,

The physical data, for carrier gas and water used in the simulation
are discussed in Appendix 1. The results of the simulation. are qMOtéd

and discussed in section (4.8).
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4.8 Droplet Nucleation and Growth Rates Predicted by the Computer-

Bésed'Model

The computer-based model assumes the dew-point temperature to be
1°C, and the nitrogen gas flow to be 1 m/sec, Furthermore, the pit
semicone angle‘is taken to be 300. The simulation is intended to show
how the physiéal growth rate is determined by the variables:- contact
angle O , surface temperature |y, and the pit mouth radius 17,

¥ig. 2% shows how the liquid basal radius (considered here to be
Te inside and outside the pit) varies with time. The curves represent
growth nucieated in pits of different mouth radii, Consider the course
of water condensing in a pit whose mouth radius Te is 0.0§Mm. AB is
the growth in region 1 which ends when the water reaches the top of the
pit. The section BC is the growth in regions 2 and 3, thus the basal
radius is constant and equal to theipit mouth radius, Nucleation is
considered complete at C, and the dr§p1et is able to grow away from the
pit, following the curve CD, The initial growth rate afier nucleation
is seen to be slow, and this is caused»by the small convex radius of
droplet curvature. When the droplet curvature decreases, the growth
rate becomes constant,

The family of curves in Fig, 23 show that a maximum condition exists
for the time 1o reach a given basal radius., Small pits nucleate drops
quickly, but have slow initial growth rates due to the curvature effect.

Large pits, however, take.longer to nucleate the drops but subsequent .
growth is fast because of the small curvature, The curve AR represents
the time taken for water to reach the top of a pit whose mouth radius T7?
equals Te the water basal radius.

Figs. 24, 25 and 26 are used to show the time taken by the condensed
water to reach given dimensions, Fig, 24,vwith a contact angle, O ,

of 10% and 0,1°C sub-cooling, illustrates the fact that an "optimum pit
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radius" exists. Pits below a certain size will not nucleate droplefs.
This is caused by the ra@ius of curvature decreasing below the value
discussed in Chapter 3 section (3.8). Pits with radii slightly greater
than the minimum for successful nucleation, are seen to nuclgate droplets
which grow to thé pre-detérmined basal radii much faster than those
from larger pits. The pit radius which allows fastest nucleation is
seen to be similar to, but not the same, as that which nucleates drops
with fastest.growth to the defined basal radii.

Figs., 24 and 25 may be compared to show the effect of the contact‘
angle, 0, on the growth process, The time taken to reach the top of
a pit (with 17 = 0.25m, for example) is faster for the surface with |
lowest contact angle, 6. This is because a small contact angle causes
an increased concave radius of ﬁater curvature and hence has a higher
growth rate., A small contadt angle enables a fast basal radius gréwth
rate away from the pit because o} the low volume to radius ratio, The
pit radius for nucleating fastest growfh is smaller for a 10o contact
angle fhan for_a 20o angle. This is due to the larger radius of water
curvature during the trénsition between regions 3 and 4, Small contact
anglés are seen to produce a small concave radius of water curvature
inside a pit, and a large convex radius of curvature outside the pit.

Tigas, 25 335”26'3b9ﬂ,¢h° effect of decreasing the surface temperature,
i.e. increasiné the.sub—;goling. The rate of mass transfer is pro-
portional to the sub-cooling, thus when the sub-cooling is increased
from 0,1°C to 0.2°C the growth rate for large drops is doubled, Small
droplets sre influenced by radius effects in addiiion to sub-cooling.
The pit radius for nucleating fastest growth is halved when the sub-
cooling is doubled, This is shown in Chapter 3 equation(51) where r*

is shown to be a function of (1; “‘T@).
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Fig. 27 enables the droplet radius of curvature to be found as a‘
function of time, The radius is ihitially constrained by the pit wall;
until the droplet reaches the top of the pit, The concave radius
increases and tends to infinity as the water grows in region 2 and forms

~a horizontal interface. The radius decreaseg and is convex whilst further
growth takes place in region 3. When thé water reaches the conditions

for forming 6° with the horizontal,i.e. the transition between regions

3 and 4, the convex radius is at its minimum value. Subsequenf growth
causes the water to move away from the pit and the radius of curvature
increases as it does so, |

The simulation has shown that for & given set of conditions for

contact angle, 6 , and surface sub—cooling,‘(T}-.Rd), there exists an
optimum pit radius which nucleates droplets which reach a given size

in a minimum time, Fig. 23 shows that if'a surface containé pits having
a range of mouth radii, then after é period of 320 seconds, for example,
the droplets nucleated in a pit of 1?7 = O.Q/mawill have a basal radiﬁs

of O.4§Mm, whilst those from a pit of‘r},s 0.1ﬂm will have a'radius

of 0.9um. Pits in a surface are generally close together, and coalescence
between drops will occur soon after nucleation. The volume increase
caused by coalescence will assist droplefs which nucleate quickly and

they will become the most active sites for further growth,

The simulation has made a number of:important assumptions and these
are listed below:-
i) The active water area for condensation is the horizontal basal
area,
ii) Bach pit is congidered to be surrounded by a large plane surface.
Interaction through coalescence is not included,

iii)The surface temperature is considered to instantaneously change
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from a high ambient value to thé final value, Tw, at 'time = 0'

iv) The water to glass contact angle, 3, is finite and constant,

This siﬁulation has shown how the physical dimensions-of‘a'groﬁing
dew deposit may be estimated, The model of singlé droplet behaviour is
later used in comparison with expérimental results even though coalescence
effects are complex factors in the comparisqn° The model has shown that
for a given surface subncooiing there exists an effective size range
of pits for nucleation. This finding agrées well with the literature

dealing with bubble nucleation in boiling.
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4.9 The Influence of an Adsorbed Film on the Droplet Nucleation and -

Growth Proceas

The model developed in the previous sections, and the work reviewed
in Chapter 3, has been based on the presently accepted view that droplet
formation is a nucleation process. Hoﬁever, Smail et al (6) in 1931
measured the surface resistivity of glass at the dew-point and sﬁggested
that the water droplets were fofmed when a ﬁhick adsorbed filin broke
up due to film instability. Jackod (49) in 1936 used & similar explanation
of film rupture to account for droplet formation on certain stean
condenser tubes, Smail's wofk_is of direct importance to the electrical
surfécé behaviour studied in the present work; so it is necessary to
examine the film break up postulation in greater detail, (It is useful
to note, however, that Smail did not microscopiqally examine the glass
surface during dew formation), |

The.concept of a film break up is now beliévéd untenable on‘the
basis of the congideration of the systémvenergy changes necessary to
produce droplets from a liquid £ilm, Frenkel (66) has discussed this
point,vand notes that although the liquid surface free energy would be
reduced by droplet formation, the linear free energy of the droplet
boundar& must increase and in fact would lead to a total eﬁergy increage.,
Hence a spontaneous film rupture Qill not occﬁr. Wylie (43) also
reaches this conclusion and argues that the energy decrease due to the
"mutual annihilation of two liquid surfaces éxceeds the decrease which
occurs when a liquid surface is united with the substrate surface”,

The present experimental work discussed in Chapter 6 has produced
evidence to support the nucleation theory of droplet formation on a
glass surface (section 6,1.2), Furthermore,_fhe reviewed work, and
also the practical work, has indicated the presence of an adsorbed film

on the glass surface. It is therefore necessary to study the drOpiet
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nucleation and growth process in greater detail to find the intersction
between the adsorbed film and the nucleatgd droplet,
The behaviour of the adsorbed film as vapour saturation is épproached

?

depends upon the wetting characteristics of the adsorbate surface. 1In

. Chapter 2, section 2.2,, it was shovm that the Type IV adsorption isotherm

may either asymptotically approach the saturation conditions or may

pass through saturation with a finite film thickness (Fig, 1). A

completely wetting surface produces the asymptotic film thickness increase,

whilst a partial or non-wetting surface produces a finitg filﬁ thickness
at saturation{ In the practical work reviewed in Chapter 2 section 2.6
it was shown that the glass-water syéfem belongs to the latter category
(i.e. a finite film thickness at saturation}.

Frenkel (66) has theoretically studied the equilibrium conditions
of adsorbed films in the region of vapour saturation. Oﬁe general
conclusion from his work is that the vapour pressure sbove a thin
adsorbed layer is greater than thét above normal liquid water, This is
a consequence of the long range forces of fhe 80lid surface acting on
the adsorbéd film surface, Clearly this vapour pressure situation is
analogous to the Kelvin Liffect where the vapoﬁr pressure above a curved
surface is éreétér than that above a plane liquid surface., Irenkel has
developed an equation which establishes a relationship between the

pressure différence, P1/Pw, and the film thickness, 1.

1, (g) - Mkt (98)

Where Pt is the vapour pressure just outside the adsorbed film.
R, is the saturation vapour pressure over a plane water surface
D is the mean distance hetﬁeen adsorbed molecules,

Ee is the evaporation energy per molecule

This equation is analogous to the Kelvin Equation (eguation (5) in
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Chapter 3) which is :-

In (_E_n)z 2 MY
Pw RT/OYE
lquation (48) indicates tﬁat thevadsofbed film must be supersaturated

‘in order to freely grow by net condensation. (Analogous to the Kelvin
| Effect), Hence it is necessary to supersaturate (subcool) the water
vépour in ofder to nucleate drops and also to produce a freely growing
film, From this argument it follows that droplets may be nucleated
before film growth begins, as the surface temperature is reduced. Thus
the droplets may be growing by nét condensation whilst fhe adsorbed
film is in equilibrium with the vapour, or growing at a slow rate.

The experimental work of Derjaguin and Zgrinu(19) has ipdicated
that,in a supersaturated atmoéphere,'droplets were formed on a glass
surface which retained a uniform mul tilayer of adsorbed ﬁater surroundipg
the droplets. Wylie (43) haé discussed the process of film and droplet
interaction, and considers that the two '"phases" are independent, Wylie.
cites the work of Bangham and Mosallam who have obgerved the simulataneous
existance of a film and droplets. This experimental evidence supporis
the above discussion based on the work of Frenkel (66).

A further consideration of a droplet coexisting with an adsorbed
film uées the concepts of the contact angle,e,'and spreading, which

were briefly discussed in Chapter 3 section 3.2, From equation (3):-

Cos @ = st - YSL
Yiv

Where \Qv is the so0lid surface free energy
y&vis the liquid sﬁrface free energy.
- The effect of an adsorbed film is to decrease the 'solid' surface
free energy and, in the 1imit,ygv - yh/as the adsorbed layer becomes

sufficiently thick to behave as liquid water. ( XgLrgmains unchanged in
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this process). Thus the effect.of an adsorbed film is to increase the
contact angle,@ ’ and this has been exparimentally verified for Various
ligquids by Bernett and Zisman (53) and Shafrin and Zisman (54). The
practical consequence of this effect in the’present‘wprk is that although
the glass may be wetted by water at low humidities, the adsorbedvfilm at
saturation conditions may‘be sufficient to allow the droplet to retain a
finite contact angle with the surface,

This discussion suggests that the adsorbed film surfounding the
pits modelled in fhe previous séctiéne, does not greatly influence the
growth process apart from determining the droplet/surface contact angle, 0,
When the surface is subcooled, it is expected that fhe film height.may
begin to increase due to net condensatioh, although this condition cannot
be accurately predicted from equation (98). ('D' is not preéisely

known, and its effect is cubed in the equation).
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4,10 Multi-Droplet Growth and Coalescence

The work so far ﬁas studied the nucleation and érowth of single
droplets which were assumed to be isolated from other droplets. Clearly
the situation in practice involves droplei coalescence when the droplet
dimensions are'comparable to the spacihg between nucleation sites,

Wylie, Davies and Caw (3) have deécribed the appearance of a grow-
ing dew'deposit, and have identified two stages of growth. The first
gtage is termed an 'open deposit' and this is whére the droplets are
separated by distancés comparabie to, or greater than; their diameters.
When the droplets grow further and begin to coalesce, the growth brocess
1is much more complex because it involves massvtransfer to a particular
droplet by condensation plus coalescence., -This stage is defined by
Wylie et al as a 'clésed Aeposit'..

Many of the studies of multi~droplet growth which appear in the
literature refer to”gas—free“water vapour condensation.

.The droplet growth cycle in these studies involves nucleation, droplet
growth by condensation, droplet growth and redistribution by coalescence,
and often considers droplet removal from the surface by gravity so

that the growth cycle repéats. ‘ o

McCormick and Westwater (74) have éxperimentally studied‘the
process of droplet growth in a pure water vapour atmosphere.- Their work
indicated that neighbouring droplets influence the growth rates of
each other, and that a droplet grows fastest when its neighbours are
‘furthest away. McCormick and Westwater have shown that the number of
coalescence events which a drop undergoes on a vertical surface before
sliding down under gravity, is in the order of 4 x 105. The maximum
droplet population they studied was in the order of 106 per cm2, The

more rebent work of Graham and Griffith (79) has indicated that the
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droplét sizes at nucleation were too small to be measured by optical
techniques, However, they calculated thé minimum droplet sizes by
extrapolation of heat flux measuremenfs and found nucleatioh site
densities in the order of 2 x 108 per cm2.

Wylie, Davies and Caw (3) have discussed‘the much slower process
of water vapour condensatién from a non-condensible 'carrier gas',.and

found a maximum droplet population of 5 x 108

per cn’, The difference
in maximum droplet populations found by Wylie et al, Graham and Griffith,
and McCormick and Westwater, is preéumed to be partially due to the
nature of the surface materials, The action of a 'promoting substance'
on & surface is expected to feduce the number of active pits. The pits.
which contain promoter will be 1ower.§nergy than those which are‘
unpromoted; aﬁd hence the low energy pité will require greatest super-
saturation to bring about nucleation. McCormick and Westwater (74)
reported that droplets reached diameters between 60 and 129Mnxbefore
cOaléscing with neighbours. Their surface was promoted with benzyl
mercaptan., The work of Davies (20), reported by Wylie, Davies and Caw
(3), was on an unpromoted surface and found a muéh greater droplet
population, and droplets coalesced when their diameters were in the
order of 1um,

McCormick and Westwater (74) reported that coalescence evenﬁs
occurred in less than 6 m.sec (the frame duration of their cine camera).
The duration of a coalescence event has been disdussed by Rose (75)
who indicates that the time may only become significant, compared to
condensation growth rates, at Very high heat flux on a low energy surface.
The two processes which define the coalescence time were shown to be
inertia effects‘and viscosity effects., It was suggested that viscosity

effects are negligible. Rose considers that 'filmwise condensation'

will occur in preference to 'dropwise condensation' when droplet
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coalescence takes lohger than droﬁlet formation,

The significahce of the above work to the present investigation is
. that droplet coalescence times may be neglected in comparison with
growth times, Also, the droplet growth rates‘calculated.in the preceding
simulation may be altered by neighbouring droplets in practice, but
no quantitative estimation of this effect has been made.‘ One coélescence
phenomenon noted by McCormick and Westwater (74), which is found to be
significént in the surface electrical conductivity simulation (Appendix
%), was the droplet area variation during coalescence. When two identical
droplets coalesce (the condition of greatest effsct) there is a‘20.5%
rgduction in combined horizontal basal'arééf " Thus thevplane surface
area surrounding the droplets is increased. |

Wylie, Davies and Caw (3) suggest that new droplets ﬁill bg nucleated
in the areas vaéated B& coaleséing droplets, This has been oBserved, ‘
although infrequently, in the present experiméntal work. |

In recent years a number of attempts have been made to simulate
a large growing dew deposit. This work is especialiy useful in calculating
the heat transfer characteristics of‘a surface supporting a grbwing
'‘dropwise' deposit. In general, computing tedhniques are neceasary to
process the large quantity of data assoéiafed with many droplets
undergoing coalescence events. A simple model by Gose, Mucciardi and
Baer (76) simulated the growth of droplets from 200 sites. Glicksman
and Hunt (77), and more recently Rose and Glicksmen (78) have developed
“a very accurate computer based model and have successfully compared the
simulation with experimentally obtaingd data, The simulation technigues

described in the above work form the basis of the multi-dropiet model

developed in Appendix 3,
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'CHAPTER 5

The Design and Construction of the Exbérimental Apparatus

The primary function of the experiment waé to cool an insulator
in a gas siream of constant known humidity whilst measuring the éufface
resistance and making a ﬁicroscopic examination of the growing dew
deposit. o

Fig. 28 shows a block diagram of the desired experimental apparatus.
The insulator, in the férm of a thin disc, must be mounted with a good
thermal contact to a cooling device. The mechanical design of the
condensation cell was mainly influenced by the'thermal patﬁ-beneath’the
insulator. This is described in section 5.1 whilst section 5.2 develops
a thermal analysis of the desigh. The apparatus must provide a method of
carefully controlling the surface temperatﬁre, and this system is des-
cribed in section 5.3, The techniqueé adopted toimaintain a gas supply
6f constant humidity ére described in section 5.4.

The insulator speciﬁens must be caiefully cleaned to remove con-
tamination and must theh-have electrodes depoSitéd on the sufface.
Section 5.5 describes the insulator preparation, whilst section 5.6.
discusses the instrumentétion used to measure the gurface resistiﬁity.
Finally, section 5.7 . describes the mefhod of viewing the dew depoeit

on the surface.
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5.1 The Mechanical Design of the Condensation Cell

" The "condensation cell" designed'by Davie$ (20) in 1963 for Oprical'
studies of condensation on go]d was used as a basis for the prosent
de31gn. Davles used carbon diowide coollng, and obtalned temperature
control with a stability of "better thany~ 0,003 o, The present‘apparatus
has a 'Peltier - effect' thermoelectrlc cooler and a ccntrol]er whose
stability is primarily determined by the temperature sensor- (a precxsmon
thermistor). The "temperature~equ1Va1ent" stabllity of the certroller,
assuming a perfectly stable sensor, 1s - 5 X 10 5 OCD' |

Most dew-point hygrometers have aumetallic deposition'eerface; aﬁd F:
the temperature sensor is mounted in the metal just beneath the surface._g
The error due to temperature drop in the metal may generally be neglected
because most 1nstruments use sxlver oy copper, which have a hlgh thermal
conductlylty. The present work has an electrlcdl 1nsu1ator as the de~
position surface, which has a row.thermalﬂconduct1v1ty and’therefore a
'1arge temperature gradient. The d931gn of the apparatus was 1nf1uenced
to a great extent by the problems caused by the low thermal conduct1v1ty
of the iasulator. The 1nsu1ator must be as thln as pos31ble for thermal e
considerations,‘yet must retain a high bulk electrlcal r991stance; :Aﬁjjg
second problem associated with the use: of en 1nsu1ator and the low
_rateq of heat transfer, was, to reduce the heat oonducted to the surface o
from the electrode probes. o _)Ab : ._ - -

A full size section through the oondensation cell is shown in '

Fig. 30, whilst Figs, 32 and 33 are photographs of the cell and optlcal
system, and the cell with the cover assembly‘remgved.' Refhr;ng to o
Fig. 30 it isseen that the thermdelectrir v'ceoler is bolted té an
aluminium baseplate. . The d1mens1ons were 121no. ‘square and’ Zlns. thlck;“

'he baseplate, together with-a flnned aluminlum heat 51nk on the underm
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side, act as the "hot-face" heat gink for the cooler.

