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mechanism) with the microthermometry findings of Cooper and
Lloyd [99, 10@]. This fact appears to have influenced
Voutsinos and Judd towards the rcady acceptance of these
results and towards the rejection of Judd's carlier work.
The reasons for this rejection arc in [lact inadequately
argued. The phrase 'failure of the optical filter to
properly isolate the (mercury yellow) spectral lines ...
from the remainder of the spectrum' could imply the presence
of transmission side-bands in the filter; this could,
analogously to white-light illumination, have given a reduc-
tion in the number of fringes, but it seems unlikely that
such a filter could have becn used. Alternatively, the
words could imply a filter of too high a bandwidth; this
(us shown in Section 6.3.4) would have given successively
weaker fringes in the inner (thinner) microlaycer repion

only; no such effect was, however, obhsecrved.

The monochromativity defects here discussed were certainly
absent in the present study. Side-bands in the (ilter were
blocked to iess than 0,001 per cent transmittance, and the
bandwidth (as analysed in Section 6.5.4 and Appendix 9)

was sufticient for fringes to be visible with essentially
undiminished contrast up to a microlayer thickness of 1 um
and to be d~tectable up to a thickness of approximately 4 um.
If the - .- volayer in the present study had had an edge
thickro:+ +f the order of 10 um (as Voutsinos and Judd's
tema:it< umply), then six fully bright fringes would have
occur.ed close to the inner microlayer edpe, a further 18 of
successively diminishing visibility would have occurred in

the inner region (less than half-way to the edge), and none

would have been visible in the outer region. Strong and roughly

equally spaced (ringes (typically four maxima) were, however,

obscerved over the entire microlaver arca.

Similar reasoning dismisses an argument (avouring thick
microlayer which might be derived from the interfercence
study of Katto and Shoji [175]. The study dealt with liquid
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layers formed beneath injected, {lattened air bubbles and
revealed irregular fringe spacing such that some fringes
appeared to stand out more clearly than others. It occurred
to the author that a similar effect might have ari=en in

the present study and that only the clearest fringes were
recorded and possibly numerous intermediate ones lost. Had
this been the case, however, the fringe visibility would
(with a now thick layer) still have been limited to the
region near the inner microlayer edge. Since this was not

observed the argument is ruled out.

No other recasons for a reduction in the number of maximum-
reflectance fringes from 60 (the figure required for a
micro.ayer thickness of 10 um) to four can be found to apply

in the present study.

lFaced with this dilemma, the author turned for an opinion

to an optics consultant, Dr J H Talbot f207] . Talbot,

after a bricf examination of the present work could similarly
find no obvious optical detfect that would have led to the
suggested erroncously low fringe count. Concerning the

study of Voutsinos and Judd, however, he cxpressed reserva-
tions on the laser technique and in particular on the ecvident
omission of a spatial filter. The lascr uscd by Voutsinos
and Judd, the Spectra PPhysic Model 125A, was in his experience
incapable of unimodal operation, irrespective of tuning;

thus in the ahsence of spatial [iltration, multimode inter-
ference would have occurred and addicional and confusing
fringes could have been present  (sce  Figure 9.14). The
correct procedurce for obtasining a c¢lean interferometry beam
would have consisted of the tuaing of the laser to maximum
output in the axial mode, the converging of the overall beam
onto a spatial [ilter (a pinhole of a few um diameter), the
tuning of the filter so as to block the off-axis modes, and
the recollimation of the c¢lean output. This procedure was
clearly omitted by Voutsinos and Judd; no mention of it
appears in their text, and no modification of the laser output
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(other than beam expansion) is shown ian the apparatus sketch.
The strength of the consequent multimode effects would have
been dependent on laser tuning. 1f, for example, the laser
had been tuned for maximum power, then four off-axis modes

of equal strength (and a weaker axial mode) would have been
present and the miltimode fringes would have been strong.

These remarks are not interded to suggest that the work of
Voutsinos and Judd is invalid, but rather that it 1s not

sufficicntly above criticism to invalidate the present work.
9.6 CLOSURL

The opening scctions of this chapter prescnted a numerical
analysis of the rate of evaporation of thin microlayers (as
observed in this study), but with the microlayer assumcd
stagnant. The analysis suggested the nresence of liquid
repienishment, independentiy of the ortical evidence of
Chapter 8, and further, showed that the evaporation of the
replenished microlayers might well have been a significant
contributor te the total vapour flow into bubbles. Thus

the optical measurcrents of the present study were recor iled
with the microthermomctry firdings of Cooper and Lloyd

(b9, 100].

Next, the overall forces acting on the observed bubbles

were analysed. Buoyancy forces, tend.ng to lift the bubbles
off Lheir microlayers were found to be predominant. The
pattern of bubble for es was tlus demonstrated as being
compatible with a m crolayer intlow or replenishment mechanism.

The microlaycr thickness measurements of the present study
were then ccmpared with those of Judd [150] and of Voutsinos
and Judd [151]. The work of Judd was shown to have been
founded on the early publication of portions of the present
work [152] and to have given essentially the same results.
The study nf Voutsinos and Judd, however, deriving f{rom laser
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rather than conventiona! interfcrometry, was found to give
radically different results, with microlaver thicknesses
exceeding by an order of magnitude those here reported. The
rejection (on the grounds of a monochromaticity error) of
Judd's earlier work was shown to have been unsatistactorily
argued and the allegation that a similar error might have
occurred in the author's published work [152] (and thus in
this thesis) was answered. No monochromaticity error, nor
other optical defects that could have resulted in the
suggcested low fringe count could be found. The examination
of Voutsinos and Judd's work, however, vevealed imperfections
of laser technique which could have led to extraneous {ringes
and thus to erronecously high microlayer thicknesses. It

was noted, on the other hand, that the measurcments of
Voutsinos and Judd were in more dircct agreement (without

tiie invocation of wicrolayer replenishment) with the findings

of surface microthermometry studives.

1t would appear that the conflict betweon the two sets of
interference measurements can only be resolved by further,
similar work employing a correctly operated laser. The
author is, for reasons already stated, in no position to
conduct such work. Should such work be forthcoming and
Voutsinos and Judd be proved correct, then the present study
could be seen as having initiated an ultimately successful
experimental approach.
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CHAPTER 10

SUMMARY AND CONCLUSIONS

Interim summaries and concluding comments have been given
at various points throughout this work. It would now be
well, cven at the risk of some repetition, to gather the
most imr-.rtant of these together and to emphasise the
contributions made.

Part 1 of this thesis provided a brouad overview of the
mechanism of nuclecate pool boiling and applied the {indings
to the problem of correlating and predicting such heat
transfer.

An interpretive review of the literature was presented in
which the chiet transicer processes constituting the boiling
mecharism were identified and, where possible, assessed
quantitatively. The trzatment was largely confined to
saturated pool boiling in the presence of isolated bubbles
and, because of the naturc of the published material, to
terrestrial gravity and to atmospheric and lower pressures.

It was shown that in the region of isolated bubbhles cach

bubble has associated with it an 'arca of bubble inf{luence’

and that, as an approximation, the boiling process may

be considered as entirely limited to such arcas. The remaining
surface may thus be considered as supporting undisturbed
natural convection.

Lach area ol bubble influence was shown to support a complex
pattern of primary transfer processes at th- heating sur-
face and subscquent redistributions of encr, in the fluid
phases. Mean rates of heat transfler, qi,'wcrc defined for
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each transfer process or for related groups of such pro-
cesses. The chief features of their brcakdown and inter-

relation were:

(a) q], the total arca- ~of~influence heat =ranstfer rate,
is resolved into qMI’ the heat flow into the liquid
microlayer (there causing microlayer evaporation) anc
into further primary surface-to-liquid heat f{lows

which build up the thermal layer

(b) These latter heat flows ure redistributed into qBWI’
the heat transferred due to cvaporation at the walls
of attached bubbles, and qﬁc, the heat transferred
from the thermal layer into the liquid bulk by bubble-

induced convection,

(¢) qgl and q&“ togcther constitute the latent heav
transport SITD that is, the heat transfer due to
evaporation at all surfaces of the attached bubble.

(d) The primary surface-to-liquid heat transfer processes
in the area of bubble influence ti.as maniflest them-
selves partly as latent heat transport and partly
as bubble=-induced convection:

i i 1
ap = dpy * Ype (10.1)
. . R S T 1 i
(e) In subcooled bnxling qpyy 18 redistributed into qeonpeng?
that portion of 4y p which recondenses {rom dttuchcd
bubbles, and qLHvis’ the remaining portion of qIH which

visibly detaches from the surface as vapour.

The revicew showed that the concept of nepligible latent
heat transport (qIH << ql) derives from carly boiling studics
in which not qf”, but quantitics obscurely related to it

were measured. In particular it derives [rom subcooled boiling

AN T DR TRV ]

AL LY T

T TIRETTIIOELY T T TLAL I TY T A




322,

studies in which qi” ig Was found to be negligible. Neglect
of the term qCONDIN%’ loose semantics and arbitrary extra-
polation led to the widespread application of the concept

t+o all conditions of nucleate boiling.

It was shown that with q}H considered negligible, bhubble-
induced convection became gencrally achpth as the pre-
dominant thermal-layevr-to- butk heat {low (qu( - q})' Some
of the many resulting heat transfer models and corrclations
were reviewed and their Iimitations and (when present) valid

features noted.

A review of experimental studies on the thermal boundary
layer was given. This indicated (ut lcast for saturated
and near-saturated boiling) that qB(, whilce slpnlf]Ldnt
does not constitute the predominant fraction of qI The
primary heat transfer processes building up the thermal
layer in the arca ot hubble influcence were found to be con-

vective and dependens (inoa complex manner) o on bubble movement.

Determinations of the latent heat transport in the arca of
bubble influence were reviewed., For saturated boiling both
indirect arguments and bubble measurcments indicate that

the previously discredited latent heat transport is in

fact the major mode «f heat transfer from the thermal layer
into the bulk. The measurements cover d wide range of

test conditions, hcating surfaces and f1uids. Thosc conducted
at terrestrial and reduced gravities generally indicate a
latent heat transport contribution of at least 70 per cent:

i i
Ay * 0,7 Ay (10.2)

At multi-g accelerations, however, the contribution falls off.

For the casc of subcooled boiling indirect cstimates of

the tern qéONDENS were shown to suggest strongly, 1f not

I~
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conclusively, that qi“ (= quvis + qéONDENS) is ol comparable
magnitude to q%.

In saturated boiling at terrestrial gravity the total
boiling heat flux was shown to be approximated closely by
the sum of the latent heat flux and of the undisturbed

natural convection heat flux:

(@/A)p = a/d)py * (“/MNC (10.3)

Thus the mean heat (low qﬁc, duc to intermitteat bubble-
convection, is of approximately the same magnitude as the
natural convection heat flow were it to operate undisturbed

over the entirce arca of bubble influence.

The correlation of nucleate boiling heat transfer should
ideally be based on the primary surfacce-to-liquid heat
transfer processes in the area of bubble influencr. Thesc
Processes were siown to be of such intricacy thao their
models have become analysable only when simplificd to the
point wherc they no longer relate to reality. An examina-
tion of the 'bulk convection' correlations illustrated

this difficulty.

An alternative approach was supgested, Its basis was
the predominance of latent heat transport in the areca of
bubble influcace and the approximation of bubble2=~induced

convection by natural convection (cquations 10,2 and 10.5).

The resulting model was analysed without recourse to further
mechanistic assumptions. Coupled with a method of surface
characterisation similar to that of Mikic and Rohsenow [47],
this led to 2 new and realistic heat transfer correlation
for saturatced pool boiling. Comparisons with experimental
iata were presented.  These indicated that the cvorrelation

allows the prediction of bhoiling curves q/A versus Aqut
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at any pressurc, provided that at least onc boiling curve
for the same surface, or prclerably the same surface-liquid
combination, is available as a reference. Although derived
in terms of isolated bubbles, that is, low heat [lux, the
correlation continues to hold throughout the lincar range
of log-log boiling curves. Its validity is probably
restricted to terrestrial gravity and to non-metallic

liquids.

With the importance of latent heat transport thus cstablished,
Fart 2 of the thesis took a detailed view of one ot the
component processes of latent heat transport, namely micro-

laver evaporation,

A review of previous microlayer work was given. This
revealed the existence of only onc sct of direct measurce-
ments of microlayer geometry, bty Sharp [104], but these

had been conducted on artiticially flattened bubbles of
nnknown growth rate. The review thus pointed to a need for
synchroniscd optical records, at various conditions of
normal boiling, of: (a) microlayer shupe and thickness
versus time, and (b) overall bubble grcwth and detachment.
Such mcasurcments, it was argued, would lcad to an assess=-

ment of the microlayer contribution q&L/ﬂﬂu

The apparatus built up to permit such mcasurements was
described, its main, and largely novel, features were: &
transparent electrically aeated surface which formed the
tloor of a boiling tank, high-speed ciné interference
photepraphy {.om below which provided details of microlayer
geometry, and an imape reflection system which caused the
bubble profile view and the microlayer view to appear side
by side and on the same (rame of (ilm. Sore unusual
techniques in the preparation of the heating surface were

described in detail.

An analysis of the optics of the interference system was
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given. It's most important findings werc that only a

limited range of liquid refractive indices, and thus terst
liquids,gave acceptable fringe contrast (methanol and etlunol
were suitable), and that the maximum measurable microlayer
thickness was approximately 4 um.

The experimental techniques, data processing and inter-

pretation were described,

Resul+s for seven bubble cycles were presented. These
coverced the liquids methanol and ethanol, pressures of 24 to
43 kN/m?, over 1 heat fluxes of 30 to 70 kW/m? und bulk
subcooling of 0 to 20 K. The bubbles displayed involution
upon departure and the emission of sccondary viapour columns
and bursts of sccondary bubbles. LExplanations of these

all but unknown phenomena were (urnished.

The main results consisted of histories of microlayer
geometry, of bubhle volume and of dimensions characterising
bubble shape. In all cascs microlayers were found to be

of submicron thickness; microlayer thinning (visible evapora-
tion) was restricted to the inner layer cdge with the thick-
ness elsewhere remaining constant or increasing with time,
and the contribution of this visible cvaporation to the total
vapour flow into bubbles (that is, to latent heat transport)
was found to be negligible. These lindings arce in apparcent
conflict with the deductions of surfacce-thermometry studics
and in particular with those of Cooper and Lloyd [99, 1001.
The microlayer thickening, however, demonstrated that

liquid in-flow or rceplenishment occurred simultancously

with the evaporation process.

This replenishment was investipated further by means of a
numerical analysis of the rate of cvaporation of stagnant
microlayers having thicknesses as obscrved in this study.
Extensions to the Crank-Nicolson technique to cover moving-
boundary cvaporation problems were described.  The analysis,
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firstly, suggested the presence of liquid replenishment
independently of the optical evidence, and sccondly, showed
that the evaporation of continuously replenished microlayers
(q&L) might well have been a sign@ficant contributor to the
total vapour flow into bubbles (qu). The optical measurc-
ments of the present study were thus reconciled with the
surface thermometry findings of Cooper and Lloyd [}9, 100].

The mechanism of liquid flow within the microlayer was not
examined. Photographic results werce, however, presented
which indicate that the forces causing microlayer in-{low
are of the same order of magnitude as those associated with

bubble deformation and departurc.

The overall forces of inertia, surface tension, viscosity

and buoyancy were thus cvaluated fer the bubbles observed

in this study. Except in the very carly stages of bubble

growth the buoyancy forces, tending to lift bubbles continuously
of f their microlayers, were found to predominate. The pattern
of bubble forces was thus shown to be compatible with micro-

layer rcplenishment.,

Finally, the microlayer measurements of this study werc
compared with those of Judd [150] and of Voutsinos and

Judd C1S1]. The studies were found to have derived from
published portions of the present work flSZ and when em=
ploying conventional interfcrometry E150] to have given
essentially the same result., With laser interfcrometry E151],
however, very much thicker microlayers had resulted. The
question of a possible optivs crror cither in the present
study or in the laser study of voutsinos and Judd was

analysed in some detail, but could not be finally resolved.
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10.1 SUGGESTIONS FOR FUTURE WORK

This study has of necessity touched upon numerous topics
requiring attention. Only those considered most urgent
and linked most closely with the main conclusions are here

mentioned:

It is suggested that the assessment of latent cat transport
by direct bubble measurements be extended to pressures

higher than atmospheric.

The heat transfer correlat.en of Chapter 3 should be further
rested and the effect of various heater materials and of
fouling on the surface-characterisation constaats K and m

should be investigated.

The dynamics of replenishment {low into and within the

microlayer should be analysed.

The numerical analysis of microlayer conduction and
evaporation should be extended to take replenishment flow

into account.

Most important, the conliict between the microlayer measure-
ments of the present study and those of Voutsinos and Judd
[151] should be resolved hy similar work employing a
correctly operated lascr.

With the interference technique then firmly established it
should, in combination with the bubble profile reflection
technique, be applied to a wider range of {luids, pressurcs

and l'ow conditions.
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APPENDIX 1

VAPOUR CAVITY COLLAPSE WITH LIQUID JET
FORMATION

In Lighly subcooled nucleate boiling the collapse of bubbles
on or near the heating surface is followed by the ejection of
a hot liquid slug into the pool bulk. It is of interest to
speculate on the mechanism of slug ejection, by drawing upon
the results of cavitation studies.

An exccellent review of cavitation hydrodynamics as well as
experimental work relevant to the present problem is provided
by Benjamin and Ellis [60]. They show that cavitation bubbles
imploding spherically in an infinite field (Rayleigh implosion),
typically produce pressure pulscs of the order of 10%kN/m?.

The amplitude of such pressure waves, however, falls off very
rapidly with radial distance. If now a wall is present at such
a distance that the pressure is still appreciable, the collapse
is no longer spherical and powerful effeccts, additional to
normal Rayleigh implosion, can arisc: For imploding vapour
cavities in contact with or closc proximity to a wall, the
liquid inflow can become distorted such that a liquid jet,
dire-ted towards the wall, is formed on the cavity surflace.
Such jets can be clcarly secen in the high-speed photographs of
Benjamin and Ellis [60].

Plessct and Chapman EZ]Z] have presented a theoretical
analysis of such collapse. Figurec Al.1, taken [rom their
work, shows the outline in section of successive stages

of collapse for (a) a hubble in contact with a wall, and

(b) a bubble initially half its radius {rom the wall at the
closest point. Plessct and Chapman provided theoretical
maximum jet tip velocities as a function of time (and hence
cavity shape) for a particular value of AP/oL. (Al is the
constant pressurc difference hetween the liquid outside

and the vapour inside the bubble). Further they showed that
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1
the jet velocitics scale with (AP/pL)’, thus allowing the
calculation of velocitizs for other pressures.

Assuming for the moment that the above collapse mechanisn
operates in highly subcooled nucleate boiling, we ncw
estimate the order of magnitude of the jet velocities under
che conditions ot Gunthor's forced convection boiling study
of water [74]. The required AP values are obtainable

from Bankotf and Mikesell's analysis Bﬂq of C.nther's data.
The analysis shows that AP is essentially constant through-
out cach bubble life, and that in the subcooling range

of 45 to 100 K its value for all bubb.ies lics between 2,9

and 4,5 AN/m”.  The jet velocity is here determined for

the intermediate value of 3,7 KN/m”. DPlessct and Chapman's
data [212] show that for an attached bubbic¢ the jet velocity.
at the instant it strikes the surtace, is 128 m/s for a

value of &P/ of (100 KN/m" Y/t g/¢em?).  With an assumed

pp oof 1 g/cm’ f?r Gunther's work, the jet velocity is

128 (0,“37)””, that is 21,0 m/s. Thus bubbles collapsing
during the highly subcooled boiling of water could possibly
dircct liquid jets of roughly this magnitude towards the
surface. The observed slups of liquid cjected from the
surface might then avise from the reflection o the collapse

jets.

It is not possiblic, even {rom the detailed photographs

of Bdhr ES?], to ascertain whether or not jet-type collapse
‘ocs occur in subcooled boiling. The clongation of the
bubble prior to involution (stage 3, Figure Al.la) certainly
does not take place. Jet formation is, however, not ruled
out. Figure 5 in Benjamin and Ellis' paper Dﬂﬂ shows
scvere departure from the theorcetical collapse geometry,

yet an involution jet is delinitely present,

Strictly specaking, the collapsce jet analysis is valid only

for bubbles initially at rest and in the absence of extranecous
asymmetric effects (e.g. gravity, tangential liquid
velocity). It is not known whether real boiling denarts
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sufficiently from the ideal conditions to invalidate tle
analysis. Lven if it does, therc exist further possibilitics,
reviewed by Benjamin and Ellis, wherchy effects additional

to purc Rayleigh collapse mipht arise.

