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ABSTRACT

A critical review of the mechanisms, models and heat~transfer
correlations for nucleate boiling is presented. The importance of
nucleation is stressed, It is pointed out that the bulk of correlations
are based on the erroneous notion that the energy transferred away from
the heating surface by bubbles as such, in the form of latent heat,
contributes insignifiicantly to the total flux., - A critical review of
the correlations for the upper limit of the nucleate boiling regime -
the peak flux is also presented.

The theory of nucleation during boiling is reviewed and
extended in an attempt to explain the complete absence of the nucleate
regime, noted in preliminary tests conducted at low pressures., The
following equation characterizing nucleation is derived

o‘(TW + T) vy
?xV(TW - TS) J

r =
c

where r is the mouth radius of the smallest cavity for which nucleation
can proceed under the conditions reflected in the right-hand terms of
the equation; T is the (absolute) wall temperature; T is the
(absolute) saturbtion temperature corresponding to the sfstem pressure;

o is the surface tension; Ay is the latent heat of vaporization; vy

is the specific volume of the vapour; (all physical yproperties
evaluated at (Tw + TS)/Q); and J is the mechanical equivalent of heat.

The nucleation mechanism embodleg in this equation is the one
according to which the nucleation superheat for amrticular surflace
cavity is debtermined by the equilibrium (expressed by the Gibbs
equatlon) of a. vapour cap formed over a cavity mouth, with the bubble
radius of curvature equal to the cavity mouth radlus.

Experimental data are reported for benzene and ethancl boiling
from the same surface at various pressures. At atmospheric and
moderate subatmospheric pressures the usual stable boiling curves are
obtained. In an intermediate region a hitherto unreported, permanently
unstable, nucleate boiling regime exists, which is characterized by
erratic bubble behaviour and by boiling curves of unusual shape, At
even lower pressures the nucleate regime is altogether absent, the
heat-transfer changing from natural. convection straight to film boiling
as the wall superheat is raised, .

Application of the nucleation equation to the stable runs and
to the point of disappearance of the last bubble on a stable boiling
curve (flux decreasing) allows the prediction of the size range of
surface cavities available for nucleation, A method is given to
determine the point where this size range becomes zero, and where the
above mechanism ceases to operate. Comparison with the experimental



data shows remarkably quantitatively that when this mechanism ceases
to operate = a situation that can cccur in the middle of a boiling
curve ~ nucleate boiling changes from stable to unstable and the
bubble behaviour becomes erratic. Thus a method of predicting the
threshold of unstable nucleation which becomes operative before
complete cessation of nucleation occurs, is presented,

Photomicrographs'of the heating surface employed are shown,
which illustrate the existence of cavities of such sizes as are
required by the theory,
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SECTION T TNTRODUCTION

1,0 GENERAL
Bodling, a heat transfer mode capable of accommodating fluxes
in the order of several millions of Btu/hr.ftz, has, with the recent

advent of such high heat flux equipment as nuclear reactors, jet
engines and rocket engines assumed a major position in heat transfer
regearch,

Despite manis long acquaintance with the phenomenom of boiling
and the intensive research to which it has been subjected in the
last three or so decades, our present knowledge of the physical
processes underlying it is insufficient even for the semi~empirical
derivation of correlations capable of predicting boiling heat transfer
rates under all conditions,

In this study consideration is limited to one of the 19
possibie nodes of boiling which have been.recognized(lz namely,
to the important case of saturated nucleate pool boiling, de.c.
the case of boiling with vapour emination from discrete sites on the
heating surface, the bulk of the liquid being at its boiling point
and circulation of the liquid occurring by natural convection in a

darge vessel,

1.1 THE IMPORTANCE OF NUCLEATION,

The remark on the absence of satisfactory correlations for the
prediction of heat transfer rates applies particularly to nucleate
boiling. The reason for this 1ies»ih the highly surface-dependent
nature of the process.

~  Nuclieate boiling involves the processes of nucleation (the
formation of microscopic bubbles capable of growth) and the subse-
quent growth of these bubbles, Now nucleation, as has been showmn
enalytically and experimentally (2, 3, 4, 5) takes place mainly from
a, pre-existing vapour phase entrapped in miecroscopic surface cavities.
Clearly, different surfaces, even of the same material, will have



2‘0
different micro—-structures and hence different nucleation character-

isticss Even one particular surface, subjected to no such thermal ox
mechanical treatment as might chenge its microstructure, will, with
different previous histories and hence different entrapped gases and
vapours, behave differently (3, 6, 7, 8, 9, 10)s It is therefore not
surprising that the many attempts at general correlatiohs of nucleate
boiling heat transfer, along the traditional lines of dimensional
analysis, neglecting surface variables important in nucleation, have
faileds _

The: processes basic to nucleate boiling are, to repeat,
nucleation followed by growth. There'is, as pointed out by Westwater
(11) "no reason to believe that the important variables for these two
processes are the same, or that either one of the two processes will
be rate controlling ﬁnder all conditions," Thus aléatisfactory |
correlation will have to take into consideration both nucleation and

growthe :
: '~ The problem of the growth of nuclei into full-size bubbles has

received attention recently (12, 13, 14, 15, 16)., Expressions which
£it well with experimental data for the growth of steam bubbles in
superheated water (17) were obtained and employed alone in the. derive
ation of heat transfer corrclations (28, 19). A recent Russian :
correlation (20) was derived along similar lines, As is to be expected,
these expressions, based only.on the growth aspect, are of limited
#alidity;

Qur present knowledge oflheterogeneous nucleation and the
means»available for surface characterization are, however, insufficient
. t0 afford the derivation of a heat transfer equation inclusive of the
effects of both processés bagic to nucleate boiling.

This insufficiency of knowledge concerning nucleation is one

-regson for the: initiation of the work: here reported.

l.2 THE CESSATION OF NUCLEATION AT LOW PRESSURES

In the course of a number of saturated boiling runs conducted
at subatmospheric pressure, the present author observed the absence



of the nucleate regime below roughly 120 mm Hg for several organic
liq,uids° Instead of the usual transitions from heat transfer by
natural convection to nucleate boiling, through the peak flux and then
(for the case of boiling from electrically heated wires) to film
boiling, the wire remained in natural convection without any bubble
formation and at some high surface~to~bulk temperature difference
burst into film boiling,

_ This phenomenon had once been previously and accidentally
observed by van Straten (21) during the low pressure boiling of water,
The observations in this Department were made independently and withe
out knowledige of wan Straten's work.

The absence of the nucleate regims at low pressure presents
a remarkeble problem in nucleation, It was felt that an attempt at
the explanation of the phehomenon on the basis of the theories of
Bankoff (2) and Griffith and Wallis (5) would serve as a useful

indication of the status of heterogeneous nucleation theory.

1,3 OBJECTS OF PRESENT WORK
The objects of the present work, then, are the following:

(1) To present a critical review, in the light of remarks made under
section 1,1, of the mechanisms and correlations proposed for
nucleate:boiling,rtogether with a similar review for the upper
limit thereof, i.e. the peals flux or burnout point.

(2) To discuss heterogemeous nucleation theory as applicable to
boiling, and to attempt an explanation of the cessation of
nucleation at low pressure along the lines suggested by the
theories of Bankoff (2) and Griffith and Wallis (5).

(3) To present further experimental data on low pressure boiling
and accurate evidence of the cessation of nucleation phenomenon,

(4) To conduct such experimental work as is dictated by the |

considerations under (2) aboves



SECTION IT A CRITICAL REVIEW (G THE MECHANISMS, MODELS,
AND CORRELATIONS FOR POOL BOILING AND THE
PEAK FLUX

2,00 MECHANISMS, MODELS, AND APPROACHES TO THE CORRELATION OF
NUCLEATE POOL BOILING

Apart from early, empirical relationships, defensible on no
grounds other than simple dimensional analysis (22, 23, 24, 25, 26),
and a. recent statistical analysis of no theoretical significance (27),
all pool boiling correlations published to date have been derived on
the basis of one of the approaches or mechanisms listed below, Such
proposed mechanisms: or models as have not lead to correlations are
included.

(a) The high heat transfer rates observed in nucleate boiling
are attributed to vigorous convection currents set up in
the super~-heated layer near the heating surface by growing
and depérting bubbles, direct latent heat transport being
nagligable, See section 2,000

(b) The heat transferred awey from the surface by bubbles as
such, due to their latent heat of formation, is the major
contributor to the total boiling flux. See section 2,001.

(¢) The formation of a liquid microlayer under a growing bubble
and its rapid vaporizatien into the bubble are considered of
importance., See section 2,002,

(d) A vapour-liquid exchange mechanism is postulated, whereby
growing bubbles push hot liquid away from the surface, and
upon departure allow cooler liguid to rush to the surfaces
See section 2,003,

(e) Wave motion in the superheated layer is considered of prime
importance in determining boiling fluxes. See section 2,004,

(f) Departing bubbles are postulated to induce flow patterns
jdentical to those encountered in laminar stagnation-flow
but in the opposite direction, See section 2,008

4o



Of the many proposed correlations only the ones in more
common use will be discusseds |
2,000 _ BURBLE~INDUCEDR FORCED CONVECTION NEAR THE HEATING SURFACE.
It is the generally heid.view that in nucleate boiling the

energy transferred away from the heating surface by bubbles as such,
in the form of latent heat, contributes insignificantly to the
total flux, The postulated thermal path is: from the hot solid
into the superheated liquid layer and from there into the rising
bubbles, only an insignificant part flowing into attached bubbles.
This view appears to be based on photographic data of Jakob (28)
on the low flux boiling of water, and on that of Gunther and
Kreith (29) and Rohsenow and Clark (30) on subcooled nucleate
boiling, Only subsequent to the derivation of the correlations
here presented was this central assumption checked by Rallis and
‘his co-workers (10, 31), It was shown that in saturated pool
boiling the assumption does not even hold at low fluxes and is
entirely in error at high fluxes (see section 2.001).

Meanwhile the heat transfer rates were attributed to bubble-
induced agitation near the heating surface, The problem was thus
formulated as one of turbulent forced convection with correlatiohs
of the general form

Nu | = conste. Remg Prn XX ces (2 .l)

where the constant and the exponents are determined from experiment,
Inasmuch as the heat transfer rates in nucleate boiling appear
to be independent of system geometry, bubble dimensions, rather than
apparatus dimensions, were used as characteristic lengths. The
difference of proposed correlations arises out of the use of diff-
erent bubble dimensions and different definitions of the dimension-

lessS Eroupse

2,0000  ROHSENOW'S CORRELATION
- In Rohsenhow's analysis (32, 53) the bubble dynamics at

departure were considered of prime importance. Hence the bubble

diameter at departure, correlated by Fritz (34) as
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X .
Dd = Clﬁ i: gCO' -J 000 sud (292)
&( Py~ Pv).

was chosen as characteristic length, If bubbles are approximated
by spheres, and the bubble population is(N/A)sites per unit area

then the bubble mass flow rate becomes

G = 20, py /A, e (2:3)

b
and: G, = (a/8), L eee eee (204)
v

Tn addition it had been observed by Jakob (28) during the low flux
boiling of water, that

(C]/A.) = C2 (Q./A)b ase dee (2»5)

This relation was assumed to hold generally., Combining equations
(2.2), (2.4) and (2.5) permits the formulation of & bubble Reynold

number as
. A
» G’b Dd Csp (q./A) Bco‘ 2
Re = = con (206)
by, b, My La(py -py)

The Nusselt number was formulated, using equation (2,2), as

1 .
h D 2 '
Nu = d = hﬁ gCG (2 97)

kL | k_L g( PL—~PV) aes oes

The Prandtl number was based on liquid properties.
The assumption that the contact angle, g§ , is independent
of flux for a particular solid-fluid combination, together with the

above, mroduces the final correlation

% [m> - Cif [piq(:) Xj Py” PV)) g [: LPL] e+ (208)




The exponents of the dimensionless groups were determined from
experimental data on water (23, 35) and on three organic liquids (36)
boiling on different surfaces and under different pressures. The
constant Csf was found to be different for each solid-fluid
combination and varied from 0.,0027 to 0,015, that is by a factor of
five. Since these constants were chosen to fit particular data the
correlation predicts nothing but the slope of the nucleate boiling
curve, For any particular pressure the expression reduces to
approzimately A
(¢/A) = conste (Tw - TS)5 see  eee (249)
i.ee the slope of the boiling curve is always 3 which is, of course,
not the case, Courty and Pouse (3) and Kurihara and Myers (37),
among others, having shown that variations in the exponent, ranging
from 3 to 25 may be effected by polishing a surface with different
grades of emery papers Such mechanical treatment changes the
nucleation characteristics of a surface (but not by changing the
primary roughness which is not generally of a size and shape conducive
to the nuclei formation, but by changing the smaller, second-order
roughness formed statistically by the fracture of the solid). The
nucleation characteristics, more specifically the number and size
distribution of cavities, influence the entire shape of the boiling curwe,
inecluding therefore the value of the exponent, This will be more
fully discussed later.
| It must, however, be pointed out that these findings were

published after Rohsenow's equation. Inasmuch as it is one of the
first theoretical attempts to correlate nucleate boiling it is
highly laudible.
2,0001 THE FORSTER~ZUBER EQUATTION

Forster and Zuber (18) considered growth welocities of

atteched. bubbles, rather than velocities of departing bubbles as
the major contributars to sublayer turbulence., Since the velocities

involved in bubble growth are roughly one order of magnitude larger

7o



than those ecsociated 7ith macroscopic bubble movement (38) their - 8o
view is Justified,
* For the formulation of the dlmen51onless moduii in equatlon

(2. l), on the above ba51s, it was necessary to obtain expre531ons Por
the bubble radius, R, and for the rate of radial bubble growth, R.

" Plesset and Zwick (15) and Forster and Zuber (15) considered
the rate of bubble growth in a uniformly superheated liquid. From
their growth equations . they obtained the relation

-'(Tw‘Ts;) ¢y, Py, A/:“;,F eee  (2.10)

R= o
vty

Substitution of a relevant time constant for te time, t, would
result in a characteristic length, By a complex analysis considering
the isothermal advance of a vapour fromt (18) the relation

e e

t = R [PL ... (2.1)
o/ AP -
was obtained, where AP is the vapour pressure difference corres-

ponding to the superheat, and Ro is the initial bubble radius given

by ,
20

R = —— 2.12)*

° AP ( )

Combining cquations (2.10), (2.11) and (2412) results in the form-

ulation of the characteristic length
1

. (T ~ 1) oppy Vray ][Eﬁ‘. ] [—PL:F ' ees (2.15)

It follows from equation (2.20) that the product of bubble radius, R
and radial bubble growth rate, R, as required for the formulation of

(N

the bubble Reynolds number, is independent of time and given by

. 2
ORR = [(TW ~ %) e o Af“"l] cee (2414)

PV My

* This equation will be discussed more fully later
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Thus the bubble Reynolds number was given by
2RR p
ML

Re =

L. cee cso (2915)

with the product RR substituted from equation (2,14) and the bubble

Nusselt number by _

R(q/A)

kL T -T)
w ]

with R substituted from equation (2.13)., The Prandtl number was

Nu = ope X (2.16)

based on liquid properties. The final correlation was

' 1
’ Nu = 0,0015 Re 0.620 Pr ® X (2017)

Ry
= 0,0015 EL(O PL(T, -T)A/E:'T)?]O .62 LPL]%

Py My

where the values of the constant and the exponents of the dimension-
less moduli were determined from experimental data on three organic
liquids (36) boiling at nor near the critical flux. The applicability
of the correlation to data on water was tested with the peak flux data
of Addoms. (35) and Kazakova (39) and was found satisfaetory. Unlike
in Rohsenow's relation, all data fell on the same line.

Since the constants in equation (2.17) were obtained from peek.
flux data, the correlation should be more applicable to high flux
conditions than others.

Like the bulk of correlations, the Forster-Zuber equation does not
take the nucleation characteristics of the surface into aécount. Its
success must stem from the relative similarity (with respect to
nucleation) of the "smooth" chrome, nickel and platinum surfaces

generally used in boiling runs.
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In a sub&équent publication (40) Zuber Has.attempted to show
~ that the inclusion of the critical bubble rs dlug, Rbg in the form-
wlation of the bubble radivs takes ncheatlon into accoun The
remarks apply only to hemogenecus nuc;eatlon (heo nunleatlon within
the liquid bulk) ; in faci, the correlation is derived on the basis of
boiling in the bulk and predicts identical. fluxes for homogeneous and.
heterogeneous ebbulation, '

It has, incidentally, been shown by Zuber and Frled.(él) that
the equation of Engelberg-Forster and Greif (42) i.e. equation (29)
in ref.(42), derived by dimensional analysis, is, in fact identical’
with equation (2.18), the difference stemming from a substitution
for AP in terms of the Clausius~Clapeyron equation,

2,0002 LABUNTZOV'S CORRELATION
It is reported (41) that Labuntzov has cbtained a correlation
based on a model similar to that of Forster and Zuber.