It is desirable to keep the deposition surface as small an area as
possible, firstly to reduce the amount of gas necessary to form a
deposit, and secondly to minimise the temperature gradient across the
surface. The dimension chosen for the present work was 1%mm diameter'
because this was the smallest size of glass disc commercially available,
The "cold-face" of the thermoelectric cooler is 40mm square and has
small, but unacceptable;Jtemperature gradients across the surface,

The copper block serves a number of purposes; it 'averages' the tehperature
gradients across the cooler surface, and it collimates the thermal
cqnducting path to the smali area of the insulator disc,

A very thin smear of silicone thermal conducting paste was applied
between the cooler and the baseplate and also between the cooler and the
copper block. The éooler was bolted onto the baseplate, whilst the copper
block was held to the cooler by means of an aluminium clamp ring and
nylon nuts and bolts. The nylon bolts were chosen so that an uneven
heat conducting path between the block and codler was avoided.

Considerable attention 'was given to the design of the upper section

of the copper block (see fig. 29), where thermal contact was to be made

" with the glass disc (or other insulator material). The thermistor

temperature sensor was mounted in the centre of the copper block and a
small hole vertically downwards connected wiih another hole such that fhe
leads from the sensor were taken out of the block 20mm beneath the
surface. The 'thermistor lead duct' was filled with therﬁal conducting
paste. This arrangement minimised“thermal gradients across the copper
sﬁrface, and ensured that heat conduction through the thermistor leads
would have a negligible effect on the upper section of the block.

The first design had a 2 mm thick copper disc mounted above the block,
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The glass disc was held on the surface of the copper disc by pressure
exerted by the electrode probes. The glass disc, O.1mm thick, was
found to warp near the electrode contact positions and a poor thermal
contact was made, (An air gap of 0.01mm is suffiéient to cause'avtempera-
ture gradient of O.QOC), Thermal conducting paste was‘smeared on,tﬁe
underside of the glass disc and a better contact was made. Unfortunately
the paste, based on silicone grease, was capable of creeping onto the
upper surface of the glass disc and only the slightest'amount of any
contamination was\believed to alter the glass éharacteristics
considerably. A second problem was ﬁhat the paste hags g thermal
conductivity comparable with glass, and it was not possible to maintain
a constant paste thickness beneath the glass for each spe¢imen. Thus
the temperature gradient was not repeatable for each test. Although
no conclusive evidence of surface contamihation by grease was obtained,
it was decided to modify the system so thét no grease was used.

The second, and final, desiéﬁ was based on the use of mercury
between the glass disc and the copper block, Mercury attacks copper,
80 a stainless steel 'cup' was used to Qontaih the mercury. Fig. 29
shows this arrangement. The steel.cup was mounted on fhe copper block
with silver-loaded conducting Araldite, Only the Araldite hardener was
ﬁsed so that the surfaces could be parted when necessary. The quantity
of mercury was chosen so that when the glass disc was just touching
the rim of the 'cup', the mercury completely covered the glass above
the cup. Again, the pressure of the electrode probes maintained the
glass in position. This second design suffers from the disadvantage
that mercury and stainless steel are poorer thermal conductors than |
copper, nevertheless the system ﬁas repeatable for each specimen and the
temperature gradient was experimentally obtained, and was constant

for each series of tests.
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A 'lip' on the’upper surface’of‘fhé coppef"blook‘supported a PTFE
sealing diaphragm which isolated the humld gas from tho lower part of
the apparatus. The outer part of the condensation cell was aluminium
which Waé bolted onto the baeeplate;»wAn alumlnlum dise supported the PTFE
diaphragm and an 'O'Ping ensured a gooo_SQQI;v ﬁo1es were drilied through
the lower aluminium body to take cables to.ﬁhe coolervand.thermistor:-
Holes through the upper body carried céblés‘to tho eléctrodos, ahd
were also used as gas outlet ducts, A removable cover assembly con l".
sisted of an aluminium flange supporting a oyllndrlcal glnse window and
glass gas inlet tube. The top of the coverlcontalned a square glass_
window 0.25mm thick which was the viewing w1ndow for the mioroscope.
A1l aluminium parts were anodlsed to prOV1de a stable surface.

A thermal analysis of the axrangement supporting the gldSS speclmenv'
‘(see following section) showed that oon81derab1e care was n@cesqary in
‘oesigning the electrode probes. The problem to be overcome was that the
heat conducted to the: surface by the o@obeé‘would cause anruneVeﬁ fémpera»
ture distribution across the surface.‘ﬂThe firstoelectrodes'tried were
'1 thou' diameter wires (0.025mm)>whioh wore}fésﬁened to the silver
electrodes on the gléss surface with conducoing‘Araldite. The gradieﬁ%(
of surface temperature was exces51ve, and a reglon of 2 to 3mm dlameter o
wag seen around each electrode probe where no dew formed. " The second
system was finely drawn glass tubing llght]y ooated w1th 311v9r on one
gide, The contact area was small, and tho suriace temperature grndient
was negligible, Unfortunately, the stress in the glass probes,when
applying pressure to the insulatof speoimen;ﬁas'sufficient to crack
£he_silvered region., Intermittent contaot wés found during most‘ei~ .
periments using 'giass' electrooes and?the&-Were'finally abandoned-in
faoour of "microelectrode probes"'deSiéned for medical research;‘v

The probes were made from tuﬁgsten and fapered to a tip radius of-
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gﬂm. A PTFE tube supported each‘probé’and'fhe.PTFE was mounted through
brass rods. Fig, 34 shows a diagram éf the'entiré probe structure,
whilst fig. 33 is a photograph of the syétém. A 3crewiwas mounted in
a tapped hole in the 'wing' of each bfass rod, This screw‘enabled the
prébe to be raised and lowered ohto théfsufface; The furthest extent
of the probes was 15mm above the»sﬁrface,which.was sufficiént spacev

in which to‘remove_and replace the glaés spéciﬁens;

The position of the gas inlet nozszle was adjusted until surface
cooling produced an even size of dew d?posit over the entire surface.
The position of the nozzle in fig. SZZisybn theiside'fu:thestvéwéy from
the caméra, and is facing the ca@era.’_Thefhéight of thé viewing window
was determined by the working distanqé‘éf the microscope objective

(20mm),

5.2 A Thermal Analysis of the Cell

The purpose of this section is td calculate_the temperature gradients
through the components whigh cognect’the glass specimen surfacé with the
thermistor. The section also describes theumethods uséd to make a
direct measurement of the surfacé tempérafﬁie.

The thermal energy input to thé éopper bloék comes from five_sourcés.
i) Convection transfer fromrthe»gas,:d1} |
ii) Radiation transfer from the surroﬁndingé, Q2y and radiation from the

illumination system, B | o
iii)Conduction through the electrodé probes, Q3.
iv) Conduction through the PTFE diaphfagm; Q4, and through the earth
lead, Q5 S "
v) Energy released from the condensing Wafer, Q6.

The energy inputs will be studied for typical experimental conditions.
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The gas flow is 1m/sec, and the gas tempepature,j} ,bis 2 C whilst
the surface temperature,Th, is 4;500,, The surface diametervisb13mm,
and hence the area,/&s, is 1.3¢m2. - |
i) 21 from the nitrogen gas flow v ,

at = hx. As, (Ta=Tu) |
Where H} is given by equation(lﬂ)in.qhapter~3.’7 (Nu;.‘x,?ﬁs‘m)

Ql = 65&.w‘

ii) .92 from the surroundings

QZ = Fs.As . 65‘.»0’5 (Ta4—Tw4) |

Where F; y the'shape factor’, is 0.5 for a hemisphere
& the emissivity, is 0.02.forfsi1ver'c6ated glass
o the Stefan Boltzmann constant is 5,66 x 153J/m2'°K4

The surroundings are asswned to be at the gas temperature, .

Q2 = 0:12 mW

The heat transfer from the illumination source is discussed in section -

5.7, but is believed negligible compafed tofother energy inputs.

1ii) Q3 from the electrode probes

The tungsten probes hasve a tip radius of gpm, and the contact area is

2 2

assumed to be 3 x 107 "?m? with the surface.

Q3 = kT . Acs. (T;z"'Tw) ._ . pervprobe,
I ' ; S

Where:~ Ry, the thermal conductivity of tungsten is 163W/meC
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Acs , the contact area is 3 x 10"12 2
f—r y 18 the path length of the temperature gradient in the

probe,Thisis similar to ST 1n seotlon 3.6 and is taken as

1-7mm at the centre of the surface.
The probe tip is assumed to be at the wall temperature' although this
cannot be true because of the low conduc tlvn.ty of the gla The appronu

mation, however, is auiflcmntly accura.te for 'Lhe present analyalu.

Q3 = O'Ooq mW (E'_o_r b Iprobes)

(For '1 thou.' wire discussed in section5.l, @ = 2.5 x 1073w)

iv) Q4 and Q5 from the diaphragm and earth wire

2. 7t ke, (Ta“.T‘\;J).',PP‘; o for the PIFE
n r"/h . S

Where Rp , the thermal conduct:v:.ty of PTFI&, iq O 2W/m c
Ip , the PIFE thxckness, is 0 )mm.
2 and I are the outer and 'Lnner ra.diJ. of the diaphragm and are

15mm and 6.5mn respectlvely.

Q4 = l’Z- m W

The conduction through the earth wire (44sw3 copper) to the steel ‘cup iste
QS = 4‘ m\/\/

v) g6 the 'latent heat' of condensatioh‘»

The rate of mass transfer is given by équati'on (37)in Chapter 3.
Mew = 101 x4/U (T.S T Tw) M9 'crﬁ‘,"sec"‘ '

Tf(Ts Ta)= 1°C sub-cooling, and Us ,"" ‘m‘/sec

Then Me = l'3/“j /sec on the surface.

Now, the latent heat of condensation of water is 25000 /gm.
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Thus (6 = 325 mW for 1°C sub=cooling.

The energy inputs to the block are shown .in fig, 36.

CoNVECTION
ConbucTion _ 64 :5mW - RadiaTion o
0:009 mW . 012 mW - * lLLuminaTION

\ / © 7 CoNbBENSATION

Sy " 3:25mW
Guass =T N
Mgnchay
, STEEL .
Wire Conpuction N PTFE (ConpucTioN -
4 mW o/ : ' 12 mW
CopPER | '

Fio 36 Eneear burs To Tue Buoc

The thermal path between the free,gla:«;s. surface and the thermistor
congists of:--_
i)  O'lmm glass
ii) 2 wm mercury
iii) lmm stainless steel.
The temperatufe gradients are cal‘culatev'd'fOr an assumed energy i,nput'

of 68mW to the glass surface.

i) The temperature drop, Tgl in the glass disc

kg@ , the glass thermal conductivity is 0.8 W/m’C

Thus Tj! = 0-068 x O-1« \0“3 L OC
0:8 x I+3x107* '

T = 0-065 °C

J

ii) The temperature drop, Tme, in the mercury
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kme, the mercury thermal conductivity is 8.2W/m°C
Thus Tme = O|28 °(

iii) The temperature drop, Tss, in the stainless steel

Rss » the stainless steel thermal conductivity is 16.3W/mc
Thus Tss = 0-032 C

The above calculations assume that the heat cdnducted to the block by .

the diaphragm and earth wire has a neg}igible éffect.on fhe-ehergy'
throughput of the upper section of thé-COnductién patﬁ.'flbt |

The total temperature dfop between the surfgcg and thé thermistor.is‘
0.2250C for the defined bconditio,ns.‘. | B -
Experimentally it was very diffi@ﬁlt to measuré the sﬁnface'temperaturé

of the glass because temperature probes on thevsUrface intrbduée heat by

‘conduction and locally alter the temﬁeréture, Nevertheless, direct

temperature measurements were madg_with a sub-miniature thérmistor énd~,
were subsequently used as the‘calibratibnbvalueé. o |

An I,7.T7, thermistor type U23UD,_O.4mm'diameter with‘leaaé 0,0ZSmm
diameter, was calibrated in the second gas éatﬁrétof flask'(éee Sectién
5.4) at a temperature of 4.40C.'.The.tgmperatufe of this flask was taken
as the temperature 'standard"for_theffresent»work. 'The'mercuryuinaglaés

thermometer in the flask was readable to approximately 0,02°C, and the-

flask was controlled at a temperaturebtaken:tb be -4,40°C, The thermistor

resistance was measured with the_Eridge de@elopgd.for the condensétion.
cell controller, | | |

The thermistor was then mounted insideithe steel fcupf_in the
coHndensation cell, and was partiélly eﬁbedded-in'bonducting Araldite"
hardener. A 1m/sec. dry gas flow was:directed across the '¢up', gnd the

temperature was reduced in controlled steps. A switch was arranged 80

that the bridge could quickly change frqm_thé control thermistor in the =
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block, to the calibration thermistor on the surface. When the controlled
temperature was set such that the calibration thexmistor had a resistance
equal to the value for 4.4000, thé co@trol thermistor»resistance was noted.
A glass specimen was mounted‘inAihe condénﬁétion cgll,vaﬁd tﬁe
calibration thermistorvwas attached tértﬁe'upper surface.“Agéih, the
thermistor was partially embedded in a small drop of éénduéting Afaidité
hardener on the surface, The leads from the thermlstor were laid across
the surface, and in contact w1th it so that 1ead conducﬁlon to- the
thermlstor would be minlmlsed. A 1m/sec. dry gas flow was dlrected
across the glass, and the temperature was adausted to obta;n the callbran.
tion resistance of the thermlstor; lhls test was repeated a number :
of times for dlfferent thermletor p051tlons and mountxng arrangements.
The calibration tcmperature was. taken to be the lowest 1epeatable value,
The temperature drop through the mercury and glass was found to be' 
0.30°C. The value calculated above, Tq! _+3Ene,'was_q.195 cf The manu-
facturer's calibratién curve for the ¢9ntrol‘thérmiSt6r (quéted.aé |
¥ 0.200) was modified in accordancé'wi%h ﬁhéfcalibratiép cafried oué
with the sub-miniature thérmistor.'v |
The‘maln experimental error- an01Ved 1n the callbratlon procewduxp is
congidered to be due to the thermal contact between the thermlstcr
and the glass. .Nevertheless, it is cgn51dered that the experimental
determination of thg'fémperature gradiént fhrough the-glaés-and ﬁercﬁry
is more reliable than the»theoreticall;alﬁe‘Whiéh is largely determined
by the convective heat transfer, Thefpracticalfgas flow system is at
an angle to the surface (to obtain an*éven‘dew:dépbsit) ande111 there£oré
have slight turbulehce,'and a modified heat transfer. The‘experimentall
measurement errors are 1ike1y to be an overestlmatlon of the surface

temperature; whilat the effects of gas turbulence would be to ircrease
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the heat transfer and cause a greater temﬁerature drop. Hence the true :
gradient is thought to be between the measured and fheoretical‘values,

but the former is based on the stronger evidence.

5.3 The Temberature4Measuiement ané Control'System

The dew~§oint, by definition, isiavtémpératuie dependent phenomenon
and the purpose of the experimenfal woﬁk ig to cool the insulator ih
controlled temperature steps through the 'critiéai value'. bleafly,
the measurement and control of tempefaﬂure is fﬁhdamental to the experi-
mental work, and much attenfion has been éiven tcvthevsubject.

Davie's work (26) achieved a temperature sté,'bility of'iO.OOBOC., and
it was therefore decided that thevcontroi systém foxr the presént work
should equal, or improve on, thisg perféiméhcé. The thermal analjsis
of the previous section shows a_relatiQély iarge (0.500)'temperature'
gradient between the.sensor.and_fhe suffaqe.'iThe:preéent work has ‘V
therefore adopted the philosophy of cqlibrating.the surface[temperatﬁre‘.
against a 'standardf as fér‘as wés poséiblé,‘anﬁ ﬁaintéining'a stabiiityv
and resolution better than the ab?so].ﬁté_, meaéﬁi‘eménts.‘ Mary of the
experiments were of a comﬁarative nétﬁfe,thﬁé tﬁé absolufe_temperatﬁre
measurement was not so important as the fépeatability; resolution and =
stability. | o |

A thermistor was chosen as the temperature seﬁsor due to the good
sensitivity and stability of 'curve - matched' types. A recent sﬁrveyA
by Swartzlander (67) compared fhe characteristics of five types of
electrical temperature sensoré and congludesvthaf‘the_thermistor has the
highest figure of merit (defined as sehsiti#ity/stability). The
stability was quoted as iO.OSOC per year, and compares well with platinﬁm
resistance elements of 20.03°C per year. Richards (68) quotes thermistor |

. o o
drifts of less than 0.001 C over "several‘hpurs" and less than 0.01°C
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over “many weeks'". Fof the present work, the thermistor has the advantage
of smali gize and convenient mounting when compared with a platinum
" resistance element, for examplé. ‘ |

The thermistor chosen was a Fenwal type UUA 35 J1 which has a
resistance of Sk at 25°C and 16.325k at OQC. The resistance sensitivity
at OOC.is 5.2% per oC. The thermistor.has a calibrafion curve of re-
sistance against temperature with a quoted accuracy of O.2°C. The
choice of thermistor resistance was based upon a number of factors. If
the resistance is high>50ka,it has a high noise figure in a bridge
circuit, and is also very susceptible to stray pick up (e.g. 50Hz mains).
A high resistance fails to swamp the capacitive reactance in cablesvwhich
connect it to an a.c. bridge, and phase displacement occurs. Low re;
sistancé thermistors, < 1ka ,are affécted by termination and éable re-
sistance, and sacrifice sensitivity in order to reduce self heating due
to the low resistance., The temperatuxe versus resistance curve for a
thermistor is non-linear (approximately loéarithmié) and g0 too is the
sensitivity curve. All temperature measurements are thérefoie‘based
upon calibration curves,
| For precision measurements,an a.c. bridge_is preferabié to a d.c.
technique because it eliminates thermo-electric emf's, and may be operated
with greater gain stability. The ' type of a.c. bridge design chosen was
a conductance bridge similar to that used by Richards (68). A phase
sensitive detector, P.s.D., followed the bridge and served two primary
purposes., Firstly, it indiéated the polarity of the bridge unbalance
signal, and secondly it selected the excitation signal even when 'buried!

beneath considerable interference and noise,
Fig. 37 is a block diagram of the temperature measurement and
control system., A complete circuit description is given in Appendix 2

together with some performance data.
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The set-point resistance corresponding to the degired contrnlied-y’
temperature was selected on a precision decade'resistancé box, Thé o
'coarse current control' sets a‘given current for the thermﬁeledtri¢'
cooler,and the temperature is reduced to ﬁalues‘closé'to the SQt;point;iv
The cdntrol circuit is then switched 'on'”and the pjoportional *
integral control automatically sets the loop such that zero output from
the . P.S.D. is achieved., A chaft recofder and.digital voltmeter record
the output signal of the P.S.D. and indicaté the bridge balance.