Jet-type bubble collapse in subcooled boiling is here
suggested merely as a possibility, with the further sugrestion
that a closcer look at cavitation collapse night prove

profitable.
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APPENDIX 2

SATURATED~-BOILING STUDY OF RALLIS AND _JAWURLK

This appendix reproduces the published saturated~boiling
study of Rallis and Jawurek [2]. 1t provides, [irstly,
the experimental details of the latent heat transport
measurements discussed in Section 2.6.5, sccondly, 4 study
on the interrelation of bubble frequency and departure
volume, and thirdly, the beginnings of the nucleation cor-

relation given in Section 3.2.1.

Figure 6 contains a minor plotting crror which has been

corrected in Figure 2.19, Chapter 2.

The notation and reterences are scparate from those of the

remainder of the thesis.,
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LATENT HEAT TRANSPORT IN SATURATED NUCLEATE

NOMENCLATLURE ", comstant,

. constant ; n number of  bubbic  sources
A4, heat-transfer arca {17} heat-transter surface.
h, constant; N n (. bubble source concenttion {ft ];
e, C, constants, N nucleation  sile coneentration
Dy, equivalent spherical bubble dias- [t ).

meter at departure [ft], Mu. Nusselt number;
f bubble frequency [s 'orh ' ;. liquid pressure fatm];
Jis bubbic frequency of individual Pr. Prandd number;

source [s 'orh 1); O enthalpy of formation of bubble
1. mean (arithmetic. unless  other. (Btu]:
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Abstract  Fapermental work on the nudleate pool boing of water at saturanion s reperted. This
mdicates that lateat heat transport, tg 410, 1y at all stages sigrutieant. The ratey (g e tg Ay
increases steadihy with increastny feat flun and appears to tend to ity as tg Dy tends towards
burnout §atent beat transport and comvection togethet account fos the totad fluxy msaturated boiling

The basic patameters entenng smto the formudation of g T bat s the product of buhble (re-
quency and bubble volumie at departure £ and the bubblie source conventration N, are further
nvestigated

1t 1n shown that most published tindings on the parameter £ are mapphaable o heat-tramter
correlations due to the incerrect detinton of means Eaporimental results shosw that ay the tanth-
metie ) mean product 71, moreases with ftux, and oo e parteoudar flus the product 34 s appros-

mately the same for cach bubble sournce
The data for & on water and on organics boding it vanoos pressares indiate that the relation

(¢ 4)  comstant N

where 1t~ 08 appedrs to hold ondy inthe regien of isclated buhbtes
A hypothests s evolied and contirmed expenmentally cccondmg to which the curnve of N
A . takes the form of o cumalative frequency distribution
Analyss and contirmatory experiments show that nucleation and nacleate borthng cannot be made
to proceed indetmitely at lower and lower pressures, for o particubar surface hgud combinateon a
pressure enists which marks the threshold of a hitherto unrecogiized regime of unstable nucleate
borhing At lower pressures the nucleate regime is altogether abwnt,

wisc stated) of f;:

arithmetic mean of products £ 1,
gravitation aceeleration [t h*[;
mass veloosty of vapour in depart-
ing bubbles [Iby, h {t2];
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o mouth radius of Toreest active  terms being nepligible. Thus the lux contribu-
cavity {1 ton given by equation (21 s termed farent heat
o mouth radius of soallest active frampront
cas ity il Pnasmich as our ultimate am s the correla-
Re, Reynoids number; Hon of nucleate bodime heat fluves, the chaiee of
Tt saturtion temperature of hguid 1 the bubble volnme the metant of departure
| R]. from the heatmne surface. s the onby logical one.
1. heater wall temperature | R1 I has been shown by Sakob (3 and o~ veritied
AT (0 7.0 [deeRY: m the present study (et feast tor the case of fow-
I, bubble volume {1t puny boilimg, that bubbles i saturated borling
}a. bubble volume at depoarture [tU]0 continue too grow after departure until they
Vas, bubble volume at departare for o reach the free liquid surface. The heat required
particular source {114, for this growth must ongimally hase left the
. mean Garithmetic, unless cther- heating surface by some comection mechanmism,
wise stated)y of bal and must be correlated on that basis
. speciiic volume of vapous i’ RO It as furthier aceepted that the butk of the heat

Gireeh symbols

o, hting thermal boundary - Liver
thichness [t
AL latent heat of vaporizaton
(Btu ib]:
M. P vapour and liquid density

[Ib, teH):
a, sutface tension [y tt)

I INTRODUCTION
1.1 Definition of latent heat transport

This paper deals primarily with the transport
of energy away from a heating surfice assocated
with the formation of bubbles thercon duning
saturated nucicate pool bosling.

It has been shown [1. 2] that the enerpy (.
required to form i bubble of volwme booand of
radius larger than abeut 1007 1L as piven. Lo
good approximation, by

On Foope th

with properties evatluated at the wturated state
corresnonding to the hyuid pressuic,

Since the diameter of bubbles at the instant of
departure from a heated surface exeeeds 10 I
by several orders of magmitude, the cnerpy
carried away from such a surface by huhbles
may be formulated as

(e e e 2l b ()
[ |

Evidently cquation (1) only represents the
latent heat of formation of a bubble, other

vequsied for artached bubble growth must ibso
be translerred from the heatmy satface, via the
Ligund sub-Layer, by sonz: conduction conveetion
process. badentiy the ebuthnon mechanism s
mvobed and becomes rate controlhng, when the
normal conyecthion processes tend to “saturation”
and are no longer able to cope with the rate of
heat sepply. The exact distribution of heat flow
between these 'wo possible paths, that is con-
vecton and oulhuon, dearly will be flus-
dependent. 1t therefore appears preferable to
correlate the flun contnbution of the heat of
formation ot attached bubbles separately and
terms of cquation (2).

o st up therefore - the ktent heat transport
detined by equation () accounts for the heat
that feaves the surface by conduction and con-
vection to Torm bubbles up to the pomt of thar
departure; the difierence between the total flus
and the tatent heat transport represents the heat
that Teaves the surface by convection, thereafte
to mantfest itself partly n the further growth ol
ristng bubbles ind partly i evaporation without
chullitien at ihe tree iquid surfaee

12 Previons work ondotoir o cat Transport

I Ras until recenthy been = aceadly held that
nucleate hothing. whet' « sub-covked o
waturated. Tatent heat teanspor s detined abose
contributes  mapraticantiy to the total heat
Mur, Fhis notion appeats to have been buased on
the sih-cooled holimyp studies ol Gunther anel
Kreith (4] and Rohsenow and Clark {1

As it result the Tugh heat-transter rites typical




LATENT HIAT TRANSPORT IN SATURATED NUCLFATE BOILING 1053

of nucleate boiling have, in the main, been
attributed to bubble-induced agitation aear the
heating swface. This has fead to correlation
equations of the general form:

AYT] const, Ret e (R)]

where the dimensionless parameters are evalu-
ated in terms of bubble charactenstics. The
better hnown of these have recently been re-
viewed by Zuber and Fried [S]

At a particular pressure and for given
surface liquid combimation these reduce approxi-
mately to:

t D const (M 4

Clearhy since the nucleation characienisbies of the
heating surtace are pnored. such equations
cannot adequately correlate nucleate boiling
data  Attempis foaccommoedate nucleation
eficets by the inclusion of active site coneentra-
ton terms have dead 1o cquations of the form
[6 9]

{g H  conste NN Ly (%)

Inasmuch as these relations do not Lk decount
of latent heat transport, N represents the number
of hquid flow-inducing sourees.

Recent indirect evidence [1012]0 however,
suggests that Litent heat transport cannot be
ignored 1 saturated boiling Trrespective of the
heat-transfer mechanism operating in nuckeate
boiling. a study of the parameters entening mnto
cquation (20, as well av thar mter-relation,
would appear to be necessary,

In our reports of 1960 [14 ] attempts at the
photographic determinanon of A fand Feand
at the evaluastion of fatenr beat transport an
saturated hoiling were reported. Tt was shown
that for water and cthyl aleohol botling
atmospheric pressure ladent heat transport
increases steadity with increasimg flux, untilin the
vidinity of the peak ffuat alone accounts for the
total flun, At no stage was ats contnihulion
neghgible. Due 1o shottcomimgs of the photo-
graphic techmgue the bubble solume at departure
could not be accurately  dotermined Also.
bubble frequencies could only be me sured
relatively low  fluxes, hugh-fluny values being
obtained by extrapolation using an empincal
equation fitted to the Tow-flux data. Thus there

was some dou ot as to the accuracy of the latent
heat transpory determinatic 1. The main con-
clusions reached are, however. still considered
vahd.

1.3 Purpose and outline of this study

Summarizing then: One o8 faced with
satuation in which cvery better known heat-
transfer  correlation for  saturated  nucleate
bothing s hased on the experimentally unverified
assumption that the contribution to the total
flux by latent heat transport is negligible. Recent
work tndicates vt this concept s almost cer-
tainly incorrect.

In this paper determinations of fatent heat
transport in saturated  botling of water at
atmospheric pressureare reported. Further
I ostigations into the basie parameters entering
mto the Latent heat transport equation, that is
cyuation (2), are presented.

In Section 2 esperimental work on latent heat
transport i described. Section 3 deals with
bubble froguencies and  bubble  volumes at
departere and thar nter-relation. Section 4
provides data on the concentration of bubble
prod cmg sites and s study of nudleation,

2. CONTRIBUTION TO THE TOTAL FLUX BY
LATENT HEAT TRANSPORT
2.0 Apparatus and neasuring techniquee

The apparatus used pernutted determination
of the heat Muv and temperature difference
between the heating surface and the liquid bulk:
A means of measuring V. oand Tyowas also
provided.

Roiling vessed (Pre. By This contarned a hor-
sontal, clectieally heated mickel wire, 0-02 in
dit. which acted both as g heating element
and as g resstance  thermometer. (A wire
rather than a flat plate was used because of
the greater ease m terpretng the resuftant
photographs. Alsvo edpe effects were thereby
avoided ) An auvibary  heater maintained
the hguid balk at the saturation tempera-
ture corresponding to - ambient  atmospheric
prossure (212 paa) A mercury-1m-ghiss ther-
mometer measuted the hiquid bulk temperature.
The test wire was placed nan mner tank, This
has been shown o be necessary if stagnant pool
conditions are o be nuuntained in the test
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of nucleate boiling have, in the main, been
attributed to bubble-inducad agitation near the
heating surface. This has lead to correlation
equations of the general form:

Nu o vonst, Revt Pry (R

where the dimensiondess parameters are evalu-
ated in terms of bubble characteristies, The
better known of these have recently been re-
viewed by Zuber and Fried [S]

At a particular pressure and for a goen
surface liquid combimation these reduce approvi-
mately to:

ty 1 const (M) By

Clearly since the nudleation charactenisties of the
heating surface are agnored. such equations
cannot adeguate!  correlate nucleate boiling
data. Attempts  to accommodate nucleation
cffects by the mclusion of active site coneentra-
ton terms have lead 1o cquatinns of the Torm
|6 9]

iy 1) const NN L) (5

Fnasmuch as these relations do not take aecount
of latent heat transport, N represents the number
of hquid flow-nduding sources.

Recent indirect evidence {10 12]0 however,
suggests that latent heat transport cannot be
ignored in saturated boting. Trrespective of the
heat-transfer mechanism operating i nucleate
boiling. a ~tudy of the parametens entening into
cquation (2). as well as thor aater-relation,
would appear to be necessarn

In our reports of 1960 {13, 14] atteaipts at the
photographic determination of A, 7 and Fooand
at the evaluation of latent heat transport n
saturated bothng were reported. U was shown
that for water and cthyl alcohol boling at
atmospheric pressure latent heat transport
increases steadtly with increasing ffus, until in the
vicinity of the peak fhevat alone accounts lor the
total flux. At no stage was its coninbution
neghgible. Due to <hortconungs of the photo-
praphic techmgue the bubble svolume at departure
could not be accurately  deternmuned. Also
hubhle frequencies could only be measured al
relatively Jow  fluses, Ingh-ftux vilues being
obtained by extrapolition using an empirical
equation fitted to the low-uy data. Thus there

wis some doubt as to the accuracy of the latent
heat transport determination. The main con-
clusions reached are, howeser. still considered
valid,

1.3 Purpose and outline of this study

Summarizing then: One v faced with 4
sitiation i swhich every betier known heat-
transfer  correlation for saturated  nucleate
boiling is hased on the experimentally unverified
assumption that the contribution to the total
flux by Litent heat transport is negligible. Recent
work indicates that this concept s alimost cer-
runly incorrect.

In this paper determinations of litent heat
tramsport in saturated  baling of water at
atmospheric prossure are reported. Further
myestigations into the basic parameters entering
imte the latent heat transport cquation, thet is
cquattion (21 are presented.

In Scehion 2 epeamental work on latent heat
transport 1 desenibed. Seeton 3 deals with
babble  frequencies and  bubble volumes  at
departure and  thar amer-relation, Section 4
provides data on the concentration of bubble
producing sites and s astady of nueleation.

2. CONTRIBL 1ION TO THE TOTAL FLUX BY
LATENT HEAT TRANSPORT
2.0 Apparatus and measuring technique

The apparatus used permitted determination
of the heat fluy and temperature ditference
hetween the heating surface and the liguid bulk:
Oomeans of measurme VL foand Byowas also
provided.

Boiling tessed (e, 1y This contained o hor-
sontal, clectnaally heated mckel wire, 0002 in
die . which acted both as o heating element
and s o resistanee  thetmometer. (A wire
rather than a4 Mat plate was used because of
the greater case inomterpreing the resultant
photographs. Also edpe effects were thereby
avoided 1 AR aunvilary heater maintained
the  hiquid bulkh ot the saturation tempera-
fare corresponding (o ambient  atmospheric
prossure (> 12 patad. A mercury-in-glass toer-
momceter measured the hguid bulk temperature.
The test wire sas placed inan inner tank. This
has been shown 1o be necessary il stagnant pool
conditions are o be nunntained in the test

O I 17 1) ot ~— i~
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liguid [15]; its omission results in variation of
the heat transfer from the wire with the power
level of the austliary heater,

The whole system was completely sealed off
from the atmosphere thus ensuring utmost
cleanliness during testing,

Electrical system (Fig. 2). The wire resistance
was measured by means of a4 Kelvin double
bridge. whereas the heating current was deter-
mincd Jrom the volt-drop across a standard
reststance in series with the heating wire,

Photographic  technique.  This  consisted  of
taking a fixed number of successive photo-
graphs of the test section and bubble field. A
variable-speed drum camera, providod with a
commutator  for trniggering a flashing  light
source. was used. Timing marks were provided
by a ncon-lamp. The control circuit used is
shown diagrammatically in Fig. 3. With this
system 16 successive frames could be obtained, a

LA
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Fic. bV Photography control carcimt.

taking speed of about 8 frames < being generally
used. This allowed at Jeast one eyele of the low
frequency bubbles 1o appear on cach loop.
Specimen photographs are shown in Fig. 4.

2.2 Test procedure

After thorough cleaning the boiling tank was
filled with the test liquid  de-ionized  water,
De-acration of the liquid and the heating surface
was effected by high-fluy boiling for approxi-
mately 6 1.

The test proper was then commenced.
Measurement of the wire resistance and the
potential drop over the standard resistor were

o —
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taken. A loop of ilm was exposed in the manner
described above. This procedure wis repeated
at progressively lower fluxes, some four to five
minutes being allowed for conditons to settle
after each change in heating current. Deter-
minaition of the boiling curve with fluxn pro-
gressively decreasing has been shown by several
workers fo give the most reproductble resulis.
Mcasurements were extended into the region of
natural convection.

2.3 Compurations, ervors and imerpretation of
photographs

Heat fluxes and temperature ditferences (wire
surface to liquid bulkh) were caleulated from
electrical and thermometric measurements. Kok
[15] using this apparatus, estimated the maximum
error in heat flux determinations as - 1 per cent
and the error in the temperature difference as

+ 5 per cent under worst conditions,

The negatives of the film loops obtained were
examined under magnitication by projecting
them onto & screen. Bubble sources, frequencies
and volumes at departure were determined.

At low fluxes the number ot bubhle sources
could be counted with case jsee Frg. )] At
higher fluxes adjacent growing bubbles coalesced
to form larger vapour globules {scc Fig. 4(b)].*

The photographs of Séméiia [16, 17] and
Gaertner [ 1] clearly show large “apour globules
attached to the heating surface by several
stems. Such large globules are made up of
vapour emanating from several nucleation sies.
Bubble volume ut departure can only be delined
as the volume of a vapour globule leaving the
surface, irrespective of whether the globule
arises from one or more nucleation sites. Thus
to maintain the meaning of equabion (2), N, the
number of bubble sources per unit arca, must he
defined as the number of regions per unil
area from which vapour globules emanate,
irrespective of whether such regions contain one
or more nucleation sites. At low flux in the
region of isolated bubbles the bubhle source
concentration equals the nucleation site con-

t Evidently the fMux at which diserete bubhles or
globules cccur s much higher with thin wires than with
flat plates [11, 18, 19]. Contnuous vapour columns or
jels were not observed cven il the highest heat flus
invesligated, 137 000 Btu/h [

centration; after bubble coalescence this relation
ceases 1o hold. The error in determining N s
roughly the same as that in the measurement
of the heating surface area, that is 1 per cent,

Prefiminary tests conducted at various camera
speeds showed that. with the optimum speed of
approximatety XS frames’s used. the maximum
error in determining the bubble frequency is
about - 2 per cent.

Because of the relatively low camera speed it
was rarely possible fo obtain a photograph of a
bubble at the instant of departure. Jakob [3],
however, has found that at about the time of
departure o bubble grows relatively slowly,
Figure § shows three bubble-volume vs time

[ : ' S S st o

,

! VO Smant teeied butbie

' O terge " "
T Ceaancet budbe

£ 0

- )0

Wy ntgreets

o S Bubble growth curves,

curses determined with the apparatus described
above. For all three types of bubble considered
the promth curves flatten out in the vicinity of
departure. The instant of departure was caught
only for the Large isolated bubble, Thus the first
picture showing 4 bubble detached can be satis-
factorily used Tor the determination of bubble
volume at departare, whenever departure is not
photographed:  this procedure was  adopted
throughout.

Bubble volumes were aalenlated on the
as.umption that bubbles are spheroids. At fow
flux this assumption holds well: at high flux its
validity v dubious. For this and other reasons
measurements were not extended to very high
fluxes,

AN TP M PR 1 PN |t trus tu g S et S e e e
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When bubble dimensions were measured under 0. R .
magnification some error was introduced due to ; (380 (A, R
. . - . . . < R S . -
blurring of the outlines. The resulting error in - e N 7 S :
bubble volume is estimated at - 20 per cent for Pe ~
the smallest bubbles observed and less than R o1
- § per cent for the largest. Taking bubble size o fard), AN ‘
. . . . . - A}
distribution into account, this feads to an error oy o ‘7’;’;_'1 100
in latent heat trunsport of - 8 per cent at both ¢ g L Sne
the highest and the lowest heat fluses measured. g ‘o A
The overall error in the deternunation of latent &
heat transport may thus be taken as -« 12 per x --"tw;;w;*c error
. ‘o g8
cent. ¢ ‘
2.4 Results and discussion ® ot .

The boiling curve, log (g ) vs AT, and
the latent heat transport. as caleulated from
.quation (2, arc plotted in Fag. 6. The natural
¢ mvection data are correlited and e trapolated
by an equation of the form (¢ e CATY

L .
0y % " ” i ¥ "

Algar. vg!

Fri, 6. Boiling curve for water alse showmg latent
heat transport and extrapolated natural convection
CUrve,

to/a, ., Btu/n n?

Fio 7 1 atent heat transport and convechion as per-
centages af total heat fluy,

{13, 14]. The pereentage contribution of latent
heat transport Lo the total flux is plotted against
(¢ Are in Fig. 7. Clearly this contnbution is
nowhere nsignificant.

The error-bounds on Fig. 7 are based on
values of 12 per cent in latent heat transport
and 1 per cent in total flux, Evidently the
latent  heat transport  contribution  increases
smoothly with fluv; at the peak flux (not deter-
mined in this study but generally in the vicinity
ofd106 - 103 Btu h ft¥) it alone might represent
the total flux. It is also noteworthy that the
relation

(q D comst{yg Dpm (6)

stated or implied m several studies does not
hold.

