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SCOPE AND CONTENTS: The bolling heat transfer phenomenon has

- presented a state of ambiguity regarding

the role of solid-liquid-vapour interface in the mechanism of

heat transfer. Recent studies (S1,Ml) have given an indication

to the possibility of the vapourization of a microlayer at the

boiling surface as an alternative to the well-known theories

based purely on°®the hydrodynamic factors. This study is an

attempt to understand the boiling heat transfer mechanism at

solid-liquid~vapour interface and to study the effect of inter-

facial properties like surface tension and contact angle on the

maximum (critical) heat flux.

The present studles use the technique of changing the
solid-liquid~-vapour interface characteristics of water through
the use of surface-active agent as additive, to study the boiling
heat transfer under changed interface conditions. Four different
surfactants were used at three levels of concentration in water.

Surface tension and contact angle measurements were carried out

~f1a



using the shadow photographs of pendant drops and sessile drops.
Boiling heat flux measurements of these surfactant solutions in
water were carried out using heat-flux meters which were made
an integral part of the heat transfer surface. Experiments in-
volving pool boiling and the boiling of thin liquid films were
carried out over the transition and nucleate boiling regimes.

It has been observed that solid-liguid-vepour interface
characteristics play a very important role in the boiling heat
transfer mechanism. By a suitable choice of type of surfactant
and concentration, the critical heat flux and heat transfer co-
efficient can be improved markedly.

It is suggested that the spreading wetting characteristic
improves the heat transfer rate whereas the increassed viscosity
and decreased thermal conductivity of the liguid microlayer under
the vapour masses may cause the heat flux to decrease. The
present study shows significant possibilities for future studies.
in the nucleate boiling, transition boiling and film boiling

regimes using surfactant solutions.
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1. INTRODUCTION

Boiling heat transfer is the transfer of heat associated
with the vaporization of a liquid when this bulk fluid is at a
temperature equal to or below the saturation temperature of the
liguid. The principle characteristic of boiling is the high heat
‘flux associated with é relatively small temperature difference be-
tween the heat transfer surface and the liquid.

There are a wide variety of operations which involve boiling,
ranging from vapourizétion in the chemical process industries,
generating steam in nuclear reactors or conventional sy;tems,
quenching and cooling in the @etallurgical industries, transferring
heat to cryogenic fluids, extinguishing forest fires, etc. This
wide application of boiling heat transfer has stimulated great
interest in the fundamenﬁal, underlying mechanisms associated with
the vapourization phenomenon.

It is known that the amount of cooling, i.e. heat transfer,
that can take place is li&ited by several hydrodynamic and sur-
face factors of the system. Thefefore, it is not surprising that
a great effort has beén directed to the task of understanding the
effects of these hydrodynamic and surface factors on boiling over
the entire range of heat fluxes. The present study 1s one such

attempt.



2. LITERATURE REVIEW

2.1 Boiling Heat Transfer

The literature review which follows reports on and evaluates
the theoretical and experimental work done to date to elucidate
the fundamental mechanisms of boiling heat transfer. Since Der-
neadePL) has recently reviewed this subject, only those earlier
references, which are pertinent and/or required for continuity,

will be included here.

2.1.1 The Various Boilins Reginmes

The regimes of boiling are best discussed with reference
to a boiling curve, viz., a plot of the heat flux density (Q/A
B.t.u./(hr.)(sq.ft.)) against the difference in temperature, ( A T)
between the heat transfer surface and the bulk liquid, (Figure 2.1).
The boiling curve and the regimes in boiling heat transfer are
characteristic of the boiling phenomenon. The actual shape of
the curve is dependent on the liquid, the surface and hydrodynamic
factors and the degree of subcooling.

The three basic regimes of boiling heat transfer are:

(1) nucleate boiling

(ii) transitioﬁ boiling

(1iii) film boiling
They have been discussed in detail by Westwater(WB), Rohsenow(R3)
and Zuber(Z2). These regimes can be visually observed but are

most easily identified by the change of heat flux with the surface-

s P
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to-liquid temperature difference (Figure 2.1). In the last decade,
research in nucleate boiling, with visual and photographic obser-
vations, has eétablished a further classification (Gl), viz.,

(a) discrete bubble region

(b) first transition region

(¢) vapour mushroom region

(d) second transition region.