The céntroller was designe& to gi§e‘a fast response‘time toia gat-
point variation, but was capable of.méking the éhgnge with.ncitemperéture
overshoot, Any overshoot at temperatures ne@r"the dewfpoiﬁt may caﬁse
oondensafion prematurely, and was avéiéed by éwitching an extra.‘timé '
constant' into the integrator when heéessary. |

With né controller in circuit, the copper block 63% time COnﬁtant'”
was measured as 4.7 minutes. The controiler alicws‘the temperature ﬁo
cool to within 10% of the setupoint'in.SO.secqnds. Appendix 2 shows
the results in greater detail, Whéh-fhe'bridge is used in the mosti
sensitive mode (highest gain) the oufpuﬁ of thé»P.S,Du is maintained.
within a peak to peék band of i1mV. Thié Qbrrgépdnds‘tq approximaﬁely
15 xv10“500 peék to peak drift,. Thi§ sfability &as maintainédvduring

the longest recorded test of 30 hours,

5.4 The Gas Conditioning System

The purpose of the gas conditidning system was to obtain a gas
supply with a constaﬁt humidity. The:'carrier»gas' was chosen to bev
nitrogen from a high pressure cylinder. Nitrogen wag prefered to air
because it is a single component gas and thus facilitates calculatipns

of heat transfer, Nitrogen is also an inert gas on a wet glass surface.
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The nitrogen is initially very dry in the cylinder, and measure-
ments in the condensation cell have indicated a 'frost-point' of approxi-
mately -20°C, The gas conditioning system was,,therefqge, required to
incréase the water vapour content and maintain constant humi&ity. The
chosen dew-point temperature for the experimental work was in the region
of 4°C, (finally set at 4.4°C). 1If the dew-point was lower, then the
possibility, and complications, of frost formation existed. If the
dew-point wﬁs set too close to ambient temperatures thén'vapoﬁr sorption
in the tubing and associated apparatus would reduce the dew-point at the
cell, 400 was congidered to be a cdmpromisé value,

‘The first gas conditioning system which‘was~tested, passed the nitrogen
across a large surface area of saturated potassium acetate at constant
temperature. Saturated salt conditioning systems are generally most
suitable for closed loop gas flows, and the open loop flow of 0.T{/minute
iﬁ the present work created two problems, Firstly, the saturated salt
gsolution dried out during a three to four hour test and consequently the
dew-point decreased from its original temperature of 4.4°C. The second
effect was that a very slight white deposit was seen on the insulator
specimen after five or six hours exposure to the gas stream. This
deposit was believed to be potassium acetate and would therefore, con-
siderably alter the surface properties.

The second, and successful, gas conditioning system was based‘on
saturator designs in a number of papers in Reference (69), and on the
conditioning system described by Wylie (70). In éssence, the method
is to bubble the nitrogen through water at the desired dew-point
temperature, Tig. 38 shows the entire gas conditioning system. The
gas from the cylinder passed through a U tube packed with cotton wool
to filter so0lid impurities ffom the gas. Wire gauze in the tube retained

the cotton wool. The gas flow rate was measured by e rotameter flow
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gauge which was calibrated from 0 to 2.5 f/mlnute at N, T P,

The gas flow into the saturaters was pxe-coo]eu in a one metre
length of copper tube which was coiled jnqidé'the water bath The gas
pagsed through two identical saturators,which were one litre flasks
containing distilled water. 'Bubblers' were aituated near the base of
~ the flasks and the bubbles basséd through a water path‘léngth7of 12¢m

in each saturator, All tubing was glaés or polythene apart from the
‘outlet pipe of the second flask which was brasé. Followxng the sugges-
tions of Wylie, the outlet pipe was heated to stop condensahono The
'heater' consisted of six 100a2 Watt resistors connected in parallél
around the pipe. The temperature was’maintained'ai 3500 with.a total
power input of 1.5 Watts, |

The flasks were contained in a controilethéﬁperature»refrigerated
water bath, Thermométers monitored the temperature'of the Watei’in
each flask, The g£as pressure inside the_flésks was monitored by an oil
manometer containing 'Apiezon B'. A éiaés capilliar& tube was inseried
in the supply tube to the condensation“géil'to stabilisé thg‘flow rate.

The pressure difference between fhe gaé in‘the saturatérs'and
atmoqphexlc pressure alters the dpw~p01nt tempera*ure of the gas in
the condensation cell, Thb pressure in the cell is assumpd to ba atmog«
pheric (following Wylie' s-assumption); Thus the_dew»point temperatqre
is higher than the water temperature'by ah ambuﬁt pro?ortiqnal to‘the
pressure, | ’ | | - }

With a gas flow of 0.7 1/minute,,(for 1:m/$ec velocity), the maﬁomeier
records 4mm depression., Lthe total gas‘ﬁreséurebincrease'is givén by fhe |
product of the depression, 4 x 10~m, ihe-oil density, 872 ke/m3, and
the gravitational constant, g = 9.81 m/sec .' Thﬁs 4mm depression represents

a pressure increase of 34 2 Pascals, whlch is a 3 37 « 10" -2 per cent
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increase above atmospheric pressure. The vapour pressure in the cell is
thus deéreased by this percentage. If the‘water temperature is 4.40°C,the
saturation vaﬁour pressure (ref.(1)) is 836,20 Pascals and the vapour
préssure decrease is 0,28 Pascala. The corresponding déw—point decrease
is 0.005°C below the saturator water temperatime.

A gas flow of 2,0 l/minuté glves a 40mm depreasién which correéponds

to a dew-point of 0.05°C below the water temperature.

5.5 The Insulator Specimens and their Preparation

The experimental work initially set out to measure the surface
resistance of soda-lime glass, Tests were subsequently made on pure
silica,”polytheng and"Melinex: The gléss was "Chanée CMD soda~lime-
silica" in the form of microscope cover slips 13mm diameter and 0. 1mm
thick, The glass composition is quo{ed in section. 2.4,

Methods of cleaning glass have been reviewed by Holland (14). 'The
-test of cleanness was taken to be the ability of the surface to allow‘
complete wetting by water, The present procedure was to immerse the
specimen in a heaker of iso-propyl- alcohol inside an ultrasonic cleaner.
The specimen was subjected to two periods of five minutes agitation, the
second agitation was in fresh iso-propyl alcohol, The procedure wag
then repeated with two five minute periods of agitation in distilled
water. Most specimens showed complete or partial wetting with water
after the second wash. The specimens were dried at 3500.

The above cleaning proceduré was glsé used with the silica specimens,
but the polymers were cleaned in soapy water and rinsed in distilled
water,

A concentric silver electrode pattérn was evaporated on one surface

of each specimen, Fig. 35 shows the electrode dimensions. The silver

evaporation was carried out in an 'Edwards Coating Unit Model 12E3'
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‘at a pressure of 4 x 107

Torr. A mask protected the interelectrode

area during the eiaporation;and,amall studs ensured that each specimen
was correctly positioned on the mask, The first mask designed for this
vwork allowed silver to reach the edge of the speciﬁen surface, A leakage
rath was created between the outer electrode and the earthed structure
beneath the specimen, and self heating occurred when a botentiél was
applied to measure the surface resistance. The leakage resistance was
approximately 10§L and thé apflied voltage wasB'vqlts peak-to-peak at

4 seconds per cycle., The heat generated caused the tempersture controller
to oscillate at the same frequency, The problem was overcome by leaving
-a space between the outer electrode and specimen edge,

Some tests were made_on glass with a finély ground surface, This
was produced by grinding the glass in dry silicon carbide with a mesh
size of 600 grit. Extra cleaning was used to remove any grit left on
the surface,

The silica specimens were prepared by cutting 13mm diameter discs
from thin walled bulbs blown (with compressed air) from tubes of silica.
The specimens were slightly dishe&,'and coﬁtained a number of scratches
caused by debris during the’edge grinding procedure, The thickness was
0.25mn,

The poiymer specimens were cut from sheets of the material 0.25mm
thick. Thinner discs of the material were found to warp when pressed

onto the mercury.
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5.6 The Surface Resistance Measurement Techniques

. The review in Chapter 2 section 2.8 has indicated some of the

problems of measuring the surface resistivity of glass. The main problem

1o be overcome is electrolysis, and this is achieved by using a.c.

voltages and maintaining a low current density on the surface.

For the préseﬁt experimental work it was necessary to record the
resistance continuously so that the time dependent phenomena of chemical
action or condensation could Ve studied. The measurement principle was
to apply an a.c. voltage across the specimen, and record the current by
means df a chart recorder, |

The a.c. voltage was set as low as possible to reduce the current
and hence minimise electrolysis. 8 Volts peak;to-peak.was suitable for
most tests. The choice of frequency is a compromise betﬁeen a nuﬁber of
factors, Salthouse and McIlhagger (37) suggest frequencies between
50 and 1000Hz to rgduce electrolytic effects,

The measured impedance system consisté, basicaliy, of a parallel
surface resistance and capacitance which are in series with the electrometer
input. These values are shunted by the Bulk giass resistance and capa~
citance between the electrode‘and the earfhed mercury, Ida and Kawada
(71) have measured the low frequency (down to 1Hz) capacitance of soda-
lime glass at various humidities and different electrode gaps. Their
results show that the surface capacitance :apidly'rises at frequencies
below 100Hz, and attributed this to electrode polarisation., The present
work has shown the measured current to increase with decreasing frequency.
Thus the shunt capacitance must swamp the surface impedance at higher
frequencies.

In a typical test on glass at 7.7°C,the impedance at 10Hz was
1.14 x 10'% /square, whilst at 15Hz it was 3,82 x 10'% /square. At

5.300 the 10Hz impedance was 1,22 x 10191/square, and at 15Hz it was
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i.31 ﬁ 101qu/square. Rgducing the frequency to 0.25 Hz greaily extended
the upper range of 'resislance’ mezsurement., Tests at 10©n showed a |
negligible difference in meagured current at 10 Hz and 0.25 Hz. When
the 'reﬁistange' inereased above 1011n.the différenco became more
significant,

Some measurements on glasa near the dew«poiﬁt (résistance=101Qz)
were made at 10 Hz, because of the ease of‘recording the current. Most
tests, however, were made at 0.25 Hz;which was shown to be ﬁore accurate
at high resistances by calibrating the system against Morganite high
precision (0.2%) high value resistors.b The interelectfpde éapacitance
was measured with a' Wayne Kerr B221A"bridge ét 1592 Hz. The capacitance
was in. the order of 0.44 pf and changed by 2% during the cooling and
dew forming process.

Figs. 31 to 33 show the physical layout of the electrode structure

and cables, The cable entering the cell at the right hand éide is a

" miniature screened cable carrying the a.c. from the oscillator te the

outer ring of the speciﬁén. The»probe.from the centre electrode connéct$
to a polythene insulated wire'wﬁich leads to the socket at the front
of the cell., A copper ﬁox screened the cable and suﬁported.the socket,
The cable connecting the siocket to ﬁhe.eléctrometer was kept as short
as possiﬁle and consisted of a 12mm diaﬁeter, polyﬁhene inéulatéd coaxial
cable which had the centre conductor replaced by‘a single strand:of
36awg wire. The shunt Capacitandé was feduced as far as possiblexby
this proce¢dure, |

The instruméhtvinterconnection'to measﬁre, the surface resistance
at 10 Hz is shown in fig. 39, The eledtrometer was a ‘'Keithly Tunstruments
type 616B' and was operated in the 'fast' mode, i.e. the current sensing '

resistors are in the feedback path of an amplifier to produce a very low
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“input impedance and increased bandwidth., This mode of electrometer
operation required the inputvterminals to 'fleat' with respect to mains
earth, and consgguently’the oséillator output was 'floated'. The
' oscillator was a "Test Waveform Genérator type TWG300" manufactufed
by 'Feedback Lid.'. All tests, apart from thosé‘6n polymers,re@uired
an output voltage of 8 volts p. to p. sinewave. The output of the
electrometer was rectified by a 'Hewlétt'Packard'type 2400 A, R.M.S.
Voltmeter'. The R.M.S. voltage was recorded on one channel of a 'Servo~
scribe Potentiometric Recorder type RE>520.20'.
The instrument interconnection to measﬁre the surface resistance at
0.25 Hz iy shown in fig. 40. The '0 to 3 Volt' output of the electrometer
was connected directly to the chart recorder. The chart showed a continuous
trace of the sinusoidal current, and was énélysed by measuring peak to
peak amplitudeé.
" The resistivity of the surface,expreséed in 'ohmé per squaref,was
related to the measured resistance by the 'shape factor' of the electrode

pattern.,

s - 2.1 R
A x

VWhere /osis the surface reéistivity.
Rsis the aurface resistance.
Yo is the inside radius of the 6ﬁter élec{rode.
T is the radius of the inner eléctrode.

Taking the dimensions shown in fig. 35 the relationship becomes:~

f

o = 984 R,
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5.7 The Optical Measurement System

The purpose of the optical system was to.exémine the growth of a
dew deposit on the insulator surface. The size of droplets at formaiién
was calculated in sectionb4.é,and shown te he in the order of O.lmndiémeter.
Davies (20) deduced values in the same ordér.- Unfortunately this size
© range is too small for observation by conventional épticai microscdpes,
‘indeed the wavelength of visible light is in the order of O.gpm. A
full examination of the deposit is {herefdre'liﬁited to éohditions after
nucleation and some growih,
| Davies (20) hqs used an optical‘technique to detect small sized
deposits by measuring the amount of light scatﬁered‘from the drorpletls,
- The optical deteéfion of scattered light was very sensitive, but inter;
pretation of the results required the assumption that the droplehs‘were
uniform in size and that all scatteriﬁg was frombthese droplets,
Furthermore the droplets were considered to scatterklight to‘the same
extent as isolated complete spheres. The latter assumptions are considered
irsufficiently justified to regard the method as capable of measuring
droplet size in thé region of nucleation., Indeed, Daﬁies pointé out -
that the results are markedly effected by ihe water«to~surface contﬁct
angle, and the relationship is "a.difficult unsolved problem”, The method
also fails to distinguish between.scattering froh formed drops,vand‘
scattering from drops being nucleated in,pits. |

McCormick and Westwater (48) have used microscopy to study droplet
growth, The first stages éf nucleation were beyond the resoiution of
their microécope, but the method was sensitive enough to follow droéiet
growth from a small size inside aitifiéial pits, and did not require
the interpretation needed by Davies - work. Mqurmick's opticél system<

consisted of a microscope with long working distance objectives and
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‘was capable of giving a magnification up to x 400; Oblique lighting
of the surface was provided by a 9QO‘Watt mercury lamp with cooling
filters,

A review of optical techniques, including the two‘mOst relevant
works described above, has failed to find an éptical method of vigwing o
the first stages of nucleation. The experimental method used in the pre-
gent work;has followed the techniques of McCormick and Westwater (48).

Fig. 32 is a photograph of the microscope and illumination system.

A long working distance objective was required because.of the electrode

probes and gas nozzle mounted above the insulator surface. A 'Beck

Reflecting Objective (x 15)' was attached to an 'Ealing Scientific

Microscope Tube' which had rack and pinion focusing. The eyepiece was a
'"Vickers Instruments, Compensatingv(x 20)', and an eyepiece micrometer

was fitted ‘with cross scales divided into 100_parts. The microscope

~ .s0 formed was calibrated on a 'Vickers Instruments' stage micrometer

 of 1mm divided into 100 perts. The calibration showed that one division

of the eyepiece micrometer was equivalent to 4.8§ﬂm. The total field
of view was 629ﬂm diameter and the resolution (measured on diffraction
gratings) was e

The microscope was mounted on a vefy sturdy support frame and was
able to rptate to view any part of the insulator surface., The working
distance of the ohbjective from the sﬁrface was found to be 20mm,

The mefhod of illuminating the surface required much attention,
The thermal analysis in section 5.2 shows that the surfaéé is sensitive
to very small energy inputs. The first attempt at illuminating the
surface used a 60 Watt tungsten light source end a 25ﬁm thick water
filter. The temperature increase of the surface was approximately

2°C. The most suitable light source was found to be a high intensity
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stroboscope., A 'Dawe Transistor Strobotorch type 1202D' with a 15 Watt

:flash tube was operated at 40 flashes per second to give optimum reéults.

The duration of each flash is quoted as 4 to 12 x ‘IO"'6 seconds for the light

to fall to 50% of the maximum. The ratio of illumination to darkness

was 1:2000; The temperature rise of the surface was approximately

' 0.005°C. Figs., 32 and 33 show the position of the light source, A

concave mirror was fastened to the microscope support stand and focused

~light down to the surface, The optimum angle of illumination was found

to be approximately 10°,

| The insulator surfaces wefe photographed‘through the microscope
by a Rolleicord éamera with a micrgscopy.attachment. It was possible
to view the surface through the attachment whilst taking photographs,
Figs., 31 and 32 shoﬁ the camera.attachment mounted on the microscope

eyepiéce. The photography required extré surface illumination and this

- was achieved with a series of three flashes from a small 'electronic

flash gun' held close to the illumination window of the cell. The
photographs (Figs.60to 65 ) were taken on 'FP4' film, at £3.5 with

15 seconds exposure,
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CEHAPTER 6

Discussion of the Experimental Investigation inte the Physical and

Electrical Characteristics of Cooled Insulator Surfaces

This chapter describes the experimental work which was cafriéd out
to investigate the electrical and visual properties of cooled insulator
surfaces during the formation and growth of a dew deposit. Barly work
and theory reviewed in Chapters 2 to 4 is compared with the exparimental
results, and mechanisms are postulated, where‘possible, to explain the
observed results., The work is primarily concerned with soda-lime glass
surfaces, although other materials have been similarly investigated to
consolidate the characteristics specific to glass, |

Section 6.1 deééribes thevexﬁeriments which were made by reducing
the surface temperature by regulai temperature increments at constant
time intervals. Three basic phenomena were defined from the initial
tezts on glass and each is'further investigated separately in sub-
sections 6.1,1, 6.1.2 and 6.1.3. The gection is further subdivided to
describe surface capacitance variation (6.1.4) and finally, the effects
of surface éurrent and elecfrode migration are discussed in sub-sections
"6.1.5 and 6.1.6. |

Section 6.2 investigqtes the time dependent droplet growth on
constant temperature sub-cooled surfaces.,  The experimental work is
correlated as far as possible with the theoretical work developed in
Chapters 3 and 4. Sectioﬁ 6.3 describes the practical operation of the
condensation cell as a dew-point hygrometer, Finaily, section 6.4 is
a description of a series of photographs which illustrate surface phenomena

discussed in other parts of the chapter.
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- 6.1 The Surface Characteristics of Glass Cooled by Regular Temperature

Increments

The experiﬁentgl results quoted and discussed in this section were
thained‘by following a consistent experimental procedure, In each
tesf, the insulator was initially cooled fo a constant tempérafure bf
approximately 8% and, after sufficient time to reach a constant equili-
5rium-surface resistance, the temperéture was further reduced by increments
of approximately 0;300 at regular intervéls of 4 minutes, (3 minutes
in some tests)., The surface resistance was continuously monitored,
and an optical examination of the surface was also maintained,

The dew~point, for the pﬁrpose of these tests, was taken to be the
.saturator water temperature with corrections applied where necessary
for a gas pressure difference (as discussed in Chapter 5 section 5.4).
For most testé, the dew-point temperature (corrected) was within the
~ range 4.3500 to 4.40°C; although in any single test,or repeated sequence,
| the value was maintained to within the saturator thermometer resolution
of O.O?OC. The gas flow réte across the surfage was 0;7 1/min, which
corregponds to a vélocity of 1m/sec. The temperature increments were
made by decreasing the thermistor resistance set-point by 200n.p§r step,
and the controller acted to regain the new set-point equilibrium to
within 2% in less than 1.5 minutes, The time interval of 4 minutes per
temperature step was thus sufficiently long to enable the surface
resistivity time dependence to be accurately measured ét each constant
temperature,

The primary aim of the experimental work wasvto examine the surface
characteristics of freshly cleaned glass specimens, In order to consoli-
date certain results obtained from glass it was necessary to perform
gimilar experiments on other materials. To identify the particular
chaiacteristicsbof soda~lime glass which are of greatest interest in the

context of the present work the results of three successive coolings of
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such a surface are described below. Discussion of the results will be
carried out later in this section. |

Fig. 41 shows the variation of the surface resistivity with surface
temperature fdr'three successive coolings of an initially freshly cleaned
glass surface, At fhe end of each cooling, the surface témperature
was returned to ambient and the condensation cell was purged with dry
nitrogen for at least 30 minutes, When the third coeoling was completéd,
the specimen was removed and replaced by a second specimen prepared
with the‘first. This second specimen was then cooled and the results from
this test were compared with the first»to check that the gas conditioning
gystem, and other equipment, had remained stabie during the test,

The results of each test will be described separately:-

i) The first cooling (Refer to fig. 41)

At temperatures above 7°C there was a linear decrease of log,
reéistivity with decreasing surface temperature, When the temperature
was reduced towards the dew-point the resistivity fell less rapidly,
and at 4,80C the resistivity passed through a minimum and began to
increase. At this point the surface was observed to bacome brighter
as, presumably, a alight dew deposit grevw, The 'deposit! size was
below the microscope resolution of 4um. As the temperature was further
reduced through the dew=-point (4.35°C) the resistivity continued to

increase and individusl droplets becamé discernible on the glass surface

and onbthe silver electrodes. During this region of resistivity increase,
the droplets began rapid coalescence when they were 1 to 2/nn diameter,
At 4.39C the droplets were approximately 1§pn1 diameter, but the coales-
cence eventé were less frequént.