Howas stated carlier that latent heat triansport
and convection (matural and  bubble-induced)
are the predominant  mechanisms  operative
during  saturated  boiling.  Other  possible
mechanisms, e.g. mass transfer through bubbles,
were considered neghgible. The following sub-
santiates this view : Hsu and Graham [20] have
shown that, with respect to thermal boundary
layer disturbance, the arca of mfluence of one
hubble source is small and corresponds o about
two bubble dinmeters. Tt seems reasonable to
assume therefore that in the region of very low
hubble-source  concentration  the  convection
mechanism from a heating surface may be
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approximated by one of undisturbed narural
convection. Thus for the first two determinations
at low flux the percentage convection contriau-
tion (obtained from extrapolated natural con-
vection data) is plotted in Fig. 7. The sum of the
pereentage latent heat contnbution and  the
percentage  convection contribution is  very
nearly 100 per cent within the estimated error
bounds. 1t is felt that the small discrepancy
shown is duc to the negiect of bubble-induced
flow,

3. RELATION BETWEEN BLBBLE FREQUEFNCY
AND BUBBLE VOLUME AT DEPARTURE
A1 Review of previous work

The product of bubble frequency, /., and
bubble diameter* (or bubble volume) at depar-
ture, Dq. enters into many analyses of nucleate
boiling and also into the cxpression for latent
heat transport, equation (2). As such the inter-
relation between frequency and diameter at
departure has been the subject of several
investigations, both analytical and experimental.
A bricef survey of these is given here.

Jakob and Linke [21] and Fritz and Ende
122] presented the first cxperimental studies of
bubble detachment. In the limited fux range
investigatea ean frequencies and bubble dia-
meters at departure were found to be independer
of flux. Thus the product of mean diameter. 1y
and mean freguency, /. was a constant. that is.
at a particular pressure

Da. [ const (M

More recently Perkins and Westwater [23]
preserited a similar study for the medium and
high flux boiling of methanol. They found that
for fluxes up to X0 per cent of the peak flux
the mean frequencies and mean departure dia-
melers remained constant; hence their product
was also a constant,

The same result was obliined by Yamagala
et ol. [I18] for the bailing of water in the region
of isolated hubbles. After the onwt of coales-
cence the data showed a larger scatter,

In the region of the peat heat flux an anitlysis

t For noespherical bubbles detined  as equivalent
spherical diameter.

by Deissler {24] suggests the relation between
mean departure diameter and frequency as

DY r const (8)

Cole [25] was able to obtain some experimental
substantiation of Deissler’s analysis,

A recent analysis by McFadden and Grass-
mann [26} alse leads to equation (8) and is sup-
ported by limited data on the beiling of liquid
nitrogen,

Zuber [27] has proposed an equation yielding
the product of mean bubble frequency and
mean departure diameter in terms of physical
properties of liquid and vapour.

Dsl 059 [aglpr  pi) plluis 9)

At constant pressure this relation reduces to
Jakob's equation (7).

The following section considers the significance
of these results,

X2 Defition of mean bubble frequency and mean
hubhle volume (or divmeter) at departure

The purpose of studying bubble frequencics
and volumes at departure. as well as their
product. is the obtention of the mass velocity of
bubbies leaving the heating surface,

Consider a heating surface of area 4 having
n bubble preducing sites of /ndividual fre-
guencies f; and individual bubble volumes at
departure Py, whered 1,2, ... n Thefunda-
mental definition of the mass velocity of depart-
ing bubbles, (4. i

L]

G MN(fibadp'd (1M
t 1

G, can also be cxpressed fn terms of mean fre-

quencies and volumes such that

”"
(e (n “/.. Fq e Nt ad e d (1D
v
The left-hand side of eguation (11 is the generally
used, though not fundamental, delinition of the
mass veloeity of departing buhbles,

It is the general practice to substitute into the
lelt-hand side of equation (11) the arithmetic
means of bubble frequencies and departure
volumes in an attempt to obtain Gy, This pro-
cedure is clearly invalid [28].

vy 111 | (0 Y A ¥

e e 4 v
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Fvidently equation (11) Pcrmits any definition
of one of the parameters f or I"4: the definition
of the other is then fixed. Thus, for example, if
we define mean bubble volume at departure
as the arithmetic mean of bubble volumes over
all sources. that is,

”

NMlgn (12.1)

ot
(S}

r-‘tl

then the necessary definition of mean frequency
follows from equation (11) as

foS U S (12b)
i1 [

For purposes of obtaining the mass velocily
it is unnecessary to scparate the product f 1y
into fand £y, We therefore define the mean of the
product of frequency and departure volume as

b

’ ;‘rl .\_’:(/’lrtll)"' (13)
Pt
and Gy as.

G AT Tap Sthbadpod (4
[
Equation (13) is consistent with the two expres-
sions for Gy in equation (14).

3.3 Expected behaviour of [y Vs and fVq

For a constant flux from a heuting surface. it is
possible to produce various arguments which
suggest that at any particular surface tempera-
ture the product f; }. should be the same for all
sources. Consider, Tor example. the following:
A bubble in growing extracts heat from the
thermal boundary layer und in departing leaves
behind an area of destroyed boundary layer
[20. 29]. Bubbles of Jarge departure volumes
will cause large arcas of destruction. Now bubble
frequency is determined by the waiting period
(the time required for the recovery of the
boundery layer) and by the bubble growth
period. The waiting period and the growth
period are generally of comparable magaitude.
A large area of destruction will have a long
waiting period and a large departure volume
will require a long growth period. Thus a large
departure volume is associated with a low fre-
quency and vice-versa, This description iy over-
simplified—see for example [20]; however it

does suggest the possibility of an interrelation
of the type

Ji bai const. (15)

where i 1.2.....n and n is the number of
bubble sources. Some statistical scatter is to
be expected.

Dealing now with the variation of the mean
product 7T with flux (or temperature dif-
ference) the definition of latent “ieat transport
is recalled

(g'Ayn NJVa depr (16)

AN and 7 T4 are the only terms that vary with
flux. If (¢ Ay and N are plotied wgainst
(¢' A1ot an idea of the variation off_l'_',: can be
obtained from the slopes. In Fig. 8 the data of
the present study are represented in this fashion.
The N vs (¢ A)rm curve will be discussed
in Section 4. It is immediately clear that Ta
cannot be independent of dux since the slopes
of these curves are not equal; also that TVa
should increase slowly at first and more rapidly

T
-~ 10%
~
-
—5t
4
:b'
9 i [T SO T DAY U S R
0 10
w0* x*

(e, Btu/hnt?

Fi, & Latent heat transport and bubble source con-
centration versus totai heat flux, showing difference
in slopes.

e g e e e e
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as the flux (or the temperature difference)
increases.
3.4, Experimental results and discussion

The product f; Vai. For purposes of esting the

hypothesis that at a particular flux /i Va,
const. it is convenient to write this relation as

Vae - const. (1) f1) (1N

e ey T

(1/fl) x10° ) S
L.g

See note

L3 B

—fY s83x0 RS
---1198std deviation

3

¥ xw‘ , it

(c)
Fi. 9. Relationship between bubble frequency and
volume at departure. Nore: In (<) two bubbles of
large volume and unmeasured frequency are not

shown. For latnt heat transport purposes their
contribution was included by estimating their

frequency from Ay

Thus when plotting Vg against (1/ /i) a straight
line through the origin is obtained if th: hypo-
thesis holds. In Fig. 9 three sets of data, two at
high flux and onc at low flux, are shown. The
full line on cach represents the arithmetic mean
of the products fi Fay. that is [ P, at that flux.
Similar plots were obtained for all six film
loops exposed, with the data of loop 5 (at the
fowest flux) showing a much higher scatter.
Thus the proposed relation, equation (135) or
(17) holds within certain scatter limits,

It is of interest to determine the correlation
coeflicient for b and (1//;) for the six tests.
A correlation coeflicient, r. may be computed
for any two-dimensional set of observations,
but unless the underlying population is two-
dimensionally normally distributed the nter-
pretation of r is uncertain. Thus only if both
Vg and (17 /) are normally distributed for
a set of observations can the correlation
coellicient be regarded as a measure of their
interrelation,  with |r| 1 indicating linear
dependence [30].
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For the observations here reported the
distributions of F.oand (17 /;) were generally
not normal. However, the departure  from
normality was not large, especrally for the data
at higher fluses. As anesample, Fig. 10 shows the
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Fic,. 10. Histogram of departare volumes tilm loop 1)
with supermposed normal distribution,

histogram of by, for film loop | compared
with the normal distibution of mean and
variance cqual to that of the histogram. Thus
some significance may  be attached 1o the
correlution coeflicients for the tests here reported.

The coefficients obtained ranged from 0-83
to (:92 for film loops 0 to 4, with loop § al the
lowest flux  yielding 067 This  represents
significant support for the hypothesis that at
a particular flux (which is not oo low) the
volumetric vapour flow rate s the same from
each source.

Consider the scatter in the values of the pro-
diet £y ba, at o particular flus, At low fluxes
where bubble formation frequently occurs n
bursts this scatter is to be expected. Difliculties
in measuring bubble volumes, especially after
the onset of coalescence, have alw been men-

tioned. In addition. hecause of the limited
number of frames in cach [oop, 1t wis necessary
to assume that at any Mux successive bubble
periods and departure volumes from a par-
ticular source were equal. Hsu and Graham
[20]. when studying the chullition cyele from
a single source during steady  hoiling, found
large variations in both waiting and growth
periods. The variation of their sum, the bubble
period (1 /i) was less but stifl significant.
Unfortunately the il loops of the tests reported
here were not sufficiently long to allow a
reasonable determination of /i and Vi values
where each s an average over a period of
time from a particular source. This is probably
responsible for most of the observed scatter,
The product T Fa. The variation of the product
T T with both flux and AT, is shown in Fig. 11.
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As anticipated from Fig. 8 this product is not
constant. The “knee™ in Fig. T1{h) is assoctated
with the onset of coalescence.
4o NUCLEATION SITES AND BU BBLE SOURCES
3.1 Preliminary consideration and predicrions
Eflect of temperature diflerence. Nucleation
proceeds  from  surface  cavities  of  certain
geometry [31, 32, 33, 34]. The mean mouth size
of these cavities will in general be distributed
in some way - for argument’s sake as i Fig. 12,

r— - - oo !
3 |
= :
) .
E 7 mn f max
2
.§ ' !
¢
8 act-ve
5
.

o
¢ AN
2
& N

\

Cavity moutlh radius, »

Fri. 120 Hypothetical size-disteibution of nucleation
cavities,

Under given conditions a particular size range
of these cavities will he active. The size of the
largest active cavity, . . may be boundary-
layer controlled: the size of the smallest aclive
cavity. r o is thermodynamically controlled,
For the time being consideration is hmited to
“smooth™ surfaces, that 1s, to conditions such
that the largest cavity present on the surface
{of mouth radius ry)is always active that s,

' Fman  CONSL, (18a)

s
This is equivalent to saying that the limiting
thermal boundary-luyer thichnesses, o, which
is flux and pressure dependent. must at all
stages be great enough te contiain the vapour
nucleus from the largest cavity, that s,

L TN (I8h)

Nucleation may be then characterized to a
rease able approximation {11, §7] by
- 2”T~ul el A];-nn (IQ)

tmm

Now it is recalled that in the study of Griffith
and Wallis [33] it was shown thatan equation vir-
tually identical to equ ition (19) did not hold for
artificial cavities punched into a surfice from
which boiling took place. Tt appears, however,
that with the relatively large cavity size em-
ploved (r 27 - 10 41y the situation grose
where - o, Thus the punched cavities were
not active at all and soual'er natural cavitics
led to superheats higher than those predicted.
In a constant temperature ticld [33] and under
conditions where the limitation of equation (18)
wis satistied [35) equation (19) did held.

At constant  pressure and  with  physical
properties evaluated at the saturation tempera-
ture cquation (19) reduces to

' const. ' M oy (20)

e
Thus the rate of change of the active cavity
(nucleation  site) concentration  with AT - -
AT may be drawn against ATy as
in bag. 3G, that is, approvinitely as the lateral
inversion of the cavity size distribution of [Fig.
12,

Consider now a1 hquid at saturation tempera-
ture and  events  accompanving  a gradual
raising of the wall superheat, AT, Mt a tem-
perature ditference (AT.min the first cavity of
radius rmax s activated. As AT is raised.
smaller cavities become aictive and the nuclea-
tron site concentration. .1, on the surface in-
creases. Figure 13(b) shows the variation of .47
with A70.. that s, the cumulative distribution
corresponding to that of T P, At some
point, say A, bubble coulescence on the surface
will commence. It now hecomes necessary to
distinguish between  the nucleation site con-
centration .+ and the bubhle source concentra-
tion, V. In the intersal MY 000\ | cavities are
activated. I bubbles growimg from these were
all to coalesee with already existing bubbles
then the NV versus MGy cunve would branch out
horizontally to point B in tig. 13(h). This is an
extreme case. Inoactual fact only a fraction,
say v, of X will be Tost as hubble sources, Al
the onset of coaleseence v is eavpected to be
simalls thus the v vs Mo curve moves to
point A v owill be higher in each interval of
progressively  greater Ao Thus the N o
AT curve will take the shape shown in g
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13(b). This curve represents the mtegration of
the distribution dN d(S 700 versus A shown
in Fig. 13a).

Consideriation was originally hmited to sys-
tems where r-,, is independent of flux and

A7, This imposed the condition that the
relation & o~ raax must hold at all stages.
Depending on the micro-roughness ol a surface
this condition may or may not he satisfied. If it
i not then r, is boundary-layer controlled.
The limiting boundary-layer thickness is ex-
pected to decrease with increasing flux and
AT [16]. Thus with sufticiently rough surfaces
ri. will decrease with increasing ATwar. This
would cause 2 lowering of the N versus AT
curve. In the coalescence regime the decrease in
N due to this effect might well be compensated
by a corresponding reduction in coalescence.
Unfortunately no quantitative information on
& and its variation with flux, in the vicinity of a
bubble source. is available.

Whatever the surface. the experimentally
obtainable N versus AT curve is expected to
assunte the shape of some cumulative frequency
distribution. This might not be readily recog-
mzable, especrally if available data cover a
limited range only Differentiation and plotting
of the dN (AT v vessus ATw distribution
should yield more niforma on.

In Section 4.2 oxperimental data will be
examined in the light of these predictions,

The effect of pressure. Séméria [16] has pointed
out that the effect o psressure on equation (19) is
such as to permit he use of

re consl.’ AT . Pr (2D

mi

for v..er in the pressure range | to 50 atm.
This - lation is also applicable. to a rougher
approsimat’on, to several other substances if
P ie substantially below their critical pressure
(see Fig. 14)

Thus if the pressure is reduced on a boiling
system e increases. During operition at some

mn

fow pressure the  tuation will arise where

rron Foo. that s where the size range of
active cavities s zero. Nucleation, and hence
nucleate boiling. must then be expected (o
cease. of otherwise to proceed by some mech-
ant-m other than the normal. It is seen from
cquation (21 that this critical situation may be
reached (at some low pressure) in the middle
of a boiling curve as AT 18 progressively
lowered. At some cven lower pressure the
AT required for normal nucleation is greater
than that associated with the peak flux; below
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ethanol and benzene [35] are also given, These
data were obtained by visual counting with an

. / apparatus very similar 1o the one described
e - earlicr. but allowing pressure variations. The
: r) heating wire diameter was 0-007€ in.

‘;- “ i . In the low and intermediate flux range the
o / / ~ relationship
O (5,‘/ b ‘ (¢ Arror  const, N3 (22)
1}:'0 “o‘/ /{. !
- . 4 ép , proposed by several workers evidently holds.
: / | At higher fluxes however, N increases more
. Y -~ slowly with flux, with the index reaching 26 for
4 v~ for the water data. The visual data on organics
v o T I could not be extended to sufliciently high
3 o e - . fluxes. The “knees™ ol the curves correspond
[ - 10 the onset of coalescence. .
e w % o w  Efect of pressure. The predictions of Section

FG. 14, Vanadon of A p, ol with pressure [vev
cquations (19) ard (2]

this pressure the normal nucleate regime s
altogether absent.

In Section 4.2 experimental work aimed at the
verification of these predictions is reported.

4.2 Experimental work and discussion

Effect of temperature difference and  flux.
In Fig. 15 the data of the present study are
handled in the manner uzgested in Section 4.1.
These results appear to support the proposed
hypothesis surprisingly well. The fact that the
distributions N vs ATy and dNAQATW
v8 AT roughly approximate to normal s
of no particular significance and arises {rom
the micro-structure of the heating surface
employed. In fact, other data [15] which were
analysed in this fashion showed these trends
less clearly. However, the approach appears
to be potentially valuable. Before significant
advances can he made along these lines more
guantitative information on coalescence must he
obtained. Séméria [16. 17] has recognized this
necessity.

Bubble sources and flux, 1L is more common to
present data on bubble source concentrition as
log (g/A) vs log N plots. In Fig. 16 data of
the present study are plotted in this manner.
In addition, data on low pressure boiling of

4.1 suggest the necessity of conducting boiling
runs [(y 1) decreasing] at various low pressures
with a particular surface liquid combination,
Such tests were performed [35] at saturation
temperature. great care being taken to avoid the
well-known “hysteresis™ effect and to maintain
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Fue 16 Yanation of bubble source concentration
with heat flux

reproducibility. Results obtained for ethanol
are presei-od in Fig. 17.

During run E.1 (10 atm) and run E.2 (0-677
atm) the well-known boiling  curves were
traced. This also applies to run E.3 (0-396 atm)
in the high Aux range.

At Tow flux, run £ exhibits a highly unusual
change in direction. This behaviour appears (o
be assoctated with the cessation of operation of
the normal mechanism of nucleation, Inspection
of Fig. 16 in which the N vs (¢/4) data for
this run are reported shows that no dramatic
change in the bubble source concentration
occurred at this point. However, nucleation
scemed to become unstable; bubbles no longer
emanated from fixed sources in column-forma-
tion. but appeared to be formed at points
shifting on the surface. This effect was par-
ticularly noticeable in run E.4 (0-294 atm) where
bubble-producing sources jumped around on
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the surface in a rapid and apparently rundom
manner. A curve of the shape of run 23 has
been obtained by van Swalen [36] for the
boiling of a solution of whey in water at 132
atm pressure. Boiling as noran B4 does not
appeir to have been lutherto reported

The phenomena of runs B3 and T4 cmnot
be attributed to “hysteresis effeet™ or “tem-
perature orershoot™ sinees (i) Tuns were per-
formed a: decreasing lux, an the test procedure
in obtaining runs .3 and B4 wasadentical o
that adopted for the stable runs F.1 and I 2.
and (i) the behaviour did not die anway with
time: in fitct on one occasion during operation
in the unstable region the fluy was maintaned
at the same setting for over an hour, buu the
bubble pattern remained irregular: in the same
run at higher flux no ieregulanty was obsened.

Run E.8 (0136 atm) dlustrates the complete
cessation  of nucleation, At o flux sightly
higher than that of the last point recoraed the
surface burst into 1ilm boihng. The nudicate
regime was entirely absent. Van Stralen [37] and
Lienhard and Schrock [38] have obsenved the
sume phenomenon.

Run £.6 (1-0 atm) as o satisfactory cheek on
reproducibility.

Similar results to the above were obtained for
benzene, bromobenszene. n-hexanol and both
mixed and pure isomers of xylene,

The predictions of Section 4.1 thus appear to
be verified. At some low pressure the cessation of
nucleation by the normal mechanism occurs,
This can take place in the middle of a boiling
curve. A hitherto unrecognized regime of un-
stable nucleate botling cnsts at low pressure.
At even lower pressure the nucleate regime is
altogether absent.

For the case where the limitation of equation
(18) is obeyed it appears possible to predict the
onset of the unstable hoiling region [$7]. This
will be fully dealt with elsewhere,

The cessation-of-nucleation phenomenon has
been known for many years in the guise of
“bumping”. Generations of organic chemists
performing “*vacuum-distillations™ in glass appa-
rutus have added anything rom chunks of coal
to talcum powder (391 in an cffort to prevent
these minor explosions. Sometimes these devices
were helpful, sometimes not, depending upon

whether they did or did not provide the nuclea-
Lion sites previously absent,

It is felt that low pressure work of the type
described  abose s patentially an o extremely
powertul tool m the general study of nucleation

S CONCLUSIONS

(1Y Latent  heat  transport and  convection
together account for the total flux in
saturated nucleate borling. Rl

(2) Latent heat transport is at astages, sigmii-
cant: it is probible that at burnout/\lt alone
represents the total fluy.