A new concept, apparently derived from experiments (unspecified,

no reference givem) is that the liguid is superheated to a distance
Ro from the surface, where Rb is the critical bubble radius given by
equation (2,12). The enthalpy of the liquid film (above the saturation
temperature) is then AR cL‘pL(TW - Ts)° If all the stored energy
is used for vaporization, then the maximum distance, 2%, which a vapour

front can advance is given by
2 = -
Agtpyhy = AR pp ?L(TW Ts) »e  (2.19)

This relation, together with equation (2,12) with the AP term
expressed in terms of superheasd temperature difference as
ZGT . (PL Pv)
R =
o (T '1' ) Py, Py My

ver oea  (2420)

permits the formulation of a characteristic length as

e* - CL PL 3,2G‘TS PL —‘PV (2 21)
Pv*v Pvyly Py | U )




which, by neglecting the term in brackets and dropping the 2 may be

expressed as
o o L% (2.22
2 = ——'—""—'i' vee sso . )
(Py M)

From the concept of a superheat layer thickness of Ro, and the

Fourier equation it further follows that

e er———————
LA N L X N 4

R
o

%"' g, (T = T) v (2.23)

| ‘Substitution of equation (2.23) into the Forster-Zuber Reynolds
modulus with the constant dropped, and further substitution from or of
equations (2.20) and (2.22) yields
pple/8) pL(0/A) o pro Ty
Re = - 3
11LPV)‘V uE(PVlV)

eF = eoe  (2424)

Using equation (2.22) the Nusselt number was formulated as

ho T
Nu = P—ff = --—%L‘—(P—PL—V%)Z (2425)

The Prandtl number was based on liquid properties. The final

correlation was

1 -
Nu = 0,125 Re>*%% i3 for Re> 1072 ,.,. (2.26a)

| ) | ]
and  Nu = 0,0625 Re"*® Pr for Re< 1072 ... (2.26b)

, It is reported (41) that these equations correlate boiling
fluxes for a large variety of liquids including liquid metals,
The limitations; of equations based purely on bubble growth

and neglecting nucleation has already been discussed.

2.,0003 KUTATELADZE'S AND MICHENKO'S CORRELATIQONS

It is reported (41) that Kutateladze has obtained a. correlation
based on a model similar to that first proposed by Rohsenow, -

As characteristic length he chose (as did Rohsenow) the bubble
diameter at departure, as correlated by Fritz'!'s relation, equation (242).

11.



The conversion fgotor 8, Wwas dropped, the MLAT system of units being
employede _

Following Jakob (43), the assumption is made that the super-
ficial liquid velocity towards the surface equals the superficial
vapour velocity away from the surface; then the superficial liquid

velocity may be used as characteristic velocity. This is given by

v, - loh) ' (2.27)

= A so0e LN J
L _PVxV
The Reyﬁolds modulus thus becomes

oY/ ] | |
Re = § 5, Pyry L2 A =P sos  (2.28)

N

The Nusselt modulus is the same as Rohsenow'!s, see equation (2.7),
except that &q is excluded,

The Prandtl number was based on liquid properties,

The contact angle, B ,' was apparently assumed constant and
dropped from’the formulation of Re and Nu .

These three dimensionless groups ware insufficient to correlate
data. Kutateladze found it necessary to make use of a pressure group

defined. by

P L ‘
Ku = > te0  eso  (2629)
[oglp, -p 7= |

which is dimenzionless in the MLET system of units. It has been shown
(41) that this group expresses the effect of system pressure upon the-
ratio Dd/Ro.

The final correlation was

) i} 0.7

b g z 4 LPL(VA) o ] 0435 __047

&[m :l = O W Ny <s( PL, ~Py) > i
eoa (2430)

which is reported to correlate data for a large variety of solid-liquid

combinations and pressures.
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More recently, Micherko, as reported (41), using the same
dinensionless groups obtained an equally satisfactery correlation

given by . —0,7

-4 1 (g/A) - g 0.7
Nu = 8.7 x 10 E Bl Ku 000 2951
, [“FWXV 'ahL"PV>J (2.51)

where the term in square brackets may be interpreted as a. Peclet
number (= Re,Pr) for boilinge _ ‘

Inasmuch as these correlations may, at a particular pressure,
be reduced to

(/) = comstu (T~ T)™  aes  eee (2.52)

s
with m a congltant, their limited applicability is clear.

2,0004 OTHER CORRELATIONS
Two further well known correlations based on bubble induced

turbulence in the sublayer, but being of somewhat lower status than
those discussed above, are mentioned for the sake of completenesse

Gilmour (44) using the same dimensionless groups as
Kutateladze and Michenko and a further dimensionless ratio, D /D, was
able to correlate reasonably (within 45%) data on boiling from tubes
with the tube dlameter as D in the length ratio. In correlating
data for the boiling from disks he found it "necessary to select a
diameter which is not the dlameter of the disk", It was not specified
how this diameter was selected.

Levy (19), employing the bubble growth equations of Forster
and Zuber (13) was able to derive a correlation without specifying
the bubble Reynolds and Nusselt numbers., His equation contains a
dimensional factor which on the basis of theory ought to be a
constant, but wag, in fact, found to be préssure dependent, This

factor is given in graphical form as a function of the enthalpy

content, Py Oy °
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240005 _ADVANCES

For the nucleate boiling of a particular svhstance at a
pariicular pressure; the heat flux is not a single valued function
of the superheat, but depends upon the supérheat temperature 4iff-
erence and the bubble population, The bubble population, in turn,
doupendiz  on the nucleating characteristics of the surface, that is,
on the number and size distribution of nucleation cavities,

While there are at present no means available for the required
micro~characterization of surfaces, the interrelation between heat
flux, bubble populatidn and superheat temperature difference has
received attention.

It is reported (37 , 45, 46) that the flux is not directly
.proportional to the site concentration, (N/A), as originally proposed
by Jakob (47), but proportional to a fractional power thereof,

In the region where boiling is the principal mechanism of heat
transfer this exponent varies from 0,33 to 0,46 for various
investigations, This interrelation has been shown to be unaffected
by surface contamination, surface~active agents, dissolved salts or
the degree of macroroughness,

Further, Furihara andl lyers (37), by forming dimensionless
groups similar to those of Rohsenow (32), obtained an equation which
correlated fluxes of water and several organic in terms of
physical properties and bubble population. The liquids were
" boiled on widely differing surfaces with a large range of slopes

of the boiling curve. Tbeir relation is

1 1
" 3 B —0089
- fy—:l I:E:F Pr oes  (2433)
ki’ b1, 1 A L

the bubble populavion appearing to the % power. In similarity to

Rohsenow!s equation (208) the Prandtl number enters with a negative

exponent which seems incompatible with the bubble~induced turbulence

model,



It appears (41) that Zuber, in a report submitted for
publication, has on the basis of a new model derived s Reynolds
number including a bubble population terme. The group is given by

Pr
Re = const. B L L

My,

2
(T, - 1) cLPI‘:lata,E‘\-I-:’%r - :r%
Py ry A Lg(PL-PLS
coe ase (2054‘)

These formulations, while not providing the solution to
the problems of correlating boiling fluxes, are believed by the

present author to be steps in the right direction.

2,001 LATENT HEAT TRANSPORT

As was pointed out at the beginning of section 2,000, the

assumption that direct latent heat transport by departing bubbles
contributes but insignificantly to the total boiling flux, is
central to the derivation of every boiling correlation published to
date. The notion is based on Jekob's data (28) on the low flux
boiling of water, and on boiling tests with the bulk subcoocled
(29, 30), Only in 1960 was this basic assumption tested by Rallis
and his co~workers (10, 31) in the range to which it was poimcipally
applied, namely in fully developed saturated pool boiling., It
was shown that latent heat transport is at no time insignificant,
It is instructive to illustrate this with Rallis' actual
results. Taking one of his figures for the boiling of water
(fig. 6 in reference 10), on which both the total flux and the
photographically determined flux due to latent heat transport by
bubbles is plotted, we note:
(&) - At the very low flux of 10,000 Btu/hroftz'(the boiling
curve having separated from the natural convection curve
at approximasely 7,500 Btu/hr.ftz) direct latent heat
transport accounts for 3,000 Btu/hr.ftz, i.es for 30% of
the total fluxe.



(b) At the low flux of 50,000 Btu/hr.ft> the latent heat
contribution is roughly 16,000 Btu/hreftz, i.es 53%

(c) At the intermediate flux of 100,000 Btu/hr.ft° it is

80,000 Btu/hr.ft2, i.e. 80%

(d) At the high flux of 200,000 Btu/hr.ft2 (typical. peak
fluxes are 500,00Cm400,000) the latent heat contribution
is approximately 190,000 Btu/hr.ftz, iseo 95%.

Except at low fluxes, 1atentAheat transport is seen to account
for the major portion of the total flux,

Similar results were subsequently obtained for water, using
a more accurate photographic techmnique (31). Ethyl alcohol exhibits
similar behaviour (10). These results may be considered conclusive,

With regard to the correlations: of section 2,000, one is
faéed.with‘a staggering instance of the use of unjustified assump-
tionse .

Rallis has aitemphaﬂ: & correlation , By summing the direct
latent heat transport and the natural convection flux based on an
undisturbed surfzce , and ndting that this sum exceeds the
experimentally observed flux, he has shown that latent heat transport
by departing bubbles together with natural convection can account
adequately for the fluxes observed in saturated nucleate boiling,

This leaves the conclusiﬁe‘evidence of insignificant latent
heat transport in subcooled boiling (29, 30) to be dealt with,

If the high fluxes observed in this form of boiling are, as
is generally assumed, attzibutable to the bubbie~induoed turbulence
in the boundary layer, then it should be immaterial whether the
bubbles are filled with vapour or inert gas. While it has been
shown (48) that non-boiling fluxes may be increased considerably
by the electrolytic generation of inert gas bubbles from the heating
surface, the observed fluxes, even at the highest gas generation
rate, were nowhere near those observed in high flux nucleate

boiling.

16,
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The explanation seems to lie rather in mass transfer through
the attached bubbles, This view originates firom remarks made by '
Zmola during the discussion of Rohaenow and Clark's report (30) and
has received considerable theoretical and experimentsl support (49,50).
In subcooled boiling the mechanism that accounts for the major portion
of the total flux is almost certainly that of evaporation near the
superheated base of the attached bubble and condensation on the
cooler parts towards the top of the bubble, The mechanism cannot to
any significant degree apply to saturated boiling (see results of
Rallis,)
2,002, MICROLAYER VAPORIZATION

It does, however, imply a process applicable to saturated

boiling. It implies, as pointed out by Bankoff (50) among others
(51), the existence of a thin liquid film at the base of the bubble
from which vaporizatian would proceed.s The tenmperature of this film
would be expected to drop éignificantly after mass transfer had begun,

Now rapid surface temperature fluctuations during nucleate
boiling have been investigated (51, 52), Moore and Mesler (51), by
employing a thermocouple having an extremely short response time and
capable of measuring the temperature of a very small area, this couple
being linked to an oscilloscope, were able to record surface temper=
ature drops of 20°F to 30°F occurring in about 2 msec during the
-riucleate boiling of water., These temperature dips were followed by
dlower recoveries to the original temperature,

These results were analysed theoretically and interpreted with
cares The only mechanism consistent with the observed fluctuations
was found to be one which involves vapasrization at the base of the
bubble, with the following detailed events: {guoting from the original)
"As a bubble grows on the surface it exposes the heating surface wet
with a microlayer of liquid to the interior of the bubble, This micro—
layer rapidly veporizes removing heat rapidly from the surface until
it is completely vaporized .," The temperature dip corresponds to the
microlayer vaporisation the recovery and the interval till the next
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dip corresponds to the time between completion of vaporizakion and

recommencement of vapourization of the microlayer under the next bubble
The hypothesis of bubble-induced boundary layer agitation and
the consequent correlations canﬂot predict the observed temperature
drops. '
These findings ought to be of importance in correlating bubble
growth and frequency, which in conjunction with effective surface
characterization and& hence prediction of bubbls population, and Rallis?

latent heat transport mechanism might provide the ideal correlation,

2,003 VAPOUR-LIQUID EXCHANGE ACTION
The mechanism of Engelberg-Forster and Groif (42), proposed

prior to the above findings, would appear at first sight to predict
the observed tempersature draps.

The action basic to the suggeste& mechanism ig one in which
the space in the superhested layer vacated by a departing bubble
(or in the case of subcooled boiling, a collapsing bubble) is occupied
by cold liquid rushing in. Thus bubbles mechanically pump couler
liquid to the hot surface. This action predicts temperature fluct-
vations at a particular spot on the heating surface, However, a
careful analysis by Moore and Mesler (51) shows that for the observed
temperature dips to occur the inrushing water would have to be 1479
below the metal temperature, while the actual bulk saturation
temperature was only 10°F to 30°F below the surface temperature,
Further, the mechanism does not predict the sudden arrest of cooling
which was observed. '

It is hardly probable thatfvapour-liquid exXchange action is
a controlling factor in nucleate boiling, The approach has not led

to a correlations

2,004 CHANG'S WAVE THEORY
This approach will not be discussed in detail, but is

nmenticned for the sake of completeness,
Chang- (53, 54) has proposed a generalized wave theory for



both natural convection and boiling which has led to a correlations 19,

Above the heating surface a boundery layer is postulated whose
thickness depénds upon the heat flux, This layer is in wave motion,
stable at low fluxes, but unstable at higher fluxes, Bubble-eminafing
sites appear at the nodes of these waves, The theory predicts that the
wave length and hence the spacing of nuecleating sites should be an
increasing function of surface temperature. This has been confirmed by
experinent,

Inasmuch as the bubble population depends not only upon the
surface temperature, but also on the number and size distribution of
nucleation cavities, and further, since not ordered geometrical pattern
of active sites, as predicted, has been observed, the approach seems
limited, |

- The assumption that latent heat transport is insignificant,

except near the peak flux, is basic to the approach,

2,005 - INVERTED STAGNATION-FLOW MODEL.
Tien (55) has very recently suggested a new hydrodynamic

model for boiling. Since the publication was read at the very time of
writing and has not been studied exhaustively only a few comments are
offered, |

In the region of low bubble population rising bubbles are
postulated to set up flow patterns identical to {those of laminar
stagnation flow normal to a horizontal plate, but opposite in sign.
At high bubble populations with nutual interaction flow patterns become
more complicated, As a first approximation the model for the "isolated
bubbles region" is used for the entire range of fluxes., The published
relations gdverning heat transfer in laminar stagnation-flow against
a wall are employed. Clearly the number of such flow sources is
inportant, hence the bubble population enters into the correlation,

The final equation is

o

—_ B 0055 _Ii 095
=. 61@5 PrL kL(.A) (TW - TS) eéo (2055)
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The relation correlates (with quite a large deviation) the &ata for

boiling of various substances from widely differing surfaces (37, 45, 48),
In the light of the work of Rallis (10, 31), it seems, as

the author suggests, highly probabl? that Yconsiderable error is

introduced ... through the neglect of the vapour phase,”

2,01 CONCLUSIQONS
All saturated boiling correlations published to date are based

on the erroneous notion of insignificant latent heat transport.

Correlations based entirely on physical properties of liquid
and vapour cannot possibly predict heat fluxes under all conditions.
The means available for surface characterization are insufficient to
predict the nucleation properties of a surface. Correlations including
bubble population terns are.steps in the right direction,

Microlayer vaporizasion into attached bubbles should be of
importance in the derivation of bubble growth and frequency predictions,
These, in conjunction with nucleation predictions, & relation for
bubble diameter at departure and the latent heat transport mechanism,

could result in the ideal corwrelation.

2410 THE CRITICAL FLUX _
As the heat flux is raised during nucleate boiling both

surface temperature and bubble population increase. At the critical
flux the babble population has increased to the point of coalescence,
the surface, as observed photographically (56) being covered with an
jrregular, highly unstable vapour film. This hydrodynamic crisis
marking the end of the nucleate regime and the beginning of transition

boiling represents an operational limit of power level controlled

boiling systems,



The 1init arises from the following: Inasmuch as the
nechanism which yielded high heat transfer rates in the nuclhsate
regine is. nonmoperatiunal in transition beoiling, the swrface temp-
erature rises if the power level is maintained; the film becones
incneaéingly more steble and the systen proceeds towards film boiling,
Stable operation in this region is possible only if (a) a heat
transfer rate.by combined conduction and radiation through the film, -
equal to the power input is attained prior to failure of the heating
surface by nelting, and (h) if the surface temperature corresponding
to the temperature difference associated with stable film boiling at
the power input level is below the nelting point of the surface,

In meny instances the requirements are not satisfied. The material
melts locally, This occurrence is commonly referred to as burnout.
The reason for the intensive attempts at the correlation

of the critical flux is highly apparent.