'Further reduction of the surface temperature below the dew-point
caused the resistivity to pass through a maximum and fall again. The

resistivity, at constant temperatures below the dew-point, was noticeably
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time dependent, although this was not found abo#e the dew-point, The
rate of‘droplet'growth was greater when the temperature fell, but
'coaiescence was less frequent because of the small number of large and
Well spaced droplets. Throughout the first cooling, the dropiets
forming on the silver electrodes were approximately one third of the
diameter of fhose on ihe glass, The droplets on the silver were circular
in basal shépe and had a contact angle bf approximately 40°; the dropleté
on the glass were irregulér in basal shape and had contact angles from
Ooto‘200, and were often of differing angles around a single droplet
hase, The droplets at any stage of their growth were all of apprbxiﬁately
equal diameter,

The curves plotted in fig, 41 are marked to indicate the témperatuxes
.at which various events wére observed, 'D' represents the temperature
at whicﬁ'a deposit was first seen. 'T' represents the temperature
bélow which the resistivity, at each COnstant temperature, was markedly
time dependent, Numbers placed beside the curves repfesent the average
droplet diameters in )um',

ii) The second cooling.

The results of the sécond cooling are pldtted alongside those of
the fiist, and clearly indicate a considerably higher resiﬁtivity at
temperatures above the dew-point. The resistivity again passed through
a minimum but the temperature was 0.05°C below the dew-point, compared
to the first cooling whicﬁ ghowed the minimum to occur 0.5°C above the
dew=point, The resistivity also passed through a maximum, and égain |
exhibited a considerable time dependence at each constant témperature
below the dew-point. Unlike the first cooling, however, the resistivity
values at constant temperatures above the dew-point were also time
dependent,

.

Microscopic examination during the second cooling showed that a

o
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_smali number of well separated droplets were formed 0.5°C above the -
‘dew-point but grew very slowly, This temperature is marked on fig. 41

by the letters 'ID' for 'isolated droplets'. A deposit covering the
vremaiﬁing suiface‘area vwas seen to form at the dew-point and these droplets
grew>very quickly by condensation and coalescence as the temperéturé

was further reducéd. The growing deposit,at temperatures below the
dew-point, had droplets of two predominant sizes with a ratio between

., them from 1:2 to 1:4 as they greﬁ. At first, just below the dew-point,
there were many times more small fhan large droplets, but eventually

(with a heavy deposit), the large droplets were predominant.

iii) The third cooling

The results of the third cooling show & continued trend in the
higher values of surface resistivity at températures above the dew-point.
A resistivity minimum and maximum were again apparent, and the temperature
corresponding to the minimum was the same as that on the second cooling.
The resistivitiés were ggain time dependent above and below the dew-
point temperature., Isolated droplété were observed 0,3°C gbove the
dew-point, and a larger deposit grew to cover the remaining area at the
dew~point temperature; The droplet growth was again rapid just after
formation and tﬁp droplets were seen to be in similar size ranges to
those observed in the second cooling,

iv) New specimen, first cooling.

A new spedimen was mounted in the condensation cell immediately
after the completion of the third cooling of the first gpecimen, This
second specimen had been prepared by an identical procedure, and in
the same batch, as the firét. The results of this test, plotted along-
side those of the first specimen, are shown to exhibit a similar charac-
teristic to the first cooling, The general level of surface resistivity,
however, was higher than on the first specimen, but subsequent tests

have indicated that the resiativity of new specimens tended to be within
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& fairly broéd band ofvalmost a decade,

The correspondence of the results of this test fo those of the
‘first is believed sufficient evidence that the gas saturators and
agsociated equipment had maintained a gas stream of constant humidity
Juring the three ﬁreceding coolings,

v) The time dependent resistivity characteristics.

During the three successive coolings of a glass'surface,”the
‘resiativity at each sef-point temperature was coﬁtinuously monitored,

The curvés plotted in fig, 42 represent the percentage change of resistivity
vper minute at each constant temperature. This was calculated by measuring
the curreﬁt change per minute (from the chart record) and dividing this
value by the average current over that interval, and expressing the
result as a percentage., The curves in fig. 42 quantitatively express
the information briefly described above. :A discussion of the results

‘will be made at a later stage in this section,

The results of the first series of tests made on a glass surf#ce
have indicated the basic characteristics which require further invegtiga~
tion and subsequent analysis, General conclusions whichbare immediately
apparent from the initial work aré that the shape of the surfdcebresistivity
curve closely follows that described by Smail, Brooksbank and Thornton
(6) in 1931 (discﬁseed in Chapter 2 section 2.8) although considerablel
'ageing' was found to occﬁr after each cooling in the present tests.
Furthermore,  the vi;ual appearance of the growing dew deposit on silver
closely resembles the description by Wylie, Davies and Caw (3) in 1965,
The retes of growth, although not accurately measured in these initial
tests, were within the timescale predicted by the model developed in

Chapter 4,
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The purpose of the following experimental work was to fﬁrther
investigate certain characteristics observed in the tests described
above, Certain phenpmena have beeﬁ isolated which, taken together,
lead to an overall description of the surface behaviour in the region of
the dew«point. A pumber of sub-sections are defined, each dsaling with
a4 specific phenomenon, although'the individual experiments have often
-produced information‘relevantito more thaen one sub-section, These
phenomena will now be identified,

First (sub-section 6.1.1,) the cause of the higher surface resistivity
at temperatures aﬁove the dew-point, on>re§eated coolings, is examined,
The second sub—section (6.1.,2.) examines the phenomena which cause thé
surface resistivity minimum and maximum in the region of the dew-point,
The third sub-section (6.1.3.) discusses the reasons for the reduction
of the temperatﬁre at which the minimum resistivity‘occurs on coolings
subsequent to the firét; The relevance of the séluble Surface materials
is discussed, and the 'Raoult Equation' is used to quantitatively
express the effect, Finally, the remaining work in this section describes
allied surface behaviour ‘such as capacitance variation, and deséribes
the tests to investigate the effects of the surfaée current on the
measured resistivity.

These discussions are based on the following experiments:-

1) Three successive coolings of'an(initially) freshly cleaned glass
specimen to temperstures below the dew-point, followed By a cboling to
test the apparatus stability. Fig. 41. Runs 12, 13, 14 and 15,

(Already described),

2) Four successive coolings of a freshly cleaned glass specimen but
stopping the first two coolings at temperatures abbve the dew-point,

Fig. 43. Runs 16, 17, 18 and 19,
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L 3) ‘Four successive coolings of a freshly cleaned glass apecimen,but

stopping each cooling at a progresaively lowsr temperature,

Fig. 44. Runs 39,40,41 and 42,

v4) - Three successive coolings of a 'water leached' glaés surface,

Fig. 45. Runs 36, 37 and 38,

5 Three successive coolings of a 'ground' glass surface.
& gr g

Fig. 46. Runs 20,21 and 22.

6) Two successive coolings of a silica surface,

Fig. 47. Runs 31 and 32,

7) Three successive coolihgs of a silica surface lightly 'doped' with

Na Cl.

Fig. 48. Runs 33, 34 and 35,

8) Coolings of 'Melinex', . Coolings of 'Polythene', (Runs 52 and 53),

(No curves are plotted inthis section),

9) Two succeasive coolings of an initially clean glass surface to
investigate the effects of current, from the resistance heasuring
system, on the surface,

Runs 25 and 26 (Not plotted),

10) A single cooling of a clean glass surface to measure the interelectrode
capacitance during dew-formation.

Figo 490 Run 490
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6,1.1 The Surface Resistivity Increase Following Repeated Coolings ('Ageing')

The curves plotted in fig. 41 clearly indicate that repeated
coolings,ofvan initially clean glass surface cause a higher fesistivity
during each successive test. The particular region of interest in this
sub—sectionvis the surface beh#viour abo?e the dew-point temperature,

| Smail et al (6), who published surface résistaﬁce/temperature
curves fof'glass under similar saturated vapour conditions, have not
reported any attempts to repeatedly cool a single specimen., However,

it is doubtful if they would have observed such an ageing effect because
they did not c¢lean the glass specimen. Water leaches a glass surface,
and certain ensuing electrical effects have been studied by Edge and
0ldfield (BS)rWhose work was reviewéd in Chapter 2 section 2,8, Their
work established that water rapidly leached the glass surface and,

after the water had been removed, the surface resistivity had increased
by up to 10&1.

The mést important difference between the work of Edge and Oldfield
(35) and the present work; is that the water soluble material was washed
off the sufface in the former sitﬁation, but must remain on the surface
following the evaporation of dew during the present work. However,
the present results, shown in fig. 4?, are comparable in the magnitude
of the resistivity change to the results quoted by Edgé‘and Oldfiéld,

- who explained the phenomenon in terms of the removal of soda which
leaves a porous, but high resistancé, silica region,

Four repeated coolings pf an initially clean glass surface were
made in.the present work in order to further study the ageing characteristic,
(Fig. 43). The first two coolings were stopped at 59C, before any
dew was observed, and the surface was rewarmed afier each test, The
third and fourth coolings were to léw tehperatufes and allowed a heavy

deposit to grow., The results, in fig. 43, show that only a small
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registivity decrease follows the_coolings which did not aliow dew to form,
Once dew had been on the surface, however, the fesistivity increased |
COnsideraﬁly.

Four furthér tests were made on a second freshly cleaned glass

.surface.‘ (Fig.44). The first cooling was stopped Just after the initial
indication of a dew deposit, (a surface haze ), The second cooling was
stopped just as coalescence e#ents were seen to become rapid., The

third cooling was stopped after a heavy deposit of»droplets,AJAO/Jm

dia., had formed. The final cooling again allowed a heavy dew deposit

“ to grow. The curves in fig, 44 clearly indicate that the surface
resistivity did not increase following a dew deposit which waé not
rapidly coalescing.

The above results lead to the hypothesis that a surface rearrangement
of droplets is abnecessary conditiqn for the conaiderable surface
resistivity increase between coolings. " Furthermore it is considered
that the repeated coolings which do'nqt allow a large surface rearrangement,
cause a small increase in the 'leached-out' Na® ions which are evenly
spread over the glass and hence reduce the surface resistivity. Presumably
the droplets have a greater:alkali'dilution than the adsorbed film,
because of the greater droplet water volume per unit surface area, The
glass surface is therefore reduced in alkali content when the droplet
moves away during coalescence events. Thus when a‘small nunber of large
droﬁlets remain on the surface, the interconnecting film has a low alkali
content, TFig. 50 illustrates this postulated mechaniam,

The phenomenon of .'sweeping' soluble materials into the area of the
last remaining droplets has been described by Wylie, Davies and Caw
(3)c They also observed that on recooling such a surface, the first
droplets were seen to form on the areas containing the soluble materials.
The 'Raoult Effect' of a vapour pressure increase around these areas

was believed responsible for the droplets occurrance above the dew-point
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temperature (over water), Such an effect was observed in the presént work,
and is more fully discussed in sub-section 6.1.3,

Further evidence to support the postuldted mechanism of ageing
has been found Trom the work on other surfaces. Thus a ground glass
surface which contained a considerable number of deep pits and scratches,
and was therefore unable to allow-droplets to sweep afeas 'cleén‘,
has not exhibited a large resistivity increase on ageing. Fig. 46
indicates that the 'agéing' effect was to slightly decrease the resistivity
values. The 'artificial! plt sizes created by the grinding operatlon
are much larger than the 'natural' pits due to soda leaching. Presumably
the low droplet mobility (due tq the surface roughness), and the considerable
alkali availability in the deep pits, have reduced thé possibility of the
'sweeping' action postulated to occur on a normal giass surface,

Tests on a glass specimen which had been placed in boiling Water
for 4 hours and then allowed to stand in that water for 18 days; offexr
further evidence on the ageing mechanism, This”vater leached glass”
surface was expected to have a réduced alkali content,but that which
remained would be free to go into solution., Fig, 45 illustrates the
considerable resistivity increase (>1021) aftér the first cooling, The
characteristics of the second and third cooling of this surface show o
considerable resemblance to those of silica, (Fig., 47), which suggests
that most of the surface‘has been swept free of alkali.’

A fresh silica surface exhibits a small résistivity increase oh the
second cooling, and is presumed to be caused by material deposited during
the 'cleaning' process, (see Fig. 47). The silica surface, with a
resistivity :>1O14m, is expected to be more sensitive to the guality of
the cleaning fluids than glass with a resistivity in the order of 1010
to 101a at the same temperature., The silica éurface doped with Na Cl

showed no tendency to increase in resistivity during repeated coolings,
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(Fig. 48)f The ageing characteristics are similar to those of ground
glass and it is presumed that the large alkali availability again reduces
the 'sweeping' effect during coalescence, The polymers exhibited no
measurable ageing characterlstlc.
The postulated- ageing effect on a glass surface may be summarlqed -
i) Adsorbed water, or nucleated droplets, leach material from the glass
and this decreases the surface resistivity (i.e. the resistivity of a
film of electrolyte). Presumably the active ions are Na' and O formed
by the‘surface reactions,
| Nao0 + Hp0 ~——=» 2Na OH

Na OH = —eems Na+ OH~
ii) When dfOplets containing this electrolyfic solution join by
coalescence, they sweep areas 'cleaﬁ' as they move, When a small number
of large droplets remain on the surface they are connected by a film-
6f water relatively free from alkali. Jvéporation of the last remaining
droplets leaves behind isolated areés of highly alkaline, water soluble
material., |
iii) Subsequent condensation on the aurface results in a high resistivity
characteristic because the predominant.area»is'of reduced alkali content,

The time dependent resistivity at constant temperatures (Fig. 42) indicates

that a chemical reaction accompanies the sorption process.

iv) Surfaces with a considerable quantity of free ions (ground glass,
Na C1 doped silica) are unaffected by the tgweeping' action - or may
fall in resistivity.

v) Water leached.glass surfaces with freely available ions exhibit

a considerable initial ageing characteristic, and thereaftervbehave
like silica.

vi) Pure silica surface showed only a small amount of ageing, and the

polymers gave no measurable change.
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6.1.2 The Surface Characteristics in the Region of the Surface Resistivity

Points of Inflection

A1l of the experiments involving glass or silica have indicated
that the surface r.sisti?ity passes thrbugh two points of inflection
whilst the. surface temperatﬁre is being réducéd. Thisbresistivity
behaviour was also noted by Smail et al (6) whose results were discusséd
in Chapter 2 section 2.8 of the presgnt ﬁork. Smail postulated that
the resistivity increase was caused by a unifofm liquid film breaking
up to form droplets, thus reducing'the,interconnecting film thickness.
However, in Chapter 4 section 4,9.0f the pfesentwork, it has beeﬁ shown
that Smail's explanation is untenable on a theoretical basis and on the
basis of the experimental work which indicates a rmcleation process at
the dew-point.

The microscopic observations of a glass surface during the present
experimental work have suggested that droplet formation is a nucleation
process. A lightly scratched glass surface was photogiaphed whilst the
surface temperature was reduced through the dew-point. Fig. 61 clearly
shows droplets growing aléng the line of the scratch which was less than
1um wide., A second test with a much deeper and wider scratch indicated
droplets definitely within the scratch, Furthermore, tests on the
ground glass surface which contained pits larger than 1um in éize,
gave a .clear indication of droplets growing in ihdividual'pits.

. The first characteristic of the glass surface resistivity curve
which will be discussed is the cause of the resistivity minimum and
the subse@uent increase, The first series of ekperiménts on glass
(Fig., 41) indicated that a probable dew-deposit (seen as a surface
haze) was observed before the resistivity minimum occurred, Just after
the resistivity increase began, droplets 1 to %/un diameter were visible.