(3) The mean product of bubble frequency
and departure volume, TV i correctly
defined. mereases  throughout  the  flux
ringe.

(41 A1 tined Nux and pressure the product
f 1. iy the same for cach bubble source
within reasonable statistical scatter,

{5) The relationship between heat flux (g A)
and number of bubble sources per unit
arcea. M,

(¢ 1) const. N7

where 1~ 0:5 holds only in the absence of
coileseence.

(6) 1t appears possible t determine the size
distribution of potential nucleation cavities
on a surface if the following are available:

(2} The distribution of dN/d(ATea) vs
AT together with data on coalescence,
thus allowing the determination of the
dod d(ATw) vs AToe distribulion.

(b} A critennon of nucleation in - non-
uniform ficlds.

(7) The approximate equation

r 20T ' A ATt

man

being & necessary but not  suflicient
criterion of nucleation under boiling con-
ditions can, however, yield predictions on
the size range of nucleation  cavities,
These have been verificd by experiments
and lead to the lollowing general con-
clusions:
(i) The elfect of lowering the pressure on it
hoiling system is such as o decrease
the size range of active cavities,

M Ty
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(b) For a particular surface liquid com-
bination a particular  low  pressure
enists below which the boiling curve
exhibits instabihity.

(¢) This threshold is reached when the
size range of cavities active n the
normal sense becomes zero. Beyond
this threshold there exists a hitherto
unrecognized regime of unstable nucle-
ate bothing  In this unstable regime
nucleation and  boiling  proceed by
mechanisms  other than the normal.
At even oner pressures the nucleate
regime s altogether absent.
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APPENDIX 3

DETERMINATION OF aj; /ap FROM (/M) y/ (a/A) gy

DATA_ OF JUDD AND MERTE

Judd and Merte [95] Jetermined the following heat [lux

ratio:
(q/-‘\)w/ CILVN (q/z\)w/ [(q/A)T - (4/A) e (ANC/ A‘I‘)inst] (A3.1)
where
(ANQ//AT)inst = b= AiNinst (A5.2)

The area-of-influcnce ratio here required 1s

i/ '
qLIl/q'l‘ CLANYACTA (‘V"’m/[(‘l/’“'r”(“/“"N(:("N(:/ Ar’] (A3.3)

where

(ANQ//AT) = ] - AiN

For both cases the arca of influence is given by

'Y I 4 3

Ai 3 (n/4) Dmnx (A3.5)
Terrestrial gravity values of (q/A)]“//(q/A)Q“ and the
additional data ncecessary to convert this ratio to q;H/AL;
are shown in Table A3.1. The data are approximate and
derive from [igures in Judd and Merte's paper.
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TABLE A3.1
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DATA OF JUDD AND MERTE

(At terrestrial gravity, g/gc = 1)

(Q/A)T

kW/m?

Source

.}n [95]

. ————— -

Steps in the calculats

" Y U ( q / A )
Al i N, N LH
sat max inst 7r71—
-2 -2 (a7M) %
N m n m
—-— et e o e e on i o s — ———
15,6 | sx 10"t | o,sx 107 | 1,2x10°% | 0,78
16,6 | sx 107t Lt x 0% 2,2 x10%] 0,78
178 s 07t 1,8 x 10 | 3,3 x 10% | 0,78
S T SN o 4 _
Fig.” | Fig.o Fig.d | Fig.d Fig. 10

A3.5, arc summaviscd .

TABLE A3.2

CALCULATION OF qfn//q}

o ———

(q/A)T

kW/m?

S

11,5
21,1
41,6

P e e - e

kW/m?

-
4,51
1,08
5,14
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0,617
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8,81
19,45
41,0
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kW/m®
0,203 | 10,24 | 0,07
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APPENDIX 4

CHOICE OF ACTIVATION CRITERION _FOR
NUCLEATION CAVITIES

The mouth rudii, r, of potentially active cavities, that is,
cavities capable of entrapping vapour, will, for any surface-
liquid combination, have some frequency distribution. = ‘or

given conditions a range of these ravities will be active.

The mouth radius of the smallest active cavity is, according
to a slight modification of the treatment of Griffith and

wallis [48] given as fullows:

. e T e
"min ““Isut//‘vAAlsnt (Ad.1)

Thus as AT . is raised from zero, the largest potentially

active cavity on the surface is the irst to become active

(r* = T ).  Further increasce of AL, ciausecs dctivation
max max sat

of progressively smaller cavitics while all larpger cavities

remain active,

quation A4.1 gives the cquilibrium condition ol a vapour
nucleus sitting cap-wisc on a cavity with the cap radius
equal to the cavity mouth radius. The cquation was originally
derived for a .onstant-temperature ficld, with the AT term
sienifying the wall-and-liquid superheat at a particular
piessurc. Under ‘uch conditions the cquation was tested

on artificial cavities and was found to hold [18]. In the
presence of a temperature gradient, with boiling from artifi-
cial cavitics, the agreement ceased s, 118-120]. For
boiling from natural cavities, however, indirect tests

[}, 18] indicated that r* is at least proportional to the

min
terms on the right-hand side of cquation Ad. L,

Direct size measurcments ol natural active sites were provided
by Shoukri and Judd [121]. The heater was a copper block

having surface {inishes varying from a machined (inish of

A p——
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0,4 x 10—6 m centre-line-average roughness to a mirror polish
of 0,1 x 107°
water boiling at atmoshperic pressurc at heat fluxes ranging
from 60 to 200 kW/m?. In all cases the measurcd value of

m centre-line-average. The test liquid was

r%in was in good agrecment with cquation A4.1.
lisu [12Z] and Han and Griffith [42] have proposed nucleation
criteria which, in addition to the cquilibrium condition of
equation Ad.1, take account of the time-varying liquid
temperature gradient above a nucleation cavity, Both analyses
arc bascd on the assumption that & vapour nuclecus (cap

over cavity mouth) can only grow if the te..,crature in the
liquid at the nuclcus apex reaches that of the vapour in

the nucleus. The liquid temperature pradients were obtuined
by solution of the transicent conduction equation according

to the dubious bulk convection model (sece Section 2.3.2).

Both a minimum and a maximum active cavity mouth radius

are thus predicted.

For artificial vavitics the agreement between the measured

and the predicted mouth radius size range appearcd, on

casual examination, to be satisfactory [118-120]. Active
cavities larger than the largest predicted size were, however,
found, thus casting doubt upon the cxistence of the upper size
limit [118, 119]. For natural cavities occurring on heaters
of various surface finishes Shoukri and Judd [121] found the
active sizes to lie within the predicted range, but grouped
towards the lower size limit, The largpest active (ard thus
vapour-entrapping) cavity was, in all tests, smaller than

the maximum size predicted by the llsu model.

The more els*=rate nucleation criteria ol Hsu [122] and

of ltan a viffith Ell] thus appear to ofler no advantage

over eqt .ion A4d.1. Furthermorce the assumption governing

the existence of an upper active cavity size limit may be
questioned: Surcly a nucleus with condensation at the apex can
grow if the vapour addition near its base exceeds the loss by
condensation? Howell and Sicgel [119] have in fact derived a

——
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nucleus activation criterion based on such net vapour
addition. Their equation, however, predicts nucleation
behaviour not significantly different from that of equation
Ad.1.

Lguation A4.1, without an additional upper cavity sizc
limit, is thus adopted in the present trecatment. Tests

-

of its validity are presented in Section 3.2.1.

1 (R
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APPENDIX 5

PHYSICAL PROPERTIES RLEQUIRED FOR TESTING
NUCLEATION CRITERION AGAINST DATA _OF
ANDERSON

The nucleation criterion required to be tested against the
data of Anderson [123] was:

R = T . .
Tmin “Isut”/x‘vA[sat (A5.1)

Surface tension, o, latent heat of vaporisation, X, and vapour
density, o all at saturation, were thus required for the

compounds and conditions shown in Table AS5.1.

TABLL AS. 1

CONDITIONS _OF _ANDLRSON'S__STUDY

. - e e e e
: Tsut
Test  Liquid KN/m? ¢ Remirks
S RSO UUUU U SUNI ISP UG SUps —_—
Frecon 113 CFZCl.CFCIZ 102 17,7 atm. B.DP.
Ireon 113 CF,C1.CICL, 157 61,1 -
Carbon tetrachloride CC‘]-‘1 ) 100 70,8 atm, R.D.
Chloroform (ZH(‘,IS 102 o0, 6 aim. B.D.,
1,2 Dichlorocthane CH,C1.(HLCL 101 82,3 atm. B.D.
1,1,2 Trichlorocthanc (‘.IIEIIZ.(IH;(TI 100 114 atm. B.P.

P
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A5.1 PRIMARY DATA

The following physical properties were available directly
from the literature:

Surface tension: at the atmospheric boiling point for

carbon tetrachloride [51], c¢hloroform and trichlorocthane
r210].

Latent heat of vaporisation: in nomograph form (difficult

to read accurately) for Frecon 113 and carbon tetrachloride
[51] and in tables for chloroform [213].

Surface tension: at room tempcraturc for Freon 113 [214]
and dichlorocthane [210].

The remaining required properties were calculated as out-
lined below.

A5.2 CALCULATED DATA

Vapour density

This was calculated from the Ideal Gas lLaw with compressi-
bility factor corrections as given for ssturated vapours
by Hougen et al C21S]. The necessary critical constants
were available from the literature E;14, 216, 217] for all
compounds cxcept trichloroethane., In this case critical
temperaturc and pressure were calculated by lLyderson's
method [;13] and -ritical volume by the Schuster-Lvderson
method [213]. The whole procedure, including critical
constant estimates, was checked for Freon 1133 the cal-
culuted density differed [rom an cxperimental value [214]
by less than 3 per cent.

i
1

T =N IR ANLT G LY T TR DL LA

L1
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Latent heat of vaporisation

This was calculated from the critical properties by the
method of Giacolone [?13] and again from critical properties
and the atmospheric boiling point hy the method of Riedel
[213]. The latter method applies only at atmospheric
pressure. Valucs obtained by the two theoretical methods
and (where available) from the literaturce differed by less
than 4 per cent. For dichloroethane and trichloroethanc

the means of the two theoretical values were finally used.
For the remaining compounds the means of all threc values

were used,

Surfacc tension

For Freon 113 and dichloroethane surtface tension at the
boiling point werce calculated from published [214] room
temperature values, Mcleod's cquation [218] was uscd.
This states that the ratio vn’zs/(wl-pv) is cqual to a
constant, (', independent of tcmpcrﬁturc for cach substance.
For examplec, in the temperaturce vange 20 to 200 OC, c'
varies by less than 1 per cent for benzene and by 3 per
cent for ethanol. The method called for liquid densities
at the boiling points. These densities were obtained from
published room temperature values by the method of Benson
[213]. Benson's method itself was checked against a
published value of the liquid density of Freon 113 at

-15 °¢ EZ]?] and found to he in crror by less than 1,5 per

cent.
AS.3 SUMMARY OF REQUIRED PROPERTILS
All physical properties (literaturc valucs and calculated

values) required in cquation A5.1 for the conditions of

Anderson's runs are summarised in Table AS.2.

e e vt
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TABLE AS5.2
SUMMARY OF PHYSICAL PROPERTILS; EQUATION AS5.1,

ANDERSON'S__ RUNS

Test Liquid

Freon 113

Freon 113

Carbon tetrachloride
Chlorotomm

1,2 Dichlorocethane

1,1,2 Trichlorocethune

S

ﬂ_.*.w--vi-

e e+ ———— e — 4 o et mgee

T Tw
sat v “‘sat”
Ap
\Y
K J/m’ hgr/m’ kJ/kg m K
320,8 | 0,0164 | 7,465 | 145 | 9,721 x 107°
334,53 | 0,0150 |11,36 143 | 6,174 x 107°
539.0 | 0,0108 | 5,440 | 188 ] 1,353 x 107°
35,7 | 00161 | 1,550 | 240 | 1,186 x 107°
336,10 | 0,082 | 3,16 | 322 | 1,166 x 107
s ' :
38,5 10,0220 | 4,100 260 1,487 x 1072
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APPENDIX ©

TEST FOR OPTICAL THICKNESS OF 'ELECTROPANE'
COATINGS

'Electropane' sheets were supplied with stannic oxide
coatings of slightly uncven optical thickness. This could be
judged from variations in interference colour when the sheets
were viewed in white light. It was required to establish
which interference colour corresponded to an optical
thickness of A/2 for x = 437 nm,

The following approximate test was uscd: A number of

small picces, cach of recognisably Jdifferent interference
colour, were cut from the 'Electropance’ sheets. On one half
of cach picce the coating was removed chemically (sce
Section 5.2.5), while on the other half the coating remained
intact. These picces were now viewed under normal incidence
in collimated monochromatic light of wavelenpgth 437 nm.  Since
alass carryving a thin film of optical thickness /2 has the
sume reflectance as bare glass [173], the required coating
was the one that was invisible. The surface satisfying

this condition was kept as an interference colour reference.
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APPENDIX 7

DETERMINATION OF MEAN HEAT FLUX FROM BOILING
SURFACEL

In order to calculatec the mean boiling heat flux from mea-
surements of the electrical input it was necessary to con-
sider the convective losses from the bottom of the heating
disc, the leads resistance between the wattmeter and the
boiling film, and the geometry of the heating film. These
are dealt with in turn below and arc followed by an esti-
mate of the accuracy of the final heat f{lux values.

A7.1 CONVECTIVE _LOSSES _FROM _BOTTOM OF
HEATING  DISC

With the disc treated as a heated plate facing downwards,
the heat transfer voefficient for lesses by laminar natural
convection from the bottom of the disc to the surrounding

air is given [S1] as follows:
hL/k = 0,27 [(L'0?8AT/u?) (Cu/k)]" %7 (A7.1)

where the characteristic length I is the exposed diameter
of the disc, AT is the temperature difference between the
bottom face of the disc and the bulk air, and all physical
properties refer to air at the mean film tempecrature.

To check on laminarity the term in square brackets, that

is, the product Gr. Pr, was cvaluated [or a AT of S0 K (an
overestimate), an air temperaturc of 45 °C and an L of

30 mm. The resulting product Gr. Pr was 9 x 10%, that 1is,
well helow 2 x 107, the value marking the onset of turbulence.
The corresponding heat transfer coef[licient wis 3,7 W/mK.
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By retaining the overestimatced AT of 50 K the heat loss,
hAT, was 185 W/m”.

The lowest boiling fluxes studied were of the order of
3 x 10% W/m°. The estimated losses {rom the bottom of the

disc were thus some 0,5 per cent of the surface [lux.

Equation A7.1 rceflers to a plate free at the cdges. With
the heating disc enclosed as shown in Figure 5.5, a thermal
boundary layer very much thicker than that implicit in
cquation A7.! must have built up bencath it.  lLosscs were
thus very much smaller than the 0,5 per cent estimated

from equation A7.1 and may be neglected altogether.,
A7.2  CORRECTICN  FOR  LEADS  RESISTANCE

The wattmeter measured the power dissipated in the heoting

film and in the intermediate connecting leads.

The leuads resistance was measurced (on a Wheatstone bridge)
with the heating surface removed and a thick copper wire
(of negligible resistance) soldered in its place. The
leads resistance, AR, was 0,397 ¢, The resistance of the

heating surfaces themselves, R, was approximately 60 Q.

At a current {low of [ the measured power dissipation, WM’
was 17(R + AR) and the required power dissipation over the

boiling surface, Wys was "R, Thus

Wy/Wy = 00/,0,397 = 0,003 (A7.2

A correction lactor of 0,99 was thus applicd to all watt-

meter readings.
A7.3  GEOMETRY  OF  HEATING  FIIM

The geometry of the heating [ilm is shown in Figure A7.1.

A b = pres
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Over the central (speckled) portion of the film the power
dissipation was uniform within ¢ 3 per cent (see Section
5.2.5 and Figure 5.2). The heat flux over this central
uniformly heated area was the same as would have been
obtained had the film been a simple rectangle of 15 mm

width and 20 mm length between contacts.

Accurate measurements, using a Nikon profile projector,
showed the length between contacts to be 20,15 mm. The
rectangular section thus had an arca of 302,2 mm’ and the

mean uniform heat flux, in W/m?, was given by
(q/A) = W,/(302,3 x 10

where Wy was the total wattape dissipated in the heating
film.

An alternative method of calculating the mean uniform

heat flux involved the scarch for the outermost undistorted
equipotential lines on the Teledeltos plot. [In Figure 5.2
these were the lines corresponding to 30 and 70 per cent

of the total potential drop. The distance betwcen these
lines multiplied by the width of the {i!m (15 mm) thus

gave the area over which 40 per cent of the total power
input was dissipated. This method resulted in a {lux
conversion factor essentially identical to that of equation
A7.3. The length measurement hetween the equipotential
lines is, however, less reliable than that between the
contacts.

A7.4 OVERALL _CONVERSION FACTOR

From the foregoing the overall conversion factor [rom the
wattmeter recadings. WM’ to mean heat [llux, in W/m®, follows
as

q/A = 0,99 x 3308 WM = 3275 WM

(A7.3)

(A7 .4)

oo

g et e e e e ma

E Y —— o



365.

A7.5 ACCURACY OF HEAT TFLUX DETERMINATIONS

With a guarantced wattmeter accuracy of 0,2 per cent of

full scale deflection, and with negligible hcat losses from
the bottom of the disc, the main sources of error wcre

the uncertainty in the area of the heating (ilm, the uneven-
ness of flux distribution over the {ilm and radial heat

losses from the edge of the film,

The distance between the contacts of the heatiag film
(20,15 mm) was known accurately and was fixed by the width

of the steel mask used in vacuum evaporation of the contacts.

The width of the film (15 mm) was, however, determined
during the chemical [ilm removal (sce Section 5.2.5) and
was uncertain within *+ 0,8 mm. The {ilm arca was thus

accurate to + 3 per cent.

Over the central portion of the heating {ilm (the speckled
area in Figure A7.1) the distribution of the heat flux,

as determined from the Teledeltos conducting sheet analogue,
wis cven within + 3 per cent.  This estimate neglected
variations in the thickness of the {ilm and radial heat
losses towards the uncoated portions of the disc. Thickness
variations in [ilm could be judped from its interference
colour and ap, od to he nepligible. Radial losses could
not read-.ly he estimated, but mipht have been significant
near the e~dge of the [ilm,

The overall accuracy of the reported heat flux values was
thus estimated as ¢+ 7 per cent for the central rectangular
area of 10 x 20 mm, shown speckled in Figure A7.1. Beyond
this area, necarcr the edge of the ilm, the heat flux was
lower than the reported value, possibly by s much as 10
per cent.

e g
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APPENDIX 8

MEAN TEMPERATURE OF BOILING SURFACE

The mean surface temperaturc of the boiling surface was
determined from thermocouple temperaturce measurcments of
the bottom of the boiling disc. The thermocouple was
attached as shown in Figure - ¢ and Figurc A& .. The
following secticns show tha ¢ thermal ccatact resistance,
the fin losses and the axial conduction lesscs of the
thermocouple were all negligible. An experimental veri-
fication of the temperature measuring technique and an

assessment of accuracy follow.
A8.1  THERMAL _CONTACT

The thermal contact between the thermocouple and the glass
surface was cheched by temperature measurements during
which the tip of the thermocouple sheath (apart {rom being
attached by adhesive tape as usual) was indium-soldered

to the glass. With methanol boiling under typical test
conditions from the upper disc surface (q/A = 70 kiv/m?,

P ~ 25 kN/m?) the same temperaturecs were recorded with

and without thc soldered attachment.

A8.2 FIN LOSSES FROM TIHERMOCOUPLE

Appendix 7 showed the convective heat losses from the flat
bottom of the hoiling disc to have been nepligible. The
axially attached thermocouple, however, could be regarded
as constituting an extended surface, or (in, which might
have increased the losses and thus itscll recorded an
erroncousiy low temperature. To check this crror the ther-
mocouple was trcated as equivalent to two rectangular fins,
formed by splitting the thermocouple sheath along its
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THERMOCOUPLE
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EQUIVALENT FINS
"™ insulation

THERMOCOUPLES TREATED AS FINS.
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length and folding the two halves straight, sce Figure A8.1.