These regions have typical heat transfer characteristics
within the nucleate boiling regime as shown on Figure 2.1 and cover
the temperature difference region from the incipience of boiling

to the maximum heat flux, (Q/A)max.

2.1.2 DNucleate Boiling

Nucleate boiling is perhaps the most important boiling
regime because of the high heat transfer rate observed at low
temperature differences. The characteristics of vapour formation
are different in all the four regions. An excellent description
of the pool—boiling* and experimental results in pool-boiling
which cover all the four regions of nucleate boiling has been

(G1)

given by Gaertner His observations for water are discussed

below.

(a) Isolated bubble region

At the lowest heat fluxes (ca. 10,000 B.t.u./(hr.)(sq.ft.)),
the main mode of heat transfer to the fluid is by natural con-

vection. Further increase in surface temperature causes isolated

2% The term 'pool-boiling' implies an absence of an externally
induced-forced flow.
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vapour bubbles to appear. Increasing the temperature further in-
creases the number of nucleation sites and bubbles. In this iso-
lated bubble region of nucleate boiling, the bubbles are essentially
spherical until they leave the surface, when they become either
bell-shaped or ellipsoid. The main mode of heat transfer seenms
to be the convection caused by the agitation of the bubbles.

Shadow photographs of the convection currents near the

(GL)

hot surface are presented by Gaertner .« boStudies of the wake
behind the rising bubbles were conducted by Hsu and Graham(Hu)-
They found that the disturbances behind the rising bubble propagate
up to one bubble diameter from the nucleatiﬁg site which agrees
surprisingly well with the studies on wakes behind moving liquid

(H2)

drops carried out by Hendrix . This also agrees with the as-

(25)

sumption made by Zuber in his analysis of nucleateboiling
concerning the area of influence of each individual bubble. The
increase in the heat flux with temperature difference may be ob-
tained from the Gaertner equation(Gz) in terms of active-site

population (n/A):

2 =181 (/3 v (1)
and n/A = Exp (%%3) ‘ e (2)

where K is a constant and T, is the wall temperature in OR, or in

terms of the hydrodynamics and surface properties suggested by

Rohsenow equation<R3):



0.33
0.5 1.7
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i1 1 BAPy = Py 1

«ee(3)

where the following nomenclature 1is used,

Csf = Coefficient of the equation which depends on the nature of
heating surface-~fluid combination
C, = Specific heat of saturated liquid, B.t.u./1b./°F.

uy = Viscosity of saturated liquid, 1b./ft./hr.

K, = Thermal conductivity of saturated liquid, B.t.u./hr./ft./oF.

Al = Latent heat of vapourization of saturated liquid, B.t.u./lb.
N = Density of saturated liquid, lbs./ft.3

p, = Density of saturated vapour, 1bs./ft.3

Ol = Surface tension of saturated liquid vapour interface,

1b. force/ft.

g, = Conversion factor, 4.17 x 108 (1b. £t.)/(hr.2 1b. OF.)
2

g Acceleration due~to gravity, ft./hr.

The agreement of the predicted values with those observed is quite

good in some cases (K2, Z5) and poor in others (C3, Z2).

(b) First Transtion Region

Zuber(z5) first observed that at a heat flux of about
46,000 B.t.u./hr./sq.ft., the character of the boiling changes.
It was observed that this change takes place when the average

bubble spacing becomes less than two bubble diameters. Under



these conditions bubbles interfere with each other. These inter-
actions change the regimes of bubble removal and consequently
affect the flow conditions adjacent to the heating surface. This

observation was also confirmed later by Hsu and Graham(Hh) from

(M+)

shadow photography of boundary layer. Moissis and Berenson

(25)

and Zuber derived equations for this transition region, based

on hydrodynamic models. These equations predict Gaertner's ex-

(G1)

perimental data quite well., Although the shape of the bolling

curve does not seem to alter during this first transition region,
the large temperature fluctuations in the thermal layer associated
with the isolated bubble region are dampened out. A transition

develops in the average bubble diameter at the break off and in

(H4) ,

the thickness of boundary layer In the region of discrete

bubbles the temperature through the thermal layer was a hyperbolic
(B4+)

function of distance from the heating surface . After the pre-

(29)

dicted transition by Zuber sy the temperature profile was of the

(T1) (c2)

exponential form as observed by Treschev and Colver

(¢) Vapour Mushroom Region

At a heet flux of about 70,000 to 100,000 B.t.u./(hr.)(sq.ft.)
coalescences of the vapour bubbles occur and large clouds of vapour
attached to the heating surfacé only by numerous vapour spouts
form. Analysis of this region with high speed photography(£3) nas
not yielded any quantitative information about the interface be-
haviour and theraal layer. So far we must be content to extra-
polate the theoretical results for the lower heat fluxes into

this region. The fact that experimental results show poor agree-



ment with theory 1is not surprising.