Similar behaviour was found on the pure silica surface (Fig., 47), and this
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has strengthened the belief that the resistivity increase is due to the
surface physical changes rather than a chemical reaction., (The review
in Chapter 2 section 2.8 suggested‘eithef a physicai or chemical cause
of the resistivity increase), ‘ | |
" The physical surface behaviour proposed by Smail et al (6) would

explain the resistivity increase, however this behaviour has been shown
" untenable; it is therefore necessary to examine alternativé surface
characteristics to find a satisfactory explanation of the effect, ‘The
discussion in Chaptef 4 section 4.9 leads to the conclusion that thev
adsorbed film on thg surface ié unaffegtgd by the growing droplets.
Thus the surface resistivity is that of‘an adsorbed film which surrounds
the growing and coalescing drqplefs. The_droplets aie effectively low
reéistance areas which 'shunt' parts of thé film, When two droplets
. coalesce, there is a reduction of the surface area covered by droplets,
(Two identical droplets will coalesce to form a new droplet which has
- a basal area 20.5% less than the combined areas of the original droplets).
From this argument it follows that the film will be 'shunted' by a
smaller resistance, and hence the total surface resistivity is expected
to increase,

This proposed mechanism is expected to inorease thé surface resistivity
when droplet coalescence begins on a surfaée (i.e. the transition from
an 'open' 10 a 'closed' deposit). The 6bservations in the experiments
of the present ﬁork arehin agreement with this proposed behaviour,
although it was found that the nature of the fesistivity curve depended
upon the glass ageing énd preparation. In dider to check that droplet
coalescence on a uniform liquid layer could account fér the resistivity
increases found in practice, computer based models of the growing deposit
haye been developed. A detailed description of the models is given in

Appendix 3. The first model studied two droplets coalescing, further



152,

modelg considered the growth of 20 randomly located droplets, and finally,
larger deposits were studied. |

Thé results from the models, discussed in Appendix 3, indicate
that droplet coalescence could contribute greatly to the observed rexistivity
increase, In practice, howeyer, the liquid specific resistivify is
expected to vary during the growth process due to surface leaching and
also the alkali 'sweeping' effect described in the previous sub-section
(6.1.1). TFurthermore, the rate of droplet coalescence events was observed
to reduce as the droplet sizes increased, Presumably this is due to the
~fact that d:}é} is constant (at a given Sub—cooling), and hence a
droplet tokes longer to reach its neighbour when their diameters, and
spacing, is large. Another associated effect is that the ratio Of,
droplet covered area to film covered surface area tends towardé a constant
- valus during the growth process. Rose and Glicksmaﬁ (78) have found
'_fhat the droplet covered area is typically 5%% of the total surface area.

From the above work it is exﬁected that the most significant surface
changes occur just after droplet nucleation. The deposit becomes
'cloged', after its initial 'open' growth; the rate of coalescence is
greatest; and the alkali ‘sweeping' effect is most active. It is proposed
that the surface resistivity increases when coalescence begins (due to
the film area variation), and is further increased becausé the alkaii
in the adsorbed film is swept into the coalescing droplets.

It is further proposed that when the droplets begin to coalesce at
a slower rate, the 'sweeping' effect will be reduced and the surface
area droplet coverege ratio will become constant, The resistivity will
therefore begin to fall, and this fall will be aided by film growth due
to net condensation as the temperature is further reduced,

The experimental work on modified glass surfaces has strengthened

the evidence for the proposed mechanism of the surface resistivity
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behaviour. The glass which had been leached in water, and was presuned to
have many free surface iohs, showed a considerable resistivity increase
(vetween the minimum and maximum values) on the first cooling (Fig. 45).

This characteristic may be explained by the much increased effect of the
'sweeping' action during the initial coalescence events, Presumably the
efféct of the droplet area variation during coalescence is small compared
to ihe 'aweeping' effect on this surféce.

The tests on thé normal glass surface (Fig. 41) showed that the
magnitud¢ of the resistivity increase became less during repeated coolings.
The reduced quanfity of free alkali on the predominant surface area
would explain a reducéd taweeping' effect and the cbnsequent decrease
in the resistivity change.

The ground glass surface exhibited a resistivity minimum followed
by an increase, but it did not occur until the'd?opiets had reached a
sufficient size to leave the large pits and move across the surface
until coalescence occurred, (Fig. 46). This result clearly indicates
that coalescence is a necessary part of the physical behaviour which
promotes the resistivity‘increase. One characteristic of the ground
glass surface resistivity curve, (which was not found on other 'smooth'
surfaces), was the lack of a resistivity decrease after the 'maximum'
value, It is considered that there could be no plane adsorbed film on
the rough surface and hence there could be no net condensation on a
region whose resistivity would be very sensitive to thickness. Tt is
likely that the droplets on the ground surface are connected by relatively
deep scratches and pits, thus the surface ig less sensitive to subsequent
condensation once the droplets are large and growing slowly.

The specific resistivity of the adsorbed surface film on glass

has been estimated in order to show that dissolved surface materials
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Were present. Garbatéki (23) in 1956 found a saturation film thickness

on glasa of 50nm,whilst Derjaguin (19) in 1957 found it to be 7um, The
measured surface resistivity in the preaent tests, under agsumed similar
vapour gaturation, was approximately 3 X 101?1 pervaquére. Hence the
liquid specific resistivity is between 3 x 10?n.ch and 4 x 10%a.cm,

based on the above film thicknesges, The corresponding'specifio registivity
-of puie water is between 106 and 10?& cm} hence it is seen that additionﬁl
free ions are in the liguid film,

The tests on "Melinex" and on "Polythene" did not indicaté any
reéistivity minimum and maximum during the dew deposit formation; although
the results are believed to be insufficiently conclusive (due to experi-
mental difficulties) to draw any definite.conclusions. Droplets did
not form on cooled Melinex until fhe surface was sub-cooled below the
dew-point temperature by 2.5°C. At no time during the droplet formation
and growth period was it possible to measufe a definite surface resistivity
with the instrumentation described in Chapter 5 section 5.6.. The surface
resistivity of Melinex, at low humidities; is genéraily believed to‘be
in the order of 1O1§n , thus the present instrumentation limit of
3 x‘10121 was too low for the neceésar& measurenents,

The polythene surface nucleated a few droplets 0.5°C b¢low the
dewupoint temperature, although the growth was slight until a 1°C sub-
cooling was obtained. The resistivity measurement fell from its limit
value of 3 x 109 to a constant 1 x 10'%a during droplet growth.

Fig.59 in the following section (6.2) éhows the time dependent resistivity
characteristic of polythene, which was a more reliable result than that
from the 'teﬁperature increment’ tests.. Droplets were seen to form

on the slight surface scratches on both Mglinex'and polythene and is

further evidence of the nucleation mechanism.
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The high resistivity of polythene and Melinex suggests that no
multilayer adsorbed film was formed between the droplets at any time
in the growth process, The large sub-coolings required to nucleate
droplets confirms the effects predicted by the Kelvin Equation and the
dependence upon the contact angle, (The Melinex/water éontact angle was
in the order of 900, whilst the polythene/water contaét angie was in
the order of 600). Twomey (47) has also reported experimentai work
which relates the contact angle to the necessary supersaturation fof
nuclegtion,

Clearly the work on the two polymers has failed to indicate a surface
resistivity increase during the initial dropiet coalescence behaviour,
The fact that droplets tended to form in the surface gcratches over g
rangé of temperatures méy be regponsible for the lack of the rapid film
area variation which is postulated to cause a surface resistivity increase;
From the work of Twomey (47) it ié gxpected that considerable surface
sub=-cooling (>8°C) would be necessary to nucleate droplets on a plane
tielinex or polythene surface, Thus the scratches must be responsible
for the observed surface characteristics in the present tests.

One electrical effect which was noted on all types of surface
mat§ria1s during dfoplet coalescence was a short term fluctuation of the
surface current, and hence resistivity, The frequency of the fluctuation
decreased as the rate of coalescence events fell, The amplitude of the
fluctuations increased as the droplet sizes increased, 'The peak- to-peak
fluctuation was approximately 0.5% of the average surface resistivity
at the resistivity maximum point on the charactéristic, and increased
to 5% at 2°C sub-cooling (on glass).

In conclusion,a physical mechanism has been postulated which would

account for the surface resistivity minimum and maximum found with
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most surfaces cooled by regular temperature increments, This postulated
mechanism is based on the model of a surface developed in Chapter 4, |
and in particular on the expected behaviour éf droplet growth on é surface
with an adsorbed film (section 4.9), The relative importance of thé two
contributing factors, (i.e. the covered area variation, and the alkali
'aweeping' effect), is difficult to ascertain; although tests on glasé
with a high surfacé alkali content would suggest that alkali 'sweeping'

by the droplets (c.f. sub-section 6.1.1) has a marked influence on the

resistivity increase,

6.1.3. The Effects of Soluble Surface Materials on the Obgerved Dew-

point Temperature and on the Corresponding Surface Resistivity

Two basic changes in the surface resistivity/temperature characteristics
were noted on the repeated cooling of a glass surface (Fig. 41). The
first effect was the considerably higher surface resistivity at temperatures
above the dew-point and this has been discussed in sub-section 6,1.1.
‘The second effect was the reduction of thé'temperature at which thé
gurface resistivity minimum occurred. Allied to this effect ﬁas the
reduced temperature at whiéh the main dew deposit was first obgerved.
The review of glass surfaces in Chapter 2 has indicated. that the
soda content in the surface of soda-lime glass is soluble in water,
The discussion of the experimental results in sub-sections 6.1.1 and
6.1.2 has clearly shown some effects of chemical dissolution of the
surface materials, The adsorbed film specific resistivity estimation
was particularly strong evidence of the solution.
One physical effect of the solution which requires further analysis,
is the vapour pressure decrease above the liquid, In dew-point studies

this behaviour is often referred to as the "Raoult Effect", because
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Raoult's Law may be used to quantitatively assess the vapour pressure
change (Raoult's Law is described in Chapter 3 section 3.4) Fig. 51
indicates the dependence of the relative vapour pressure (P/Po) above

a solution, on the mole fraction (Xs) of that solution., The solute

»lconcentration of the solution is thus weakest foi.Xs = 0 (i.e. pure water).

I'O'ﬂ
Fia. 51
Grardicar Representation OF
Raourts LAw.
RELATIVE
Varour
PRESSURE
(%)
0 .
o 1o

SOLUTE More Fraction (I's)

An estimation of the dew—point temperature increase will be made
for a typical dew deposit on glass. The surface is considered to be
50% covered with droplets ?/““ radius with a contact angle,@ ' of 20°,
Assuming that 20% of the surface is covered with 10 free molecular layers
of NaZO which completely dissolve into the droplets,vthen:~

The water mass is 34.9 x 10‘12gm per droplet,

The associated Nap0 mass is 1.67 x 10“13 g,

Robinson and Stokes (80) define the mole fraction of the solute as
the ratio of the total number of ions to the total number of ions

plus water molecules. Thus, assuming full ionisation, the solute mole

fraction, Xs, is given by :-



158.

XS = (V- US/M5>
(Viws/Ms) + (Cwe /M)

WhereLV”is the number of moles of ions per mole of electrolyte,
! A 4 \ o
Ws is the NaOH mass and Wy is the mass of water, M is the molecular

weight of water, and'Ms is the solute‘molecular weight,

Thus X - (2,1:67,10™%/40]
(241674 107°/40) + (3-49x 107 /8)

4"‘2 q X I(D—é

Xs

Now, the solution has a saturated Vapour pressure less than pure
liquid water. Thus when the surface temperature is reduced, the saturation
vapour pressure occurs at a temperature above that correspondihg to the
dew~point over.pure water,

From fig. 51 it is seen that P/Po = 1 = Xs. Where P/Po is the
ratio of the vapour pressure to the saturation vapour pressure at the
same temperature,

Thus P/Po = 0,9957.

The corresponding dew-point increase is found by referring to the
S.V.P, curve for water (Ref. (1)). From this curve is found that at
4.400 there is a 0.701% vapoﬁr pressure increase per 0,1°C., The pressure
reduction in the above systen, expressed as a percentage, is 0.43%,
hence the corresponding satufation temperature over the solution is
0.061°C higher than over liquid water.

Clearly the above calculation is only an approximate estimation of
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the effect of the dissolved material, (The estimation of the available
surface material was based upon the work reviewed in Chapter 2 section
2.7). The experiments on glass have indicated that on the first cooling
(see fig. 41) a dew deposit was observed at a temperature 0.5400 above
the saturator temperature, On the Second and third coolings; however,
the main dew deposit occurred at the saturator temperature, (The error
in this observation was estimated at 1 0.03°C). | |

The preceding vapour pressure calculation, based on Raoults Law,
has indicated that a saturation temperature elevation of 0.5400 is easgily
accounted for by the solubility of Nay0. At the incipience of dew, thé
ratio of the volume of water to the volume of NaQO is expected to be
lower than in the above example, hence the temperature elevation would be
greater, The 'sweeping' action of coalesciﬁg droplets, described in
the previous sub-section,is believed to redistiibute»the NaOH into small
but concentrated areas, Hence subsequént coolings ha&e been observed
to show igolated droplefs at O.SOC, or more, above the dew-point. The-
predominant surface area, however, is believed to be of reduded NaOH
concentration and hence the observed dew-point for the larger dew deposit
wag very close to the saturator water temperature,

Thé experimental results, and the work discussed in the preceding
gsub-section, have indicated that the glass surface resistivity characteris-
tics are determined by the physical arrangement of the surfaée liquid,
rather than directly reléted to the surface temperature. Hence it has
been shown necessary to consider the Raoult (and Kelvin) Effect in order
1o accurately relate the surface resistivity to the surface temperature.

The results of tests on a silica surface are plotted in fig. 47. It
is seen that the temperature at which a deposit was observed_was the same
in each cooling. The difference between this temperature and the

saturator water temperature was O.O4°C. This observation, together with
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the high values of surface resistivity, indicétes that very little
soluble material was on the surface. The same silica specimen was
repeatedly dipped in a solution of sodium chloride, NaCl, and was then
dried, A slight surface 'haze' was seen on the dry surface although the
exact quantity of salt was unknown. Thisg 'doped' surface wés.then
placed in the condensation cell, and fﬁrther'tests.weie made,

Fig. 48 indicates the surface resistivity/temperature characteristics
of the 'doped! silicavsurface. The firet noticeablg effect is the reduction
of the surface résistivity by four decﬁdes,, compared with pure silica,
and this is presumed to be caused by the increased number of free ions
on the surface. In all coolings of the 'doped' surface, isolated droplets |
were seen 2 to 3°C above the dew-point temperature, The firé£ cooling
produced a very 'patchy' dew-deposit and’this.was believed to.be due
to the difficulties encountered in evenly covering the surface with salt.
(Fach time the water was evaporated during the 'doping' process, the salt
was deposited in a ring bounded by the evaporating drop). .The dew deposit
became mdre evenly arranged on the gsecond and subsequent coolings.

The surface resistivity of 'doped' silica was seen to decrease
during repeated coolingé, i.e., as the salt became more evenly distributed.
No resistivity minimum and maximum occurred on the first cooling and
this is believed to be caused by the large temperature span over which parts
of the dew-deposit were formed, The range of drop sizes, at the dew-
point (saturafor water temperature) wag approximately 100:1, i.e. some
drops were just being formed and some had coalesced and grown to form
drops 100/JM in diameter. The Second and third coolings show s resistivity
minimum and maximum, and the temperature corresponding to the minimum

was seen %0 increase as the salt became evenly distributed , The shallow

nature of the resistivity minimum characteristic is believed to be due to
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the 1arge temperature range over which the deposit was formed,

The tests on salt 'doped' silica haQe clearly shown that as the salt
becomes more evenly distributed, the surface résistivity curves follow
the opposi te trendﬁvto those found during glass ageing, The hypothesis
describing the glass ageing mechanism, discussed in sub-section 6.1.1
was bésed on the break-up of an evenly distributed layer of NaOH. This
NaOH layer is expected to be oniy a.few molecules thick and hence is
easily dissolved and redistributed. The NaCl layer on silica isvdonsidefed
to be very much thicker, and therefore cahnot be completely moved by
droplet 'sweeping'. The trend in the latter_case'has presumably been
to cover some df_the undoped.surface, rather than collectvthe salt
into smaller areas.

" The tests on the 'water-leached' glass surface (fig. 45) have shown
further evidence of the surface solubility effects on the resistivity
characteristics. Tsolated droplets were observed on the first cooling
at a temperatﬁre above that at which the main deposit was seen., It is
presumed that the ieached glass surface contains weakly bound ions, due
to the previous water treatment, and hence the ions readily form a
solution with the adsorbed water during cooling. The formation of
igolated droplets O.9°C above the dew-point temperature was the highest
temperature at which droplets were observed on any glass surface. This
test suggests that the éoncentration of the sufface solution must depend
on the ease with which sods can be released fromithe surface,

In conclusion, the experimentally observed decrease of the temperature
at which the resistivity minimum occurs on iepeated glass coolings,

has been explained in terms of the Raoult Effect,
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6.1.4 The Inter-llectrode Capacitance Variation During the Formation

of 8 Dew Deposit on Glags

The eledtrode structure on and above the glass surface is insufficientlyv
guarded to allow acourate surface capacitance ﬁeasuremehts; Neverthe—
les s, to obtaln as much 1nformation as poasible about the glass surface
during cooling, a'Wayne Kerr B221A" brldge'was used to measure the inter-
electrode capacitance (and conductance) during the first cooling of a
freshly cleaned glass specimen, |

The'graphAof capacitance versus surface temperature is'plotted in
fig. 49, The measured capacitance must 1nclude that between the probes,
a bulk glass capacltance, and that through the vapour and glass surface
region, Presumably the variation of capacitance is due entirely to the
adsorbed layer and the subsequent droplet groﬁth. The change in capaci-
tance is seen to be small, and was difficult to accufately resolve on
the bridge, Nevertheless, the results indicate that the cépacifance
tendé to increase more rapiAIy as saturation is reached., This finding
is in agreement with the work of Garbatski and Folman (23) who measured
the bulk capacitance of adsorbed water on glass. The presént capacitance
measurements in the formative stages of a dew deposit were difficult
to resolve, and wheﬁ fhe deposit was freely growing the capacitance
change was faster‘than the manual bridge balancing time,

The results in the region of the dew—poinﬁ indicate'a capacitance
inflection, although there did not»appear to be a maximum and minimum
point, The complex probe and electrode geometry does not allow the
results to be analysed in any detail, The bridge was insufficiently
sensitive 1o make accurate conductance measurements, although the maximum
and minimum resistivity behaviour was noted at the dew-point, and the
range of measured resistivities corresponded to those measured by the

'slow a.c.' technique on other glass specimens,
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6.1.5 Tests to Determine the Influence of the Surface Current on the

Glass Surface Resistivity Characteristics

The electolytic nature of the surface conduction mechanism on glass
has been discussed in Chapter 2 section 2,8. The choice of. applied
voltage and frequency to measure the surface res1stance has been discussed
in Chapter 5 section 5,6, The careful choice of applied voltage was
necessary in order to avoid surface electroly31s due to the current
from the resiqtance measuring instruments:

Tests were regularly made to ensure that electﬁoleis was not
occuring during the present work., Most tests 1nvolved dlsconnectlng
the surface voltage supply for 2 or 3 minutes, at constant surface
temperature, and noting the change in resistance when the supply was
restored. At no time, in any experiment, wés any non-linear relationship
found between the applied voltage and the meésured surface resistivity. -
Runs 25 and 26 (the curves are not shown herg) made a further investiga-
tion of the surface current effects on o freshly cleaned glass specimen,
and involved taking regular brief resistance measurements before the
first dew deposit occurrsed. The dew deposit was then grown but the
surface electrodes were shorted during this period. The dew deposit
vas evaporated after g while and a secpnd cooling wags then made, but with
regular brief resistance measurements at all stages of the test, The
ageing characteristic of this glass specimen was found to be identical
to those with continuously meésured resistance,