The steady-state temperature distribution in a rectangular
fin, insulated at the tip, is given as follows [209]:

(T - Ty) = (T, -~ Ty) coshim(L. - x)}/cosh(mL) (A8.1)

0
where T is the temperaturce of the [in as a function of
length x, To is the fin root temperature (x = 0), L is the
root-to-tip length of the fin and m is given hy

m = (h/2k y )? (A8.2)

where h is the convection coefficient from the fin surface,
k is the thermal conductivity of the (in material, Yo is
half the fin thickness, and the factor 2 accounts for

convection [rom only one face of the tin (Figure A8.1).

With a thermocouple sheuath thickness of 0,00 mm, Yo Wis

3 x 10'5 m; k, for stainless steel, was 16,3 W/m K; and h,

from Appendix 7, was 3,7 W/m” K. Thus m was 61,8 m-].
pp

The length L was taken as half the thermocouple sheath diameter,
that is, as 0,785 mm., The temperature was required at the
position of the thermocouple junction; this was taken as

midway along the length of the fin, or at x = 0,393 mm.

With these values cquation AS.1 gave

(T - Ty) = 0,9991 (TO - Ty) (A8.3)
that is, the temperature T, scensed by the thermocouple,
wus identical with TO, the temperature of the glass surface,

and extended surface losses were totally negligible.

AB.3  AXIAL _CONDUCTION LOSSLS IN__THERNOCOUPLL

Axial conduction lcsses in the thermocouple were checked by

TR mimre ;{

A mn
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length and folding the two halves straight, see Figure A8.1.

The steady-state temperature distribution in a rectangular
fin, insulated at the tip, is given as follows [209]:

(T - Ty) = (TO - Th) coshim(lL - x)}/cosh(ml) (A8.1)

where T is the temperature of the fin as a function of
iength x, 'l‘O is the {in root temperature (x = 0), L is the

root-to-tip length of the [in and m is given by
1
m = (h/2k y0)1 (A8.2)

where h is the convection coclficient from the [in surface,
k is the thermal conductivity of the (in matcerial, Yo is
half the fin thickness, and the factor 2 accounts for

convection from only one face of the (in (Figure A8.1).

with a thermocouple sheath thickness of 0,00 mm, y  was
3 OX 10“5 m: k, for sta'nless steel, was 16,3 W/m K; and h,

frcm Appendix 7, was 3,7 W/m° K. Thus m was 01,5 m .

The length L was taken as half the thermocouple sheath diameter,
tlat is, as 0,785 mm. The temperaturc was required at the
position of ¢he thermocouple junction; this was taken as
midway along the length of the {in, or at x = 0,393 mm.

Witr these values cquation A8.1 gave

(T - Ty = 0,9991 (TO - Ty) (AB.3)
that is, the temperature T, senscd by the thermocouple,

waus identical with TO, the temperature of the glass surface,
and extended surface losses were totally negligible.

AB.3 AXIAL _CONDUCTION LOSSES N _THERMOCOUPLL

Axinl conduction losses in the thermocouple were checked hy
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tewperature mcasurements in which the length of thermocouple
in contact with the surface was varied from 5 to 20 mm (the
standard length was about 10 mm). Identical boiling con-
ditions prevailed in all tests. The recorded temperatures
varied by some 3 °C and showed no trend with the attachment
length. Axial conduction losses thus appearcd to have been

negligible.

AB.4  EXPERIMENTAL _VERIFICATION
From the foregoing it would appecar that the temperature
measurcd at the lower disc surface corresponded closely to
the mean temperature of the upper (boiling) disc surface.
An experimental verification was, however, considered

desirable.

To this end the temperaturce of the boiling surface was
measured by a similar thermocouple, bent into an L-shape

and lowered onto the surface. Under boiling conditions

e it =

the thermocouple was periodically enveloped ‘in vapour and

recorded a temperature considerably lower than that attached
to the bottom of the hcater. With the upper disc surface
in natural convection, however, the two temperatures agreed

more closely., The top thermocouple, however., continued to
read 2 to 3 °C lower than that attached to the bottom.

'in losses from the upper thermocouple were thus checked.
Equation A8.1 and A8.2 wero again applicd, but the (in
convection coefficient, h, was approximated, by rcgarding
the thermocouple shecath as a horizontal cylinder in laminar

convection, as follows [51]:
hD/k = 0,53[(D 07 aAT/u) (Cu/K] "2 =" (AB.4)

With D taken as 0,5 mm (the sheath diamecter), AT as 30 K and
physical propertics evaluated for methanol at 50 °c, a
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coefficient h of 689 W/m? K resulted. Equation A8.1 then

reduced to
(T - Tb) = 0,861 (TO - Tb) (A8.5)

For a surface temperature of 65 O¢ and a bulk liquid tem-
perature of 35 OC (typical test conditions) the predicted

thermocouple temperature was 01 O¢, or in error by -4 °c.

The temperature discrepancy between the upper and lower
thermocouples thus appeared to be cxplainable in terms of
fin losses. The thermocouple attached to the lower surface
of the disc would thus appear to have closely approximated

to the true mecan temperiature of the boiling surface.

A8.S ACCURACY _OF _REPORTED _SURFACi TEMPERATURES

In view of the random temperature variations of 3 °C in

tests with various thermocouple attachment methods, and the
slight uncertainty in the experimental verification just
discussed, it was felt that the accuracy of the reported
mean boiling surtfacc temperatures wds of the order of *+ § °c.




APPENDIX 9

MAXIMUM MEASURABLE MICROLAYER THICKNESS AND
BEAM MONOCHROMATICITY

In Chapter 6, Section 6.3.4, an analysis was given of the
interrelation of fringe visibility and beam monochroma-
ticity. It was shown that witn the illumination employed,
namely a beam ol Gaussian spectral distribution of band-
width 18 nm and peak wavelength 137 nm, fringes would be
visible up to a microlaycr thickness of 3,8 um. For
purposes of checking this result an altcrnative simple

relation, due to Gates LTNU, is examinecd below.

Gates states, without specifying the type of spectral
distribution, that casily recognisable fringes will be
obtained for an optical path difference of x if the
spectral width of the source is considerably less than
A’/}. In other words, for an incident beam of peak wave-
length g and bandwidth di, thc maximum optical path
difference in a [ilm for which fringes will be visible is

given by
x = xé/dx (A9.1)

-
i

For the case considered (Ao = 437 nm, dx = 18 nm)

X = 24,3 ) (A9.2)

Fringes will thus be visible up to an optical thickness,
nd, of 12,15r, or, for methanol (n = 1,33), up to a micro-
layer thickness of 4,0 um. The two ostimates are thus in

agreement.

The comparison of cquation AO.1 with equations 6.27 and 6.28

P ] e . < g e
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ol Chapter 6 shows that for a beam of Gaussian distribution
Gates' rule implies a limiting contrast for fringe
visibility of 0,15. This is in approximate agreement with
Frangon's value of 0,2 (see [172] p 79).
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APPENDIX 10

CINE FILM AND PROCESSING

The simultaneous photography of the bubble profiles, of
the blue interference fringes and the red timing marks
necessitated a panchromatic film capable of high contrast
and at least moderate resolution. The high framing rate
and the levels of the available illuminatione called for
an emulsion of reasonable sensitivity (that is, speed).
Speed, contrast and resolving power are all to some extent
dependent on development. In this study development,

fixing and washing were carried out somewhat unconventionally

in an automatic rapid filim processor.

The rapid processor, a machinc manufactured by John Hadland
Photographic Instrumentation, transported the film at a
rate of approximately 0,6 metres per minute through four
heated tanks, cach of 2,5 litres capacity, the first
containing developer and the remainder fixer and rinsing
water, and from there through a hot-air heating tunnel

onto the take~up spool. The f:1m resided some 50 seconds

in each tank. Processing ‘1 such short times was possible
only with solutions at hi¢h ccacentrations and temperatures,
and with high-cnergy or + ay developers. This forced

development gave increcased contrast and {ilm speced, both
desirable features. but tended to increasc the graininess
of the image. Thus, to maintain the required moderate
resolution, an emulsion giving extremcly fine grain under
normal development was required. lurther, the emulsion
was required to withstand the high solution temperatures
without unduc softening.

After many trials with various emulsions and processing
solutions the following combination was found satisfactory:




374.

Film . Gevaert Scientia 45C62, a scientific emulsion

normally giving an ASA speed of 12 to 25, a

gamma of 2 to 3 and a resolution of 180 lines

per mm;

Development : 50 scconds at 35 °¢ in May and Baker 'Exprol!'

X-ray developer, diluted in the ratio of
1 part to 1 part of water;

Q

Fixing . Twice for 50 scconds at 35 € in May and Baker

"Amfix', diluted in the ratio 1 part to 1,5
parts of water, no hardner added;

~vashing : 30 sccvonds at 35 ¢ in water containing 6
drups of Kodak 'P'hotoflo’ wetting agent per
2,5 litre tank.

The resulting negative film was suitable for preliminary
+iewing, but was incompletely washed. Thus at the end of
a day's work all successful {ilms were rewashed, with all
four tanks containing water at 25 Oc, and the last having

wetting agent added as detailed above.

The rapid film processing led to an image quality stightly
inferior to that obtainable by normal methods. It ".d,
however, permit the rapid execution of successive runs,
while yet allowing the results of cach to be judged before
the start of the next. This was essential since failures

and repcat runs were frequent.
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APPENDIX 11

ENLARGEMENT AND PRINT PROCESSING

The microlayer interferograms and the bubble profile views
were transcribed frame-by-frame onto prints at an enlarge-
ment of approximately 30 times. A standard enlarger was
used, fitted with a high-quality wide-angle lens, the
Schneid»r Componon 28 mm f4. The prints were made p and
rapid-processed using the Ilford 'llfoprint' system.

'Il1foprint' relies on special paper in which a hydroquinone
developer is incorperated into the emulsion during manu-
facture. Upon wetting with an activator sol.tion the exposed
silver halides in the cmulsion are reduced co the visible
silver within two scconds. Contact with a stabilizer
solution converts the uncxposecd halides to a non-light-
sensitive salt. Activation and stabilisation takes place

in an automatic 'Ilfoprint' processor. The machine incor-
porates a serics of rollers which apply the activator,

then feed the print through the stabilizer bath, squeegee

it and deliver it sufficiently dry for handling. The entire
processing of a 20 x 25 cm print occupies 15 seconds, The
prints are stable for at lecast five years, but can be
rendered permancent by subsequent normal fixing and washing.

I1foprint Grade RZ2 paper and the standard proprictary
chemicals were used. The results were of a quality in-
distinguishable from that obtained by normal methods. The
required several hundred prints were made up rapidly and
consistently, without opecrator fatigue.
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APPENDIX 12

MICROLAYER REFRACTIVLE INDICES. METHANOL AND
ETHANOL

Light and dark interference fringes corresponded to incre-
ments of microlaycr thickness of »/4n,, where 2 is the
wavelenpth of the incident beam (0,437 um) and n, is the
microlayer refractive index., Refractive indices were thus
required for methanol and ethunol at a wavelength of 0,437 um
and at representative microlayer temperatures.

0, .
C and at various wavelenpths are

Refractive indices at 20
given in Table A12.1. The first threc rows show published

values [210]. The tast row shows the value at » = 0,437 um,
as obtained by graphical interpolation accurate to the third

decimal figure.

TABLE A12.1 |

REFRACTIVE _INDICES Al 20 °C versus WAVELENGTI P
S g _...‘.,._-“..._ e e e e e e ——— '
Wavelenpth, ) Refractive index, n;, for: Source
methanol | cthanel
um
0,589 1,329 1,361 [210]
0,486 1,333 1,365 [210]
0,434 1,336 1,369 [2107
.................. v g R g g g
0,437 1,336 1,309 graphical
interpolation

The variation of refractive index with temperature is available
[210] over the ranges 18 to 35 °C for methanol and 0 to 40 °C
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for ethanol. At X = 0,437 um the resulting overall refractive
index data then become:

-4

Methanol: n, = 1,336 - 3,6 x 10 (T - 20) (A12.1)

4 (A12.2)

ithanol n, = 1,309 - 4,0 x 107" (T - 20)
The temperaturce within the microlayer varies with its thickness,
its radius and with time. Chapter 4 indicates that extremes

of microlayer temperaturcs may be taken as T, th. measured
mean heater wall temperaturc, and as Tsat‘ Table A12.2 shows
refractive indices at these temperatures and at the mean

temperature (T + Tsat)/z far all runs reported in this work.

TABLE A12.2

REFRACTIVE INDICES AT 0,437 um versus TEMPERATURE

*
M denotes methanol, L denotes cthanol.

+Calculatcd from system pressure, sec Appendix 13,

- - g e g e -
Run * Tw | Tsat ¥ WT('I'W+'I‘SM)/2MI Refractive index at:
°c °c °c Tw Tsat (Tw+Tsat)/2

M10 72 35,2 53,6 1,317 1,331 1,324
M13 68 33,9 51,0 1,319 1,331 1,325
M14 68,5 40,4 54,5 1,319 1,329 1,324
M19 72,5 40,4 56,5 1,317 1,329 1,323
M20 77 45,5 61,3 1,315 1,327 1,321
i 8 79 47,06 63,3 1,345 1,358 1,352
E12 85 53,2 69,1 1,343 1,356 1,349

R
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It is seen that the choice of microlayer temperature is not of
critical importance. The refractive indices at (Tw * Tsat)/z
differ from those at the extreme tcmperatures by a mere 0,5 per
cent and were accepted for the evaluation of the microlayer
thickness.

Since the mean temperatures (T + Tsat)/z in all cases lie
somewhat outside the temperature ranges for which equations
A12.1 and A12.2 were derived, the overall accuracy of the
refractive indices may be taken as ¢+ 1 per cent. Within
these error bounds, ..owever, the values tor all methanol
runs and all cthanol runs may be taken : . identical. Thus
for purposes of evaluating microlayer thicknesses we have

for all runs:

methanol: n, = 1,32
ethanol n, = 1,35

O K ) R e m | s~
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APPENDIX 13

SATURATION TEMPERATURE AS A FUNCTION OF PRESSURE

fixpressions for the saturation temperature as a function of
pressure were obtained by fitting a rc-arranged form of the
Clausius-Clapeyron equation to published vapour pressure
data. TFor both methanol and cthanol the regressions
covered eight duta points [glb] in the pressurc range 1,33
to 101,3 kN/m”. The final equations are:

nethanol: T 2109,4/(8,2481 - log P} - 273,2 (A13.1)

sat

ethanol : Tsut 2200,4/(8,20639 - log P) - 273,2 (A13.2)

. R 0,. . . .
is in C and P is in KN/m".

where Tsat

In the temperaturc range covered in this study the maximum
deviation of cquation A13.1 is 1 ¢ and that of equation

A13.2, 0,2 °c.

s o o 3 e e
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APPENDIX 14

TABLES OF EXPERIMENTAL RESULTS

Tables Al14.1 to Ald4.14 give the complete listing of data
points on microlayer geometry, bubble volume and character-
istic bubble dimensions, all versus time, for the seven runs
presented in Chapter €. Blanks in the tables indicate that
no data point was obtainable for one of the following

reasons:

(1) The microlaycr had not yet, or no longer, extended to
a particular thickness (tie corresponding fringe was

absent),

(2) the microlayer profile had become vertical (fringes

had merged),

(3) a fringe had been too indistirct, irregular or
fragmented to permit a meaningful measurcment,

(4) the outermost edge of the microlayer had not been
detectable.
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TABLE Al4.1

MICROLAYE.? GLOMETRY. RUN M10

Bubble base radius, r (mm), for:

gxo'?me ‘;ime microlayer thickness d (um) of: M'layer

- — peri-

0,0 o,oa;ﬂP:L1oo 0,249 | 9,332 0,415 | 0,498 0,541 | 0,064 phery

826 0,0 R
827 1,0 0,22
828 2,0 0,35 i
829 3,0 0,44 1,16 1,90 '
830 4,0 0,87 1,25 1,90 ‘
831 5,0 | 0,62 1,28 1,87 2,29 2,78 ! 2,95
832 6,0 ' 0,7 1,26 | 1,85 | 2,20 | 2,7 | :
K33 7,0 0,71 1,28 1,85 2,28 2,73 ‘ i '
834 8,0 ¢ 0,7y 1,30 1,86 2,27 3,73 3,061 3,70 : 3,97
835§ 9,0 | 0,88 1,30 1,82 2,2 2,75 1,27 i 3,70 l 3,97
836 10,0 0,93 1,25 1,78 2,27 I,73 3,28 1 3,70 _ 4,01
83" 11,0 0,9” 1,30 1,78 2,27 2,73 3,28 3,75 | 1,14
838 12,0 1,01 1,32 1,70 1,20 2,73 3,28 3,75 : 1,23
839 13,0 1,00 1,34 1,76 2,22 2,75 13,30 5,70 IEIC I
840 14,0 1,10 1,34 1,74 2,25 2,00 1 3,31 1,06 ! | 1,50
841 15,0 1,15 1,10 1,74 2,2 2,69 3,26 1,06 | R
842 1. o 1,19 | 1,38 1,72 2,29 2,64 1 5,20 3,006 4,05 4,32 1 v 8
843 0 1,25 1,41 1,74 2,27 2,60 13,20 3,01 4,05 4,32 ' 07
844 18,0 1,28 | 1,43 1,76 2,25 2,73 3,20 31,61 1,05, 4,32 1,63
845 19,0 1,32 | 1,45 1,76 2,20 2,69 1 3,28 3,61 4,05 | 4, 4,58
846 20,0 1,37 | 1,45 1,74 2,29 2,606 3,206 3,66 ! 4,05 4,28 4,54
84? 21,0 1,43 1,81 2,20 2,09 3,22 1,60 | 4,05 | 4,28 1,54
848 22,0 1,45 1,81 2,29 2,04 . 3,17 3,87 1,00 4,28 1,54
849 23,0 1,50 1,76 2,29 2,64 5,17 ' 3,83 3,97 4,23 4,50
850 24,0 1,59 1,76 2,29 2,66 © 3,53 3,97 4,23 4,45
851 25,0 1,63 2,20 | 2,69 ‘ 3,88 | 4,14 | 4,50
852 26,0 1,07 2,29 2,09 3,17 4,14 4,45
853 27,0 1,67 2,25 2,69 , 4,05 4,30
854 28,0 1,72 2,29 2,69 317 3,97 4,32
855 29,0 1,72 2,19 2,64 3,17 3,88 4,23
856 30,0 1,76 2,29 2,64 3,00 3,70 1,14
857 31,0 1,76 2,29 2,60 3,00 3,61 4,0
858 32,0 1,76 2,60 3,53 3,35
859 33,0 1,85 2,57 3,10 3,44 3,60
860 34,0 1,85 2,57 3,13 3,17 3,44
861 35,0 1,94 3,17
862 36,0 1,94 3,00
863 37,0 1,94 >, 82
864 38,0 1,85 2,56
865 39,0 1,85 2,20
866 40,0 1,59 1,76
867 41,0 1,3¢
868 42,0 1,19 1,19
869 43,0 0,79 0,79
870 44,0 0,0 0,0
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TABLE Al14.2
BUBBLE VOLUMEF AND CHARACTERISTIC DIMENSIONS. RUN M10

Frame Time v Dw H DC IJs

No. ms mm? mm mm mm mm

826 0,0 0,0 0,6 0,00 0,00

827 1,0 1,4 1,07 0,83 1,40

828 2,0 25,8 3,70 2,29 3,67

829 3,0 57, 6,17 3,00 4,78

230 4,0 104,8 7,32 3,60 5,85

831 5,0 164,0 8,40 4,2 5,90 6,79

832 6,0 212,4 9,03 4,71 7,40

833 7,0 271,06 9,91 5,06 8,03

834 8,0 341,09 10,75 5,47 7,94 8,68

835 9,0 391,06 11,25 5,82 7,94 9,08

836 10,0 472,7 11,99 6,17 8,02 9,67

837 11,0 548,3 12,52 6,52 8,28 10,16

838 12,0 604,6 12,96 6,749 8,46 10,49

839 13,0 685,23 13,31 7,14 8,82 10,94 :
840 14,0 713,58 13,75 7,58 9,00 11,00 i
841 15,0 7951 14,02 7,76 9,16 11,49 !
842 16,0 933,8 14,53 8,14 9,16 12,13

843 17,0 986,1 14,72 8,23 9,34 12,35 :
844 18,0 1069 15,07 8,64 9,26 12,69 |
845 19,0 1129 15,25 8,99 9,10 12,92