2,11 APPROACHES TO THE CORRELATION OF THE CRITICAL FLUX,
Apart from early, highly empirical or otherwise unsatisfactory

correlations (26, 36) all expressions. for the critical flux proposed

to date have been derived by employing one of the approaches listed

~ below,

(a) A sitnation of close packed bubbles with adjacent bubbles
touching each other on the heating surface is postulated

as a burnout criterian., See 2,110,

(b) Dinensional analysis, in conjunction with various equations
of motion, energy, heat transfer and boundary conditions, is

enployed, See 2,111 ,

(¢) The critical flux is considered to occur when a condition
of coalescence of successive btibbles eminating from the sane

site occurs, See 2,112,

(&) The problem is formulated as one of hydrodynamic instability
of a two-phase pixture. See 2,113,

21,
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2,130 ROHSENOW AND GRIFFITH'S SQUARE-CLOSE-PACKED BUBBLES MODEL
Rohsenow and Griffith (57) advance a nodel of square~close~
packed bubbles touching each other on the heating surface. Burrnoub
is considered to take place probably before this idealized,condifion
arises, in fact at a bubble population differing from such close
packing by a constant factor. The product of this factor and another
unknown constant arising froo %he inclusion of their earlier finding
(82) that the heat transferred to the bubbles is proportional to the
total flux, was determined from experiment, Their derivation further
‘agsunes the product of bubble freqpéncy and diameter at departure as
constant for all liquids. This constancy had been observed by Jakob
(58) for carbon tetrachloride and water boiling at low fluxes. The

final correlation takes the form

(/8), - c|PL-Py |B
- o "P""v' l[:—*—a-;" ] see  oee  (2036)

where Cl and n are experimentally determined constants having values
of 143 f£t/hr, and 0.6, respectively. The group on tne left is a
suberficial vapour velocity obtained from the considerations of close
packing; the group on the right may be considered a buoyancy force
per unit mass of vapour. Their relation by a power function was
assuned., ‘
Bquation (2.36)correlates satisfactorily Braunlich's and
Addon's data on water (59, 55) and Cichelli and Bouilla's data for
four organic liquids (36).

A theoretical objection to the correlation arises fron

subsequent investigations (60, 61) indicating that Jokob's relation

= const,. es o XY . (2-57)

“%

does not hold generally, and certainly is in error in the region of
the critical flux. The most recent work (62) produces strong theoretical -

and experimental support for the relation

f.D 2 = consta sso  eow (2058)



apparently first suggested by Delssler, as feported (61),

2,11k DIMENSTONAL ANALYSIS -~ RUSSIAN CORRELATIONS

Inasnuch as the publications advancing the correlations here
discussed were not read in the originals, the equations will be

presented with little comment. Reviews (61, 63) were consulted.

Apparently it was Kutateladze (64) who first remarked on burn-
out in terms of instability of two-phase flow, However, he did not
apply stability analysis. "Starting from the non-linear Euler equation
of nmotion for the two phaases and the heat transfer equation"* he

derived the following relation by dimensional analysis

(a/8),

3 1+ =K = conste eee (2.39)
My Py LoB( pp = Py) 17 |
v Py" LoBL P v

The value of K was determined from experiments as 0,16 .

Sherman (65) "utilizing the equation for convective heat
transfer with a heat source, an equation describing the transfer of
heat due to boiling from the laminar-transition layers to the turbulent
core and the dimensionless groups resuliing from the equation.of motion,
obtains, also by means of dimensional analysis, an expression identical
to equation (2,39)" #*

Borishanskii (66), extending Kutateladze's analysis to include

the effects of viscosity, employed dimensional. analysis to derive the

relation
" i
(_?;/ )C l 4 0015 + 4N 0.4 T X (2.40)
where A ‘
o 72
: N = P'L oee (2041&-)

wiloe(py = py) 12

¥ quoted fron (&3)
#**  quoted from (61)
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The viscosity thus appears only in the correlation factor N. Its

effect is apparently (63) quite small.
The agreenment of the above three re1ationships with experimental.
data is good, as may be observed from a figure reproduced (67) from

Borishanskii's paper,

2.).12 COALESCENCE OF SUCCESSIVE BUBBLES

Two correlations have been advanced, postulating the critical

flux to occur when the rate at which bubbles rise from a flat horizon-
tal heating surface is just insufficient to keep them clear of their
SUCCESS0rS,

Deissler, as reported (61l) considered the effects of both drag
and buoyancy on the rising bubbles; Bragg and Smith (68) considered
buoyancy onlys.

2.,1120 DEISSLER'S DRAG~BUOYANCY MODEL

" Deissler, equating buoyancy force and drag force on a freely

rising vapour bubble, obtained an expression for bubble velocity,

U, s which, in combination with his coalescence criterion

LDy = uy cee  see  (2,42)

gives an expression for bubble frequency at burn out in terms of
bubble diameter, drag coefficient and physical properties. This
fregquency and the relation of Fritz (34) between bubble diameter

and contact angle at break-off wére apparently substituted into an
equation identical to that used by Rohsenow and Griffith (57) relating

the critical flux with the_produat £.D The correlation, as

d.
reported, was

(o/8), . s

T T eee  (2043)
N Pyiloe(py - Pl ® 2 ¢

]

where 02 is a constant,



The contact angle was assumed constant for all liquid-salid
combinations, The drag coefficient was assumed to be a function of o
bubble Reynolds number, Substitution of the mhove cxpressions for
bubble velocity and diameter into the Reynolds number yielded the

. relationship 103

_2-0.2 :
X -‘:f pv .1_ cew ess (204‘4‘)
Pv[ &( P, Pv)]4 :

.

where X is the left hand side of equation (2.42) and + indicates
some function, No significant tren# of X with the group in brackets
was found. Thus the drag coefficient was considered constant. The

final correlation was thus

(a/2),

1 = K= consta
Mpyzloa(py, =py) 1%

which is identical with equation (2,39).
The conscancy of the drag coefficient with respect to the

bubble Reynoids numbew and the relation
: 1

feDd—é‘ = COHSt. 200 cee (2058)

implied in Deissler's analysis, have been verified by Cole (61) by
direct measurement; he also vhowed (61) that Fritz's relation (54) does
not apply at the critical flux, The dependence of contasct angle upon

surface conditions is, of course, well knowne

2,1121 BRAGG AND SMITH'S BUOYANCY MODEL

Hecently there appeared a rather naive attempt by Bragg and
Smith (68) to rederive equation (2.39) and to determine the value of
the constant purely analytically, on the basis of a highly simplified
models

In the face of previous experimental evidence to the contrary
(61) the drag force on the rising bubble was assumed negligable because
of ™uhe"small dispatch velocities involved" ¥ ., Buoyancy was thus
considered to be the sole force acting on a rising bubble, which for

some reason was assumed hemispherical. The acceleration, a,

#cuoted from the original paper (68)
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corresponding to this force was determined., An expression for the
bubble diameter at departure, Dd’ identical to that of Fritz (54)

- except for the absence of a contact angle term, was derived, assuming
g = 90", Inasmuch as Fritz's expression, as previouwnly showm (61)
is inapplicable at the critical flux, and the contact angle is known
to depend.ﬁpon surface condiﬁions, this step introduces two further
errors; At the point of coalescence, the centre 6f"grayity of the
preceding hemispherical bubble was considered to have moved upwards

a distance Dd/2 in the time, t, taken for a new bubble to form.
Thus their critical flux cpiterion takes the form

at oeo A... (2.45)

N

Dy _
2

Assuming a burnouid condition of total vapour coverage of the'surface,
and the entire flux to be by latent heat transport to attached hemi-~
pherical bubbles - an impossible situation.~ a éimple expression for
t was obtained, Substitutioh of the expressions for bubble diameter,

acceleration and time of formubion of a bubble into equation (2.45)
vields, remarkably, the final correlation

A
A .‘.L(Q/ ,)G . 1 = 0062' (XX ) (2546)
VPVZ[ G'E'gc( PL - Pv)]4

which is of the required form of equation (2,39).
Needless to say, the value of the constant is about four times

as large: as that observed experimentally.

2,115 HYDRODYNAMIC INSTABILITY - ZUBER'S CORRELATIONS

Following Kutateladze's suggestion (64), Zuber and his co-
worzers approached the,problemaof the eritical flux from the point of
view of hydrodynamic instability of two=~phase flowe

2.,1130 THE TAYLOR INSTABILITY MODEL
Examining the photographs of Westwater and Santangelo (56),
Zuber (63) concluded that no solid-liquid contact exists in transition

boiling, the liquid being supported by an irregular vapour blanket,



It seemed.prom¢91ng Gt mnproach ‘the oritical fiux from this ﬁevlon and
to characterize it by the treaking down of the vapovr blanket,
Experlmentul evidence pointing to the ex1stence of capillary
waves on the interface of a thin film in two~-phase flow was noted; in
especial the occurzence of rlpples in fllm b0111ng (56, 69) and the
wave shadows noﬁiéédyby Chang (55)'oﬁ photograpks of nucleate boiling
(56)+ It seemed. 'na.i:u:c"al. to invesitage transition boiling and its
breakﬁ@Wh to the dr;ﬁical flux by considering wave. stability,
f The effect of viscosity on the waves was heglected; The
“vapour film.thickness.was considered small compared with the radius
of the cross section of the heating element, thusallowing the use of
~ the plane approximation;..The rroblem was thus formulated as ones of
instability of a plane vortéx sheet separating two inviscid fluids
in relative motion, the denser fluid being supported by the less
* dense fluid, i.e, as a problem in Taylor instability. The classicdl
equations of Helmholtz, Kelvin and Rayleigh (70) were applied,
governing the propogation of small disturbances, ahd the stability
of such a vortex sheet oscillating under the influence of surface
tension. These, together with an energy balance assuming the inter-
face to break at the nodes and that vapour slugs are approximated by

spheres, result in the final correlation

/By . x[mtev ) ‘
7\.Y PV%[o‘g( PL _PV)]%.' 24-[ PL ] so o (2.;47)

Except at‘very high préssures the density ratio term on the right hand
side approximates to unity and equation (2.47) reduces'to equation
(2452)« The agreement between Borishanskii's experimental constant
of 015 in equation (2,40) and.'é% (= 0,131) is remarkable.

The relation correlates satisfactorily the data of several
investigations (56, 36, 35, 71),

It was subseguently shown by Zuber and Tribus (72) that the
constant é&- in equation (2,47) is actually an average value having
theoretical limits, arising from the wave length spectrum of unstable

disturbances, of 0,157 and. 0.12 .

27



Fundemental o the Zuber treatment is the notion of absence of any
solid~liquid contect dvring transition boiling, Hence the nucleation
characteristics of the soldd heating surface exe immaterial, the heat
flux being dstermined entirely by hydrodynamis effects in a region
removed from the surface, However, in the light of more recent
eiperimental studles (73, 74), showing strong surface dependence of
transition fluxes, it appears highly probabls that momentary contacts
between liquid and solid do occur. Bankoff and Meura (75) have, in
fact, édvanced a "guenching theory" for transition boiling which
accomnodates these contactsa _ '

Thus the Taylor instability model is probably incompatible
with the physical process it is supposed to simulate, '

2,115L. THE COMBINED TAYLOR AND HELMHOLTZ INSTABILITY MODEL

Mo® recently Zuber, Tribus and Westwater (67) approached
the critical flux from the point of view of combined Taylor and
Helmholtz instability of two-phase flow,

The similarity between nucleate boiling and the process.of
gas bubbling from a porous surface is notedfby observing the
similarity between the plots of Kurihara and ¥yers (37) relating the
heat flux with temperature difference for various surface roughnesses,
with those of Siemes and Borchers (76) relating the superficial gas
-velocity and the pressure drop acress porous plates of various pore
sizes, Early remarka,pointing'out the similarity between burn out
in boiling and flooding in butbling mass transfer systems (26, 77)
are noted. These considerations and the similarity between Rohsenow
and Griffith's peak flux correlation (57)

(¢/4)  _ superficial _ - 0.6
Y € = vapour velocity Cl[?EL-—EJI:] eos (236)
vPV.  at burnout Pv

and Souders and Brown's flodding correlation for bubble~-cap columns
(78) -
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superficial Pr, ~ Py z
UE = vapour velogity = C | ~=——= seo  (2048)
at £looding Pv

suggest & flooding model for the critical flux,

As the flux in nucleate boiling is raised, bubble population
and bubble frequency increase, At the critical flux the frequency of
emission is consiflered to have increased to the point of coalescence
of rising bubbles with their predecessors resulting in the formation
of continuous vapour columns. Quoting from the original (67): "The
number of vapour columns increases as the flux approaches the critical
value, However, the number cannot increase indefinitely. ZEach new
vapour column occupies space formerly occupied by liquid. Like in
the flooding phenomenom the discontinuous (vapour) phase and the
continuous (liguid) phase dompeﬁe for the free volume, As the cross
section of space available to the liquid becomes smaller and smaller
the liquid which must move towards the heating surface moves faster,
Thus, we visualize jets of vapour rising from the solid, while between
these jets are liquid.jets moving iwn the opposite direction, Because
of Helmholtz instability (70, 79) this countercurrent flow of liquid
and, vapour may hecome hydrodynamically unstable, The maximum heat
flux occufs when the hydrodynamuc crisis arises, At the crisis the
relative velbcity of the liquid and vapour is as great as it can bej -
an increase is impossible; it would either cause the vapour to drag
the liquid back away from the heating surface or liguid jets to drag
vapour back to the heating source",

The problem was thus formulated, again using the plane
approximation, as that of finding the value of the critical velocity
corresponding to (Helmholtz) instability of a circular vapour jete

The diameter of this jet was determined from considerations
of Taylor instability: An instant was imagined at which the liquid
is supported by a blanket of vapour, The two streams will not be '
permitted to move in opposiﬁe directions as described unless the
liquidnvapour inverface is broken, It was postulated that the

interface will tend to break up in a definite pattern corresponding



to aLcriticai wave-length spestrum (70, 79) associated with Teylor
instability of the vortex sheet, The diameter of the critical vapour
columns was taken to be half this critical wave-length, or range of
wave~lengths, corresponding to the points of inflection of the critical
two~dimensional disturbance,

Using this diameter, the critical velocity for Helmholtz
instability of the circular vapour jet was obtained using classical
equations: (70, 79), This, together with an energy balance produced
the final correlation

(a/),

T - 0,12 ase (294:9)
)\vpviz {O—g( PL - Pv)]

0.15 2

B

which is seen to be identical with their earlier relation.

Inasmuch as these equations were derived entirely analytically
and correlate data on such diverse media as various organic liquids
- (56, 36), water (35, 71) and liquid hydrogen (80, 81) see also (41),
they are highly impressive, The assumption of ebsence of liquid~
solid contact at the critical flux, basic to théir derivation, is,
howeves, open to serious doubt (see 2,1130). As equations (2.39) etc.,
they are not dimensionally homogeneous in the MLOTFH system of units;
8q? éhe conversion factor from_forcexto mass units, having been omitted

in the group in square brackets,



SECTTON 8 THEORY OF NUCLEATTION DURING BOILING

3,0 INTRODUCTION

This section deal: in some detaill. with the questions of what
a nucleation site is, how a surface may be characterized with respect
to nucleation and how system variables, in particular pressure, affect
the number of nucleation sites on a surface. An explanation of the
cessation of nucleation at low pressure (see section 1.2 and Fig, 3.6)
is attempted on the basis of published theory or on extension of such
theory,

Before dealing with these problems it is appropriate to define
some of the terms used in nucleation theory, :

5,00 BASIC CONSIDERATIONS AND DEFINITIONS

Cn the basis of the kinetio theory the superheated liquid
from which bubble formation is to take place may be considered to
contain some molecules having energies considerably greater than the

energy of average molecules., A cluster of molecules having sufficiently

high energy mey be considered a vapour cluster, this cluster having
arisen from collisions of activated molecules with average molecules
or other activated molecules., When the number of molecules in the

- vapour cluster is sufficiently large. the cluster is a vapour bubble.
These bubbles are cooler than the liquid bulk, thus the process of
bubble formation is, strictly speaking, irreversible.

The superheat ccnstitutes a driving force between liquid and
vapour; surface tension tends to crush the 4iny bubble and tends to
cause its collapse, A nucleus is a tiny vapour bubble that will not
collapse but grow spontaneously,

It is possible to formulate the work required to form a
vapour embryo of any shape. On the basis of the generally accepted
simplifying approximation of reversibility of bubble growth, this
work, W, equals the increase in (Gibbs) free energy, AF, of the total
system, AT or W is obtained by considering the chemical potential
of vapour and liquid, or PV work, and from the work required tc create
the liquid-vapour interface, A maximum on the AF or W vs, vapour
volume curve will represent a situation of metastability and growth
beyond this point will be spontaneous. This maximum marks a critical
condition,. ‘

. Consider the simplest possible case, that of nucleation
within the liquid bulk (homogeneous nucleation), Westwater (82),
among others, has derived the relation between AF and the bubble
volume, V. On the assumption that vapour embryos are spherical,
vapour volume was represented by bubble radius, Rs A plot of the
function is given in Fig. 3,1 (see overleaf),

31



52,

Figo 3.1 Plot of Work of Formation vs. Radius =
Homogeneous Case

. The function passes through a maximum.  Only bubbles of radius
R are stable, and only as long as they do not change in radius., The
siightest change in size, arising, say, from the loss or gain of one
molecule would cause spontaneous collapse or spontaneous growth of the
bubble, accompanied by a decrease in free energy and an increase in
entropys A bubble of size R_  1is called a nucleus and the radius
of the nucleus is called the “critical radius. For bubbles to grow to
macroscopic size it is thus necessary to exceed the free energy
barrier AF max 1i.e. the work barrier W max,

Consider now vapour nucleation from & solid-~liquid interface.
If the embryo grows from some surface irregularity, say a cavity, it
is possible that the W vs V curve has more than one maximum, In this
case the highest maximum marks the critical conditicn and must be
exceeded for growth to macrescopic size to occur, The bubble radius
of curvature associated with this maximum is now the critical radius.