The conclusion from the above tests is that the surfaces were not

- adversely affected by the small applied voltages.
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6.1.6 Tegts for Insulator Surface Contamination from the Silver Electrodes

One possible problem with the use of s11ver electrodes was recognised
_at the outset of the experimental work. This is generally referred to
as ‘silver migration: and is caused by electrolytic actlon due to_the»
passage of a surface current hetween silver electrodes, Williams and
Herrmann (81)and Chaikin (82) have studied tha process of q11ver migration
on various surfaces 28 a function of the ambient relative humidity and
the applied potential. |

| The general conclusions from this reviewed work, which are most
relevant to the present work, are that a high d.c. vbltage and high
humidity will promote :apid migration. 4 d.c. voltage of 6 Volts is
-reported to cause "barely perceptable" migration, whilét a.c. voltages
at 60 and 400 Hz produced "no detectible" migration wifh up ﬁo 850 Volts
applied. The literature appears to‘conﬁain no record of work related to
the effects of slow a.c. (0.25Hz), 8 Volts peak to peak as used in the
present investigation., It is felt, however, that the apparent laék'of
surface influence by the voltage ~ discussed in the previous sub-éection~
together with the results in the reviewed literature, is sufficient

evidence that silver migration did not occur to any appreciable extent,

6,2 The Time Dependent Characterigstics of Droplet Growth on Sub~Cooled

Glass

The first series of iests, described insection 6.1, has indicated
that the surfacé resistivity of glass cooled below the dew—poinf, is
time dependent, Furthermore, the postﬁlatéd mechanism of the resistivity
minimum and maximum characteristics suggests that the process is not only

linked to the surface temperature hut is also a time dependent process
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wirich follows the kinetics of droplet growth, Thus, from the experiments
and earlier theoretical work, it follows that the surface resistivity

of & sub-cooled insulator (undergoing net condensation) should be a time

dependent process which is a function of thevcondensation rate,

The aim of this experimental work was to éstablish a clear iink
befween the kinetic aspects of dropwise condensation, and the surfuce
resistivity of the growing dew deposit on a cooled insulator, The
theoretical work developed in Chapters 3 and 4 has indicated that the
rate of condensation is 4 funcfion of the sﬁrfade_sub«cooling. (The
‘gub-cooling is defined as the difference'bétween the dew;poin£ temperszture
and the surface temperature, '.'[‘s‘-‘- Tw)

. If the dew deposit is considered sufficiently large to be unaffected
.by ﬁhe Kelvin Effect, then equation (72) developed in Chapter 4 describe=

the basal growth-rate of the droplet,

Thus ( |+ Cose).jine

= U o) (1 (o)

dre
dt

And %‘ - Moo _ ' (see section 4.2)

/9

Where Moo - h-;( M. Poo.(Ts “Tw)
: APH R. Tsz

e Al K ) ST T eree(99)

e Ke o= Obbbk PAMEB [ax L
fer P A.PA.R. T-Sm, X /O ﬁ;& (100)

and Flo)

(I + Cos ). Sin B
(2+Cos6) (1~ CosB)
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Bquation (99) iz the most useful ?ractical growth equation for the
pre=zent work hecause Ts, Tw, Us and O are thg primary practical variables
(although 6 is dependent upon the surface material ).

Now, if I's is fixed at a given value, 73’ , then the time, t’ ,

taken by a droplet to reach this radius is linked to the surface subcooling

by an equetion which follows directly from equation (99).

(Ts Tw) - | -ral » eeess(101)
Ke. JUs, F{6)

The nature of the experiments has been largely‘dictétéd by’thg form
of equation (101)., Each test involved setting the insulator»surface at
a pre~determined constant temperature below the dew—poinf. The_contrbl
system maintained the desired temperature to Qithin 0.001°C of the set-
point. Tﬁe first four tests on glass were made with sub—coolings of
0.1500, O.BOC, O.GOC and Q,9OC respectivel&. The gaS’flow réte was
maintained at 0.7 1/min, corresponding to 1 m/sec, velocity. The fifth
test on glass was made with a constant gaa flow rate of 2 0 1/min, to
verify (if possible) the term Jr—; in equation: (101)

Each test at a particular sub-cooling was made on a new, and freshly
cleaned, specimen, to avoid any cumulative surface leaching. The tests
at O.15°C and 0.6°C sub-cooling each involved two successive coolings of
the surface so that the ’ageing; effect could be gtudied,

.The experimental procedure for each test commenced by passing dry
gas from the cylinder to the condensation cell, via the saturator by-pass
valve, (See fig, %8 in Chapter 5). The surface temperature was fhen
set at the desired value. When the temperature Was under tight control,

the by~pass valve was closed, thus diverting the gas through the saturator.

The chart record of the surface current was immediately started and the
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vﬂurface was continuously observed through the microscope, Thus each
test produced a simultaneous time record 6f droplet sizes and sufface
resistivity, at a constant surface temperature,

Fig, 52  shows the surface resistivity as a function of time for two
succeasive tests on glass sub~cooled by O.15°C. Figs. 53, 54_and 55
show the equivalent results from tests with 0.3, O.6Iand 0.900 sub-cooling
respectively. Finaliy, fig. 56 shows the results of a Fest on a glass
surface with a gas flow of 2.0 1/minute, The curves ar; marked with a
letter 'D' {0 represent the time at which é,dew depoait firat became
visible; the numbers adjacent to the curves represent the‘average droplet
“basal diameters ha;umi

The high gas flow rate in the final test not oniy alters the term
JfIEﬁ in equation (101) but it aiso changes the temperature gradient
through the glass disc and the specimen holder assembly. _Fhrthermore,
the increased gas pressure in the saturator‘altérs the dew-point. These
interacting terms have led to the problems in éccurately teating the term
N/II; in equation (101), Nevertheless, the tempe:ature gradient in
the block and glass has been caléulated for the increased flow rate and
the corresponding sub-cooliﬂg was found to be O.32°C. The dew-point
temperature was corrected for the pressu:e change, as discusaed in
Chapter 5 section 5.4. (The manometer recorded 4A0mm oil préssure).

The results of the two teats with 0,15°C sub-cooling may be
used to illustrate the basic time dependent characteristics (fig. 52).
The first indicatipn of a dew deposit occurred just before the resistivity
minimum; which is similar té thebpreviously-found behaviour on glass
cooled by regular temperature increments (section 6.1). The first run
showed that the surface resistivity rapidly reached the minimum value
but the subsequent vafiation through the maximum resistivity was a

much slower process, The second run indicated a longer time to reach
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the resistivity minimum, although the droplet sizes and thé,resistivity
tended towards the characteristics of the first run as time progressed.
Two possible mechanisms are postulated to account for the slower response
- of the surface behaviour over the initial périod.of the second run;
Firatly, the ageing mechanism discugsed in section 6,1 augggéts that
much of. the sﬁrface will be reduced in alkali éonfcnt following the first
dew depo=it and coalescence events,'thﬁs-the first 'active' areas duxiné
éondensation will ﬁe the cohcentrated alkaii‘regions where a slow chemical
reacti§n is to be expected. Secondly, it is considered that the_surface.
pits which nucleafe the dropléts would be leached to a larger size by
~the first dew dgpésit, thﬁs the time to nucleate droplets during the
second run would be longer (as predicted by the model developed in
Chapter 4). |

A comparison ofvthe 'first run' behaviour of the fQur chaiacteristics‘
plotted in figs. 52,53, 54 and 55, shows that the awerage’droplet size
,is the same on similar,sections of the resisfivity curves, >Thua,,f6r
example, the resistivity maximum occurs when the averagebdroplet diameter
is 1§uﬁ ' irrespective of the surfﬁce subfcobling and time, These
findings are in agreemqnt with the work discussgd in section 6.1 where
it was proposed that the resistivity largely depends‘upon.the surface
physical and chemiéal'airangemenf. ‘ | o

Theﬂresultg df the tést with a higher gas velocity ére plotted in
fig.»56. ' The most apparent difference between:thg resigtivity characteris-
tics of low velocity (1 m/sec) and higher velocity (2.9 m/sec) tests, is
the smallei difference between the maximpm and minimum resistivity in
the latter test. The microscopic eiamination,of the surface during the
higher gas velocity test showed that the dew did not form in an‘éven

pattern over the whble surface, This dew deposit was obsexved to Begih
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" to form at the outer edge of the glass disc and gradually exteﬁd towards

the centre electrode. The non-unifo:mity of the‘surface'temperature

f,is presumably due to the increased vertical‘temperature‘gfadient through

" the glass and the higher gasvvelocity in the path of the inlet pipe.

The final deposit pattern was a cardioid in front of the inlet pipe, énd

the droplet sizes were much greater at the outer edges than at the ceﬁfre.
All of thevexperimental results can be compared with the growth

behaviour predicted by eduations (99) and (161). The first comparison

.concerns'the visuallyvmeasureddrdplet gxbwth rates as a fuﬁdtion of the

surface sub—coolihg.' The second cdmpaiisbn concerns the surface resistivity

characterisfics as a function of the sub-coqliﬁg.‘ |

i) The leasured Droplet Growth Rates,

The.main‘difficulty in'inte:pfeting the droplet growth rates is
that coaleacgnce.events‘add to the amount of liquid réceived by a particuiar
dropiet. Thq droplet growth due to éondensation has been shown (in
Chapter 4) to be é constant'dt%/dt‘value.at coﬁétant suB-cooIing,.whilst
. the effect of coalescence must-dépend upon.the size of thg droplets,
Hence a coalescence event on a small dfoplet may be eqﬁivalent to thé
amount of condensed water received in a short duration; coalescence
‘between large droplets, however, is equivalent tg the amount of water
' céhdensed ovef a long period.

Droplet growth rates were measured during each of the tests with
1 m/sec, gas fiow;, The measurémeﬁts were taken over one or two minute
intérvals, and weie taken at different gtages of the growth process.
Most meésurements were made for dropiets within: the rangé 1§/nn to
49}”“ diameter, The results are plbtted in fig. 57 and the range of
measur;d growth rates at each sub—cooling is shown, The theoretical

results from equation (101) are plotted for two contact angles. Clearly
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the theoretical results are very sensitive to the contact angle, From
the above discussion, it follows that the experimentally ﬁeasured rates
‘will be an overestimation. of the true condensation values.,

It 1s considered that the problems in interpreting the growth
1nformation, and the lack of - eufflclent data on thedroplet -contact angles,
‘has reduced the aocuracy of the correlatlon between the theoretlcal and
experimental resulte. Nevertheless, the experimental results plotted

'1n fig. 57 are seen to be in reasonable agreement with the theory.

1i) The Variation of the Surface Resistivity Characteristics with
| Sub-Cooligg | | |
In order to fake a comparable characterisfic from-each'resistivlty
curve, it was decided to measure the tlme between the minimum and maximum
surface re91etiv1ty values, The time before the minimum value must
depend upon the by-pass valve closing time and other uncertaln experimental
time lags. Thevminimum resistivity has been postulated to correspond
to a very sméll droplet size and fhe incipience of coalescence, Thus
this resistivity minimum should represent the same surface conditions
in each test. .Similarly, the-resistivity maximun in each teet hasvbeen
shown to correspond fo a droplet diameter of 15/unu |
- The experimentel deta has been plotted as "peak to peak:resistivity
time" against "surface sub-coolzng" and is shown in fig. 58. Equation
(101)has been solved for a range of droplet contact angles (6), with
1 set at 7. épnl. The theoretical curve. ‘which gives the closest fit to
the experimental data has a value for 6 of 23, 5
The experlmental results plotted in fig. 58 are seen to be in good

agreement with the (best fit) theoretlcal curve, The growth times are

again expected to be overestimated due to coalescence events, Such a

‘reduction of the growth time would lead to ‘a lower 'best fit' contact
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. angle 6.. Furthermore, the Raoulf lffect of vapour pressure lowering
over the incipient droplets must increase fhe initiul growth rates,
nl though this effect was seen to become negligible as theUdrOplets'
grew- beyond 3 %o 4/1m diameter. Nevertheless, the corrélation which has
boen established between the surface r931st1v1ty characterlstlcs and
the derived condensation rate equatlons, is believed to firmly llnk
"the two processes.

Finally, time dependent tests were mado on sub-cooled'polythene.
(Fig. 59). This test coﬁfirms the work in section 6;1 where it was
stated that no resistivity minimumvand maximum were observed. The'
resigtivity measurements were made by applying 80 Volts p. to p. at
0.1 Hz across the surface. The maximum resistivity of 3 x 1015
represents the 'leakage' resistance of the instrumentation, thus the first
section of the curve in fig. 59 does not tepreEEnt the true surface
resistivity.

In conclusion, the tests made on éub—cooled glass have shown that
the surface resistivity chafactéristics are dopendent upon the physical
process of droplet growth - rather than purely a function of time.or
temperature. The visually measured dfopiet groﬁth rates, and the sufface
resistivity characteristics, have been successfully related to the
theoretically derived condensatlon rate equatlons. However, it is cons1dered
that an accurate comparison cannot be made due to experimental dlfflcultles
in measuring drOplet growth rates 1ndependent1y of coalescence events.,
Additionally the problems of measuring the droplet contact angle '©',
and the errors involved in the calcolation of the mass transfer rates,

has further reduced the accuracy of the correlation,
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6.% The Operation of the Condensation Cell as a Dew-Point Hygrometer

 The aim of'these tests was to operate the condensation cell as a
marmally controlled dew=-point hygiometer with the micrqscope used t§
deteqt the dew deposit. The work was carried out on a glass specimen
which had been subjected to two previous dew deposits and was then washed
in distilled water, in ofder to "'stabilise' tﬁe surface, The surface
v resistivity_was'monifored whilst the dew deposit was optically detected
and maintained at a constant,dropletvsize.‘ These tests were also. an
accurate method of checking the overalliéaiibrafion of the gas saturator
and thé glassisurface temperature measurément.

The operation of the equipment as a‘hygrometer was based on the
procedure recommended by Wylie, Da§ies and Caw (3). Thus the sufface
temperature was reduced and carefully adjusted to pioduce a dew deﬁosif
of a particular average droplet size._ After maihtaining this droplét
gize for appfoximately'30 minutes, the surface temperature was slightly
reduced until a larger droplet size was produced. Manual temperature
control was then regained and the new deposit size was maintained for
a further 30 mihutes. After this perioa, the droplet size wag again
increased ahd contfollad for 30 minutes, The thermistor bridge balance‘
resistance (which was varied to manually control the surface temperatufe),
was noted during each test at a particulaf deposit size, |

In practice, it was found to be difficult to haintain the depbsit
in a stable conditidn. Droplets slightly larger than the average size
tended to grow whilst the smaller droplets were in equilibrium, Durihg
the manual control operation it was necessary to vary the surface temperature
slightly above and belqw.the 'average' temperature, The expériméntal
results quoted in Table 4, include the peak to psak temperature excursion

during the manual control of a stable deposit size,
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TABLE 4 (OPTICALLY DETECTED DEPOSIT) DEW-FQINT TEMPERATURE

AVERAGE_DBOPLET DLAMETER | THERMISTOR RESTSTANCE | SURFACE TEMPERATURE

| 50 /um’ | 13430 + 10 o 4,367 + 0,015%
5 um 13430 4 10 o 44367 110.01500
100 um 13425 + 10 A | 4.375 1 0.,015%

The thermometer,in the second gas saturatof flagk indicated a water
temperature of 4,36 + 0.02°C. This thermometer.was the assumed temperature
'standard' during the thermistbr calibration, (See Chapter.S section |
>5.2). Tﬁe estimated error is due tb thg.thexmometer "peadability"

resolutions the.thérmometer was éaiibrated.at 0.1°C intervals,

The slightly higher 'detected‘-dew—point temperafure with the 1arge
droplet size is ﬁot in agreement with Raoult's Law, if it is assumed that
a large droplet contains a more dilute alkali solution than a small
droplet. However, the uncertainty in the experimental determinétion of
a gtable depoéit is greater than the 'dew—point‘ temperature difference
between the droplet sizes. Hence the results cannot be accurately tested
agalnst Raoult's Law,

The surfdce re31st1v1ty record of the tests was 1n1t1a11y sxmllar
to the 'time dependent' results discussed in the previous section. Thus,
on cooling the surface, the resistivity rapidly passed through the |
maximum and decreased slowly whilet the desired (5gym diameter) dioplets
were forﬁed. Wheh the equilibrium size condition was maintaihed,,the
g qurfade reﬁistivity became (1mdét constant with time, This trend was
qlmllar for each deposit size,

From the above tests, it follows that the time derivative of the
surface resistivity, when the surface contains a heavy deposit, must be .
a measure of-the droplef equilibrium state and hence the dew-point. This

process is very slow, however, and would require many minutes to determine
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the correct temperature for a zero resistivity‘time derivative, The
experiments indicated that the surfade resistivity achieved greatest
atability when the third equilibrium state was maintained, (i.e. the
largegt dr0p1§t siies )e Présumably chemical action (leaching) was

respdnsiblevfor the alight time dependent resistivity decrease during
~ the tests.

The operation of the cell as a dew-point hygrometer has indicated
that the overall temperature calibration system, and the gas saturator
system, were stable and accurately calibrated, The surface resistivity
chardcteristlcs during the hygrometer operation have suggested that the
time derivative of the surface resistivity would be a possible method
of detecting the dew-point, (c.f. fig. 52 in section 6.2), For:such
work, the insulator surface material WOﬁld have torbe‘chosen to provide
a éhemicallj stable surface. It is considered that the timé consgtant of
such an electrical detectioﬁ system would be comparable with thé optical
‘dew detéction methods and would similarly provide a signal suitable
for an automatic control 1oopQ -

,A dew—point hygrometei based upon the above (derivative) prinéiple
is expected to Be basically more accurate than the 'conductivity type'
instrument described by Bridgeman (4) whiéh does not. allow a dew deposit -
to form. The disadvantages of the postulated method, however, aie the
much longer'timgs to form a deposit, and the chemical action of thé dew
deposit on the'surface.’_A stable surface, (silica, for éxample) and.
stable electrode, (gold, for example) could possibly be the basis of a
hygrometer with an accuracy equal to present "sub standard" optical detec—'

tior dew-point hygrometers.
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6.4 The Photographic Study of Droplet Growth

vSoma_of the experiments described in the earlier parta of this
chapter were repeated so that photographs of the dew deposit cbuld be
obtained. Chapter 5 section 5.7 contains a brief description of the
phofographic technique, During the earlier experihents involving‘drOplét
size measurement (section 6.2)>the micropscope was cbntinuouélyvfocused
through the dfoplets on glass and the 1argesf 'rin' of light was taken
to be the droplet basal size, The photographic methods cannot fuliy
reproduce this technigue.