846 20,0 1208 15,60 9,17 9,08 13,21

847 21,0 1238 15,69 9,43 9,08 13,31

848 22,0 1304 15,95 9,70 9,08 13,56

849 23,0 1363 16,04 5,87 ¢,00 13,76

850 24,0 1405 16,48 10,08 8,90 13,90

851 25,0 1425 16,40 10,17 9,00 13,96

852 26,0 1456 16,40 10,7 8,90 14,06

853 27,0 1547 16,57 10,67 8,72 14,35

84 28,0 159§ 16,78 10,89 8,64 14,50

855 29,0 1597 16,66 10,97 8,46 14,50

856 30,0 1646 16,84 11,18 8,28 14,65

857 31,0 163% 16,66 11,37 8,20 14,63

858 32,0 1614 16,78 11,46 7.50 14,55

859 33,0 1633 16,75 11,76 7,32 14,61

860 34,0 1679 16,84 11,99 6,88 14,75

861 35,0 1602 16,66 11,99 6,34 14,52

862 36,0 1634 16,75 12,16 6,18 14,61

863 37,0 1586 16,66 12,08 5,64 14,50

864 38,0 1550 16,54 12,16 5,12 14,36

865 39,0 1549 16,31 12,34 4,40 14,35

866 40,0 1489 16,25 12,34 3,52 14,17

867 41,0 1426 16,13 12,4% 13,97

868 42,0 1431 16,04 12,73 2,38 13,98

869 43,0 1361 15,95 12,87 1,58 13,75

870 44,0 1321 15,958 12,73 0,00 13,61




TABLE Al14.3

383,

MICROLAYER GEOMETRY. RUN M13
Bubble base radius, r (mm), for:
S;?me ;ime microlayer thickness, d (um) of: M'layer
0,0 0,083 | 0,166 | 0,249 | 0,332 | 0,415 | 0,498 periprery

1053 0,00
1054 1,67 0,31 2,33
1055 3,34 0,5 2,90
1056 5,01 0,85 2,42 3,41 3,59 !
1087 6,68 0,99 2,42 3,4 3,85 .
1058 8,35 1,17 2,583 31N 3,93 1,41 1,62
1059 10,02 1,25 2,55 3,30 3,01 4,39 5,05
1060 11,69 1,39 2,00 3,00 3,90 4,39 5,29
1061 13,36 1,54 2,71 3,0 3,90 4,37 5,20
1062 15,03 1,60 2,7 3,27 3,89 4,33 5,29
1063 16,70 1,70 2,78 3,32 3,89 1,35 4,87 5,34 5,42
1064 18,37 1,86 2,84 3,32 3,85 4,33 4,75 5,10 5,29
1065 20,04 1,95 2,82 3,27 3,87 4,31 4,M2 5,96 5,20
1066 21, M 2,12 2,82 3,30 3,85 4,33 1,66 1,92 5,06
1067 23,38 2,13 2,89 3,29 3,806 4,3 4,54 4,74 1,78
106t 25,05 2,29 2,87 3,27 3,85 4,35 4,75 \
1069 26,72 2,45 2,80 3,2¢ 3,84 4,27 4,48 {
1070 28,39 2,45 2,82 3,27 3,59 4,0% 1,12 =
1071 30,06 2,58 2,87 3,27 3,68
1072 31,73 2,73 2,87 3,27 3,57 ‘
1073 33,40 2,82 2,87 3,14 ’
1074 35,07 2,76 .76
1078 36,74 2,24 2,24
1076 38,4, 1,66 1,66
1077 40,08 0,81 0,81
1078 L41,75 0,00 0,00
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TABLE Al14.4

384,

BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS. RUN M13
E;?me Time \' Dw H DC Ds
ms mm? mm mm mm mm

1053 0,00 0,0 0,00 0,00 0,00 0,00
1054 1,60 21,0 4,30 2,24 4,66 3,43
1055 3,34 146,7 8,25 4,12 5,92 6,54
1056 5,01 264,8 10,2 5,29 7,18 8,16
1087 6,78 1.5,5 11,38 6,01 7,70 9,20
1058 8,35 546,2 12,37 6,63 9,24 10,14
1059 10,02 683,0 15,18 7,17 10,10 10,93
1060 11,09 87,1 13,923 7,80 10,58 11,46
1061 13,36 883,60 14,25 8,34 10,40 11,91
1062 15,03 976,3 14,61 8,51 10,58 12,31
1063 16,70 1063 11,79 9,02 10,84 12,66
1064 18,3" 1169 15,15 9,50 10,58 13,07
1065 20,04 1298 15,42 9,90 10,40 13,53
1066 20,1 1361 15,03 10,40 10,12 13,75
1067 13,38 1370 15,60 10,06° 19,56 13,80
1068 25,0° 1393 15,51 10,24 9,50 13,86
1069 26,72 1418 15,69 T, 8,%6 13,94
1070 28,39 1432 165,60 11,47 8,24 13,98
1C71 30,006 1398 15,42 11,65 7,36 13,87
1072 31,70 1399 15,42 11,89 7,14 13,88
1073 33,40 1354 15,24 12,00 b, 28% 13,73
1074 35,0° 1269 14,84 12,19 5,52 13,423
1075 36,74 1219 14,61 12,37 4,48 13,28
1076 18,41 1151 14,43 12,59 3,5 13,00
1077 40,08 1102 14,25 12,82 1,62 12,81
107et 41,75 1045 (14,16) (0,77 0,00 12,50

* estimated from Figure 8.9

* bubble already departed




TABLE At14.5

385.

MICROLAYER GEOMETRY., RUN M14
Bubble base radius, r (mm), for:
SZ?me z:me miufolnyer thickness, d (um), of: M'layer
' 0,00 0,083 0,166 0,249 0,332 ,415 0,498 | periphery

775 0,00
776 1,21 0,38 1,36
777 2,42 4,61 .25
778 3,6% 0,80 1,78 2,90 i
779 1,84 0,91 1,88 2,01 3,01
780 6,05 0,97 1,94 2,89 3,52
781 7,20 1,00 2,01 2,83 3,25 3,67 3,67
782 8,47 1,201 2,07 2,82 3,20 3,66 3,80
783 9,68 1,27 2,07 2,79 3,19 3,68 3,99
784 10,89 1,3 02,07 2,78 3,21 3,04 4,09
785 12,10 1,40 1 20 2,78 3,21 3,06 4,13
786 13,31 se o2, 2,76 3,21 3,64 1,13 '
787 14,52 1,04 7 2,10 2,72 3,17 3,62 1,106 ’
788 15,73 1,03 2,20 2,75 3,15 3,02 1 3,81 4,02 1,23
789 16,94 1,80 1 2,24 2,72 31" 3,00, 3,82 1,04 1,23
790 18,15 1,84 ¢ 2,21 2,72 3,15 3,57 13,76 3,99 1,07
791 19,36 1,88 . 2,25 2,72 3,19 3,60 3,79 3,99 4,23
792 20,8° 1,00 b 2,20 2,68 1,10 3,50 3,76 1,94 1,04
793 21,78 2,00 2,35 2,68 3,0% 0 3,57 3,7 3,90 3,04
704 22,99 2,00 2,40 2,68 3,15 3,14 ; 3,57 3,76 3,85
795 24,20 2,08 | 2,35 2,7 i 3,60
796 25,41 2,16 2,414 2,72 3,82
797 26,62 2 28 2,44 2,63 3,38
798 27,83 2,23 3,19
799 29,04 13 2,96
800 30,25 2,02 2,72
801 31,46 1,94 2,49
802 32,67 1,78 2,07
803 33,88 1,64 1,88
804 35,09 1,46 1,69
805 36,30 1,13 1,13
806 37,51 0,47 0,47
807 38,72 0,00 L 0,00
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TABLE A14.6

386.

BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS. RUN M14

g;ame Time V, Dw H Dc Ds

ms mm mm mm mm mnm
778 0,00 0,0 0,00 0,00 0,00 0,00
776 1,21 0,1 3,83 1,88 2,72 2,26
777 2,42 82,7 6,89 3,34 ‘ 4,50 5,40
778 3,63 135,06 8,17 3,94 6,02 6,37
779 4,84 20%,9 9,13 4,56 } 6,02 7,30
780 6,058 253,4 9,90 1,83 ! 7,04 7,85
781 7,26 304,6 10,52 5,35 3 7,34 8,35
782 8,47 382,8 11,18 5,69 | 7,60 9,01
783 9,08 433,1 11,065 6,20 { 7,98 9,39
784 10,89 494,7 12,08 6,48 | 8,18 9,81
785 12,10 581, 4 12,40 6,88 ! 8,26 10,36
786 13,31 622,0 12,83 7,44 ? 8,26 10, 9
787 14,52 082, 13,15 l -, 51 f 8,32 10,92
788 15,73 34,5 13,34 -85 | 8,10 11,19
789 16,94 759,0 13,62 f 8,08 ‘ 8,46 11,32
790 18,15 823,3 13,71 ‘ 8,27 i 8,54 11,03
791 19,36 922,0 13,90 8,73 ! 8,46 12,08
192 20,57 955,2 14,05 3,88 ! 8,08 12,22
793 21,78 ant,3 14,20 9,20 i 7,88 12,33
~a4 22,99 1000 14,33 | 9,38 7,70 12,41
95 24,00 1018 14,33 i 9,62 2,32 12,48
196 25,41 1093 11,40 ; 9,92 7,04 12,78
797 26,62 1132 14,65 LIRS 6,70 12,93
798 27,83 137 14,56 10,39 6,38 12,95
799 29,04 1163 14,69 10,71 5,92 13,05
800 30,25 1162 14,69 10,86 5,44 13,04
301 31,6 1176 14,69 11,06 4,98 13,09
802 32,67 1181 14,60 11,08 4,14 15,11
803 33,88 1202 14,84 11,01 3,76 13,10
804 35,09 1164 14,78 11,08 3,38 13,05
805 16,30 1199 14,71 12,02 2,26 13,1N
806 37,51 1183 14,65 12,12 0,94 13,12
807 38,72 1165 14,71 12,47 0,00 13,05




TABLE A14.7 387.
MICROLAYER GEOMETRY. RUN M19
Bubble base radius, r (mm), for:

Frame Time microlayer thickness, 4 (um), of:
No. ms 0,0 0,083 0,160 0,249 0,332
1797 0
1798 1,01
1799 2,02 0,57 1,18 1,82
1800 3,03 0,74 1,23 1,77
1801 4,04 0,89 1,30 1,73 2,02 2,32
1802 5,05 0,95 30 1,71 2,00 2,30
180% 6,00 1,04 35 1,71 1,99 2,28
1804 7,07 1,07 1,36 1,00 1,97 2,22
1805 8,08 1,13 1,30 1,05 1,96 2,24
1800 9,09 1,20 1,44 1,65 1,92 2,24
1807 10,10 1,25 1,44 1,67 1,94 2,19
1808 T, 1,33 1,50 1,67 1,906 2,22
1809 P12, 1,37 1,48 1,63 1,98 2,23
1810 [ PR ] 1,47 1,55 1,67
1811 i 14,14 1,46 1,55 1,65

! 1812 C15,18 , 1,50 1,62

| 1813 TR : 1,51 1,60

; 1814 17,10 I 1,44

f 1815 18,18 1,34
1816 19,19 1,1¢
1817 20,20 ‘ v,83

; 1818 21, N ; 0,30

1 1819 22,22 | 0,0

L o L . N D




TABLE Al14.8

388,

BUBBLE VOLUME AND CHARACTERISTIC DIMEN:IONS. _ RUN M19
Eg?me Time V) Dw H Dc * Ds
s mm mm mm mm mm

1797 0,00 0,0 0,00 0,00 0,00 0,00

1798 1,01 0,5 0,96 n,70 0,95

1799 2,02 27,0 4,81 2,35 3,065 3,72

1800 3,03 57,1 6,10 2,03 4,24 | 1,78

1801 4,04 73,7 6,72 3,27 4,64 : 5,20

1802 5,05 94,6 7,106 3,51 1,87 ‘ 5,65 !

1803 6,00 116,8 A 3,91 5,00 6,06 [

1804 7,07 134,90 o 4,05 5,02 6,306 ]

1805 8,08 140,6 7,02 4,27 4,99 6,54 |

1806 9,09 155,3 7,08 4,35 1,92 60,67 |

1807 10,10 175,06 8,06 4,61 4,82 ' 0,81

1808 11,11 166,3 8,00 4,60 4,68 i 6,82 I

1809 12,12 169,0 8,10 4,81 4,50 | 6,86 r

1810 13,13 107,8 7,08 4,77 4,30 : 6,84

1811 14,14 163,2 7,82 1,93 4,08 ! 6,72

1812 15,15 159,0 7,60 1,93 3,82 I i

1813 16,16 151,0 7,36 S, 16 3,61 6,01 ;

1814 17,17 136,3 :, 38 5,1 3,16 , 6,30 \

1815 18,18 128,6 216 5,35 2,70 | 6,26 |

1816 19,19 13,8 2,02 5,35 2,30 : 6,01 ;

1817 20,20 108,4 6,98 5,41 1,66 ? 5,02 |

1818 21,21 e ,5 6,82 5,41 0,50 ' 5,71 }
I SR R SN

*

estimated from Figure 8.15
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TABLE A14.9

MICROLAYER GEOMETRY. RUN M20

7 Bubble base radius, r (mm), for:

Frame Time iw mi°r°jfffjwfffff?°”' d (um), °fj o AM'1aver
No. ms 0,0 0,83 0,160 0,249 0,512 0,415 T 0,198 pcriéhcry

. PR —— - e . —— S SN U AL — b e e e e e amad
1160 0,00
1161 1,25
1162 2,50 0,506 2,14
1163 3,75 0,70 1,37 2,12
1164 5,00 0, R0 1,46 2,43 2,34 2,66
1165 6,25 0,98 1,48 o, 00 2,25 2,57 2,82
1166 -,50 1,0 . ., 00 2,26 2,535 2,85
116" 8,75 V22 1,97 2,2 2,5k g 3,08
o8 10,00 1,29 1 1,97 2,20 2,59 \ 3,20
1169 11,25 1,38 1,65 1,97 2,30 2,59 2,88 1,15 3,25
1o 12,50 1,46 1,72 | 1,m 2,26 2,59 2,87 3,23 3,15
1 13,75 1,58 1,72 0 1,87 N 2,55 2,90 3,22 3,45
1n-2 15,00 1,60 1,°" i 1,90 2,20 2,59 2,89 3,20 3,37
1173 106,25 1,70 1,°7 1,89 2,26 2,56 2,85 3,20 3,37
1174 17,50 1,82 2,26 2,56 1,88 3,15 3,30
1175 18,°5 1,87 ; i 2,28 2,58 2,91 3,17 3,28
1176 20,00 1,97 i , 2,3 2,58 3,20
1°7 I 21,25 2,02 : 2,3 2,59 2,07
1178 ! 2,50 2,00 s P, 2,58 2,83
1179 23,75 112 | |2, 2,56 1,66
1180 25,00 112 ! E 2,18
1181 26,25 2,07
1182 27,50 2,07
1183 28,75 1,87 1,8"
1184 30,00 1.67 1,67
1185 31,25 1,38 1,38
1186 32,50 1,05 1,05
1187 33,75 0,62 0,62
1188 35,00 0,00 0,00

I Y ¥ e e i



TABLE Al4.!

BUBBLE VOLUME AND CHARACTERISTIC DIMENSIONS.

Frame Time \' H
No.

ms mm? mm
1160 0,00 0,0 0,00
1161 1,25 1,0 0,79
1162 2,50 35,1 2,00
1163 3,75 75,1 3,35
1164 5,00 113,8 3,90
1165 6,25 1683,2 4,23
1166 7,50 193,2 1,72
1167 8,75 2244 5,12
1168 10,00 283,14 5,57
1169 1,2 307,06 5,7
1170 12,50 348, ° 6,24
171 13,70 369, 4 0,03
172 I 15,00 123,0 6,89
1173 L6, s 145,9 22
1174 LoT,s0 47,7 =, 62
175 18,75 195,8 72
1176 20,00 509,5 &, 21
1?7 21,28 548.3 8,27
1178 22,50 565, 4 R,66
1179 23,78 583,° 8,82
1180 25,00 579,13 9,19
1181 26,25 609,0 9,38
1182 27,50 599,5 9,049
1183 28,75 603,2 9,78
1184 30,00 621,7 10,14
1185 31,25 623,2 10,24
1186 32,50 624,8 10,63
1187 33,74 625,9 10,8°

D

<

mm

0,00

4,28

5,064

o 10
6,4
L,50
6,90
6,90
6,714

0,74 |

0,060
0,50
6,40
5,94
5,006
5,32
1,96

8,38
8,73
8,90
9,31
9,4y
o

9,82

9,91
10,15
10,26
10,37
10,34
1,82
10,46
10,48
10,59
10,60
10,60
10,01




TABLE _A14.11

391.

e

MICROLAYER GEOMETRY. RUN E8
Rubble base radius, r (mm). for:
g;?mc ;:mc microlayer thickness, d (um)i_?jz . M'laycr
0,0 0,081 0,162 0,243 0,324  |periphery

1304 0,00 0,00

1305 1,12 0,20

1306 2,24 0,27 1,04 2,09

1307 3,30 0,41 1,00 1,68 2,31

1308 4,48 0,47 1,04 1. 2,45

1309 5,60 0,50 1,04 1,7. 2,22 2,63

1310 6,7 0, o 1,09 1,63 2,18 2,49 2,68

1311 7,84 0,68 1,16 1,74 2,13 2,48 2,08

1312 8,96 0,73 1,18 1,68 2,05 2,43 2,63

1313 10,08 0,78 1,18 1,72 1,99 2,36 2,91

1314 11,20 0,86 1,22 1,68 2,04 2,40 2,58

1315 12,32 0,89 1,27 1,74 1,99 2,40 2,58

1316 13,41 0,92 1,3 1,79 2,04 2,38 2,54

1317 14,5¢ 0,98 1,31 1,°" 2,0t 2,36 2,49

1318 15,68 1,02 1,3 1,77 2,07 2,36 2,54

1319 16,80 1,0 1,38 1,74 2,0° 2,38 2,15

1320 17,92 1,13 1,4 1, 1,09 2,30 2,30 !

1321 19,04 1,18 1,45 b, R i

1322 20,16 1,18 1,41 1,68 2,18 i
. 1323 21,28 1,22 1,45 1,7 2,00 X
\ 1324 22,40 1,22 1,45 1,72 1,90 !
f 1325 23,52 1,27 1,45 1,70

1326 24,64 1,31 1,50 1,68

1327 25,76 1,414

1328 26,88 1,18 1,18

1329 28,00 0,86 0,80

1320 29,12 0,54 0,54

1331 30,24 0,18 0,18




TABLE Al14.12

392.