5.1 THE NATURE OF NUCLEATION SITES

In this subsection the various previously proposed conditions
considered conducive to nucleation, and the generally received view
that nucleation occurs from a pre~existing vapour phase in steep-walled
unwetted cavities are discussed in details, A controlling nucieation
mechanism is proposed. Experimental evidence supporting the adopted
model and mechanism will be quoted,
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5,10 FPREVIOUSLY POSTULATED LIKELY SITES

The physical nature of nucleation sites in boiling has
received a thorough examination in the important paper of Bankoff's
of 1957 (2). The various possible and previcusly postulated require-
nents for vapour nucleation were analysed theoretically and then
compared with experimental results.,

Homogeneous nucelation and nucelation at a plane surface were
considersd first. The analysis is here presented to illusirate the
nethod of attack,

Volmer's original expression (83) for the reversible work of
formation of a vapour nucleus having the shape of a spherical sector
on a plane solid surface (Fig. 3.2) was rederived and corrected.

The maximum of this expression,

Fig. 3,2 Nucleation on Plane Surface

corresponding to a vapour nucleus of critical size is given in its
corrected form, by

) _ 16%63 [
Ynax = 5(PB - Pi)z‘ ]QB) see e (841)
3
where jQQ) - 2 + 5_002. - cos%B cen  (542)

The size of the critical bubble is unknownj; hence P_,, the pressure
inside this bubble is unknown and equation (3.1) is not directly
useful, Resort was made to the work of Fisher (84) who treated
nucleation during cavitation. Fisher's analysis is directly
applicable to superheated liquids, yielding the expression for the
rate of formation of vapour nuclel in a mole of superheated liquid
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%
%NE = '{%@, exp[- (Afo + Wmax)] sco (505)
where N is the Avogadro number, and Af * is the a@tlvatlon energy for
the nmotion of & liquid molecule past its neighbours into or away from

the bubble surface., Fisher has shown its effect to be generally
negligable, Equation (3.,3) was applied to homogeneous nucleation,

For the homogeneous case J(B) in equations (5 1) and (3.2) is

equal to unity, Further, the tern (P - L) in equation (3,1) was

related to the superheat-vapour-pressure difference, AP, by means
of the Thomson correction S .
PL ~ &y

Hence 9
PL :
aN = 1870 L ces  (35)
e [:5(AP)<PL"PV ) kT]

Fisher (84) has further shown that the fracture pressure for
cavitation is very insensitive to the waiting time for the first
bubble, On the basis of this property Bankoff selected a value of
unity for dN/dt in equation (3.5) and solved for the superheat-
vapour-pressure difference

3 1
PL. 16 ro —]2 (3.6
AP =2 - Py LT In(NKi/h) - we (546)

AP in equation (3.6) should approximate the theoretical fracture
pressure for the cavitation of liquids, which is "in the neighbour-
hood of hundreds to thousands of atmospheres".*®* The highest
experimentally observed superheats correspond to AP's of only a
few atmospheres, Nucleation from the homogeneous liquid does there-
fore not take place.

~ Similarly for nucleation at a plane solid surface, the
superheat-vapour-pressure difference is given ?y

Py [ wna’ @) 1% L., (3.7)
pr, =Py L SkIe n( ¥kxT/h) '

‘AP=

where f (). is given by equation (3.,2). Within the range of observed
contact angle, B, the AP obtained from equation (5.7) is in excess
of experimentally observed AP's by some orders of magnitudes Hence
nucleation in ebullition does not take place from plane surfacese.

** quoted from (2)
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Nucleation from surface projections was considered next.
The solid projections were considered to be spherical sectors of radius
e An expression for Wﬁax identical to equation (3,1) except for a

different geometry function was obtained. This geometry function was
shown to be of the same order of magnitude as {(8) in equations (3.1)
and (3.2) for the case of r_ = critical radius of vapour embryo; in
fact, for g = 90~ the work o form a nucleus is greater than that
required to form & nucleus in the homogeneous liquid, For the cases
of r_  tending towards infinity and r_  tending towards zero the work
of nuBleation tends towards that deterhined for the previously treated
plane surface case, Thus the possibility of nucleation from surface
projections may be iismissed,

Nucleation from conical cavities was considered next. TFor
well-wetted (low B ) surface-fluid combinations the work required
for nucleation was shown to be of the same order of magnitude,
irrespective of the depth of the cavity, as the work required to form
a nucleus within the ligquid bulk,

Before dealing with the all-inportant case of unwetted cavities,
Bankoff's reasoning for the rejection of surface crevices as possible
nucleation sites will be given, The cavities are considered to be
grooves with a wedge-shaped profile, If the walls are wetted, approx-
imately the same considerations will apply as for wetted cavities.
Thus wetted erevices nay be dismissed from consideration, If the
crevice walls are unwetted, the work required to tear the liquid away
froo a small area at the apex will be less than for the wetted case;
but the resulting vapour phase will have to grow along the entire
length of the crevice apex before growing out of the crevice, Hence
nucleation will rather take place from unwetted szwities than fron
unwetted crevices, However, should a well wetted crevice contain a
short unwetted section, then the vapour embryoc need not extend past
the unwetted portion, and the crevice will act as an unwetted cavitye.
Such a contamination effect is not unlikely,

Up to this point the discussion has beem a sunmary of
Bankoff's important paper of 1957 (2),

3,11 STEEP-WALLED UNWETTED CAVITIES

The renarke made so far apply to static deterninations of
superheat in the absence of any pre-existing gascous phase. Such
considerations are insufficient for the treatment of boiling
nucleation fron steep~walled, unwetted conical cavities, While
Bankoff (2) has indicated, though not strictly quantitatively, that
conditions for nucleation in the absence of a pre-exisiing gaseous
phase are more favourable in unwetted cavities than in any other
possible site, it appears that during the dynanic process of
ebullition such cavities will always contain a vapour phase fron
which bubbles grow. The postulate that nucleation ozcurs fron a
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pre~existing gascous phase in cavities actually goes back to Fisher (84)
and Courty and Foust (3). The first postulation of surface cavities

as boiling nucleation sites is, incidentally, due to Andreev who
studied cylindrical pores, and dates back to 1945, as reported (85) .

Now by considering the unidirectional advance of a liquid
front over an irregular surface, Bankoff (86, 87) has derived a quant~-
itative procedure for determining whether a surface cavity of a
particular shape and size will entrap gas and vapour or not., For
entrapnent to occur it is assumed that the liquid front in edvancing.
down one wall of a depression makes contact with the opposite wall
before displacing all the gase The study indicates that unwetted,
steep-walled cavities, as are here considered, are highly efficient
vapour trapse '

Let us initially consider nucleation in the absence of a
pre-existing gaseous phase from a steep-walled, unwetted, conical
cavity, (Fig. 3.3), of such a size as to let the maxinum on the work
vs. volume curve, analogous to the homogeneous critical condition,
occur while the vapour phase is near the apex of the cavity, i.e.
when R{ <R, »

Fige 343 Successive Bubble Profiles -
Unwetted Cavity




Fige 3.4 Radius of Curvature vs. Volume =
Growth in above Cavity

\ s

e

Figs 365 Work vs, Volume ~ Growth in
above Cavity

Let us consider the case of B = 900} let the cavity mouth

radius = rc. In Fig, 3+& successive bubble profiles are drawn. An
appropriaté plot of the variation of radius of curvature with bubble
volume is given in Figes 5.4. It is proposed that the work vs, volunme
curve is of the shape given in PFig. 3.5.

R_ (situation 1 in Fig. 3,3) is the radius of curvature,
analogous ° to the homogeneous critical radius R , associated with
the first paxinum on the W vs, V ourve, Growth from this point
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onwards will be spontaneous until situation 3 is reached., From the
arrows in Fig. 5.3 marking radii of curvature of the interface and fron
Pige 344, it is seen that a sudden reduction in radius of curvature

is necessary before a henispherical vapour cap of radius R = r can

be formed over the cavity mouth, i.e. before situation 4 ¢ 45 °©
realised. Further growth is accompanied by a regular increase in
radius of curvature, At this point we recall the Gibbs equation,
applicable to a situation of static nmechanical equilibriunm.

20 '
( PB - PL) = -ﬁ— ese  sen (5.8)

where PB is the.pressure inside the bubble, PL is the bulk liquid
pressure, and. R is the radius of curvature of an interface which is

a segnent of a gphere, If we approximate each stage of growth beyond
and including Ré, by an equilibrium situation, it is seen that Ré,

and the ninimun on the R vs. V curve (Fig. 3.4), Rc, correspond to
situations of naximum (PB - P). An exact equation relating
(PB - PL) with superheat will be given later, For the present we
follow the bulk of investigators by using the approximation

(PB - PL) = AP, see (5.9)

where AP is the superhéax-vapour—pressure difference, Thus Ré and
R correspond to conditions of maximum superheat-vapour~pressure

difference and hence superheat, For the case of Ré <R,, here

considered, Ré requires the higher superheate. This argument qualifies
the postulate” (Fig. 3.5) that Ré is associabed with the highest

noxinun on the W vs. V curves Thus R! dis the critical radius and
controls the superheat necessary for nucleation, if the cavity is
originally liquid filled,

Pron Fig. 3.3 drown for the case of R! being just fraction-
ally smaller than Rc’ we note that for steep—wailed unwetted cavities
of such a size as to let Ré < Rc’ Ré occurs towards the very apex

of the cavity., Considerations of vapour entrapment (86. 87) indicate
that a vapour volume corresponding to R > Ré will be very likely to
pre~cxist in cavities wof this type. In this case the "cap~over-mouth®
situation becomes controlling and RC =T, is the critical radius and
determines the superheat.

For cavities of the same type but of smaller size, such
that R! > R but still occurs inside the cavity, consideration of the
Gibbs equat%on indicates .that a higher superheat will be required to
forn Rb than Ré, Thus for thi& case also Rc =T, is the critical

radius and determines the superheafl; in this case irrespective of
vapour entrapnent,



If the cavity is so small as to let Ré be reached only after
the vapour phase has grown out of the cavity, the system approaches
the plane surface case, previously dismissed.

It is perhaps here appropriate to point out that whereas the
honogeneous critical radius, R _, is unique for a particular liquid at
a particular temperature and pressure, R' is not, being in addition
dependent upon the surface configuration from which the vapour phase
grows and upon the contact angle, '

We have till now limited consideration to the case of B = 90
and have postulated that for this case the cavity mouth radius, r_,
controls the superheat, It may be shown (5) that this model actuSlly
covers a large range of conditions, in that as long as the limitation

(o]

o< p<90° vee ees  (5.10)

applies, the mininun on the R vs. V curve (Fig, 3.4) is constant, and
the critical radius equals the cavity mouth radius. Thus for surface~
liquid combinations for which equation (3.10) applies, the superheat
necessary for the initdation of boiling from a cavity will be
deternined by the nouth radius of the cavity, If P< 6 no nininum
will exist in Fig. 3.4; but is B> 90°the required superheat will be
reduced.

- It is proposed in the present stady, as in that of Griffith
and Wallis (5), to characterize all nucleation during boiling by the
formation of a vapour cap of radius R over a conical cavity of nouth
radius r, wder the conditions givenAgy equation (3.10), i.e. with

Rc =T e It is further proposed that r, is controlling in the static

sense of the Gibbs equation.

The question now arises as to which extent equation (3.10)
is representative of actual boiling conditions. As fer as 6 is
concerned we may safely assume that all surfaces will have cavities
of various shapes present on then, These will not generally be
represented by the nacroroughness which is predoninantly in the forn
of grooves arising from the cutting action used in the production of
most surface finishes; rather, such cavities will be represented
by second-order roughness, formed statistically by the fracture of
the solid during cutting. In the case of surfaces forgmed by sand-
casting, anodizing or etching etc,, cavitics will presumably be
present as primary roughness. - Thus tne would expect nucleation
to occur at lower driving forces on being essentially of the cavity
type. This is strikingly confirmed by the experinents of Kerneen,
McGraw and Parkin (88) on cavitation from an anodized alunminium
surface, and by the boiling runs of Jakob and Fritz (89) who employed
& heating surface fitted with square cavities of length, depth and
spacing of agout 0425 nm, which required a temperature difference of
only about 1°C for the initiation of ebullition of water,
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With regard to contact angle, 8, it appears {5) - at least
for the case of water - that inasmuch as contact angles Giffer fron
zero, they are due to contanination, Any surface held in air for any
length of time will have (> 0; no solvent will remove the last traces
of contaninant, Water on "clean® and oily stainless steel exhibits
contact angles between 30° and 90° at temperatures above 40°C (5).
Recent neasurenents in the M,I.T. Heat Transfer Laboratory (90), and
those of Courty and Foust (3) indicate that contact angles for
bo%ling organics from various surfaces generally lie between 40° and
60,

Thus it appears that the limitations imposed by equation
(3,10) may reasonably be obeyed.

While it is generally considered established that boiling
nucleation occurs from cavities with a pre-~existing gaseous phase,
the view supporting the "cap=over-mouth" mechanism as controlling
in the static sense of the Gibbs equation, has been questioned.,
Bankoff in particular (91, 92) has advocated a mechanisn based on
considerations of the stability of cavities as nucleation sites.

His mechanism involves a conplex analysis of the relative rates of
heating in a cavity and vapour collapse into a cavity. Which of the
proposed mechanisms is actually controlling can be determined by the
guality of the correlation obtained when experimental results are
handled in the manner dictated by the particular mechanism, A
comparison (90) of the quality of an equation of Bankoff's based

on his nechanism with that of the equation of Griffith and Wallis
based on "cape=over-mouth" mechanism as controlling in the sense

of the Gibbs equation, establishes the superiority of the latter
approach, which is also adopted in the present study.

Some experinmental evidence supporting the views advanced
in this subsection will now be mentioned.

3,110 DXPERIMENTAL EVIDENCE,

¥hile wellnigh every phenomencn observed in nucleate boiling
has been subjected to interpretations based on the model and
mechanism proposed in section 3,11, only particularly striking
evidence, or such studies which were directed at a particular aspect
of the proposals will here be mentioned,

3,1100 CAVITY SITES.

In the important work of Clark, Strenge and Westwater (4)
photwgraphy during and after nucleate boiling was used to identify
active bubble-producing sites. Ether and pentane were tested on '
vertical surfaces of pure zinc and on an aluminium alloy at atmos~
pheric pressure, Numerous still photographs @t magnifications
ranging from 160 to 864 and a few wlectron micrographs at a
magnification of 25,000 were takens These, in addition to motion
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pictures having a. magnification of 13 on the negative showed that
cavities with diameters between 3 x 1072 and £ x 10~ f£t, were active
nucleation sites, The obse“vatlons are adequate proof that nucleation
does proceed mainly fror surface pits or cavities, A few scratches and
crevices, as predicted by Bankoff, as well as a mobile speck of un~
identified material were also active sitess In no case did bubbles
form at grain boundaries, No difference in activity could be observed
for the various crystal fuxice of zinc having different atomic densities.