(d) Second Transition Region

The characteristic sharp change in the slope of the boiling
curve of water (at point 3 in Figure 2.1) distinguishes this re-
gion from the others. This break occurs at a heat flux of about
300,000 B.t.u./(hr.)(sd.ft.). High activity in the vicinity of
the heating surface poses a great problem in studjing the inter-
facial phenomena occurring close to the heating surface even with
high-speed photography(K3). It is believed that local vapour
patches may be formed on the surface as a result of instabilities
in the vapour mushrooms at certaln nucleating sites. Therefore,
at any given time less nucleating surface is available and hence
the decreased slope on the boiling curve. The point at which this
sharp change takes place is known as "Departure from Nucleate

Boiling (DNB)".

2.1.3 Maximum Hegt Flux

This maximum point on the boiling curve has excited corn-
siderable interest recently because of its importance, expecially
in boiliﬁg-water nuclear reactors. It is aptly called the "burn~
out" point or "point of crisis'". Just prior to this "burnout"
point there is considerable interaction between the vapour leaving
the surface and thé liquid moving towards the surface. At the
maximum heat flux this interaction causes the system to become un-
stable, so that further increase in temperature causes partial
blanketting of the heat transfer surface at one instant and re-

version to nucleate bolling during the next. The net result is

>
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a lower heat flux. These ideas were formulated into a theoretical

mathematical framework by Zuber and Tribuéz6). In this analysis,

they coupled the hydrodynamic equation of Kelvinﬁ'with the in-

stability theory of Helmho’ctzs‘g’x’E to derive the expression.

0'25 p 005
@y = ay ey A [Blea v B =
A "max 1 v? 2k ov2

@,

p. + P
1 v

eoo(lt)

Surface tension of the liquid plays a part only in determining
the most probable unstable wavelength. The form of this equation

agrees well with those determined by dimensional analysis(K5) and

wave motion theory ®1M. Borishanskii(BMH)

(K5)

extended Kutateladze's
analysis to include the viscosity. He arrived at an additive
correction factor due to viscosity, to the constant of proportion-
ality in Kufateladze's equation(KS)- This effect is quite small
in comparison to the deviations of the experimentaly observed
critical heat flux from those calculated using equation (4).

These predicted results are generally higher than those observed

(Th)

for pure liquids « In some cases, however, purely hydrodynamic

1.
g 2

1
®* l.e., A=21 [ }
g ( pl - OV)J

where ) is the wave length, 1is

 based on the importance of surface tension as a stabllizing

factor at interfaces of two superimposed fluids.
#x l.e., with two flowing immiscible fluilds, there is a maximum
relative velocity above which a small disturbance will not be

dampened out.
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effects do not seem to determine completely the critical heat

flux. For example, Costello and Frea(Cl?) found that the maximum
heat flux increases, if the surface becomes contaminated; Adams(As)
found that the critical heat flux was directly proportional to
surface tension.

Berenson(Blo).

suggests that all these differences can be
explained by not having uniform surface conditions over the entire
heat transfer surface. He claims that surfactants broaden the
burnout point and that the maximum heat flux exists over a range
of temperature differences by virtue of the nonuniform surface.
The average behaviour of the surface will, therefore, indicate a
lower, maximum heat flux. Even this suggestion does not seem to
give a satisfactory explanation to discrepancies in the predicted
maximua heat fluxes.

Rohsenow and Griffith(Rh) proposed a modified equation based

(F7)

on the correlation of Forster and Zuber s which employed the

results of an analysis for bubble growth within an initially

uniformly supérheated liquid, for evaluating the bubble diameter

(R6)

at departure. This equation of Rohsenow et al given below,

will not work for polar fluids, while the equation is quite good

for non-polar fluids.