Six photographs are included in this work (figs. 60 to 65)., The
first two are used to illustrafe some basic droplet growth phenomena,
and theremaining four are é sequence of deposit sizes during a typical
growth peried. All photégraphs show a surface area which is 0,62mm
diameterf The poor focus at the edge of the photographs is presumed to
be due to a mismatch between the microscope and camera optics. Visﬁal
obgervations through ﬁhe microscope did not produce this effect.

Fig. 60 shows droplet gréwth on the silver electrode after a number
of eaflier coolings. The microscope graticule is visible on the photograph,
and the small graduations are 4.8§/un apart. Thus the droplets are
typically BQ/Jm in diameter. This photograph shows a coalescence evenf
occurring on the right hand side just below the centre, (between the
'8' and '9' graduations on the graticule), The photographs were taken
with three high intensity flashes at inte:vals of five seconds, thus
the two original droplets are clearly visible and the new droplet is
superimposed between them, This shows that thg new droplet tends to form
at the centre of mass, rather than by one droplet being drawn into
the other,

Fig. 61 was taken on a glass surface which had been very lightly
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scratched, 'Theses scratches were not vimible through the microscope and
are considered to be less than 1/“n in width, The droplets on the
unscratched surface are typicaliy épm dismeter, but a definite line of
larger droplets is seen along the (pregumed) scratch. This photograph is
strong evidence of nucleation behaviour,

Figs, 62, 63, 64 and 65, weres taken during a time dependent growth
cycle on a surface which wés sub-cooled by O,BOC. The photographs were
taken gt the bdundary betwgen the silver electrode (at the top) and
the glass surface, Fig. 62 illustrétes the problem of measuring small
droplet sizes on glass, Refocusing the microscope through the deposit
was sufficient to define the droplet bases. TFig, 63 shows that the
droplets on the silver are circular inrbasal shape but the'droplets on
glass are irregular and of various contact angles, A 'transition region'
between the silver and glass is believed‘to contain 'splashes' of gilver
caused by the surface mask during the silver evaporation procedure., The
droplets in this region are intermediate in size between those on glass
and those on ailver.,

‘Figs., 64 and 65 clearly show the differences between droplet growth
on silver and on glasé. The droplets on the glass have an irregular
basal edge and appear to 'surround' each other but do not join immediately
to form a larger droplet,v Proplets were still being nucleated between
the large drops and were rapidly ‘'‘pulled' into them. | This was |
particularly apparent in the region between the silver and the glass,

The droplet growth in the work described in sections 6,1 and 6.2 did

not allow the droplets to reach the dimensions shown in fig. 65. This
was only done here in order to aid the photographic wdrk. The photographs
illustrate the problems encountered in defining the "diameter" of a
droplet on glass, and show that the values quoted in section 6.2 must be

regarded as "average widths",
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Fira. 60 Larae Droriers On Siver
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CHAPTER 7

CONCLUSIONS

The primary purpose of the.present work was to investigate fhe
surface resistance characteristics of giass whilst it was cooled through
the de&-point temparature, The practical épplication of this work iam
in "cooled-surface dew-point hygrometers", The ﬁresent investigation has
examined the surface behav1our of cooled soda-lime glass whlch exhlblts
cnrtaln resistivity characteristxcs in the region of the dew-~point

btemperature which have not been satisfactorily explained in the literature,
“(c.f. section 2.8 in Chapter 2, the results of Smail, and others).

| The present work has sufveyed the literature dealing with the

» physical/chemical characteristics of glass surfacés and, in particular,
~the ‘effects of adsorbed water on these surfaces. The mechanism by which
this adsorbed water becomes fréely growing droplets was believed fundamental
to ﬁnderstanﬁing the surface electrical charactéristics, and has been
studied by creating a computer-based model of droplet nucleation in
surface pits, The rate of water vapour condensation has been calculated
ﬁy following the procedure outlined, but not fully described, by Wylie,
Davies and Caw (3). The model, and associated theoretical work, has

thus been able to predict much of the physical surface behaviqur at the
dew-point, although the adsorption procesé and the effects of chemical
surface reactions could not be accurately quantified.

The present experimental work has provided some evidence of the
'nucleation' mechanism of droplet formation on glass; unfortunately,~

however, all conventionalnoptical microscopy techniques are unable to
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fgsolve the incipience of nucleation. The rapid (logarithmic) fall of

the glass surface resistance as the temperature was reduced towards the

_ dew—pdint, indicates the fqrmation of an adsoibgd liquid film, An

estimatién.of,tbe specific resistaﬁce of the liquid at the dew-point oﬁ'

soda~lime glass revealed a low value (AJ1O?ﬂ.cm) which suggests that

the adsorbed water had dissolved some of the free surface alkali.v The

reaction is believed to be basically Nas0 + HoO—»2NaOH énd the resulfant

conducting filmvis thus.predominantly a sodium hydroxide solution, ‘The

_ specific-resistivityiof the adsorbed film on pure silica (:>10§n.cm)

indicates that the adéorbed water was similar in purity to distilled water.
The first series of éxperiments involvedkcooling various insulator

surfaces by regular temperature increments, Thig procedure was similar

to that described by Smail et 2l (6), althougﬁ the time between température

changes in the present wérk was much shorter, and é continﬁous surface

resiétanbe record was obtained with simultaneousvmicrosCOpe observations,
The variation of the glass surface resistance in the region of the

dew-point has shown the inflection characteristics firast described by

Smail et al (6). (Fig. 8, Chapter 2). Smail's postulation that this

ﬂurfacé-charactcristic was due £o the break-up of a uniform 1liquid

layer into droplets, is now considered untenable on theoretical grounds

and the recently reported observations of the coexistance of droplets and

film as "non-interacting phases", The present investigation has suggested

an alternative physical mechanism which would satisfactorily explain

the resistance inflection. It is suggested that whén droplets coalesce,

the surrounding film is then 'shunted' by a smaller resistance'because

the basal area of the new droplet is less.than the sum of its constituents.

Thus the resistance incresses during the initial rapid coalescence

events, although it begins to fall again when the coalescence rate
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decreases,

Computer-based modelé of surféces supporting a thin film and coaleécing"
droplets,‘have confirmed &hat.# resistanCe_inflection may occur, and
‘could account for the obs%rved results in the experimental work, An
sxperimental study of the tageing' of the surface resistance characteristics
on repeated coolings, has suggested that alkali 'sweeping' by droplets
could increase the-resist?nce inflection. This was clearly shown to
occur on a leached glass Surface where considerable 'sweeping' was
possible, and the corfesponding resistance inflection was found to be
very large. |

The ‘sweeping' actién, in which droplets are postulated to collect
the surface alkali and léave the interconnecting film relatively alkali
free, has satiefactofily?ekplained the changed resistivity characteristics
Ectween repeated coolingé (ageing). 'Sweeping' was also sﬁown to promote
'premature' droplet growfh due to the Raoult Effect of vapour pressure
. lowering over the alkali-rich zress, |

The electrical charaotéfis%ics of modified soda-lime glass surfaces,
silica surfaces, and polymer surfaces, have indicated many of the_dharacteris-
tics specific to soda-lime glass, and certain general characteristics
of insulator surfaces dufing water vapour'cdndensation._ The occurrence
of a resistance inflection on puie siliéa suggests a physical inflection
mechaniém, rather than chemical, ahd could be explained by the postulated
aren variation effect duiing coalescence, The results.on polymers,
however, did not clearlyiindicate ény such inflection - although experimental
uncertainties limit any écfinite conclusion from the results, The ground
glass surfaces did not exhibit coalescence events unfil the dropiets
were large (droplet movement was limited by the rough tovography), and

the surface resistance inflection only began when these large droplets
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Btarted to coalegce,

‘The experiments have enabled the resistance characteristics to be
accurately compared with the true dew—point temperature over water
(the gas saturator water temperature) In general droplets were observed
on sodawlime glazs at temperatures above the true dew-point, and thlq :
haq been satisfactorily explained by the Raoult Effect, When the eurface
alkali had been swept' into small_areas, the droplets formed during
-subsequent coolings were observed on the 'clean' areas at temperatures
just below the dew-point, However, droplets were formed on the alkali-
rich areas at temperatures approximately O.SOC‘above the deﬁ-point.
Droplet formation on pure silica was observed at the. dew-point temperature
(within the uncertainty region of the temperature calibration), Droplet
formation on the polymers occurred at temperatures well below the dew-point,
ahd was explained by the 'Kelvin Effect! of droplet curvature on the
necessary sub-cooling to nucleate droplets,

"In general, the first series of exberimehts has shown that the
glass surface resistance minimum occurs just after the formation of the
firast droplets. The eorresponding'surface temperature elevation above
the true dew—p01nt is largely dependent ‘upon the 'Raoult Lffect' of
soluble surface materlals. The 'Ke1v1n Effect' is believed to be negligible
on soda-lime glass and silica due to the low water/surface contact angles.

The second series of experlments 1nvestigated the time dependent
growth of droplets on glass surfacee 'sub-cooled' at a constant temperature
below the dew-point, The observed growth rgte of the droplet basal radii
has been satisfactorily related to the theoretically predicted rates,
although considerable experimental uncertainties were caused by droplet
growth from coaiescence in addition to condensation. The experiments

indicated that the shapes of the resistivity/time characteristics were
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gsimilar for each surface sub-cooling, although the overall time sc‘ale
became shorter with greater sub-coolings, Furthermore, the average

' droplet sizes were seen to be the same on similar seotiona of the curves

- for various sub~coolings, and the.resietivity maxima corresponded to

| droplets 1;pn1 diameter., This result is further evidence that the surface
resistivity inflection characteristic is due to the‘physical rearrangement
of droplets on the surface., Further analyels has suocesefully linked

the resistlvity/tlme characteristlcs with the droplet growth rates
predicted by the computer-based model.

The design and construction of the condensation cell and associated
equipment has shown many of the problems which would be encountered in
constructlng a hygrometer based on the surface resistivity princlple.
Flrstly, the measurement of the insulator eurfaoe temperature was a
dlfficult problem, due to thermal conductiong&om the thormometer elements,
and was only overcoms by indirect temperature measurement beneath the
insulator surface, The measurement of the surface resistance required
electrode probes of mininal contact area to further reduce temperature
gradients across the insulator surface.> Similarly the gas flow rates
and the gas inlet nozzle position required careful setting to obtain an
even dew deposit over the whole surface area, Clearly, the choice of
surface mnterials for a practical instrument is largely determined By
the chemical stability with water, to minimise the Raoult Effect, and
should be a high energy surface (low water/surface contactiangle) without
pores, to minimise the Kelvin Effect, Of tne materials tested, silica:
appears to meet the desired surface criteris. |

The project has shown that the 'conduotivity?type' dew~point hygrometer
has no inherent advantages over the ‘optical~type! dew—point,hygrometer.

‘Indeed the latter method, which is based.on-a metallic dew deposition
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- surface, has the advantage of greater chemicai stability, ease of temperature
‘ measurement, and design simplicity, Nevgrthelees, the project has

reviewed the fundaméntal processes which occur on a glass surface atithe
dew-point; and has correlated the surfacg reaigtivity with a derived

:mddel of the dew formation and growth process. The exﬁerimentaliwork has
élésely studied the electrical and visual profertieS'of'insulator surfaces
at the.dew-point temperature, and has led to‘the propdsal of ; physical
mechanish which satisfactorily expiains the resistivity 'ageing' process

and the resistivity 'inflection' noted by earlier workers,
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APPENDIX 1

Values of the Gds end Water Physical Properties Relsvant to the Present Work

The condensation rate equationsdaveIOped in Chapters 3 and 4 have
been solved by substituting suitable values for the physical properties,
'The values of these properties are quoted below, and are given in S.T.
unite, The gas and water are assumed to be at a temperature of 1% in

'atandard atmosphﬂric pressure' of 1.01 x 105Pa. The 'carrier' gas
in the experimental work was pure nitrogen, thus the physical properties
of this gas were used in the simulaiion work, ‘The relevaht propertiea
of nitrogen are guoted below, together with the approximate temperature
senaitivity of each value, The cofrespondiﬁg physical properties of air

are also shown.

1) The Gas Properties

1.1) The thermal conducfivity, k. (Units, Wom ', oC_1)
Nitrogen, k = 0,0243%, This value increases by 0.5%.per°C increase,

For Air, k = 0.0241.

1.2) The density,/Dg. (Units,-kg.m-j)
Nitrogen,/og = 1,25, This value decreased by 0.4% per % increase,

For Air,/oj = 1,29

1+3) The coefficient of molecular v1scos1ty/p (Units, N.s m )

1,65 x 10 5. This value 1ncreases by 0.3% per °c increase

]

Nltrogen/p

For air;p

1,68 x 1072

1.4) The Prandtl Number, Pra. (Diménsionless)

Nitrogen, Pra = 0,720, This value decreases by 0.04% perOC increase

For air, Pra = 0,715
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2) The Vater FProperties

2.1)

2.3)

2.4)

The lolecular Weight, M = 18,016 k3. mol.™!

The Density, p. (Units, kg;m‘a),

For water, o = 1,000 x 103.'kg.m_3

The"latent heat of vapourisation, hfs; (Units, J.kg—1)
For water, h(g = 2,500 x 106. This value decreases by 0.1%

On 4
rer °C increase,

The surface tension,x'.'(Unité'J.m—2)_

For water, B’ = 0,0755. This value decreases by 0.2% per ¢ increase,
Note. The value quoted is for avplane air/water interface., The
surface tension of dropleté‘decreases with increase of curvature,

The recent work of Ahn et al (83) has reviewed fhis effect and

shows that the decrease is only significant for radii less than‘

20nm, For water droplets with a radius of 2nm, the surface tension

is 0.058, vhilst a radius of 5nm has the value 0.067 J.n2

3) Constants

341)

3.2)

The Universal Gas Constant, H. (Units J.m01"1. K—1)

R = 8.314 x 107

The Psychrometer Constant, A (Units, °C"1)
A=17.2x 107 |

The value quoted here is that used by Wylie (62) for similax
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axperimental conditions, 1In practice, the value is dependent upon many
factors including the surface geometry and the gas velocity., The work
reviewed by Harrison (63) suggests that increasing the gas speed from

1.0 to 2.0 m/sec would decrease A by approximately 4%,

The values for the gas properties quoted above are taken from Simonson

(84), whilst the other values are taken from Kaye and Laby (85),



206,

AFPPENDIX 2

The Temperature Controller

The temperature measurement and control system has been designed
to meet five basic criteria;- |
i) Tempgraturg measuremént and controi at anyvset—ﬁoint within the range

-20°C to + 20°C
ii) Temperature sef—-point resolution >0.00190
iii)Temperature control error band £0.001°C
iv) A fast reaponse to set-point variation.
v) The ability to change set-point with no temperature overshoot.,

The controller developed to fulfil the above criteria follows the
conventional design approach discussed, for example, by Kutz (86) and
Murrill (87)., A bridge circuit compares the set—pointviesistancé with
the thermistor resistance and the difference signal controls the cooling
element, The main problem to be ovércome in the present design was
obtaining a stable éontrol signal from the bridge when the most sensitive
resolution was required, The desired resolution is such that a 0.001°C
temperature change at 0°c represents abthermistor resistance.change of
approximatel& lnin 20,000qa.

The éontroller comprises four basic sections.

.i) A.C. Bridge and Amplifier, |

ii) Phase Sensitive Detector (P.8.D.)

iii) Cooling Element Current Source,

iv) Loop Control Unit,

| The design of each of the four sections will be discussed below,

A block diagram of the overall system is showh in fig. 37 in Chapter 5,

i) A.C. Bridge and Amplifier (Fig, 101)

An A.C; conductivity bridge has been chosen as the most suitable
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design for the present measurements. The excitation frequency was
limited to less than 150Hz because of phase displacement in the P.S.D.,A
"but should not be foo low otherwise the P.S.D.. filfering time constant
would become excessive, TheAfrequency should avoid mains 50Hz or its
harmonics. The chosen frequéncy was 80Hz,

The voltage across the thermistor is limited by the self-heating
effeét, and for the Fenwal UUA35J1 the appropriate dissipation constant‘
is SmW/OC. The bridge arm Qoltaée was set at 100mV r.m.s., which causes
approximatel& 0.5u W self heéting at 0°C, This produces a 6 x 1072 °C
temperature rise,

The bridge circuit (fig. 101) consists of two iow noise amplifiers,
The first stage.is operated as a current to voltage converter with the
conversion ratio Vi = -105.1"‘; The second stage is an inverting amplifier
with switchable gains from unity to 500, The bridge mensitivity will
be calculated :-

In the bridge arms I, - I2 = Lin

y_ —_ V - Iin - - _\il__
Thus .RS R’ru +AR B )Os
Vi o =105V | ' (1)
: Rs R + AR .

And the overall bridge and amplifier gain is

Vour = 10% Ga (L I ) C e(2)
v - R Rw +AR

Where I, = current in 'set-point' resistance

f

I. = current in thermistor.
Tin = 'out of balance' current.
V "= bridge excitation voliage per arm

V: = output voltage of A,
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_V;n = output voltage of Az,

Rs = 'reference' or 'set-point' reasistance.