Trefethen (93) examined nucleation from an extreme case of
a smooth surface - from a liquid-liquid interface which has no roughness
in the usual sense. A drop of a third liquid, immiscible with the other
two, more volatile that the other two, and of imtermediate density,
was introduced onto the interface., The whole system was heated, or the
pressure was reduced., Superheats, considerably higher than those
observed in nucleate boiling could be sustained. The process was
usually limited not by the nucleation of the superheated drop, but by
the saturation temperature of the more volatile of the enclosing
liquidss This may be considered as further evidence of the necessity
of surface irregularities for boiling nucleations

The study is in apparent contradiction to that of Gordon,
Singh and Weissman (94) who obtained nuoleate boiling in the ordinary
sense and at typical temperature differences for water, ethancl, and
methanol heated on a liquid mercury surfaces However, it appears that
nucleation proceeded not from the mercury surface, but from extraneous
solid sites: "Despite great care a clean liquid-liquid interface could
never be achieved during a run, Under a strong light a. superficially
clean surface would show many very small particles like white dust
most probably glass from the tube" (i.e. from the boiling vessel.$
"Presumably these served as nucleation sites", * A micro-photo=
graphic study of this system, along the lines of Clark, Strenge and
Westwater (4) would be of interest,

%,1101 VAPOUR ENTRAPMENT

As evidence of the occurrence of vapour entrapment the
study of Dutkiewicz (6) is here reported, Two liquids exhibiting
marked different boiling curves - ethanol and water - were studied
on one surface, When the heating surface, after prolonged boiling of
ethanol and the determination of its boiling curve,; was transferred
into water and retested, the boiling curve initially approximated or
coincided with the ethanol boiling curve, A similar effect was noted
when the ethanol boiling curve was determined after surface pre-
treatment with water. In all cases the pre~treatment effects de-
creased with time and vanished after about six hours of boiling. This
implies that the bulk of active cavities contained ethanol vapour at
the completion of the first test., While the procedure between tests
is not accurately reported and it is unknowmn whether the heating
element was actually wet with ethanol or not at the time of immersion
in water, such considerations are immateriale. Obviously the element

# quoted from the original
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was not heated to high temperatures between runs, Assuming that the
surface was wet with ethanol, it is fairly apparent that at the
moment. of immersion in water the ethanol present on the "flat®
surface was dissolved and affected the bulk liguid properties
insubstantially. = Such ethancl as was present in cavities, either
wholly or partially condensed, would, in the absence of boiling,
require: considernble time, probably days, to diffuse into the water,
Thus as the commencement of ebbulition active savities predominantly
contained ethanul. After bubble formation vapour transport graduslly
diluted the ethanol vapour with water vapour until finally all ethancl
was swept out,

When a fresh heating surface is first immersed in liquidg the
cavities can be expected tc contain air, Nucleation will initially:
proceed from these air embryos. After prolonged boiling the air will
have been replaced by vapour., If now the liguid is allowed to cool,
condensation of the vapour should cause all surface depressions,
except those which contain very sharp apeces, to be filled with liquid, =
The same situation could be realized by proldnged immersion of the o
fresh heating surface in a cold liquid exhibiting solubility for air,
If a boiling test is now commenced with the flux increasing, the o
surface should remain in naturel convection till well past the knee
of the bsiling curve obtained in ‘stable tests, This temperature
overshoot before the surface breaks into nucleate boiling has been
observed previously (3, 7) and in the present study, In Fig. 3.6 two
preliminary runs exhibiting this effect during the boiling of bromo-
benzene from a platinum wire are reported. (The complete cessation
of nucleation may be observed in the test conducted at 115 mm Hg;.
this phenomenon is due to other causes and will be fully discussed
later). More extreme cases of the overshoot were observed during
the boiling of éethanol and benzene: - at low pressures, when the peak
flux is low, the nucleate regime could only be obtained by decreasing
the flux after the surface had first broken into film boiling, The
temperature overshoot before boiling commences may, as indicated
above, be attributed to the fact that many potential vapour traps -
are initially liquid~filled. Once boiling begins these cavities or
crevices £ill with vapour, most probably by evaporation of their
liquid content into a bBubble spreading from an adjacent site,

5.1102  THE CONTROLLING MECHANTISM,

Griffith and Wallis (5) are the chief proponents of the
nucleation mechanism in which a vapour cap of radius r_, formed over
a cavity of mouth radius r , dictates the nucleation =~ superheat in
the equilibrium sense of the Gibbs equation. Before reporting their
experimental. work in support of this mechanism, thelr controlling
equation will be given, :

For static mechanical equilibrium of the vapour cap of
radius z, the Gibbs equation holds



(PB V PII) - r oo o8 a (5 5’11)
The approximation :
(PB ind PL) = A P e ‘a0 M (599)

is tacitly applied, Hence :
' AP =

ng

do0 3o (5012)
Cc

The llquld superheat can be related to AP through the Clau31us-
Clapeyron equation, which in difference form is - :

AP My -
T =ty © "T—“T coe  (3613)
T = T vy = vy,

‘where v 1is the specific volume, If AP is eliminated between
equations (3.12) and 1{3,13) and if T in equation (3.13) is taken
as T , then the relation between cavity mouth radius and superheat
is © talned

202 (vy = vp)

[ XN [ N ] (5.14.‘)
1 V(TW - TS)_ J

J is the mechanical equivalent of heat and ought to be included if
the MLOTFH engineering system of units i8 employed.

Zquation (3.14) gives the minimum temperature difference -
necessary for the initiation of ebbilition from a cavity of a given
mouth radius; or gives the mouth radius of the smallest cavity which
will be active at a given superheat,

This equation was tested by measuring the flux and the wall
superheat during the boiling of water from a polished copper surface
fitted with about 50 identical steep-walled cavities per sg.inch.

The mouth radius was 2.7 x 10~° in, Cavities were produced by a.
special punch made of a sharpened gramophone needle placed in z holder

having a stop that permitted penetration only to the desired depth, =

With this surface one would expect the boiling curve to be vertical,

Purther, a superheat of 3°F as obtained from equation (8.14) is
expected to produce nucleatlon. -~ The boiling curve for a similarly
polished surface free from punched cavities was also determined,

The curve for the surface with punched cavitioes showed lowel [pame

heets then the curve for the smooth surface, The slope was large,

7 or so, but the line was definitely not vertical, Further, the wall
superheat for the surface with artificial cavities was of the order

of 200F as opposed to the predicted 3°F. The superheat for the smocth
surface was about 25°F, - Two possible explanations for these results

were suggewted: either the mean surface temperature is not the one
sensed. by the nucleua. , or some other mechanism controls nucleation,
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and the superheat is detesrmined by properties other than those
appearing in equation (3,14).

These possibilities were investigated by two further sets of
experiments. In the first, nucleation was studied from a single
cavity of known dimensions and at a uniform known temperature, An
apparatus was employed which consisted of a glass vessel immersed
in an oil bath and connected to a pressure control systeme In this
vessel a liquid could be maintained at any moderate temperature and
at any pressure equal to or less than atmospheric, ' A surface
containing one punched cavity of known geometry was immersed in this
liquid, Liquid temperature and pressure were adjusted until boiling
from the cavity nearly ceased, and were recorded, The corresponding
superheat was caloulated from equation (3.,14). With experiments
performed in this way essentially equilibrium conditions existed
in the test vessel, The solid surface which now did not act as a
heating element was at the known and uniform bulk ligquid temperatures
Since the system pressure was varied, variations in all terms of
equation (3,14) were obtained, though not independently. Such runs
at varying pressure were performed for three cavities of different
geometries. In each case recorded superheats were in close agreement
with those predicted by equation (3.14). These tests indicate that
the theory of bubble nucleation embodied in equation (3.14) is
essentially correct and that the specification of a single dimension
of length: is sufficient to characterize a nucleation site.

In the opinion of Griffith and Wallis (5) these tests further
indicate that the discrepancy between observed and predictcd superheats
in the previous erperiments is duc to the fact that during the
dynemic process of ebulliition the surface in the vicinity of a cavity
is considerably cooler at the instant of nucleation than the average
wall temperature, Now the local rapid surface temperature drops
during nucleate boiling, observed by Moore and Mesler (51) - see
section 2,002 -, were interpreted to oceur during the vaporisasion
of the postulated microlayer after the vapour phase has grown out
of and beyond a cavity. The analysis leading to this view appears
to be sound and it seems that nucleation occurs when the local
surface temperature differs insubstantially from the average surface
temperatures, However, it must be pointed out that the annular area
sensed by the thermocouple of Moore and Mesler was about 30 times
as large as the mouth area of the cavities of wiffith and Wallis.
This leaves the discrepancy between observed and predicted super-
heats in the first experiménts of Griffith and Wallis without a
satisfactory explanation, However, the set of experiments at
uniform temperature indicates that the nucleation mechanism embodied
ineuation (3.14) is cssentially correct.

It remained to apply these findings to a rezl boiling surface
containing a range of cavity sizes. Equation (3,14), when applied
to a point on a boiling curve, should prediet the mouth radius of
the smallest cavity active under the conditions of this point, Thus
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for a given surface material and method of surface treatment there
should be a single value of the number of active cavities, if r_ as
obtained from equation (3.14) is the same; that is, if the pres%nt
nechanism is applicable to real boiling surfaces, then a plot of the
active site concentration (N/A) against »_  should be invariant for
different fluids boiling at different pregsures from essentially
identical surfaces. To test this the apparatus used in the first
set of experiments was employed again, but in addition the aective
site concentration was determined photographically. Subcooled
boiling runs with water, methanol and efhancl boiling from
identically treated copper surfaces were performed, The three
liquids yielded quite different (N/A) vs, (TW - Ts) curvess

When (N/A) was plotted against r_ as obtained from equation (3.14)
all points fell on the sanme line® aprroximately. The data of
Kurihara and Myers (37) for acetone, hexane, carbon tetrachloride
and carbon disulphide boiling from similarly treated surfaces

also yielded one line when handled in this manner, Since the fluid
properties not appearing in equation (8,14) are different for these
liquids it was claimed. that they have no influence on nucleation,

It was argued that if' a mechanism other than the one embodied in
equation (3.14) were controlling a. correlatian of the different
liquids would not be possible,

These findings indicate that the "cap~over-mouth" situation
is controllinge. The superheat necessary for nucleation in a ligquid
at uniforn temperature may be predicted accurately from a relation
based upon the Gibbs equation. For the case of a real boiling
surface the relation ceases to be quantitative. The nuclieation
mechanism appears to be the same in both cases.

3,2 AN EQUATION CHARACTERIZING NUCLEATION

An equation relating wall superheat and cavity mouth radius
is here mesented, It is based upon the nucleation mechanisn
proposed in Section 3,11, Although very similar to the relation of
Griffith and Wallis (5), this equation is both more refined and
simpler, .

The condition of equiiibriun between a bubble and the
surrounding liquid at the sane temperature is stabed by Gibbs (95)

o o‘(-]-'+-l) ces  see
BOR

Where:Rl_and.R2 are the principal radii of curvature of the interface.

This equation is applied to the hemispherical vapour cap

(7 - By) = (5.15)

B
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of radlus R, formed. over the mouth of a cavity of radius. r o Thus
Rl:‘:Rz-R "‘—‘:rc owo es o . (5 16)

quatlon (5.15) thus reduces to the well-lknown G1bbs equatlon given
previously . - 20

o (P - L)— = oo (B21) 1
P . .e o

Now (PB - PL) differs from AP, the superheat-vapour-pressure

differences Their interrelation. is given by the Thomson correction
A (B, - B )= AP X (3.4)

B L , RL .
where the densities are those of liquid and vapour of infinite
extent at the prevailing teuperature,

The superheat-vapour-pressure difference, AP, is related
to the superheat, (Tw - TS), by the Clausius-Clapeyron equation,
which in difference form is .

AP . aee (3013)
(Tg =T~ Tlwy = vp)

where T is the absolute tenperature,
Combining equations (3.11), (3.4) and,(5.15) yields

20T py(vy = vp) (5,17)

eae

r = . v
3 ¢ 7\ V( P1, -p v) (TW - TS)

It is felt that T  ought not, as in the equation of
Griffith and Wallis, to be evaluated as the wall temperature,
Preliminary calculations on the experimental results of Clark,
Strenge and Westwater (4) indicate that the superheat-layer thick-
ness, & , as obtained very roughly from the relation

h»& = kL (XX LR (5918)

is of the same order of nagnitude as the mouth radius of the
cavities which were observed to be active, Thus it seems more
appropriate to evaluate T as (TW + TS)/2. Hence and by
sinplification ' ;
rC = G(TW + TS)VV XX XX (5019)
KV(TW - Ts)J :
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of acting as nucleation sites, r, = 2,52 x 10-6 ft. oorrespondé to

the largest cavity on the surface; this cavity will continue to act
as an active site at fluxes above 4200 Btu/hr.ftzo Thus the size
range of active ocavities (see arrows Figure 3.7) increases with
increasing flux, and the number of bubble~producing sites increases
ag the integral of the cavity size distribution evaluated between the
linits of the range,

3.4 FEFFECT OF PRESSURE ON THE NUMBER OF ACTIVE SITES,

The variation of r, with PL’ the bulk liquid pressure, is

now investigated at constant flux, Equation (3,19) is applied to.
sets of boiling curves of three common liquids boiling under varying
pressure.z r, is evaluated at an arbitrarily chosen flux of 60,000
Btu/hr.ft4, Physical properties (98, 99, 100, 101) are evaluated
as saturation values at (Tw + Ts)/2. The data which are analysed

areé those of Cichelli and Banilla (24), Bonillae and Perry (23) and
Mesler and Banchero (102) on ethancl; those of Cichelli and Bonilla,
and. Mesler and Banchero on benzene; and those of Addoms (29),
Brauniich (28), Akin and McAdams (103) (runs W IV - VI), and Micheef
(extrapolated from 104)) on water.

On the assunption that during each set of investigations
the boiling-surface remained the same (e.g. the wires used by Addoms
had sinilar surface characteristics or the tube of Mesler and Banchero
wag polished in a sinilar nanner after each run, one would expect a
snooth ourve to result for the plot of r, vs PL for each substance

and surface. Such plots are given in Figures 3.8, 3.9 and 3.10.
Sets of data fall on separate lines, except for the ethanol data
in Figure 3,8 where the best lines through the points of Mesler and
Banchorao and theose of Bonilla and Perry coincide within the range
of the scatter. The two surfaces must have had very similar size
distributions of cavities,

The important point to note is that in all cases r°
increases as,PL decreases; i.co as the pressure is lowered at constant
flux, the smallest cavity capable of supporting nucelation becones
larger.

If the present theory of nucleation holds, then the largest
surface cavity (of mouth radius r ) will be active during nucleation

at all pressures. Thus in Figure 5;10 r g = conste, for a particular

surface nay be drawn as a vertical line., The size range of cavities,
linited by » and r o’ is seen to decrease as the pressure decreases
at constant £lux. '
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3.5 THE CESSATION OF NUCLEATION AT TOW_PRESSURE.

When the size range of cavities available for nucleation becones

zero, nucleation ceases., Thus, referring to Fige 3.9, nucleation will
cease &t the pressure corresponding to the point of intersection of the
T, curve and the T oax liney, at the flux for which the r, curve is drawn,

If simila,r'ro TS PL curves are obtained at different fluxes, the
resulting family of curves will be of the form of Fig. 3.10. .

\ (Q/A) J rmax
% |

lOgP —— e e e A= e e e e e

(a/8) > (V/8) >(a/8) > (/8);

log r,

Fig. 3.1} r, vs P, curves with Flux as Parameter

Points 1, 2, 3, 4 mark the theoretical cessation of nucleation, It is
thus p0551b1e to plot (q/A) vs P at cessation of nucleation. The

resulting plot may be related to the (q/A) vs (Tﬁ‘ Ts) boiling curves
as follows: A particular flux is chosen; the (T - T ) value,

satisfying equation (3.19) with T,ET and w1th T correspondlng to

the: PL value read off, is determlned by trial and error. If a nunber -

of such points are determined, then the theoretical cessation of
nucleation curve may be plotted on the same diagram as the boiling
curvess, Below this curve nucleation by the present mechanism ceases,
At low pressures, this curve is expected to; lie above the natural
convection curves; if it does not, then the analysis is trivial and
no cessation of nucleation, other than the normally occurring one
when the boiling curve snoothly meets the natural convection curve,
is predicteds When the cessation of nucleation curve does lie above
the natural convection curves, it should theoretically be possible,
during the deternination of & boiling curve at some low pressure, to
obtain nucleation at high flux and no nucleation at some lower flux,



this lower flux being greater than the natural convection flux corres-
ponding to the existing (TW - Ts) and Pp; il.e. nucleation should cease

"in the middle of a boiling curve", The effect may also be noted in

Fig. 3,11: During operation at a particular pressure, a large size range
of cavities (top arrow) is available at a flux of (q/A)4; the range is
lower at (q/A)S, and zera at (q/A)zb

3,50 THE NEED FOR EXPERIMENTAL WORK

No suitable published data exist which allow this analysis
to be carried out., While several sets of boiling curves for a particular
liguid boiling fronm the sane surface under subatmospheric pressures have
been published (23, 28, 103), the curves were not continued down into
the natural convection regime.s r can only be determined by applic~
ation of equation (3.19) to the nax points where the last bubble
disappears, flux decreasing.