AT2.1 APO.?S pll.35 K18.55 | .

A" max sf 8.05 1.1, 6.5 1.1 0.5
7 M Py 1 1 1

where Ko p i$ a function of the heating surface and fluid combination
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(determined by contact angle) and AP is the vapour pressure
difference corresponding to AT,

(D7)

Deissler , employing a physical model of boiling mechanism
at critical heat flux, obtains the following equation, without
resorting to either dimensional analysis or vapour-liquid in-

stabilities considered earlier.

Q 02 \ & 0.25

- = —_— o -

‘(A)max 8 c 2 1 Py 1 8 8:.( 7 pv)] -+ (6)
D

where QB is a constant, Cp is the drag coefricient of the bubbles

and © is the contact angle. This equation is identical to equation
(%), if the contact angle at breakoff and drag coefficient are
considered constant. This analysis of Deissler is based on the
postulate that the critical heat flux occurs when the rate of
formation of bubbles just exceeds the rate at which they are car-
ried away. Under these conditions the drag on the bubbles is
sufficient for successive bubbles leaving the surface, to touch

and coalesce.

Chang(Clz) considers that the heat transfer in nucleate
boiling is limited by the maximum rate of bubble generation from
a unit area of the heating surface. He considers two extreme
cases:

(2) low or no forced convection, where the final bubble
size is not too small and bubble frequency not toc high and

(b) high forced convection where the bubbles are extra

fine and their cecncentration is very large. He considers the

stability for a bubble growing or moving in an intensively tur-
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bulent fluid, where the surface tension force gives a stzbilizing
effect but the dynamic force tends to destabilize the motion.

His analysis of critical heat flux based on the above consideration
in terms of Weber number and Reynolds number yielded the following

equation for burnout in saturated pool boiling:

1
O ] o
(F) g,y = 0+0206 /o o7 Ap. 8y (1 - EXP(-C3 V/B) (D)
where - ol
= ¥ e 000(8)
B, = B
i My 1
v = 89%(p-rg ... (9)
pl2
.}:

Here B and (C3)‘ are system parameters which are to be determined

from experiments. This bubble agglomeration effect was experiment-
ally observed byOCostello(Cl3). This prediction depends on the
assumptions: -

(1) there exists some statistically meen values of the
final bubble size, bubble frequency and number of bubble sites

per unit area of heating surface

(ii) bubbles are spherical

(iii) at the critical condition, the bubble on the heating
surface has developed to its departure size under hydrodynamic

and thermodynamic equilibrium.

2.1.4 Transition Boiling

In this regime, one observes the anomolous decrease in

heat transfer rate with increasing temperature as shown in figure
2.1. The decrease in the boiling heat flux with increased surface

temperature results from the large unstable vapour patches that
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cover the surface. The extent of these patches increases as the
surface temperature is increased. For this reason this regime is
sometimes referred to as the "partial film-boiling regime".

Theoretical analysis of this regime has been presented by

Zuber(ZO), Berenson(Bs) and others(B+,D3,83), Zuber(zu) considers
a vortex sheet which oscillates under the influence of surface
tension. Applying Taylor - Helmholtz instability criteria, he

arrives at the following equations for transition boiling,

c™ = - (U - U2)2 .. (10)

q I A A
nd i S e—— l p —— e e e ll
@ A ok Voo (11)
o %
A o= 2 n( 1 ' N & -3
g( py = oAv)

where m = 2 1/ 1s the wave number, C is a real number for stable

- transition boiling and U; and U2 are the constant velocities in

the positive X direction of the vapour and liquid phase respectively.
The gross liquid velocity Up is usually less and the wave length?X
period 1 and velocity Ul of the vapour are interrelated. However
due to the Taylor - Helmholtz instability, where a definite geo-

metrical configuration can be expected, the geometry 1s character-

ized by disturbances with wave length in the spectrum

g ‘é‘ { g, - 1
'F | h’ ¢ 3 %07 | 3 % 5
1 - ° |

el |
Lg( oy - %’J EE D
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where the diameter of the vapour slugs was approximated by