#'.PLE  VOLUME AND CHARACTERISTIC DIMENSIONS. RUN E8
1 T T
;g?me Time V’ Dw H DC Ds
ms mm nm mm mm mm
e e e = e o i e - "
1304 0,00 0,0 0,00 0,00 0,00 0,00
1305 1,12 1, 1,36 2,18 2,8
1300 2,24 34,7 4,90 2,65 4,18 4,05
1307 3,36 60,5 5,89 3,20 4,02 4,87
1308 4,48 81,4 0,67 3,54 4,90 5,38
1309 5,60 102,4 7,07 3,74 5, R0
1317 6,72 121,90 =51 3,99 5,36 0,15
1311 7,84 40,1 77 4,43 5,36 6,53
1312 8,96 154, % +,08 4,57 5,26 0,65
1313 10,08 186,7 8,2 4,79 5,22 7,09
1314 11,20 191, 8 8,49 4,03 5,16 "6
1315 12,38 2,0 8,74 5,30 5,10 7,34
131¢ ! 13,41 I 8,80 5,44 5,08 =40
1317 14,50 233, 8,89 5,00 1,98 ,64
1318 15,08 210, " 9,19 b, 84 5,08 7,7K
1319 16,80 259,13 9,19 0,08 1,90 7,01
1320 17,02 61,3 9,1 6,2 4,7 7,03
1321 19,01 280,55 9,39 0,40 4,54 8,12
1322 20,16 89,3 9,.9 0,53 1,36 8,21
1323 21,0 23,9 9,413 6, " 4,08 R, 25
1324 22,40 301,06 9,29 R 3,80 8,32
1328 23,52 202,9 9,47 Y 8,21
1326 24,64 280,1 9,25 7,11 8,12
1327 25,76 294 ,4 9,38 7,40 8,25
1328 26,88 275,4 9,25 7,44 2,30 &,0°
1329 28,00 268 ,4 9,29 7,62 1,72 8,00
1330 29,12 264,0 9,25 “,70 1,08 7,90
1331 30,24 245,9 9,25 7,03 0,36 T,
- USURU NENUNUNUNTI S R

N At 1 oo = . R 4 oo

L
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TABLE A14.13
MICROLAYER GEOMETRY. RUN E12
Bubble base radius, r (mm), for:
Frame Time microlayer thickness, d (um), of:
No ms _ — M'layer
0,0 0.081 0,162 0,243 0,324 0,405 0,480 periphery
494 0,00
495 1,14 0,00
4906 2,28 0,43
497 3,42 0,58 1,29 2,02 2,13
498 4,56 0,64 1,30 1,93
499 5,70 0,73 1,33 1,m 2,25 2,59
500 6,84 0,85 1,30 1,85 2,10 2,50 2,74
501 T8 0,85 1, 30 1,86 2,10 2,57 2,80
502 a,12 0,42 1,33 1,78 2,10 2,53 2,7k
503 10,26 0,94 1,36 1,79 2,14 2,504 2,80
504 11,40 0,9 1,35 1,81 2,10 2,52 2,85
505 12,514 1,01 1,30 1,81 2,16 2,54 2,89
506 13,08 1,08 1,42 1,84 2,13 2,53 2,94
507 14,82 1,10 1,4 1,84 2,20 2,87 2,94
508 15,96 1,18 1.45 1,80 2,106 2,50 2,94
509 17,10 1,20 1,44 1,81 2,20 2,53 2,99
510 18,24 1,24 1,49 1,82 2,20 2,48 2,65 2,85 2,99
S 19,38 1,29 1,50 1,79 2,16 2,50 2,63 2,80 2,94
512 20,52 1,3 1,56 1,80 2,13 2,13 2,57 2,70 2,89
513 21,66 1,38 1,56 1,84 o, 2,43 2,62 2,76 2,85
k| 22,80 1,42 1,56 1,87 2,16 2,42 2,7
515 23,94 1,49 1,61 1,84 2,06 2,39 2,5
S16 25,0% 1,48 1,79 2,00 2,39 S 18
517 26,22 1,53 1.7 2,39
518 27,36 1,61 2,11
519 28,50 1,67 2,10
520 29,64 1,66 1,98
521 30,78 1,63 1,01
$22 31,92 1,57
523 33,06 1,41
324 34,20 1,29 1,9
52% 35,34 1,01 1,00
526 36,48 n,s2 0,5.
527 37,62 0,00 0,00
. S RSN NN S ;

N

a1

T T IO T AT e

N ——— - e e
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TABLE A14.14

394.

BUBBLE _VOLUME AND CHARACTERISTIC DIMENSIONS. RUN E12
g;?me Time A Dw H DC Ds
ms mm? mm mm mm mm
494 0,00 0,0 0,00 0,00 ), 00 0,00
495 1,14 0,8 1,38 0,7" 1,17
196 2,28 28,4 3,85 2,38 3,78
49" 3,42 o0, 6,05 2,93 4,26 A, 5K
198 4,50 92,3 6,7° 3,43 5,61
190 5,70 134,° 2,13 3,70 0,30
500 L 142,14 8,00 1,00 5,48 6,38
501 08 173,06 8,02 4,30 5,60 6,02
502 ; a, 12 03,3 9,08 1,02 5,50 7,30
503 10,26 238,2 9,57 4,95 5,60 7,69
504 : 11,40 20,3 9,90 5,13 5,70 8,02
05 X 305, 8 10,40 5,50 5,78 8,36
500 13,68 te,2 ; 10,64 5,79 5,88 8,03
50° Corg,R2 367, 3 P00 0,05 5, K8 8,89
08 15,00 100, % "o, 6,05 5,88 9,14
509 T 4231 11,55 h,a2 5,98 9,30
510 18,21 1, o, 42 5,98 9,15
511 19,78 184 .7 SRR b.7R 5,88 9,°5
512 20,52 301,2 12,01 b,0" 5,78 9,80
S13 : 21,66 537, 2 12,38 T, 10 5,70 10,09
514 i 22,80 545, 5 12,43 -2 5,42 10,14
615 Eo2k, 0 L567,3 12,65 7,52 5,14 10,2°
4 516 L2808 i 503, , 12,74 7,00 4,906 10,25
l 517 26,22 612,6 Io1s,02 7,88 4,78 10,54
i S18R 27,36 621,3 i 13,07 8,33 4,22 10,59
5 519 28,50 . 604,3 Po13,02 8,03 1,32 10,49
* 520 29,64 | 612,9 L13,20 8,36 3,96 10,51
521 30,7 ' 619,3 13,11 8,53 3,82 10,58
5§22 31,92 601,2 13,15 8,75 10,47
523 33,06 625,8 13,33 8,80 10,61
524 34,2 605,0 13,29 8,99 2,58 10,50
525 35,34 610,5 13,48 9,30 2,02 10,53
526 36,48 618,09 13,53 9,30 1,09 1,5
527 37,62 006, 5 13,61 9,57 0,00 10,50




APPENDIX 15

LIQUID AWD VAPOUR DENSITIES. METHANOL
AND__ ETHANOL

Liquid densities (g/cm') were caloulated as o function of

temperature (°C) from cquations A15.1 and A15.2 below. The

(VP

cquations hold up to 60 °C and 80 °C, with accuracies of

0,003 per cent and 0,03 per cent, respectively [210].

Methanol:

4 7.

= 0,80999 - 9,253 x 107 T = 4,1 x 107" (A15.1)

Pl
Ethanol:

3 T 9.

= (0,80025 = 8,301 x 10777 + 1,0 x 1077 = 8,5 x 10777 (A15.2)

'L
Vapour densitices were caleulated from the Ideal Gas Law

with compressibility factor corrections as given for saturated

vapours by Hougen et al [ZIS].

Resulting densities are shown in Table AlIS.1. TFor purposes
of establishing the density ratio (column i) required in
Section 8.5, the microlayer liquid was assumed to be at

the mean temperature (r, « T )/2 and the vapour temperature

sat
was taken as T .
sat

— -
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TABLE A15.1
LIQUID AND VAPOUR DENSITIES
T - -
a | b ¢ d e | ¥ g h i
- RS RRUU U S ---‘r-—— e e v ———
Run L Tsat |Tw*lsat oL o1, YL Py P/ oy
i ‘-._. [25) 24 K X8 1) 223
* (]w) (lsur) [lw” sat ”sat) (g/h)
M
% °c % kg/m kg/m? kg/m* kg/m?

—— - —————h e . e - . - ] - e e ——— e e e e e -—vu-o—-—-—ﬂ»-'——-—-'——‘—--m—-—r— -
M10 72,0 35,2 53,0 741 777 759 0,326 2328
M3 | 08,0 | 33,9 | 51,0 745 778 762 0,307 | 2482
M14 68,5 40,1 | 51,5 745 772 758 1,418 1813
M9 | 72,5 | 10,4 ' 50,8 T =2 750 , 0,316 | 1809
M20 | 7,0 | 45,5 1 61,3 ~30 e 752 L 0,526 | 1430
E8 ! 79,0 | 47,0 | 03,3 =36 65 751 ' 0,43 | 1698
E12 | 85,0 | 53,2 09,1 730 ~o0 710 ) 0,577 1293
U N N R . I IS

14
M denotes methanol
E denotes cthanol

=2 e -

L L
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APPENDIX 16

LIQUID VISCOSITIES. METHANOL AND _ETHANOL

Dynamic liquid viscosities (centipoise) at various tempera-
tures (K) were obtained {rom equations A16.1 and A16.2 below.
The equations resulted from regressions on three reference
data points ecach, given by Reid and Sherwood [219]) in the
temperature range 5 to 60 °C for methanol, and 0 to 75 °c

for ethanol. When tested aguinst additional data [214]

in the same temperature range, the maximum error was found
to be +2,4 per cent for equation Al0.1 and -1,3 per cent

for equation Al5.2.

Mcthanol:

MyoT -5,3559 + 150,87/ =~ 4,35319 x o/ - (A16.1)
Ethanol:

uy, = -7,7672 + 3020,4/ " ~ 2,0284 x 10877 (A16.2)
Table A16.1 gives dynamic viscositics for all runs at
temperatures Tsat and (Tw + Tsut)/z, as well as liquid
densities (obtained from Appendix 15) and kinematic vis-
cotics at the mean microlayer temperature (Tw + Tqat)/z.

o s

e BN WIIVR T Ty



TABLE A16.1

DYNAMIC AND

398,

KINEMATIC LIQUID VISCOSITIES

H
! N v o8 .
Run I‘sat | Tw+TSil1§ 0] u PL oy
* (Tgat) (Tw+lsut TwTsat T Tsat
] | [
O, o) - s . . : 3 2
C C c poise ¢ poise g/cm mé/s
M0 | 35,2 53,6 0,478 0,378 0,759 0,498 x 1070
M3 | 33,9 | 51,0 0,486 0,390 0,762 0,512 x 1070
M14 10,4 54,5 0,446 0,374 0,758 0,493 x 107°
Mia | 10,4 56, 5 0,146 0,365 0,756 0,483 x 1070
M0 45,5 | 01,3 0,418 0,345 0,752 0,459 x 1070
E8 | 47,6 | 03,3 0,724 0,558 0,751 0,743 x 1070
112 53,2 | 69,1 0,659 0,500 0,746 0,682 x 1070

*  denotes methanol

I denotes ethanot

PR Y1 . LILLJILIL T o
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APPENDIX 17

SURFACE _TENSION. METIANOL _AND  LTHANOL

The variation of surface tension with temperoturc is given
by equation A17.1! below {219], where T is the required
temperature, Tr the corresponding reduced temperature, and
the subscript 'o' refers to a reference temperature for

which a data point is available.

9

" . 1,2
op = a i1 - lr)//Il - 1rO]) (A17.1)

Reference data [219] give o as 0,0217 J/m? at 30 °C for
methanol, and as 0,0194 J/m’ at 50 °C for ethanol. The
critical temperatures are 513,2 K for methanol and 516,3 Kk
for cthanol. Substitution into equation Al7.1 gives:

Mcthanol:

op = 0,0634[1 ~ (T + 273,2)/513,21] '»? (A17.2)
CEthanol:

: o ame 1,2
op * 0,0633[ - {(T + 275,2)/516,3}] (A17.3)

Within the temperature ranges covered in this work, equations
A17.2 and A17.3 appear to have accuracics of better than
0,5 per cent,

Table A17.1 gives the required surface tension data at

saturation tempcrature.
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TABLE A17.1

SURFACE TENSION

- -
Rtn Tsat o

0 J/m?
M10 35,2 0,0211
M13 33,9 0,0212
M14 40,4 0,0204
M19 40,4 0,0204
M20 45,5 0,0198
E 8 17,6 0,0197
E12 53,2 0,0190
— e e = - — e e o PR e e e e e e i i e v o ¢
*
M denotes methanol

denotes cthanol

[ ——

Y 7 o
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APPENDIX 18

NUMERICAL SOLUTION OF TRANSIENT CONDUCTION -
EVAPORATION PROBLEM

The problem to be solved was formally defined in Figure 9.2
and equations 9.3 to 9.13 in Chapter 9. For easc of
reference Figure 9.2 is reproduced as Figure A18.1; the
equations will be recalled below as required.

A18.1 CRANK-NICOLSON METHOD

The general method of solution adopted is illustrated for
the casc of a region with internal heat generation (c.g.

region 2 in Figure A18.1), tor which the conduction equation

(¢f equation 9.4) is

3T/3t = ad?T/ax" + G (A18.1)
where
G = q*/pC (A18/2)

With the x region subdivided into increments h (= Ax) and the
t region into increments f (= At), sec Figure A18.2, such

that

(A18.3)

= k¢ , k=0, 1, 2 ... (A18.4)

the Crank-Nicolson finite difference approximation
(201, 202, 205] to equation Al18.1 is

i
;

Bl T T

SOTEY 0 T

TR B
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|
REGION 1 REGION 2 REGION 3 |
LIQUID '
GLASS SUBSTRATE <n0, FILM MICROLAYER '
]
INTERNAL HEAT :
GENERATION < d -
9* g |
ot ° »
P U TIME AND |
YOLUME |
!
\J\ |
X« . xs=b =0 X :5(t;
AR
1
T TEMPERATURE DISTRIBUTION AT TIME t =0
1
n
T T |
1 :\ 1
1 ] \.”sqt

| { |
| | {
| I i

i | 1 o T

T eQ x +«b . C X &%)

FIG A18.1 DEFINITION OF MICROLAYER CONDUCTION PROBLEM

| —————

LI0 LIRTL T (L R
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t
A
(PRSI PR SRR USRS, K+ 1
kv],l-‘ k".l k01,l01
B T e — k
‘{'16' k.1-1 k., 1 k.iel
,.*__ L TE IR SRS —— S 4
1 =1 H 101
h=Qx

FIG. A18.2 INCREMENTS AND NODE NOTATION

ON x-t PLANE.

|
REGION 1 | REGION 2
Xy ky ! x, Ky
N
|
@ * ? '.l' L >
m-3 m-2 :m-1 m | m+i m+2 m+3
i |
' I
i it a0
| by 1y o NORMAL NODES
i

O FICTITIOUS NODES
]

FIG. AB. 3 FICTITIOUS NODES AT BOUNDARY BETWEEN

REGIONS 1 AND 2.
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0,5 Ty q gar ¥ (6% DTy g = 053 Tie1,k+1

= - 2
0,5 Ti—1,k + (& 1)Ti,k + 0,5 Ti+|,k + Gh?/a (A18.5)
wherce

= h’/ta (A18.0)

The subdivision of the x - t plane and the relevant node

points are shown in Figure A1B.2.

The left-haund side of equation Al8.5 contains the temperatures
for the (k ¢+ 1)th time step, which require to be solved,
and the right-hand side the temperatures for the k th step,

alrecady solved or known f{rom the initial conditions.

For N internal node points along cach time row (and with
lincar boundary conditions) the successive application of
cquation A18.5 to cach node point (i =1, 2, 3 ... N)
results in N simultancous lincar equations for the N unknown

temperatures as follows:

BT, + CiTe = D,

ATy + BT, + CaTh = D,
(A18.7)

Al Tl—l * H111 * Ci I]+1 - nl

Ay Tyop * By Ty N

where the subscript (k+1) is omitted. Solution of the linear
equations A18.7 advances the solution of the conduction problem
by onc time step. Successivce application of the procedure

for cach time step gives the overall soluiion of the problem.

T
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In the present study the linear equations were solved by
an extremely rapid algorithm, derivable from Gauss elimination,

the so-called Thomas algorithm [201].

Equation A18.5 was applied to the internal node points of
all threce regions, with physical properties and increment
sizes appropriately cvaluated, and with the heat generation

term sect to zero in regions 1 and 3.

A18.2 INTERNAL BOUNDARIES AT x = b AND x = ¢

The treatment of internal boundarics is jllustrated for
x =b (i = m), that is, the boundary between regions 1 and 2.

Continuity of temperature and heat flux at x = b gives (sec

equations 9.6 and 9.8):
T(h=0,t) = T(b+d,t) (A18.8)
k,AT(b-0,t)/3x = K. oT(b+0,t)/9x (A18.9)

Equation A18.9 requires to be approximated by a finite-
difference equation of discretisation error no larger than
that ol the Crank-Nicolson equation itself. Thus a central-
difference approximation is required [205]. This is derived
below using Saulyev's method of [ictitious nodes [205].

Figure A18.3 shows the contact of regions 1 and 2. EBach
region is imagines to cxtend hy one x-increment beyond the
boundary at x = b, At the [ictitious nodes x = b + h, and
x = h - h, the temperatures arc denoted T%+l,k and T§a1,k
(k =0, 1, 2 ...). Assuming the possihility of the smooth
extrapolation of T [rom one region into another over a
small distance h (sece dotted curves in Figure A18.4), the

central difference approximation ol equation A18.9 is

et
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Toet ket~ Tmet,ket oy Tmetyker T 7

*
. m-1,k+1
ky AT 2 AP ’

(A18.10)

Application of the Crank-Nicolson equation to regions 1 and 2

at x = b (i = m) gives

-0.5 T 'S . - Tk
0,5 lm—l,k+l M Inm,k*rl 0’31m+1,k+1

= 0,5 Tm-],k + (fy - ])Tm,k + O’STm+l,k (A18.11)
and
0,5 T%-],k+l vl ])Tm,k+l 0’STm+1,k+1

= O,ST;_"k + (5. - ])Tm,k + O’STm+I,k + Gh'/u, (A18.12)

Using equations A18.11 and A1&,12 the fictitious temperatures
in equation A18.10 may be climinated to give the [inal node

m as follows:

cquation at i

"Xz Toq ket * (Xizfarb+Xaawl) Ty hy - Toe1, k+1

= (0,5 ngTm_] K + (Xy260+F,=-X1.0-1) Tm,k + O’STm'*'],k

]

+ 0,5 T%-],k + 0,5 X"T;+l,k + Ghi/a, (A18.3)
where
X1: = kyha/kah, (A18.4)

and the fictitious temperaturcs [lor time step k (obtained
[rom cquations A18.11 and A18.12 with (k+1) replaced by k)

arc.

(

L1 TR N R T M R T UL T
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T# = T

ne1,k me1,k b 280 DT e = Tooq k-1
SCITRENEL ST IR (A18.15)
T;-I,k = (262 * 2) Tm,k h Tm+1,k - T$~l,k

- (26 = ) Ty vl - Thar k-1 2 Ghi/u, (A1- 16)

. et ) . -
where the fictitious temperatures Tm—l,k—1 and 1m+1,k-1 arc
known from the previous time step or from the initial con-

ditions.

A similar procedure, applied to the boundary between regions
2 and 3, that is, to x = ¢ (i = n), results in

“Xoo g pep © (Rfariarkestl) Fn ket ™ Thet ket

= 0,5 X,:; Tn_ K + (X)]{,Q‘H—,‘g“X?]"]) Tn’] + 0,5 Tn*],k

1, K
# 0,5 TA y  * 0,5 Xon Thyy y * X Ghi/a, (A18.17)
where
X235 = kahy/ksha (A18.18)
and
Thet,k ™ 7 Tnar,k P G0 2 2 T 0 Ty ey
= (22 = 1) T g - TRy ey T 2 Ghg/ 19)

'I‘.rkl"‘],k = (2(3 + 2) Tn,k - Tn"’],k = T;‘],k“]

= (260 = 2Y T pr 7 Tt k-1 (A18.20)

TN WERRIIAEN N
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A18.3 BOUNDARY AT x = 0

The required conditions at x = 0 follow from Chapter 9
(equations 9.10 and 9.11) as:

T(0,t) = Tin (A18.21)

aT(0,t)/ax ~ 0 (A18.22)

Equation A18.21 was satisfied by the following Crank-Nicolson

nett equatien for the first internal node (i = 1):
(5,+1) Tl,k+1 - 0,5 Tz,k+l = Tin + (£,-1) Tl,k + 0,5 TZ,k (A18.23)

Equation A18.22 was satisfied by making region | sufficiently

thick to maintain the inequality (Tin - Ty) < 0,001 °c.

A18.4 BOUNDARY AT x = s

The cvaporation boundary condition at x = s (i = p) follows

from Chapter 9 (equation 9.12) as:

0
- - p
- (’I . n) hI l S - p -~
Kigx [’I‘-Tﬁ:[ [‘m‘f] i (A18.24)
‘s sat ]

For cach problem to be solved the following quantitiecs arc

constants:

) 1
C1 = nai M 2 e
[](",'(T- 15 ] [‘[{(/«] (A18.25)
C, = P/Té,lt (A18.20)

From the Clausius-Clapeyron cquation the saturation vapour

am

cammn AN
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pressure of the evaporating surface, Pg, may be written as
Pe = exp{Cs = Cu/7) (A18.27)

S

where C; and Cy are constants for cach liquid.

Equation A18.24 may thus be rewritten as

o
-aT/3x = Cl[%xp{C1~Cu/(Ts + 273,01/ (T + 273,2)* - c;] (A18.28)
or

-aT/ax = (T ) (A18.29)

In terms of central diflerences at x = s (1 = p), using fic-
titious nodes as before, equation A18.29 may be ¢pproximated

(for time steps k+1 and k) as follows:

-(T;¢l’k+] - Tp-],k+l)//2h3 = :(Tp,k+l’ (A18.30)

“(Thaq k- Tps],k)//Zh, = Tk (A18.31)
The Crank-Nicolson cquation at x = s (i = p) is

e I T B AN N T R TIINTY

+

23
to
—r

=T + (264 - 2) T

p-1,k (A18.