RTH
AR

G2 = voltage gain of the second stage (A2).

thermistor resistance,

-]

thermistor resistance increment,

The bridge gsensitivity at 0°c may be calculated for the maximum

gain condition,

‘Thus G2= -500

Rs = Ry 163254 at 0°C
AR = 0.850 per 0.001%
v = 100mV

Thus Vout = ‘15.9mV per 0.001°C at 0°C

This signal level is quite adequate to drive a control system,
Unfortunately, however, there is abconsiderable quantity of noise associated
with this signal, Mains 50Hz pick-up is the main sourca of 1nterference
with the 80Hz signal. Prom the above calculations, Inn = 3,2 x 10 A (rms)
per 0,001 C, and the mains 50Hz component was found to be many times
greater than this level - deapite the use of shielded cables and common
earth points, A phase sensitive detector was therefore used after the

A.C., amplifier to recover the signalvfrom the noise,

ii) The Phase Sensitive Detector (P.S.D.) (Figs., 102 and 103)

The P,S.D. sérves two purposes in the control loop. Firstly it
indicates the polarity of the bridge unbalance slgnal, and secondly
it recovors the signal from interferlng noise and pick-up,

The P.S.D., circuit, fig. 103, is similar to that &escribedvby

Marzetta (88). SW1 and SW2 are used to ground the inputs so that the

~
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amplifier offset potentiometers may be adjusted to produce a zero d.c.
offset at the output. Typically the output offset remained within

5QA4V of zero during tests, The circuit has a d.c, output‘equal to
(2/%) x (J2') x (Vsig ) vwhere V@@ is the r.m.s, input voltage. This
expression assumes that the signal and reference are in phase; énd if
there is a phase displacementlﬂo, then the expression must be multiplied |
by (C§sﬁ’). To ensure that phase displacement errors are minimised,

a reference signal amplifier is capable of 'trimming' the phase,

The reference amplifier (fig. 102) provides a ¥ ¢ Volt squarewave
which is 180° displaced from the bridge voltage. This displacement is
necessary to compensate for the signal invefsion in A2, The potentiometer
adjusts the awitching threashold of the aaturating amplifier, A9, thus it
corrects assymetry in the waveform. In practice, SW2 was closgd on
the P,S.D, and the 'phase adjust"control was set to produce zero signal
from the P.S.D, before each test,

iii) The Cooling Element Current Source (Fig, 105)

The Cambion 39%1..1 cooling element has a maximum feaistance of 1a
and is designed to operate with an input cufrgnt up to a maximum of
6Amps, In the present work, the lowest attainable asurface temparature
wa.e -28°C. Over a limited current range, 0 to 3 Amps, appfoximately,

the temperature differential between opposite midea ofithe cooler is

almost linearly dependént on the input current. The manufacturers |
literature, and tesfs with the thermistor'b:idge, show that the differential
témperature sensitivity at 1 dmp, ias 11% per Amp,

A precision current source has been developed to provide any desired
constant current into the cooler. This circuit is baased on the 'Howland'
current pump, and comprises A14, with TR1,2‘and 3, in a loop which
maintains conatant curfent in the cooling element., The cooler current

Ic, is given by &
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Te = - Vin/R3
Wihere Vin is the output voltage of 413, at Ri
and R3 is a 2a resistor,

The circuit in fig, 105 is capable of providing a'coolér current |
from O to 6 Amps, as thé_input voltage varies from O to -12Volfs, When
the-load current is 6 Amps, the'1OVolt supply provides 9 Amps. R 4
dissipates 16 Watts, and R3 dissipates 18 Watts under maximum loazd thus
high power (100 Watt) .high stability resistors were used and were
bolted onto heat sinks, The current source hés an input reéistance of
100k51and is ideally operated from the low output resigtance of the
controller summing amplifier A13,

iv) Ihe Control Loop, and the Control Unit (Fig. 104)

The system described so far may he operated as an open loop controller.v
The temperature may be altered by édjﬁsting the volﬁage into the cooling.
element current source, and the actual temperature'may be measured with |
the bridge and detector circuite, In practice, howsver, the temperature
of the copper Block and insulator apecimen is not directly proportional
1o the cooling element current, nor is it absolutely atable. There are a
number ofvsources of témporature 'drift', Firstly, after an increase in
cooler current, the differential temperature across the cooler becomes
conastant after a time lag in the order of 15 minutes, but the heat sink
temperature continues to ihcrease at a much slower rate. Thus the‘cold
face temperature falls to a minimumband then slowly increases. Short
term temperature fluctuations are a gecond source of error, and are most
noticeablé during condensation when extra thermal energy is dissipated
on the surface éf the insulator, |

A closed loop control system has beéen designed 80 that the above

drift problems, and various other problems, could be eliminated. The
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63% time constant of the cooiing element and Slock assembly has heen
measured as 4.7 minutes, (open loop). The copper block aloﬁe has a
time constant calculated to be less than ?b seconds, thus the coollng
PlemPnt provjdes the gredtest thermal lag. The control loop has been
d981gned,to reduce this time lag, and the loop has a variable time
constant so that temperature overshoot may be avoided when changing
setuboint.

Ideally, proportional + integral + differential controi provides
the optimum perfonnance for the type of control requiréd. In practice,
differential control could not be satisfactorily obtained due to excessive
noise from an active differentiator circuit. Nevertheless, proportional
- +-integral éontrol has provided a system which meets the original desién:
aims. 

The signal which feeds the cooling element current soﬁrce compriées
three parts which are éummed in A13. Firstly, a constant voltage from
A12 which is initially set to brlng the coolexr temperature close to the
set-point, and within the proportional band of the control unit,
(The proportional band is defined by the saturation levels of the integrator
and proportional ampllflers) The second input to the summing ampllfier
igs the integral of the P.S.D. signal (error),and A10 is the‘active
integrator, (SW4 is a low leakeage sﬁitch which is opened to commence -
the integrétion). The third input to A13 is proportional to the P.S.D.
signal, and is ihvertedlnAﬂ with a gain b£,~0.5. (SW5 is kept shorted
to ground before control action is réquiréd). |

A12 has a gain of 2, thus each ﬁurn-of'the_'set current' potentiometer
represents one Amp céoler cuirent. The cooler sensitivity is 11°C.per [\nq>
at 1 Amp., The integrator time constént and the integrétor and propoye
tional gains (set by RV1 and RV2), were 1nit1a11y chosen by follOW1ng

the empirically derived equations quoted by Murrill (87). The practical



217,

results based on these controller congtants were goqci, and only required
s].ight ad justment to optimige “the controller‘response for the présent
requirements,

The control loop has been analysed to study the step responqe of
the system 8o that the correct damplng could be predicted. Fig. 106 is

a block diagram of the overall control loop.

SET ‘ K ’
Ponr e | Va ‘ % Twe | Vs
V) Kit 5T | b+ s T [Bemdl K3 ]

ConTROLLER Tuermar  Sysvem THermisTor  Brivee

Fia. 106 Temeerature  ControL L oop

The amplifier time constants, and thermistor tiﬁe constant, are
less than 1 second and are therefore neglected in the above loop. The
cooling element and copper block are assumed to be a first order lag

term, with a time constant of 4.7 minutes, the measured value.

K, (- )

]

proportional amplifier gain = (" 0-5 ) X

Kz‘ = cooler sdurce gain constant = 5:5 °C per Volt

Ks =(bridge conversion gain)x(P.S.D. gain)= 15:9 «0-9 Volts per °C of O°C,

' RV1
Tm = integrator time constant = 30 «x 12 kn Seconds.
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where Rr = [OMaand (r = 8/uF
Te = thermal time constant = 4.7 x 60 seconds. ,

From fig, 106 it is seen that

R I L ) K;Ka) '. e (3)

5‘.Tmb b +5.Te

To obtain the characteristic equation, 1 + G = 0

Thus ‘|,+ .Ll_K_?-_K}__ + .i&_ = 0

| +5.Te 5Tm(|+ 5. To)
5%+ S (—14tﬁ§i£§LK§) + :%ff%i = 0 veed(4)

From this second order equation, the natural undamped frequency,

~ Wn, -and the damping ratio, X, may be calculated,

wn = | _KuKs ceee(5)
Te. Tm | |

y - 12? SLK%& - | vees(6)

For optimum steady state control (i.e. an underdamped system), -
RV1 = 15k, RV2 = 20ka . (These values were found by experimental
tests). ‘i‘he controller, with these s’ettingé, will be analysed by the
above equations., |

From the preceding work,

Ki = 0.3
Kz = 5.5°C/v
Kz = 14.3 v/%



219,

T

Te = ?82 sec,

100 sec.

#

Thus Wwn = 0,053 rad/sec

and  § = 0.79

The time constant,T = (n.J = 24 seconds.

The experimental resﬁlts of this control operation are plotted in
fig. 107. These practical results indicate a similar tlme constant,
T, although the damping ratio is in the order of 0,55,

To avoid overshoot (i.e. to make § > 1) the integrator time
constant was increased during the set—point’change by switching SW3

to a higher integrator resistor. With‘fhe.above gain settings,

When R1 = 10Ma + 25Ma s Wn = 0,028 rad/sec and Z =. 1.55
Ri = 10Ma + 50a, wn = 0.0216 rad/sec and | = 2,02
Bi = 10Ma + 100Ms, Wn = 0,0167 rad/sec and § = 2.61

The performance of the confrol lpop is.shown in fig;107mhere the
integrator time constants are compared. The sensitivity of the bridge
was shown in equation (2) to'depénd upon the thermistor resistance, hence
K3 is a function of température, This dependence of Ki on temperature,
and other small non-linearities, has led to the necessity to experlmentally
test the controller before each series of insulator coollngs. These
initial tests determined the minimum integrator time constant whlch av01ded
temperature overshoot durlng each temperature step,

For optimum conirol with greatest system sensitivity (A2 éain’=
500), R¥t was set at 15ka and RV2 was set at 20ka , This control was
us,d/gor the time dependent, cohstant temperature tests described in
Chapter 6.

For optimum control with & lesser sensifivity (42 gain = 20),

RV1 was set at 3ka and RV? was.set at 2.5ka . This control was used

for the tests involving temperature steps equivalent to 100.n increments.
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_in.thermistor resistance,

The peak to peak deviation of the (errér) signal from the P.S.D.
was TmV maximum at the greatgst s&stem sénsitivity-at 0°C. This error
band is equivalent fo a'temperature exoursion of + 3.5 x »‘IO-5 . Clearly,
the controller performance exceeds the design aims by a large margin and
the stability of the overall system must depend upon that of the thermistor

as discussed in Chapter 5 section 5.4.
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APPENDIX 3

The Computer Simulation of the Surface Resistance ChangefDufihg Droplet

Coalescence,

The calculation of the 'surféce' resistance through,é giéwing dew
deposit is a diffiéult problem. The situation to be simulated in’thiS'
work consists of a thin liquid film surrounding a number of liquid
droplets., The required fesistance is that between opposite sides of a
square area of film and droplets resting on aﬁ insulating plane substrate.
Fig. 108 shows this surface condition.

A direct mathematical solution is not available for such a complex
~ three dimensional field problem, The method adopted in the present
work is a 'finite element’ sbiution; obtained iSy dividing the liquid
volume into many small elements and creating a resistor ﬁetwork model
of the liquid,

The substrate (insulator)”surface is di#ided into émall squares,
and the line intersection points are refered to as "grid points" in
this work, The centre of each square is considered to be an electrical
node, and adjacent nodes are connected by singlé resistors, Fig. 109

illustrates this nodal intercommection,
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The iesistance, Rn, betﬁeen édjacent nodes is given by:-
Rra .= .”A%KJQ“;
Where /o = the liquid specific rgsistance
! = the distance betweén nodes

‘A = the cross sectional area of the liquid between the nodes, -

To. calculate the resistance, Ri,z_,_between nodes 1 and 2 it is
necessary to find the cross sectional liquid area between grid points
2,2 and 2,3, For the purpose of the present 31mu1ation, thls area
'A' is taken to bei-

Ll b ¢ ha)
2

Whexe hz,, is the liquid height at 2,2

and  ha,3 is the 1iquid height at 2,3

Thus Ri, = 2. o RN

h11+ h;s

Fig. 111 shows a cross section throﬁgh a. droplet and film which
has been divided into elements. The 11quid height, h, at any point above

the substrate covered by a droplet is glven bys-

hxy Te® (x +fj ’ (Tane) ceesn(8)

fi

Sin* 6

Where x is the X coordinate distance of the point on the horizontal
substrate, from the droplet centre,

3 is the f coordinate distance of the point on the horizontal
substrate, from the droplet centre.
Te is the basal radius of the droplet.,

© is the droplet contact angle with the substrate.
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A number of models have been developed to study the effects of drop-
let growth and coalescence.. The general method of calculating the
surface reaistance of any defined physical surface conditions will be :
described before ihdividuai mddels are discussed,

.The compﬁter based simulation of any surface condition invélves
the creétion of a suitable number of liquid elements and electrical
nodes, - The liquid height at each grid point is then calculatéd, and
hence the resistances between nodes may be found, Fig., 110 shows the
resistor network>which follows directly from the defined grid model,

The édge to edge surface resistance is calculated by creafing a conduc-
tance matrix for the nodes, and a current source matrix which is zero
for all terms except node1. The matrix is then solved and the voltages
are found'at each node, The total resistance of the film and droplets
is given by Vi /I, where Vi is the calculated'voltage at node 1 and

I+ 1is the defined current through node1d, |

To obtain an accurate surface resistance value it is necessary to
divide the surface into many smalllelements S0 that the droplets may be
accurately modelled, However, the computing effort rises considerably
with an increase in nodes, thus it has been necessary to optimise the
calduiation routine, The program which 1nverts and solves the conductance
matrix was éeveloped in the Department of Engineering Science at the
University of Durham, for the analysis of structures. The 'conductance
matrix' replaces the 'stiffness matrix' in the original program, The
method of solution is based on a 'Choleski! technique which only requires
the computer storage of diagonai elements within the matrix bandwidth,
Thus a medel with 40 x 40 nodes requires the storage of 40 x 1600 terms
in the Choleski method, but would require 1600 X 1600 terms to invert

by less advanced methods,
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Three sizes of surface model have been devéloped; 10 x 10, 40 x 40
and 50 x 50 grid point models, The 10 x 10 model is guickly and accurately
nolved by computer (7 seconds C.P.U. time and 0.004% caleulation error
on a plane uniform film). The 10 x 10 model, however, has insufficient
resolution to accurately model tﬁe process of droplet coalescence and
multi-droplet growth., The larger modéls were found to héve an adequate
regsolution, but the computational effort was considerable."(The 50 x 50
modelnwés estimated to require > 1000 seconds C,P.U, time for the solution),

A technique has therefore been déveloped to reduce thé number of
nodes whilst retaining the resolution 6f the'original network., This
 '‘nodal reduction technique' is based’on the géneralised version of the
'star-delta transformation', called Rosen's TheOrem. _?ig. 112 illustrates
the application of this théorem to the present problem, It has beén
found that the nuﬁber of new nodes is half the original number plus one.

It should‘bevpdssible‘to keep reapplying the technique to obtain é
further redugtion in fhe number of nodes, but no method has béen developed
to program fhe computer to automatically regenerate the~prbcesé. The
single applidation of the method has proved adequate for the present work, .
and the 40 x 40 model requires'170 seconds C,P.U, timé_for solution and
has a calculation error of 0.08% on a plane film, Tﬁe 50 x 50 model
requires 380 seconds C.P.U. time and has an error of 0.,2%, The 40 x 40
model has been used in all of the simulatiéns describéd below.

The initial computational work was done on the"IBM 360“computer '
(Universities of’Newcastle/Durham)'but the laige storage and time require-
ments of the program limited'the maximum number of steps‘per éimulation
to 10 (i.e. ten resistance calculations during a simulated drop growth
sequence), The final work was done on the”IBM 370" computer at the

University of Cambridge which is approximately 5 times fastér than the
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TBM 360.

Thfee nodels will be briefly described:-
i) Two droplets growing and coalescing, (ii) Twenty dropletq growing
and coalescing, ( (iii) #ultiple droplet coalescence,

1) The Two Droplet iodel

Thé input data to the "two droplet' model consists of the coordihates
(on the 40 x 40 unit axes) of the centres of two droplets, and tbelr
initial radii, The grld points are taken to be 0.1um apart, thus the
area gtudied is 4 ¥ @Mm « The droplet growth rate, calculated from
equation (72) in Chapter 4, is also program ihput data, together with
the droplet contact angle '6' and the adsorbed £film thicknéss. Suitable
time increments were c¢hogsen o allow an equal number of growth steps before
and after coalescence occurred,

The éomputer-based model dalculates_the surface fesistance after
each radius increment of the originsl two droplets, and & gheck is made
to find if the droplets have touched. When this occurs, a new droplet
is formed such that its volume is the sum of the constituent droplets
and its coordinates are at the‘centre of‘mass of the constituent droplets,

Fach simulated growth sequence is made with a film of constant
thickness surrounding the droplets. The spécific registance of the
droplets and film is taken to be a constant value, (113/nnis chosen
as a convenient specific r951stdnce for all s1mu1ations)

Flg.113 ahowa the results of a number of simulations of two droplet
growth and coalescence. The initial two droplets in each 51mu1ation were
of equal diameter, which is the condition of maximum area change during

- coalescence, The droplets were placed in three»different directionsg
relative to the electrode axis. From fig, 113 it is‘seen that the
naximum resistance increase occurs when the droplets are perpendlcular
to.the electrodes., The graphs show the effect of various initial droplet

sizes, and different film thickness, The largest resistance increase
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found in the present simulation occurred when two droplets 1.7/um diameter,
with contact angles of 200, coalésced on a surface with a 2nm film thick-
ness. The resistance increase was 50% of the resistance before coalescence,
The scale of the model may be changed withéut altering the genersl

resulté, although ihe droplet growth rates must then be‘different.

ii) 'The Twenty Droplet Model

The twenty droplet model is & direct development of the two droplet
model, The droplet centres were rahdomly located on the surféce, and
the initial droplet diameters were chosen within a small range of values.
Again, the droplet diameters were increased by regular increments cal-
culated from the mass transfer_rate equations, The computer program
contained arrays which stored the droplet iocations and diameters, and
after each time étep the arrays were scanned to check for droplet coalescence
e?ents. If more than one coalescence situation was possibie, the droplets
which had greatest 'overlap' were reformed first, The 'data arrays’
were updated after the new droﬁlet locations and diameters had been
found, and the'sufface resistance was then calculated,

The model was capable of simﬁlating droplet growth by time and/or
temperature increments, and therefore follows the two basic types of
experiment described in Chapter 6. In practice, the model examined
droplet growth at constant surface sub=-cooling,

The considerable time and storége iequirements of the computer
program have restricted the number of simulations with this model.

Fig. 114 shows two typical simulation results, and indicateé that smaller
time increments and a larger number of droplets would be necessary to
'smooth! the results., A resistance increase is clearly shown on part of
each curve, It is considered that the droplets have grownwith too small

a size change to satisfactorily study the situation in practice where the
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re#istance increase takes place ovef an estimated dfoplet~diameter change
from approximately 0.2 umto 1§Mn1..

It is considered possible to extend this simulation by combining it
with the droplet nucleation and growth model, developed 1n Chapter 4,
to model 3 comp]ete dew deposit formatlon and growth process. This has
not been attempted, however, due to the computational size and time
limits, Furthermofe the model would require modifidation to simulate
the surface leaching and 'sweeping' effect discussed iﬁ Chapter 6, which
is believed to be a contributary factor in the surface resistance
characteristic, |

iii) Multiple Droplet Coalescence

The final computer modellsimulated the effects of ﬁany droplets
simultaneously cpaleséing to form a single droplet. The aim of this
work was to establish some data for the maximum effect (i.e. the greatest
resistance increase) causéd by coalescence,

The surface was ihitially covered by 46 identical droplets in a,
triangular close packed arrangement., Thege droplets coalesced to form
a single droplet in the centre of the surface. The simulations briefly
considered the effects of changing the droplet contact angle"e', and

changing the film thickness. The results are shown below:-
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FIIM CONTACT NUMBFR OF | SURPACE RESISTANCE
THICKNESS ANGLE DROPLETS (BASED ON p = 1am )
0.001 ~ Plane Film - 999, 2
0.001 10 46\EQUAL 134.9
 1POTAL |
0,001 - 10 1) VOLUME 629.7
0.001 | 20 46) BQUAL 69.5
| - lromar | :
0,001 - 20 1) vorome 612.9
0.004 20 46)EQUAL 60.8
TOTAL
0.004 20 1) voLoME 163,3

The 46 small droplets eajch‘ have a basal radius of 0.61/,4". ,
- The single 'combined' drbplet has‘ a basal radius of 1.63/4m.
From the above results it is seen that the greatest resistance
increase (by a factor of 8.8) occurs with the thinnes_t film and the
greatest droplet contact angle. As in the earlier simulations, the
scale of the model may be changed without affeqting the general result.
Thus the film thickness could be 0.01 ‘m (40 mol’écules rathef than 4

molecules thick) and the area would then be 40um square,
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