In the following section a number of low-pressure boiling
runs are reported, which were determined with particular attention to
the point of disappearance of the last bubble, and with a view to
obtaining ewvidence of the cessation of nucleation in the niddle of a
boiling curve,

SECTION & EXPERIMENTAL WORK.,

4,0 BOILING RUNS

. Two highly pure (A.R.grade) organic liquids of different type,
ethanol and benzene, were studied, Each liquid was tested at five pressures
ranging from 1.0 to approximately 0.1l atm., the liquid bulk being main-
tained at the saturation temperature corresponding to the pressure, and
under essentially stagnant pool conditions., An electrically heated
platinun wire served as heating surface, Details of the apparatus are
given in Appendix I, The same wire was used in all ten tests. The
relation between flux, (q/A), and wall superheat, (T.W - TS), was

established, great care being taken to avoid the well-known "hysteresis
effects" (5, 10)., Prior to measurenents, both the heating surface and
the test liquid were thoroughly degassed., Wire pretreatment and test
procedure were standardized so as to yield reproducible results;

details are given in Appendix II. Whenever possible the number of active
bubble-producing sites were counted visuallys

50,



The method of computation of the flux and the temperature
difference from electrical measurements is given in Appendix IIX. An
estimate of the experimental error is reported in Appendix IV

4.00 RESULTS

Results are tabulated in Appendix V and are plotted below,

In Fige 441 flux is plotted against wall superheat for runs
with ellianol at verious pressures. Runs E.,1 to E.5 were performed
at successively lower system pressure,

During run E,1 at 1.0 atm, run E.2 at 0,897 atm and at
higher fluxes during run E.5 at 0,396 atm the well~known boiling
curves are traced.

At lower fluxes run E.3 exhibits a highly unusual change in
direction, It was immediately suspected that this behaviour is
associated with the cessation of the postulated nuoleation mechanism,
Inspection of Fig. 4.2, in which the number of active sites on the
test section, N, is plotted against flux, shows that no dramatic
change in the active site concentration occurred at this point.
However, nucleation seemed to become unstable: bubbles no longer
eminated from the same source in column formation, but appeared to be
formed at points shifting on the surface, This effect was particularly
noticeable in run E.4 at 0,294 atm where the bubble-producing sites
jumped around on the surface in a sapid and apparently random manner,
A curve of the shape of run E.5 has been obtained by van Straten
(105) for the boiling of a solution of whey in water at 0,132 atm
pressure, Boiling as in run E.4 has not hitherto been reported.

The phenomena of runs E.3 and E.,4 cannot be attributed to
"hysteresis effects" (3,10) or 4o the temperature overshoot discussed
in Section 53,1101, since (&) runs were performed with decreasing flux,
(b) the procedure in obtaining runs E.3 and E.,4 was identical to that
adopted for the stable runs E.l and E,2, and (¢) the behaviour did not
die away with time; in fact, on one occasion during operation in the
unstable region the flux was maintained at the same setting for over
an hour, but the bubble pattern remained irregular; previously, at
higher flux, no irregularity was observed.

Run E.5 at 0,156 atm illustrates the complete cessation of
nucleation, reported earlier, At a flux slightly higher than that
of the last point recorded the surface burst into film boiling, The
nucleate regime was entirely absent,

Run E.6 at 1,0 atm is a check on reproducibility. The points
are observed to lie nearly perfectly on the previously determined
E,1 curve.,

The natural convection curve appears to be insensitive to
changes in bulk temperature and system pressure within the range of
operation,
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. Similar tests were performed for benzene. Boiling curves are
plotted &n Figse 4.3 and 4.4, Only during run B.l at atmospheric
pressure, and possible in the high flux region of run B,2 at 0,745
atm was stable operation obtained, At intermediate pressures
(run Be3 at 0,480 atm and run B.4 at 0,512 atm) and in the low flux
region of run B.2, boiling curves exhibit wavy patterns hitherto
unreported. The curve of run E.5 at 0,203 atm is of the same shape
@s run E.4 for ethanol., To avoid confusion of the diagram the
entire boiling curve for run B,3 is not plotted on Fig, 4.3,

Fige 444 shows the whole curve together with the stable atmospheric
curve, - . :
Due to the rapid shifting of active sites the N vs. (q/A)
curves shown in Fig, 4.5 are, with the exception of the data at 1,0
atm, highly unreliable.

The earlier remarks as to the inexplicability of these
phenomena in terms of hysteresis effects and temperature overshoots
are equally applicable to the benzene data.

An analysis of these results along the lines suggested in
Section 3.5 is presented in Section 5.

4,1 PHOTOMICROGRAPHIC EXAMINATION OF HEATING SURFACE.

It was oconsidered of interest to examine the surface of the
wire employed. in the tests under high magnification.

After caréful.éleaning and drying the test wire was photo-

graphed through a microscope employing oblique phase-contrast lightinge

Details of the apparatus and the technique are listed in Appendix VI,

Figures 4.6 and 4.7 show two portions of the test surface
under a magnification of approximately 400 X, Due to the ourvature
of the surface only the central portion of the wire is in focus.

"It may be observed that the primary roughness is in the form
of longtitundinal grooves; these arise from the drawing process
employed in the production of the wireo

The second-order roughness is predominantly in the shape of 5
pits, gavities and depressions ranging in diameter from roughly 107
to 10~ ft. These irregularities are considered to have arisen from
the fracture of the metal during drawing,

524



Fig, 4,6 SURFACE OF HEATING WIRE, MAGNTIFIED APPROX, 400 X

Pig, 4.7 SURFACE OF HEATING WIRE, MAGNIFIED APPROX. 400 X
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SECTION 5  ANALYSIS OF RESULTS AND DISCUSSION

The experimental results are now analysed in the manner.
outlined in Sectiom 3.5 ,

5,0 THE MAXTMUM CAVITY SIZE

It is recalled that application of equation (3.19) to the
point on a. boiling curve where the last bubble just disappears,
should g:‘we:::maX i,es the mouth radius of the largest cavity present

on the surface, For a particular surface T ax? thus determined,

shoulid be independent of pressure and type of liquid. To check this
equation (3.19) is applied to the points of disappearance of the last
bubble (points marked by vertical arrows in Figs. 4.1 and 4,3) in the
three stable runs E,l, E,2 and B,1l. Results are listed in Table 5.1

Table 5,1. Calculated Emax for surface employed in Present Study

Bun iigquid .Ei *nax
&itmd' fto
E.l  ethanol 1,0 2,66 x 107°
Eo2 ethanaol 0,677 2,12 x 10~6
6.

B.1 benzene 1.C 2.58 x 10~

For the stable runs the calculated P hax is seen to be reasonably

constant, as predicted. Unstable runs, with the exception of run E.3
of . = 246 X 10~6 ft., give widely varying and @ifferent values

of — This suggests that the nucleation mechanisrr embodied in

equation (3.19) is correct and applicable during normal boiling. At
lower pressures during the unsteble boiling runs the mechanism appears
to be inoperative, This will be further investigated in Section 5.l.

The few determinations of Ty 0 Table 5,1 are due to the

limited subatmospheric pressure range in which stable boiling was
obtainable. To offer further evidence of the constancy of & s
as celculated from equation (3.,19), the analysis is applied "%

to the data of van Stralen (21) on the low~-pressure boiling of watex,
Unfortunately these runs were not all conducted from one and the sane
wires however the wires were of the same type. Results are listed

in Table 5.2«
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Table 5.2 Calculated r .. for data of van Stralen (21)

Run Liguid Wire No, Eﬁ! T ax
atm, £t.
1 water 1 1,0 (1.17 x 107°)
2 n 3 1.0 6.84 x 10°°
3 " 2 0,555 5,76 x 10°°
4 ! 2 0,265  6.41 x 10~°

It is again seen that, with the exception of Run 1, r is reasonably
constant, Runs 1 and 2 were intended as checks on repredusibility;
since the points for the two tests do not coincide it is concluded that
surface conditions were dissimilar; this would account for the different
value of X ax in Run 1,.

No other data ar various pressures are available to check the
constancy of L oax most investiigators did not continue hoiling curves
down into the natural convection ragion; in the study of Farber
and Scorah (109) where the entire curves are presented, the number of
active sites are not reported and it ismimpossible to say which points
on their curves correspond to the commencement (or dying away) of
ebullition,

For the surface used in the present study *oax is taken as the
mean of the values in Table 5,1, i.e. as 2,44 x 10~6 ft,

5.1 THE LOW~PRESSURE CESSATION OF NUCLEATION (ANAIYSIS)

With a value of r of 2.44 x 10"6 ft. the analysis outlined
in Section 3,5 is now carried out,

. As indicated in Pig., 3,11, Figs. 5.1 and 5.2 give r, Vs. Pi

curves at different fluxes for the boiling of ethanocl and benzenes
Only the stable regions of operation (Runs E.1, E.2 and B.l, and the
high-flux portions of Runs E.5 and B.2) are analysed. * r =
2,44 x 1070 ft, is drawn in. It is recalled that the points"8F
intersection of the r, curves with the T ax line mark the points

where, according to the proposed mechanism, the size range of

cavities available for nucleation becomes zero, i.e. where nucleation
should theoretically ceases In Fig. 5.3 (a/A) vs. P, is plotted

for these points of intersection, i.e. Fige 5.3 gives™ the theoretical. -
cessation=of-nucleation lines for ethanoi and benzene boiling on the
surface employed in the present study; <that is, it gives the flux

at which nucleation just ceases from the largest cavity (r =

2,44 x 10~6 £t,) on the surface, a8 a function of system °pressure.
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During operation at & particular pressure, a flux somewhat higher
than the one read from Fige 5.5 will have a finite range of
available cavity sizes associated with it, and boiling will proceed.

It is of interest to transform the information of Fige, 5.3
into a (g/A) vs. (Tw - Ts) plot; the resulting curves could then

be superimposed onto the figures giving the boiling runs, To this
end the followiug procedure is adopteds For a particular (g/A)

the PL corresponding to the cessation of nucleation (from a cavity
of T, = 2,44 x 10~6 ft.) is read off from Fig. 5.3, The saturation
température, TB’ corresponding to the value of Pi read off is

. determined from vapour-pressure data (100), By trial and error
celculations & T is determined such tha:h'(TW - Ts)’ (TW + TS) and

the physical proper‘cies,evaluated;.at(TW + TS)/Z_yield, upon
substitution into equation (3.19) a. value of r, = 244 X 107° fto

Similar calculations at diffefent fluxes are performed for both
the ethanol and the benzene data in Fige. 5.3, The resulting (q/A)
S, (Tw - TS) points are shown in Fig. 5.4, These loci of the

cessation of nucleation are replotted in Figse 4el, 4.3 and 4.4 as
dotted lines., Below these lines nucleation by the proposed
mechanism cannot occur,

¥ Because of the limited pressure range in which stable operation
was possible, the figures are rather approximate; this is especially
the case for benzene,



5030 DISCUSSION

From Figs 4,1, 4,3 and 4.4 it is seen that although nucleation
does proceed in the region in which the present theory predicts it to
be absent, it proceeds by a different mechanism. Run E.3 in Fig, 4.1
shows particularly clearly and remarkebly quantitatively the change in
the ehape of the boiling curve when the region of theoretical absence
of nucleation is entered, In all runs where the (dotted) theoretical
cessation~of-nucleation curve is crossed, nucleation becomes unstable
and- the boiling curves assume unusual patterns. Thus the analysis
presented here does not predict the complete cessation of nucelation,
but the cessation of operation of the mechanism embodied in equation
(3619) i.e. the mechanism by which the wall superheat necessary for
nucelation is dictated by the equilibrium (expressed by the Gibbs
equation) of a vapour cap formed over a cavity mouth, with the vapour
radius of curvature equal to the cavity mouth radius,

From Figs. 4.6 and 4.7 (see also section 4,1) it appears that
pits and depressions of radii ranging from 109 f£t, to 10~/ ft. are
present on the heating surface. The cavity sizes pmueddoted to be active
fall within this visually observed range.

The degree to which the analysis here presented is quantitative
(see Run E,3 Fig. 4.1) is surprising if one considers the experiment
of Griffith and Wallis (5) (see Sections 3,1102 and 3,2) in which the
boiling nucleation superheats from artifficially prepared cavities
differed by about an order of magnitude from those predicted by equations
(3614) and (3.19). It is possible that this discrepancy is connected
with the relation between cavity radius, r , and the thermal boundary
layer thickness, 8. Since bubble: growth ® can only take place in a
superheated liquid, another nucleation criterion for a cavity of mouth
radius s namely that § 2r_, may be advanced. & will vary with
time at a particular spot on $he heating surface, being very thin just
after a bubble departs and thexrecovering, During high-flux boiling
with high active site concentrations interaction of sites must be
expected, - Tien (55) has correlated the measurements of Yamagata et.al.
(46), also reported (110), on the maximum & in the region of "isolated
bubbles", A correlation for 8§ at high fluxes does not exist, nor were
Yamagata's measurements extended to the high-flux region. Hence § in
the experiment of Griffith and Wallis is unknown. However, it may be
expected that & will continue to decrease with increasing flux and
consequent increase in interaction of bubble-producing sites, Thus it
is possible that in Griffith and Wallis! experiment, where relatively
large cavities (_rc = 247 x 103 in,) were punched into the surface, the
situation arose where r > & , In that case the punched cavities
were not active at all, and smaller natural cavities led to the higher
superheats necessary for nucleation, Thus the analysis of the present
study might be limited to "smooth surfaces" where the condition
5 » ., is satisfied,
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SECTION 6  CONCLUSIONS

57

From the study here presented the following conclusions are

drawmms —~

(1)

(2)

Nucleation and hence nucleate boiling cannot be made to proceed
infinitely at lower and lower pressures, For a particular surface
liquid combination a. particular low pressure exists below which
nucleate boiling becomes unstable., At an even lower pressure the
nucleate regime is altogether absent, the heat~transfer changing
from natural convection straight to film boiling as the wall
superheat is raiseds

During stable boiling nucleation proceeds from a residual vapour
phase entrapped in cavities in the heating surface, The
nucleation superheat for a particular cavity is determined by

the equilibrium (expressed by the Gibbs equation) of a vapour cap
formed. over the cavity mouth, with the vapour radius of curvature
equal to the cavity mouth radlusa

This nucleation mechanism ceases when the size range of cavities
available for such nweleation becomes zero., This point marks the
threshold of the unstable boiling region.

This threshold may be predicted for a certain surface~liquid
combination &f a number of stable boiling curves determined at
different pressures for the same: surface-liquid combination are
available, and if the points of disappearance of the last bubble
(f1ux deoreasing) are known for these curves,



APPENDIX T APPARATUS FOR BOILING TESTS

I.1 Reguirements of the Apparatus

It was necessary to design an apparsfus which alliowed the
determination of both flux and wall superheat from a metal surface
to a liquid which is under essentially stagnant pool conditions and
at the saturation temperature corresponding to a measured and
controlled system pressure, equal tc or less than atmospheric pressures

I1.,2. Mechanical Details

Heat transfer took place from a thin horizontal electrically
heated platinum wire immersed in the test liquid, The wire was
stretched between the fastening nuts of a holder consisting of two
parallel horizonbal glass rods connected by copper clamping stripse
Following McAdams ete.als (42) platinum potential taps of about a
quarter the diameter of the heating element*were spot-welded to the
wire, thereby allowing the central portion of the wire to act as
test section, and eliminating end effects. The upper glass rod of
the holder had two further clamps for the potential taps., Heavy
current terminals and lighter potentiali termingls were attached to
the holder. In Figs I.1 the holder is shown attached to current .
- and potential leads coming through the 1id of the boiling vessel.

Since experiments at reduced pressure were to be carried
out an alr-tight boiling vessel was required, A standard hard-glass
1 litre reaction vessel (Quickfit FRILF) with a flat ground-glass
flange, see Fig. I.l, was employed., The 1id (Quickfit MAF 2/2) with
g similar ground flange: carried five B,19 ground-glass socket jointse
The holder was suspended from the current and potential leads in a
hard~glass beaker fitting into the boiling vessel. Fig. I.l shows
the separate components: boiling vessel, inner vessel and 1id with
attached holder; Fig. 1.2 illustrates the method of assemblys.
The boiling flask was placed in a variac-controlled heating mantle
which maintained the liquid at the boiling temperature. A small
hole in the inner jacket equalized the liquid levels., The inner
vessel has been shown to be necessary (106) if stagnant pool conditions
are to be maintained in the test liquid; if it is omitted the heat
transfer from the wire varies with the power level of the external
heaters

Current and potential leads were taken through the lid by
braising them onto tungsten rods**fused through B,19 ground-glass
stoppers which fitted into two of the sockets in the 1id; details
are shown in Fig. 1.3,

58,

* this very thin wire was obtained by picking a few strands out of & fine

platimm gauzes
#% obtained by breaking up an old thyratron,



Fig, I.1 COMPONENTS

OF BOILING VESSEL

1. outer vessel

2. 1lid
S, holder with heating
element )

4, inner vessel

Fig, 1.2 ASSEMBLY OF
BOILING VESSEL




Fig, I.3 DETAILS OF LID AND ATTACGHMENTS

1. stoppers with tungsten rods sealed
through; thicker wires - current
leads, thimner wires- potential
leads.

2, insulated contactsa.

S thermometer,



Fig, I.4 OVERALL VIEW OF APPARATUS
(Eleotrical Msasuring Section not shown)

1.
2.
Se
4.
Se
6.
7.
8.

boiling vessel

heating mantle

liquid reservoir
manometer

condenser

liguid trap

vapour trap in Dewar flask
pressure controller



A long-stemmed Jena mercury-in-glass thermometer wiith a ground-
glass joint and a B.19-B.14 adapter occupied a fuﬁiher socket in the Iid
and measured the liquid bulk temperature in the inher vessel; see Fig,l.3.