T
P,k p+1,k
Elimination of the [ictitious temperatures via cquations
A18.30 and A18.31 gives the final node cquation at x = s
(i = p) as

TR (S Y Y g 0 010 N ) et

it | WY1
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= ZTp—l,k + (263 = 2) Tp,k - 2h3¢(Tp,k) (A18.33)
where from the foregoing
1 -
S(T) = c,[om{c;-c“/u' + 273,2 }/('rs +273,2)7 - (:2] (A18.34)

and the constants are defined by cquations A18.25 to AlR8.27.

Equation A18.33 is non=-linear in Tp,k+1' All other node
cquations were linear. In order to maintain overall
lincarity and thus to profit from the last Thomas algorithm
an iterative procedure, adapted from Young [201], was
followed: First, a(Tp,k+1) in cquation A18.33 was replaced
with o(Tp,k); solution of the nett cquations led to the
first estimate of Tp,k+1’ that is, (Tp,k+1)x' Now $(Tp,k+1)
wits replaced with ;{(Tp,k) + (Tp,k+1)l}] to give

(rp,k+1)~ and the iteration continuced until (Tp,k+l]

differed by less than 0,01 °C from (T (Differences

) ')
0 Pok+1 T .
as low as 0,0001 “C were tested in trial computations, but

gave cssentially identical evaporation rates.) Convergence
wits rapid.

Movement of the boundary was given in Chapter 9 (equation
9.13) as

ds/dt = (k;/AoL).QT(S,t)/Ax (A18..55,
which in terms of the ¢ function of ecquation A18.34 is

ds/dt = -(k;/ApL) d(TS) {(AT8.30)
In difference form this becomes

3

(Sk+1 - 5]\)/0 = - (k3/h’l‘) 'f'('l'p |\) | (AIB.37)

LN e el
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or finally
Speql = Sk +oQ (ka/koL) ¢(Tp,k) (A18.38)

With a constant number of x increments (N3 in region 3), hi,
the size of the x increments in region 3, had to be recalcu-
lated fui each time step (k = 1, 2, 3 ...), that is

h : (Sk - ¢)/N; (A18.39)

3 ,]\'
(In the foregoing net equations the notation h3 x Was

3
abbreviated to hy.)

The entire computation was terminatced when region 3 had
shrunk to less than 5 per cent of its initial thickness.

AI8.S  EXECUTION AND _TESTING _OF _PROGRAM

The numerical - ocedurcs described above were incorporated
into a doub’ sion FORTRAN program and c».cuted on an
[BM System 3,

The problem was solved for the conditions of run MI!0.

Thus the initial thickness of region 3 (methanol) was 0,332 um
(see also Section 9.2.3). The optical thickness of region 2
(SnOZ) was A/2, that is, the physical thickness was 0,109 um.
The thickness of region 1 (glassi vias established by trial
computations such that the 'scror-intinite' boundary con-
dition (equation A18.22) was satisticd; the resulting
thickness was 100 um,

Region 1 was subdivided into 20 increments and regpions
2 and 3 into six increments cach. Finer grid spacings

were tested but led to essentially identical results.

The size of the time increments was coupled with the problem

O RRIRUERRNT | IV SR 1 RSy e
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of stability as discussed in Chapter 9. The normally
unconditional stability of the Crank-Nicolson scheme (irres-
pective of the ratio af/h?) was apparently destroyed by the
non-linear boundary condition at x = s. In accordance with
a suggestion of Starfield's [206] the time increments were
made exceedingly small until a region of stable operation
wias found. A range of increment sizes within this region
wits tested and the effect on errors noted. she ecrrors took
the form of minor temperature perturbations at and near

the internal boundaries (x = b and x = ¢). An increment
sicc of 2,5 X 10—S ms was [inally chosen. With this size
the perturbations were limited to the late stages of the
evaporation process (with region 3 shrunk to less than 20 per
cent of its original thickness). Smaller time increments
gave reduced temperature perturbations (and excessive
computation time), but left the overall rate of cvaporation

essentially unchanged.

Since no analytical solution of the transient conduction-
cvaporation prohlem was available the program could not be
fully tested. by setting the evaporat.on cocfficient to
zero, however, stationary-boundary transient conduction
problems could be investigated. The casc tested was that
of the response of a plate initially at uniform temperature
and with onc face adiabatic, to a step change in temperaturce
on the othe - face. The plate was trecated as homogencous

by setting the physical propertics identical in all three
regions. The overall plate thickness and the x and t
increments were approximately the same as those used in the
solution of the microtayer problem. Agreement with the
analytical solution [211] was cxcellent.

A18.6 PHYSICAL PROPERTIES

The physical properties used in the (inal computations are
listed in Table A18.1 below. While the accuracy ol some
values, particularly for Sn0,, is open to doubt, it is
sulficient for the ordcr-of-ﬁngnituJ; cstimates of cvaporation
rate required in Chapter 9.

| S A MR M B Bt < o
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TABLE A18.1

PHYSICAL PROPERTIES FOR CONDUCTION-LVAPORATION COMPUTATION

PINSICAL.  PROPIRTY

SOURCL

Thermal
conductivity
(W/m K)
Density
(hg/m’)

e e e e e e e e e et v+ e e

Heat capacity
(hJ/kg K)

Thermal diffusivity
VAN
(m* /%)

Clausius-Clapeyron
constants

Latent heat of vaporisation
(KJ/kg)

!
k1

Ky
k.

. et e —— i 5 e

(S

o e — e e e = ,-_-*.--_r. -.__T SR —

3

e R B

(R ]

Ce

B R e s

S0 U

glas:
Sno2

methianol

0,762
27,0

0,183

pliss
Sn0,

methanol
gluss
Sn()z
methanol
plass

Sn0,

methanol

methinol

methanol

2710
6580
759

0,837
0,370
2,747

e e i e

———— i e o e e

Pom e e e+ e et > mtm e o

[s1]
(208]
[137]
(208, 209]

(208]

Appendix 15

[208]
L208]
1137]

3,30 x 107

8,78 x 10~

21,007
4857

1082

1,12 x 107

"

~
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APPENDIX 19

NON-LINEAR REGRESSION AND EVALUATION OF

BUBBLE FORCLES

The opening sections of this Appendix describe the Taylor
linecarisation technique for non-lincar regression and the
methods of obtaining confidence limits on the [litted

parametcrs and on functions of these parameters. The remaining
sections show how these techniques were applied in the
evaluation of the bubble forces required in Chapter 9.

A19.1 NON-LINEAR REGRESSION BY TAYLOR LINEARISATION

The problem to be solved consists of the fitting of a non-
lincar function involving one independent variable and (in
the present case) two parameters to a set of observations.
(The procedure described may be rcadily extended to more
para.cters).

The observations are m pairs of values {yi, xi} where Y3 (but
not Xi) are assumed to be subject to experimental error.
The function is

f = f (x; ay, az) (A19.1)
where the a's are the parameters to be optimised.

The vertical deviation between observed and litted values

for a particular x; is

€4 = yi - ri = yi - f(xi; ay, ay) (A19.2)

According to the least squares criterion the paramcters
giving the best fit arc those which minimise the sum of
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the squares of these deviations, that is, those which

minimise the sum

2 m 2
S§4 = § gt
i=1 1

The minimisation is achieved by the following iterative

proccdure:

(A19.3)

First, the function f is linearised [220, 221] by expanding

it in a Taylor serics in the parameters o; and az about
s o) o) s .
initial guesses u, and az and by omitting terms with
derivatives higher than first order:

f(x; a1, az) = F(x; af, ad) + (3£/30,) 40,

+ (af/ak}z)ol\ﬂz

(Superscripts on the partial derivatives indicate that
. . o)
values are determined using a9 and o).

m

§$? = I {yi - f (xi; a?, a?) - (af/aa;)oAal

i=]

. ) ?
- (3f/3a,) Aa,!

By setting

c, . (af/3a2)°

equation A19.5 becomnes

2
S° = I ((l-1 - biAul - L‘i/\(lz)

(A19,4)

their

(A19.5)

(A19.6)

(A19.7)

(A19.8)

(A19.9)

o i 4 i e+ R,
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The conditions for § to be a minimum are determined by
setting 3S?/3(Aa;) and 3S?/2(Awz) equal to zero:

2 I (ai - biAal - ciAaz)(—bi) = (A19.10)

2 (ai - biAal - CiAﬁz)(‘C.) = 0 (A19.11)

1

This leads to the linear equations

) h?lm, + 5 hiCiAuz = % a;b; (A19.12)
) biCiAﬂl L) C;Auz = 7 a;¢y (A19.13)
or, in matrix notation

[A]{aa) = {p} (A19.14)

If the determinant |A| # 0,the cquation can be solved and

-1

faa)Y = [A]7 (g} (A19.15)

The initial values of the parameters are now modified to
give improved valucs:

al = af + Aa, (A19.16)
1 0O -
a; = az; + Aa; (/\19.11)

(Here and below superscripts on a's refler to iterations,
not powers of a,)

The procedure is repeated until the desired accuracy is
achicved, say, after n iterations. The regression line is then

Fer (x; o, o)y = o (x; (a}) | (A19.18)
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The residual sum of squares is given by

2

(83) = & (y; - £.) (A19.19)

1

and the quantity

s? = (88)/(m - 2) (A19.20)

is an estimate of the variance about the regression based
on (m - 2) degrees of freedom (2 being the number of para-
meters estimated). Il the regression equation had been
bused on infinitely many observations, the true variance
about regression, o;x, would have been obtained.

A19.1.1 Properties of the Fitted Purameters

For cach Xy there exists an infinitc population of obser-
vations that cculd have been made. The single observation
Y3 is considered a random sample drawn from this population.
It is now assumed that (1) Yy and y.j are independent, that
is, an error in one observation has no effcct on the error
in another observation, and (2) all distributions of Y3 have

the same (unknown) variance o?.

Then the variances (var) and covariances (cov) on the
fitted parameters arc given by s?[A]"" (using the [a]~!
of the final itcration) as [lollows [221, 222]:

“var(ay) cov(ay, ;)

-1
ol [A]"7 - (A19.21)

cov(a,, ay) var (a;)

and o’[:A;['1 is known as the variance-covariance matrix.

In matrix notation:
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= 2.‘1
var(ai) o Aii (A19.22)
= 2.‘1 7
cov(ai,aj) o} Aij (A19.23)

The covariances cov(ai, aj) and cov(aj, ai) are equal since
]:A:]"1 is symmetrical.

I1f the postulated model described by the function { is the
correct one then the variance o? is equal to the variance

o;x. The quantity s” in equation A19.20 is an estimate of
O;x' Hence if oz[N]'] is replaced by s7[A]-1, then the
elements of the matrix arec estimated variances and covariances

on the paramecters.

A19.1.2 Confidence Limits on Fitted Paramctcers

In order to assign confidence limits to the fitted parameters
it is nccessary to make the additional assumption that

for cach Xy the population of yi's is normally distributed.
In real situations this is frequently the case [221].

In the case of a linear regression the true confidence limits
could now be assigned to the [itted parameters. In the
non-linear casc, however, this is not generally possible
since {a} is no longer normally distributed [221]. Non-
lincar confidence limits can still be defined by the
expression applicable to the linear model, normal error
situation, but the confidence will not be strictly known.

The limits arc then known as approximate confidence limits.

Thus, for ecxample, approximate 100(1 - A) per cent con-
fidence limits for parameter ay arce given hy

a; ¢ t(m—Z, 1-0,5A)V“r(“i)

where vur(ai) is the estimated variance on ¥ and

(A19.24)

Lo LT SRR R TL
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t(m—Z, 1-0,5A) is the (1-0,5A) percentage point on a
t-distribution for (m-2) degrees of freedom. Values of the
t-distribution are obtainable from standard tables [223].

A few illustrative values for a confidence level of 95 per

cent are given below:

Degrees of {reedom t
. 1,90
20 2,09
10 2,323
5 2,57
2 1,30
1 12,71

A19.1.3 Variance and confidence limits on functions

of the fitted parameters

If p is the number of parameters estimated and ¢ is any
function of the parameters (including the fitted function [),
that is

b = ¢ (X3 01, @2, e ap) (A19.25)

then, from [224]

rl ) P
var(e) = % [(3¢/duy) var(a;)]
i=1 !

+

p p
% .

. (ad/da, ) (Ad/da ) covia, ,a.) (A19.26)
i=1 j=1,j#i[ 1 J 17 ) ]

In the present case, with p = 2, this becomes

e
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var(4) = (36/3a,) var(e;) + (36/302) var(as)
+ 2 (3¢/9a1)(9¢/3az) cov(ay,az) (A19.27)

where in the non-linear case var and cov signify estimated
variances and covariances,

Approximate 100(1 - A) per cent confidence limits on ¢
are then given as before by

® * tipe2, 1-0,54) Var(e) (A19.28)

A19.2 LVALUATION OF RBUBBLL _FORCES

The bubble forces (per unit arca) required to be evaluated
were the forces of inertia, viscosity, surface tension

and gravity, given respectively by

P o](Rﬁ + 1,5 R (A19.29)
P, = 4uk/R (A19.30)
Py = 20/R (A19.31)
Pg = (pL - pv)gR (A19.32)

where R is the equivalent spherical bubble radius and R and R
are the first and sccond derivatives of R with respect to
time (t).

As discussced in Chapter 9, the cxperimental R vs t data

were first hand-smoothed and normalised to the correct

time basc. Smoothing was essential to prevent erratic
oscillations in the second derivative und thus the inertia

force P;» Data points {Ri’ ti} were then read from the

corrected and smoothed curves. A non-linear cquation of the form
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R = atP ' (A19.33)

was fitted, by the regression methods outlined in Section
A19.1, to overlapping groups of such data points. The

first group of successive points, odd in number (3, 5, 7,

9 or 11), and starting with point 1 was fed to the regression
program and the fitted values of the parameters a and b
applied at the central point (for example, at point 3

for a S-point fit); R was calculated from equation A19.33
and R and R from equation A19.34 and A19.35

R = abt(P~1) (A19.34)
= ab(b-1)t(P"%) (A19.35)

The procedure was then repeated for the next group of points,
this time starting with point 2 and, for a 5~-point fit,
giving R, f and R at point 4. The procedure was successively
applied to all data points and the bubble forces calculated
from equations A19.29 to A19.32 at cach point.

For each curve-fitting operatiou the regression program
provided, in addition to the parameters a and b, their
variance-covariance matrix, that is, values of var(a), var(b)
and cov(a, b), as described in Section A19.1.1.

A19.2.1 Varilance and Confidence Limits on Bubble Forces

From equation A19 27 it is scen that the estimated variance,
var(P), on a bubble force P is given by

var(P) = (3P/3a)?var(a) * (3ap/ab)?var(b)
+ 2(3P/3a)(3P/ab) cov(a, b) (A19.36)

The partial derivatives for the four bubble forces (and




422.

for the bubble radius) were calculated as follows:

Radius:
R = atb

(AR/3a) = tb

(3R/3b) = atblnt = Rint

Inertia:

- - 2
P = 0 et anm-1t (P8 w1 sabe P71 T
(59, /3a) = ¢ (2a(b*-b)e(3P72) w s ah? (2P0}

(a0;/3b) = o] [t (202 (op2in) ent + 2b-1)

¢ 3a bt (8P72) (hint+1)]

Viscosity:
P = Aubt”]

v

(an/aa) = ()
(3P,/3b) = aut”!
Surface tension:
p. = 20t-b/q

s [ ¥
b

(ar_/3a) = -20/a’t

(aP_/ab) = -20int/at?

(A19.

(A19.

(A19.:

(A19.

(A19.

(A19.

(A19.

(A19

(A19.

(A19.

(A19.

(A1Y,

40)

1)

42°

43)

.44)

45)

46)

47)

48)

o o e

et e P i e o e =
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Gravity:
Py = 8lpy - ov)atb (A19.49)
(3P, /33) = gloy - oy)t° (A19.50)
(P /2b) = glp) - oy )at’int (A19.51)

Thus for each fitted point cquation A19.36 gave the variances

var(R), var(Pi), var(Pv), var(Ps) and vur(Pg).

Approximate confidence limits were obtained f:om thesec
variances as shown in Section A19.1.3. Fer example, approxi-
mate 95 per cent confidence limits on the inertia force, Pi,

were given, for the case of a 5-point fit, by

P,

i ° t(3; 0,975) var(Pi) = 5,182 vnr(Pi) (A19.52)

Here, 3,182 is the 0,975 (= 1 - 0,5A) fraction point on a
t-distribution for 3 degrces of frecdom (5 obscrvations

minus 2 paramcters).

Since the regressions were based cn the smoothed R vs t

data, rather than on the original experimental data, the
calculuted confidence limits were not meaningful in the

normal sensc. They were uscful, however, in determining
the me suitable number of points per fit (3, 5, 7 ...)
as shown further below,

A19.2.2 Scatter, Confidence Limits and Number of Points
Per Fit

In discussing the scatter in the final forces vs time
data the example of the inertia [orce, evaluated via a
S5-poirnt fitting procudure, is considered.
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From data points 1 to 5 a Pi value was obtained at point 3
based on certain 'best' values of tue parameters a and b.
From data points 2 to 6 a Pi value was obtained at puint 4
based on different 'best' values of a and b. Thus the Pi

values at points 3 and 4, and similarly for all other points,

were not relaied by a continuous function. Scatter in the
(smoothed) R vs t data was reflected, and magnified by
the double dervivative, in the Pi ve t data. This scatter
could be reduced by increasing the number of points per

fitting operation,

Confiudence limit: on Pi at point 3 are relatecd to the
'goodness of tit' of the regression cn points 1 to 5. A
differcent 'goodness of fit' obtuins over points 2 to 6, and
similarly for all other points. Thus the magnitude of the
confidence interval on Pi must be expected tc vary irregu-

jarly from point to point, us was indecd observed.

Increasing the number of points per fitting operation
infiuences the confidence intervals in a twofold fashion;
firstly, it reduces the 'goodness of fit’, thus increcasing
var(Pi) and hence increcasing the confidence intervals, and
sccondly, it decreases the valuce of the t-distribution (sce
Section A19.1.2), thus decreasing the confidence intervals.
In the range of valuecs of the present work the sccond
effect predominated.

A large number of points per (it thus both smoothed the
forces output data and reduced the conflidence intervals.

However, it aiso caused loss of information; for cxample,

in an 1l=-point [itting procedurce the f[irst and last {ive data

points of the total sct arc lost.

Trial computations established the most suitable aumber of
points per [it for each bubble force, as illustrated in the
examplc below.

s T

e
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A19.2.3 Example

The centire regression and force evaluation procedure and
the choice of the number of points per fit are illustrated
for the case of Run M10.

Figure A19.1 shows the 44 experimental points of R against
uncorrect-u t. The hand-smoothed dotted line through the
points is shown extrapolated to R = .. Time was corrected
such that R = 0 and t = 0 coincided, and 61 values of R

werc read from the corrected curve as follows: for the
period 7 to 43 ms at 1,0 ms intervals, from 3 to 7 ms at
0,5 ms intervals and during the first 3 ms at 0,1 to 0,3 ms
intervals. The solid curve in Figure A19.1 connects the

R vs t points resulting from regression with 7 points per
fitting operation. The truncation resulted {rom the loss
of 3 points at cach end of the curve. Confidence limits

of R cannot be shown, the 95 per cent and even thc 99 per
cent intervals being of the order of magnitude of the
thickness of a pencil line.

Figure A19.2 shows the calculated points for the four
bubble forces. The 95 per cent confidence intervals on P,
P_and P_ are again too small to be shown; the confidence

s g
limits on P, are dcalt with in the next group of figures.,

The coffect of the nuaiber of points per (it on the scatter
and confidencc limits for the inertia force P, is shown in
Figures A19.3 tn A19.5. A 3-point procedure (Figure A19.3)
resulted in unacceptable scatter and cxcessive confidence
intervals. A S5-point, and 7-point procedure (Figure A19.4)
gave better results and an 11-point procedure (Figure A19.5)
was considered ideal. A larger number of points per fit
would have resulted in an excessive loss of points at the
two ends of the curve.

Plots simiiar to Figures A19.3 to A190.5 for the viscosity,
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surface tension and gravity forces showed that these could
be satisfactorily evaluated using 3-point or 5-point
fitting procedures; the 95 per cent confidence intervals
were again too smull to be worth plotting.

In all final computations reported in Chapter 9 an 11-point
procedure was used for the evaluation of incrtia forces
and a 3-point procedure for the remaining [orces.
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