D = A/2. According to Zuber(zu) the interface takes the form

of spikes and bubbles. In their downward fall, the spikes approach
the heated surface and rapid evaporation occurs. A spheroidal
state similar to the Leidenfrost phenomenon is expected. This
assumes that no solid-liquid contact exists. As liquid evaporates
from the spikes, vapour flows in the region in between two spikes.
Therefore a release of bubbles at regular intervals occurs. As

a row of bubbles is released due to vapour thrust effect, an un-
stable interface is again formed. Because of the downward flow

of the liquid again a new spike beneath the bubble forms. Thus a
thermally stable, but hydrodynamically unstable situation was

(Z4) | similar analysis with modified criteria

suggested by Zuber
for vapour thrust effect and instability was considered by Beren-
son(Bs). Westwater's high-speed movie pictures(DS) indicated the
higher stability of vapour-liquid interface during transition
boiling when surfactants were added to boiling isopropanol. Beren-
son(Blo) observed during transition boiling that the heat transfer
rate was increased by the presence of wetting agent.

2.1.5 Minimum Heat Flux

At the point of minimum heat flux the unstable vapour films

become stable and a continuous vapour blanket forms over the heat

(H3) (zZ4)

s Zuber and Bankoff(Bu) have

transfer surface. Hosler
successfully applied Taylor - Helmholtz instability theory to ob-
tain an expression for the heat flux at this minimum point. 1In

this case, the stability of a two-fluid system is considered where
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the lighter fluid is below the heavier one. By utilizing as-

(z4)

sumption concerning critical wave lengths, Zuber derives the

equation:
1

9 - 5 & ( ﬁ_g( Py - pv) 1 +
(K) = e 1 «eo(14)

v | 5
win oY { (Py + P) J

This equation predicts experimental data reasonably well.

2.1.6 Film Boiling

The point of minimum heat flux signals the beginning of
stable film boiling. . Increasing the temperature of the heat tran-
sfer surface increases the heat flux partly because of increased
conduction across the vapour film and partly because of the increasing
contribution by radiation.

The vapour film is disturbed continuously by the departing
bubbles which breek away from the vapour film. The amplitude of
the waves formed by the departing bubbles has been discussed in
detail by Hosler and Westwater(H3). Their experimental work sub-
stantiates Zuber's equation (14). They conclude that the minimum
interbubble distance at departure is the critical wave length and
the average distance the most dangerous one.

The equation derived on this basis for the film-boiling

heat flux is given below in terms of the bubble paraneters:

(VA gi1, = Vg 0 P b s o s {LED

v
where f 1is the frequency of bubble formation, VB is the volume

of the bubble, n is the number of bubbles per square foot, h, is
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(26) (H3)

the enthalpy of the vapour. Zuber and Hosler present

the details for determining f,VB and n 1in their papers.

2.1.7 Forced Convection

The addition of forced convection to the boiling phenomenon
adds another complexity to an already complex problem, since now
different effects will be observed depending upon the flow systemn.
Fér example, in the case of flow inside closed conduits, the amount
of vapour present will determine the flow regime of the two-phase
system, which, in turn, should effect the heat transfer process
(B13,C9,H8). The effect of forced flow on the burnout heat flux
is shown in Figure 2.2.

To date the most successful attempt at correlating boiling
heat transfer in forced flow systems 1is through the approach just
suggested by Robsenow(R3). Rohsenow(R3) recommended that the heat
transfer rate undér forged,flow conditions could be found by adding
each contribution separately as indicated in equation (16).

& - & s (3 -

A Total A Forced a Pool & Incipient
Convection Boiling Boiling

(Single Phase)
eeo(16)
This equation is quite conservative if applied to the entire tube.
This method worked quite well at low flow rates and vapour qualities.
It requires a knowledge of the pool boiling characteristics of the
heat transfer surface in question and since, in forced-convection

boiling, boiling effects are far more significant than forced con-

vection, this represents a serious drawback.
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Chen(c3) presented a method based on this idea but claimed
to correct for the effect of forced-flow on the boiling phenomena
by including a bubble suppression factor (< 1) and for the effect
of boiling on forced flow by multiplying the forced flow heat
transfer coefficient by a factor (> 1) which was correlated against
two-phase flow paremeters. The main criticism of this work is that
he used a pool boiling correlation of Forster and Grief(F8) which
had been shown to be accurate only for very limited situations.