An adapter (Quickfit MA 1/2) with two parallel verticel necks,
each carrying a socket join%, was fitted to the central socket on the
1id; one neck carried a mercury manometer, the other a reservoir from
which liquid could be added by opening a stopcock. The reservoir was
fitted with a silica=gel drying~tube,

The last 1id socket carried a double-surface reflux condenser,
cooled by tap water, or, in the case of low-pressure runs, by iced
water punmped through from a tank by a small centrifugal pump.

To avoid condensate splashing and consequent extraneous
convection in the liquid pool, the condenser was fitted with a drip
1lip which directed condensate into the space between the inner and outer
vessely the bottonr end of the manometer carried a wire spiral dipping
into the liquid which allowed the small amounts of condensate to run
into the pool without splashing,

The top of the condenser carried a vacuum and pressure release
stopcock, see Fig, I.4, connected to a liquid trap by means of a drip
bend with a vacuum connection (Quiclfit RA 53/25),

Pressure tubing lead to a vapour trap cooled by a "dry-ice®-
ethanol mixture in a Dewar flask,.

A meroury-in-glass pressure controller as described by
Spadaro et.el. (107) allowed any fixed subatmospheric pressure to be
maintained in the system with pessure variations of about % 0.2 mm Hg,.
Suction was provided by an ordinary water-jet pump,

The assembled apparatus is shown in Fig. I.4.

The vapour trap prevented the entry of unconiemgaed vapours
into the pressure controller, The liquid trep was necessary in low-
pressure runs where difficulty in nucleation often led to considerable
superheating of the liquid bulk during start-up, followed by the almost
explosive onset cf boiling.

Only after many tests were suitable lubricants found for the
ground-glass joints. Finally, Fisher "Nonaq" was employed in benzene
runs and Edwards "Hard Vacuum Grease" in the ethanol tests, Both were
entirely satisfactory.

1.5 Electrical Systenm

The test wire was made to act both as a heating element and
a8 resistance thermometer measuring Tw‘

¥hg X.H dJdepicts the electrical circuit.s D.Ce. power was
supplied from benks of 2V batteries, a total of 10V being available.
The heating current was controlled by two variable resistors, and was
determined by measuring the potential drop across a precision resistor
in series with the heating wire. The potential drop over the test

59,



“WV“‘{
Precision
resistor

e

o

00
resistancel
bex ©
WWA—S Potenticomete -0
° D.C. supply
29 09 10V max.
fYeitose. Wl
———r stcel 2y
Patential
s
——H { A }
Test wire u

mantie I

220V A.C
variag
-0

Fig I'S5 ELECTRICAL SYSTEM




60,

section of the heating element was also measured after suitable
reduction to within the range of the potentiometer by means of a
voltage divider, From the values of the potential Arsp over the test
section, and the current, the power dissipated and hence ¢ could be
calculated; the wire resistance, and hence the wire temperature could
also be determined, Appendix IIT gives details of these calculations,

Tenperature~resistance callibrations were performed by passing
snall currents of negligable heating effect through the wire immersed
in the test liquid of known temperature, and by measuring the potential
drop over the test section and over the precision resiator, Thus the
wire resistance could be calculated; the wire temperature was the
liquid bulk temperature. In these determinations only two volts of the
supply were used; suitable resistances from a normally by-passed
resistance box were switched into the ciwwnit and the potential drop
over the test section was measured directly without reduction.

Reversing keys were included in the current and potential.
leads; these were used to check whether thermo-electric effects were:
present, :
Current leads and swilches were of apprapriate rating.

1,30 Iﬁstrument Specificatiohs

Potentiometer =~ Pye, Cat.No,7565

Standard Cell ~  Pye, Cadmium Cell, Cat.N0.,35240

Galvanometer ~ Scalamp (multirange), Cat,No.7891/8

Precision Resdstor - -~ Robt,W,Paul, Cat.No,1022, rated at 15 anmps,

: nominally 0.1 ohms,




APPENDIX IT TEST PROCEDURE,

II.1L __ Calibrations and Preliminary Measurements

The precision registor and the resistors constituting the
voltage divider were calibrated against a recentliy certified standard
Pye Four Decade Wheatstone bxfdge (Cate No, 7383).

The Jena .ermometer was calibrated in an oil bath against
National Physical Laboratory-certified thermometers. The standard
thermometers were immersed to the height of the mercury column, Test
conditions were simulated for the Jena thermometer by immersing the
stem up to the ground-glass joint through a hole in the 1id of the the
oil bath, .

The test wire, stretched in the holder, was annealed in air
by A.C. heating at a dull red heat for about 20 minutes., Since the
platinum was of lower purity than "thermograde" it was necessary to
determine the coefficient of resistance and to check the linearity
of the temperature~resistance relationship., The annealed wire was
immersed in a. thermostatically controlled oil bath. Resistance
determinations were performed by employing the calibratbn circuit
described in Appendix T and by measuring the potential drops over
the precision resistor and over the test section of the heating
element when a small current of negligable heating effect was passed
through the circuit, Thus the resistance could be caloulated. A few
determinations at different small currents were conducted at each
temperature; the highest current differed from the lowest by a
factor of about 20; the resistance at a particular temperature was
invariant with current, thus showing that the current range was
sufficiently low for heatlng effects to be absent, The temperature
range between 20°C and 200°C was covered by 13 resistance determin-
ations, The temperature~resistance relationship was found to be
linear. The coefficient of resistance was calculated, The
coefficient of two further test wires cut from different portions
of the spoel of wire employed was also determined, the same value as
previously determined being obtained. It could thus be safely assumed
that the coefficient was the same for the entire length of wire on
the spools Wires once diipped in o0il were discarded.

During boiling tests gitoper the test wire was calibrated every
now and then while immersed in the test liquid whose temperature was
measured by the Jena. thermoneter, Procedure was as above, Calibrations
during numerous preliminary tests indicated that the wire resistance
did not change during tests; thus in the tests here reported (during
all of which the same wire was employed) calibrations were only
carried out five times and not before and after each run, This was
considered sufficient. By using the previously determined coefficient
the wire resistance at 0°C was calculated for ease of comparison,

The calibration results are listed in Appendix V,
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To allow the calculation of (g/A) the surface area of the
test section had to be determineds The wire dianeber was measured
by a nmicrometer screw gauge, and the distance between the potential
taps by a travelling vernier microscope.

A prelininary test to check whether thermo-electric ce,m.f's
were. generated in the circuit was conducted, Such effects oould
arise from the tungsten-copper joints employed in taking the current
and potential terminals through the stoppers in the 1id of the boiling
vessel, with one joint hot inside the vessel and the other in air,
Even though pairs of such "thermocouples" generating e.m.fo.'s in
opposite directions were present, the possibility of a resultant
eesmefs cannaot be dismissed. if it is remembered that no two
thermocouples, even of the same materials, act in an entirely
identical menner, However; no significant difference in the
potential drop over the test section and the precision resistor could
be detected when measurement with the current first flowing in one
direction and then with the current reversed were taken during
convective heat transfer from the wire, Such small variations as
were present were random, It was concluded& that the circuit was
essentially free from thermo-electric effects, The original
intention was to take two nmeasurements at each power cetting with
the current flowing in different directions as above during the
actual boiling tests. This pracedure was rejected as impractical
when it was noticed that in the short period when no current flowed
during the throwing over of the reversing key, many, and in frequent
cases, all bubble~producing sites were deactivated, The latter
situatieon, occurring invariably during low-pressure runs, could only
be remedied by first raising the power imput to the point of film
boiling, and then lowering it again, '

II.2  Procedure during tests proper.

A new test-wire complete with potential taps was fitted in%o
the holder and annealed in air as described.,

After washing with chromic acid and distilled water, thorough
drying, slight greasing of all ground-glass joints and fastening of
the holder to the current and potential leads, the apparatus was
assemnbled and filled with liquid from the resevoir, The heating-
mantle was switched on,

Before tests could be started the liquid and the heating
element had to be thoroughly degassed, Failure to do,this yields
erronecus results (7, 10,108). The liquid bulk was deaerated by
prolonged boiling employing the heating-mantle. Deaeration of the’
heating surface was effected by prolonged high-flux boiling from the
wires The surface contanination and consequent irreproducibility
reported by Rallis et.als (10) for the boiling of water did not
occur with the arganic liquids here tested; probably owing to the
absence of electrolytic effects,



After about six hours of boiling the first test at atmospheric
pressure was started. Preliminary tests had shown that the only way
in which stable reproducible boiling data could be obbtained was by
operating at progressively lower fluxes, This procedure was followed,
about five minutes being allowed to elapse before the potential drops
over the precision resistor and over the test section were measured
at a particular power setting. Readings were taken from close to the
peak flux, down into the natural convection region, particular
attention being paid to the point of disappearance of the last bubblee

Tests on the same liquid under reduced pressures were performed
without removing the test-wire, The manostat was set to the desired
pressure with the suction punmp operating. The Dewar flask containing
the vapour trap was filled with a "dzy-ice'-ethanol mixture, and the
heating mantle was switched on, When boiling from the outer vessel
had proceeded sufficiently long for the inmer pool to be at the
saturation temperature, the test-wire was raised to a high flux. In
almost all cases nucleation could only be obtained by first allowing
nomentary £ilm boiling to occur and then lowering the flux., Since
the liquid and the test surface were already deaerated, high-flux
boiling was allowed to proceed for only one hour before readings
were taken, The rest of the test was conducted as above.

During operatien in the unstable region (see Section 4.00)
rapid fluctuations made the balancing of the potentiometer difficult.
In these cases the galvanometer was operated undamped and. the
potentiometer setting adjusted until the galvanometer spot oscillated
equally about the zZero position.

Visual. counting of the number of active sites on the test
section, carried out when the bubble population was not too high,
becane extremely unreliable in the unstable region,

During runs at even lower pressure nucleation from the test
wire proceeded with difficulty, if at all. Similar difficulty in
nucleation occurred at the surface of the outer wessel, heated by
the mantle, Often considerable superheats built up, followed by
a minor explosion when boiling finally started, One or two points
on the outer vessel generally remained active; if not, then the
vacuun was released and a few pleces of porous porcelain (containing
large cavities) were dropped into the space between the two vessels
through the condenser socket, and the test recommenced, Nucleation
from the procelain maintained the liquid jacket at the saburation
tenperature,

At the conclusion of tests with one liquid the apparatus
was dismantled and cleaned., The test wire was washed and dried by
A.C, heatings Assembly, start-up and test procedure were identical
in both sets of tests.

In one case, run B.5, measurements were taken at progressively
increasing flux,

Resistanece calibrations were conducted a number of times. A
test to check the repmoducibility of boiling data (run E.6) was performed.
Throughout the tests the heating wire remained shiny with no visible
signs of fouling,
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APPENDIX III  COMPUTATION OF (q/A) and (T_ -

The power dissipated over the test section was caliculated from

g = 3,415 EX
where E = potential drop over test section, volts
I = current flowing, amps

& 3.415 = conversion factor from watts to Btu/hr,

I was determined by measuring the potential drop, VR’ over the precision
resistor of 0,1023 ohms, Thus

z

1= 0.,1023

i q= 0048 BV

0,1023

E Waa not measured directly but was stepped down by two resistors of
1003,6 ohms and 10,115 ohns_acting as a voltage divider. The step—~
down ratio was thus 11,118,6/1005,6, or

_ E = 1L.079 V
where V 1is the neasured, stepped~down potential, Thus
3,415 x 11,079 V.V

Q= — — R
0,1023

The area of the test section, A, was 4.228 x 10~ ft2 for the

wire of 0.00760 in diameter and 5,22 cn-test length employed in this
stuiy.

Thus

5415 x 11,079 V,V
(o/4) = ‘ “ﬁfz
: 0,1023 x 4,228 x 10

8,747 x 10° V.V, (Btu/hr.£47)

i

The resistance of the test section was calculated fronm

E
k=7
icee R = 11,079.V, 0,1023
R

= 1,133 (ohms)

y
VR



From a calibration graph of R vs. TW, TW was read off,e
Ts was neasured by the thermometer, Subtraction gave (TW - Ts)o
In these calculations the radial. temperature gradient in the
wire has been neglected, Application of the correction given by

Mohdans eteale (42) showed that an error of 005% at the maxinum is
thereby'introduced.inta:(TW - T

In obtaining the calibration graph of TW vs. R use was made
of the relation

RE . R° e
TRQ
where o = coefficient of resistance
RT = resistance at temnperature T
Rp = resistance at OOC

The formula applies since the temperature-resistance relationship of
the wire was linear,

Prelininary tests showed that ¢ = 3+468 x 10—5 for the
impure platinum employed. ,

In determining R in the calibration tests E was measured
directly, hence

0,1023 E_

VR

R =
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APPENDIX IV ESTIMATE OF EXPERIMENTAL ERROR

The precision of measuring instruments was such that results
were limited by fluctuations inherent in the boiling phenomenon,
rather than by the accuracy of instruments.

The diameter and. length of the test section were measured
to.;ithinogz%, thus the calculated surface area should be within
Ced% ‘

The current-neasuring resistor and the resistors constituting
the voltage divider were calibrated to within 0.1% against a recently
certified Wheatstone bridge, Readings on the precision potentiopater
(also recently certified) were within 0,1%.

Hence it is estimated that the determination of flux is
accurate %o within 1%, This estimate is based on the precision of
instruments and would apply if current and voltage would have been
determined simultaneously. Becamse of fluctuations in the measured
potentials, it is possible that the error in the flux may have been
about 4%. Thus following McAdams et.al.(42), the small correction
for change of surface area with temperature was not made.

With respect to instrument accuracy the error in R is about
0«2%. The error, taking into account potential fluctuations, is 1%
at the utmosts, This corresponds to a maximum possible error of about
260 F in Tw' The mean of five temperature-resistance calibrations
(see Appendix V) was used to evaluate T_ for all runs., The variation
in the calibration corresponds. roughly ¥o a further 1°F errar, in T
Fluctuationss in TS were 0,5°F at the utmost and occurred espec:ial};yW
during low pressufe runs, Thus the maximum possible error in (T - T )
is 4°F. The error of 0.5% in (T =~ T ) arising out of neglecting” °
the radial temperature gradient ®'in the wire is seen to be
negligible in comparison,

These estimates refer to the determination of (g/A) and

(Tw - Ts) during stable runs., During low-pressure unstable boiling
fluctuations were greater and the error may have been larger.



APPENDIX V

RESULTS OF BOILING RUNS

V.l Temperature~Resi.stance Calibrations,

T

0,0108C

YR E R T When R
volts volts ohms °C Checked ohms

0.001535 0.,0031.32 00,2087 After -
0,002264 00046192 0.,2087 1775 B, 1 0,1968
0,004314 0,008802 0.2082 '
0,001501 G,003G57 0,2083
0.,00221% 0,004512 0.2084 17.2 After 0.1967
0.004230 . 0,008618 0,2084 E.0
0,001500 0,003055 00,2084
0,001519 0.00509Q 0.,2081 v After v
04006383 0.,01298 - 00,2080 17,2 B.2 00,1964
0.,002328 0.004738 0.2082
0,001569 0,003189 0,2079 After
0,002313 0.0047C5 C.208L 17 .1 B 3 0,19658

. ®
0,004411 0,008973 10,2081
Qo001500‘ 0,003032 0,2068 After
0.,002810 0,0C05681 C,2068 15,0 B.5 0.1966 -

[ 2

0,005341 02069




V.2 Results of Heat-Transfer Tests 68,

Run: E.l Liquid:  Ethanol T = 172,8°F

-S
Pressure: 76l mm Hg = 1.0 atm A = 4,228 x 10™4rt?

T, v (¢/8)x102 R T (T~T) N  Renarks

volts  volts  Btu/hr.ft®  ohms  °F °p
0.4606  0.1120 47.1 0,2640 211.7 38,9 ‘= nucleate boilire
0,4540  0,1058 42,0 0.,2640 211.7 38,9 - m :
0,204  0.09990 7.5 0.2656 2107 37,9 -~ o "
0,4155  0.09665 35,1 0,2635 210.4  57.6 - "
0.3901 - 0.09068  30.9 0,2634 210.2 7.4 - m "
0.3619  0.08400 26,6 0.2630 209.0  56.2 - "
0.3310  0.07676  22.2 0,2627 208,53  35.5 60 " :
0,3046  0,07054  18.8 0.2624  207.5 54,7 52 m :
0.2782  0,06436 15,7 0.2621 206.5 58,7 42 n
0.2545  0,05880 13,1 0,2618 205.,8 55,0 s2  » "
0,2049  0.04726 8447 0,2615 204e4  B1.6 14w "
0.1856  0,04296 6479 0.2608 208.0 50,2 10 n o
0,1612  0.03699 - 5.20 0.2600 200.7  27.9 4 % "
0.1401  0.0%%92 5,91 0.2581 195.4  22.8 0 * Convection
0.1246  0.02897 5,08 0.2571  192.5  19.7 0 "
0.1125  0.02540 2,49 0,2563 190.5 17,7 0 .
0,000  0.02250 1,97 0,2549 18644 15,6 0 :

% last bubble disappeared between these two settings.



69,

Run: E.2 Liquid: Ethanol I, = 155.1°F

Pressure: 514 mm Hg = 0,677 atm A = 4,228x10“4ft2

' v (/0)x10™° r T (T-T) N Remarks
volts  volts  Btu/hr.ft2  ohms  CF Op
0.5505 0,1266 61,0 0.2606 202.4  47.5 ~ nucleate boiling
0.5507 0,1217 © 5645 042598  200.4  45.5 -~ m n
005093  0,1165 51.9 0,2502 198,5  43.4 - n »
0,4845  0,1105 46,8  0,2585 196,5  4l.4 - "
0,4526  0.1051 20,8 0,2581 195.2  40.1 - o n
044271  0.09710 36,5 0.2576 105,9 38,8 . M . ®
0,4012. 0.09105 51,9 0,257L  152.6  37.5 - "
0.3748 0,08495  27.8 0.2568 191,9 3608 55 n n
0.3518 0.07970 24,5 0.2567 191.6 36,5 50 g
0,2900 0,06557  16.6 0.2562  190,0 54,9 35w "
0.2699 0.06093  14.4 0.2558 189.2 54,1 o7 n "
0.2495 0.,05651 12,3 0.2557 188,8 35,7 20 "
0.2505 0,05200 1045 0.2558 189,22 341 13 n n
0.2099  0,04726 8.68  0,2551 187.0 51,9 g n
0,1904 0,04284 7,15  0,2540 1864  5L.3 7 "
0.170L 0403817 5.68  0.,2542 184.4 29,3 4 m n
0.1503  0,05366 4,42 0,2537 183.1 28,0 0 last bubble

disappeared
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Bun: E,3 Liquid: Ethanol I = 152..8,. u s
Pressure: 301 mm Hg = 0,396 atm A = 4,228 x 10 £t
v v (¢/8)x10™° = T, (¢-T) N Remarks
volts  volts  Btu/hr.ft® ohms  OF Op
05440 0,1218 ... 5840 0,2537 183,0 51,2 =~ nucleate boilink
0.5255  0,1169 53,5  0,255L 181,53 48,5 - " "
0.5019 0,1119 49,1  0.2526 180.1 47,3 - " "
004816  0,1073 45,2 0.2524  179,7  46.3 - n n
044603 0.1025 41,3 0.2525 179.4 46,6 35 " "
0,4411 0,09798 57.8 0,2517  177.5 44,7 33 n 1
064181 .09282 35,9 0.2515 177.0 44,2 26 .M n
0.398C 0,08084 30,8 0.2515 177,0 44,2 24 n "
0.5762 0.08347 - 27.5 0.2514  176.7 43,9 18 " n
003530 0,0783% 24,2 0.2514 176,7 43,9 15 n n
043309 0.07542 21.5 0.2514 176,7 43,9 12 n v
0.3099 0,06872 18,6 0,2512 176.1 48,3 9 " "
0,2906 0.06465: 16,4 0.2521 178.7 45,9 8 " "
0.2706 0,06072 144 0.2542  184.4 51,6 5 " "
0,2499 0.05621 12,3 0.2548  186,2 55 o4: 3 " "
0,2306 0.05131 10,3 0,2521  178,7 45,9 3 " "
0,2105 0,04642 8,54  0,2501 1753.2 40 44 2 " L
0,1905 0.04178 8,95  0,2487 169,5 3647 0 last bubble
disappeared
0,1701 0.03710 5,52 0.2471 164,8 32,0 0 convection
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Run: E.4 Ligquid:  Ethanol I, = 120,9°F
Pressure: 525 mm Hg = 0,294 atm A = 4,828x10 " £t2
v, v (@/Hx0o™ ®rR 1 (T-T) N  Remarks
volts volts  Btu/hr.ft> ohns  OF Op
0.4227 0,00468 35,0 0,2538 183,7 62,8 bubbles very
: unstable
0.4010 0.09025  5L.6 042550 18647  65.8 0
0.4788 0,08565 28,4 0,2562 190.0 69,1 "
0,3612 0.,08201 25,9 0,2572 192,8 71,9 10 n
0.5408 0.,07820 23,3 0.2600 2008 79,9 B4 "
045209 0,07440 20,9 0.2627 208,53 87,4 1 "
0,300% 0,06911 18,2 0.2607 202.6 81,7 0 convection
0,2804 0,06342  15.6 0,2563 190.3 69,4 O "
e eSS p—— = e re—— —
Run: E.5 Liguid:  Ethanol I = 94.5°F |
' Pressure: 105 mm Hg = 0,136 atm & = 4,228x10"4r 42
043572 - 0,08212 25,7  0,2600 20047 10604 O convection
0,3592  0,07705 22,9 052574 19365 99,2 0 n
0.3208 0.07168 20,1 0.2532 181.8 87,5 0 "
003010 0,06650 17,5 0.2503 173,8 79,5 0 "
0.2802 0406127 15,0 0,2477 1664 72,1 0 n
0,2555 0,05464 12,2 0,2483 152,53 58,0 0 "
042329 0,04911 10,0 0.2389 145,53 49,0 0 u
10,2104 0,04370 8,04  0,2355 134,0 39,7 0 n
Run: E.6 Liguid: Bthanol - I, = 172.8°F*; ,
Pressure: 76l mm Hg = 1.0 atm A = 4,228x10 ft
0,4556  0,1060 42,2 0,2636 210.7 57,9 ~  nucleate boiling
00,4040  0,09394 33,2 052635 210,4 57,6 - " n
0,3613  0,08389 26,5 042631 209.3 365 - - n "
0.3019  0.07008 18,4 0.2628 208.6 35.8 48 n n

062305 0,05320 10,7 0.2615 204,7 31.9 25 " "
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176 o5 F
4,998 x 10 g2

Run: Bel Liquid: Benzene Z,

Pressure: 768 mm Hg = 1.0 atm A

i

' v (o/a)xmo™® R T (T-T) N Remarks

volts  volts Btu/hr.ft® ohms  °F  OF

0,5185  0.1229 9567 0.2686 222,9 46,4 - nucleate boiling
0.4997 0,1185 51,7 00,2682 221,8 45,5 = n n
0,4815 0,1136 48,0 0.2674 219,86 43,1 - n "
0,4598 0,1084 43,6 0.2671L 218,8 42,3 = = " "
064377  0,1032 5945 0.2671  218,8 42,5 - " "
0,3929 0,09259  51.8 0,2670 2185 42,0 - oo "
0.,5467 0,08162 24,8 0,2667 217,8 41.3 55 " n
C.5240 0,07621 21,6  0,2664 217,0 40.5 48 " L
0,5032 0,07110 18,9 0.2657 215,53 58,8 41 " "
0,2805 0,06530 16,2 0.2662 216,53 59,8 57 oo
0.2601  0,08095 13,9 002654 214,85 - 37,8 51 n "
0,2595 0,05594 11,7 0.2646 2121 35,6 26 n "
0.2217 0,05182 ° 10,0 0e2648 213,0 36.5 19 " "
0,1998  0,04654 8,15 0.2639  210,4 33,9 14 L
0,1799  0,04180 6,58  0,26335 208,7 32,2 10 " "

X n 1

0,1502.  0,03475 4,56 0,2620 205.5 28,8
0,1302  0,02986 3440 062598 - 199,4 22,9
0,1100  0,02500 2,41 0.2575  195,5 16.8
0.09002 0,02035 1,60 0.2561 189,5 13,0

® caonvection

O O O i

* Jast bubble disa,ppeared between these two settings,
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0,1303

appeared,

Run: B.2 Liquid: Behwene I, = 158.0°F s,
Eressure: 566 mm Hg = 0,745 atm A = 4,228%10 ft

v s (q/A)xlo"5 R T (TW— T.) N Remerks
volts volts Btu/hr.fi;2 ohms °p °p
045575 0,1300 6344 00,2642 211,0 53,0 ~  nucleate boiling
0.4869 0.1129 48,1  0,2627 207.0 49,0 - " "
0,4703 00,1089 44,8 042624 206,53 48.3 - " o
064551 0.1044 41,4  0,2611 202,7 44,7 - " "
04319 0,0995% 5746 0,2611 202,7 44,7 - " n gf
0,4111 0,09448 34,0 0,2604 201.,0 43,0 - " " E
043899  0,08948 | 30s5 02600 199.8 41,8 - " n @
03681 0,08451 27.2  0.2601 200,2 42,2 51 " " E
043511 0,08052. 24,7  0,2598 199.4 4l.4 44 L "G
043312 0,07609 22,1  0,2597 199.0 41.0 42 " " %
0,2911 0,06663 17.0 042593 198,0 40,0 33 " "
042705 0,06190 14,6  0,2593 198,0 40,0 29 " "
042503 0,05716 12,5  0,2587 19644 38,4 22 L "
042304 0,05197 10,56  0,2556 188,35 30,3 19 " "
062107 0,04768 8,77 00,2552 189,2 31.2 19 " "
0,1802 0,04283 7.13 00,2551 186,7 28,7 11 L "
01701 0,03820 5,68 0,2544 185,2 27,2 7 " "
001502 0.03374 4443 00,2545 185,5 2745 3 " L

0,02915 3,52  0,2535 182.6 24,6 0  last bubble dis—



o T4s
154,1°F

= 4,228x10 Tt

Run: B.d Liquid: BEenzene
Pressure: 365 mm Hg = 0,480 atm

H

2

L

LS (q/A)x10"5 R T, (TW - TB) N  Remarks

volts volts  Btu/hroft° ohms  OF Op
045513  0,1245 80,0 0.2559  189,1 55,0 =~ nucleate boiling,
0.5295  0,1195 5502  0,2554 187,8 53,7 - E;Egi;,?;ﬁ:;ﬁg:ﬁ
0.5092.  0,1147 51,1 0,2552 187,1 53,0 = n "
0,4899  0,1101 47,2 0,2546  185,6 51,5 = M n
0.4697 0,1054 45,5 0,2542  184,7 50,6 - M -om
0.4468  0,1002 59,2 0,2541 184,38 50,2 . M "
0,4508  0,09610 3642 0.2527  180,6 46,5 = " "
0,4117  0,09086 32,7 042500 1751 59,0 - " "
0.5894 0,08585 29,2 0,2498 1726 88,5 56 " "
0.3686  0,08203 2644 0,2521  179.0 4,9 51 " n
0.3526  0,07795 24,0 062505  174.5 40,4 3" "
0.3298  0,07341 21,2 0,252 179.2 45,1 27 " n
0,3095 0.06925 18,7 0.2554 182,4 48,5 24 " n
0.2910  0,06426 16,54 002502  173.8 59,7 18 v "
0.2705 0,05968 14,1 0.2500 1731 59,0 17 n n
042502 0,05513 12,1 0.2496 1722 58,1 15 n n
0,2304  0,05076 10,2 0.2496 172,2 38,1 11 " n
0.2104  0,04618 8,50 00,2487 169.8 35,7 8 " n
0,1907  0,04167 6.95  0.,2476 166.9 2.8 5 n "
0.,1704  0,03699 5,51  0,2459 162,6 28,6 2 " "
0.1503 0,05262 4,20 0,2459 162,6  28,5  O0 lagh bubblo,
0,1505  0,02800 5019  0,2435 156,2 22,1 0 conveotion
0,1100  0,02349 2,26  0,2419 152.0 17.9 0 "



T = 113,7°F

tz
p"59

Eun: Be4 Liguid: Benzene
Pressure: 257 mn Hg = 0,512 atm, A = 4,228x107 %047

v, v (/)10 R T (t-T) K  Remarks

volts volts Btu/hr.ft® ohms  °F  OF
0.5482  0,1202 57,6  0,2484 169,2 55,5 S e P ol
005288  0.1159 53,6  0.2485 168.8 5541 hignly irregilar
0.5106  0,1113 49,7  0,2470 165,5 5L.8 3 v n
044900  0,1068 45,8  0.2469 165, 5L.5 97 m "
044705  0,1022 42,0  0.2462 16344 49,7 24  m n
0,4515  0.09780 58,6  0.2455 161.5 47,8 26  ® n
0.4141  0,08077 52,5  0.2456 161.7 4840 93 m n
0.3935  0,08508  20.5  0,2451 160,35 46,6 20 " "
0.353L  0,07626  23.6  0.,2447 159,5 45.8 1 m n
0.3140  0,06796 18,7  0.2452 160,09 47,2 6 m n
0.2941  0,06358 16,4  0,2449  160,0 46,5 4 o n
0,2746  0,05944 14,5  0.2452 160,90 47,2 2 n "
042555  0.05494  12.3  0,2436 156.5 42.8 1 "
0,544  0,05012.  10.3  0,2423 153,0 5943 1w n
0.2145  0.04504 8,45 0.2579 141,35 27.6 0 last bubble dige
0.1940  0.04058 6,89 0,2570 138,48 24,7 0  conveobion
0,1738  0.03637 5,55 . 0,2571 138.6 2449 0 "
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Run: B.5 Liguid: Benzene I, = 95.2°F .
Pressure: 154 mm Hg = 0,205 atm A = 4,228x10° £t
v, v (¢/0x10™° R ©  (1-0) N Remarks
volts  volts  Bbu/hr.ft®  ohms  OF °F

0.1856 0,03812 6020 0,2327 127.6 54,4 O  convection
0,2053 - 0.04202 7.46 0.2542 1514 38,2 O n

002189  0.04587 8,78 0,2574 140,0 46.8 O "
0.2845 0,04937 10,1 0,2387 143,4 50,2 O "

0.2550 0.05444 12,1 0,2419 152,0 58,8 O "

0.2754  0,08957 1403 0,2442 158,0 64,8 O n

0,8000 0,06644 17,4 0.2509 175.6 8244 O "
0.3201 0,071 20,1 0.2545 18504 93,2 O n

0.3408  0,07786 2342 0,2588 108.7 103.5 O "

0,5559 0408192 25,5 0.2608 202,1 108, 1 bubbles irvegular
0.5764 0,08356 27,6 0.2515 177.5 841 5 " n
0.3926 0,08610 2946 0.2485 1695 76l 4 went over to

£ilm boiling
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APPENDIX VI PHOTOMICROGRAPHS:  APPARATUS & TECHNIQUE

Apparatus:

Microscope
Objective
Byepiece
Condenser
Camera
Film

Technigues

I1lunination

Exposure

Zeiss "Standard Research®
Neofluar 40X

‘Komplan 8X

achromatic, aplanatic (No,Ae. 1l.4)
Alpa. - Reflex
Kodsgk PLUS X

oblique, monochromatic green, phase

- contrast.

10 seconds.
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NOMENCLATURE

acceleratian of bubble
heat transfer arca
specific heat of liquid

constants
drag coefficient
constant defined by equation (2,8)

tube or wire dilameter
bubble diameter at departure

potential drop over test section
bubblie frequency
activation energy

change in Gibbs free energy

change in Gibbs free energy to form bubhle of
critical size

gravitation acceleration

conversion factor from mass to force units

bubble mass flow rate

heat transfer coefficient; Planck's constant in
Section 3

heating current

mechanical equivalent of heat

Boltzmann's constant

thermal conductivity of liquid -

constant

Kutateladze's number defined in equation (2,293

characteristic length, see equation (2,19)

length of test section

constant

constant

number of active sites gper unit area

Avogadrot!s number

~ absolute pressure in system (liquid)

absolute pressure insidetubble

superheat~vapour-pressure difference

heat per unit time

heat flux

flux due to latent heat transpoxt by departlng
bubbles

critical (pesk) flux

bubble radius of curvature, bubble radius -
radial bubble growth rate

critical radius of bubble (homogeneous nucleation)

78,



H K

BuP3

=
ta

=§<;1rﬁ ;f:<:':cf:ocﬂﬁj o

=
K

a
Hi
e

VPREFL

resistance of heating element ab 0%

resisbance of heating element at temperature P
radius of curvature of bubble, see Figs, 3.5, 3.4
and; 595
radius of curvature of bubble over cavity mouth
Reynolds numbex
mouth radius of smallest cavity capable of nucleatlon,
or cavity mouth radius in general
cavity mouth radius of largest cavity on surface
radius of curvature of surface projection

temperature (usually absolute)

wall temperature

liquid saturation temperature

wall superheat

time

superficial liquid velocity

critical superflclal.vapour velocity (at floodlng)
linear bubble velocity

volume of bubble
measured, stepped-down voltage drop over test section
voltage drop over precisiom resistor

specific volume of liquid
specifiic volume of vapour

reversible work to form a bubble
reversible work to form a bubble of critical size

thermal diffusibity of liquid

contact angle measured through liquid
superheat-layer thickness

latent heat of vaporization
viscosity of liquid

liquid density

vapour density

surface tensiaon
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