(C3)

Nevertheless Chen's correlation represents the best available
for predicting bolling heat flux at the present time. He was
able to demonstrate that his correlation predictions agreed well
with all available experimental results from over the entire world.
This correlation serves a purpose but is quite unsatisfactory,
since 1t is essentially empirical in nature.

The problems of burnout in forced convection boiling have
received a lot of attention. In this case the phenomenon depends
on the stebility and dynamics of a thin liquid film moving along

on the inside of the hot tube wall (T3). More will be seid on
this stability problem in section (2.4 )

2.1.8 Subcooling

Subcooling is of great significance in heat transfer on
account of large heat fluxes (of the order of 10,000,000 B.t.n./
hr./sq.ft.) observed in subcooled forced convection boiling systems.
Figure 2.2 shows the effect of subcooling on peak heat flux. There
are many excellent studies on the heat transfer mechanism in sub-

(G8).

cooled boiling. Perhaps the most interesting ones are by Gunther
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(F8) (E1) (S8)

Forster and Grief , Ellion and Sharp . Growth and col-

lapse of a bubble is characteristic of subcooled boiling. Bubble
size will be less but bubble population will be large. Bubbles
were found to be hemispherical and coalescence and collapse were
common characteristics. At lower subcooling, the fluid temperature
being high, bubbles may be larger in size and may have enough
momentum to detach itself from the heating surface. Forster and

(F8 )

Grief suggested a pumping mechanism in the thermal boundary
layer to account for large heat fluxes. Bankoff(Bg) suggested

that the condensation at the top of the bubble may be a signifi-
(23) (H+)

(23)

cant contribution. Zuber and Hsu and Graham analyzed the

bubble growth and thermal bbundary layer. Zuber suggested an
equation for subcooled boiling peak heat flux, which agrees well
with experimental data.

Heat tréansfer seems to increase significantly in transition
and film boiling regions. Theoretical studies have been done by

(c8)

Cess and Sparrow . Experimental studies have been done by

Bromley and Motte(Blz).

2.2 Summary of Phenomenological Approach to Predicting Boiling
Heat. Transfer

In the previous section, discussion has centered on the
phenomenological description of the various regimes of boiling.
The equations which have been derived based on either a particular
hydrodynamic model or a dimensionless-group-empirical approach
have indicated the large number of variables that influence the
boiling phenomenon. To date there has not been either a full de-

scription of the boiling process nor have there been satisfactory
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semi-empirical eguations available to the design engineer to pre-
dict boiling behaviour under any given conditions. This is es-
pecially true in the nucleate boiling regime. This situation
suggests that considerzbly more effort must be directed to the
fundamental studies of the mechanism which affect boiling in all
regimes. The following section reviews some of the investigations

whicn have been carried out to date on all aspects.

2.2.1 Nucleation

There is no completely satisfactory theory for nucleation
in boiling heat transfer, though many theories have been proposéd.

By performing a force balance on a vapour bubble of radius,
r, it can be easily shown that the vapour pressure inside a bubble
must be greater than the pressure in the surrounding liquid by
2 o/r. If the bubble is in equilibrium with its surroundings then
the liquid must be superheated for the bubble to exist at all.
This simple analysis cannoﬁ be extended to the size of bubble
nuclei but does polnt out that some degree of superheat is re-~
quired for nucleation.

Spontaneous nucleation within a liquid is different from
nucleation at a heat transfer surface. For the latter situation,
there will be many nuclei of trapped gas and/or vapour on the sur-

(R3)

face. Rohsenow has indicated how surface tension of the liquid
can affect the existence of nucleating sites on a heat-transfer
surface. Ellion(El) has presented a nucleation equation which
predicts quite well the experimental superheat required for nu-

cleation. It is based on Laplace's, surface tension-curvature,
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equation and the Clapeyron equation relating vapour pressure and
temperature. Free vapour nuclei arising in the bulk of the liguid
by virtue of molecular fluctuations or cosmic radiation are not
important as nucleation centres in the bolling process.

Griffith and Wallis(G6) carried out nucleation experiments
with cavities formed from needle tips of a given shape. They de-
monstrated that Ellion's equation predicted nucleation quite well.

(H4)

Hsu and Graham suggested a method for calculating the super-
heat required for nucleation under any flow condition. This model
assumes a linear temperature gradient at the heat transfer surface
and a hemispherical bubble. Ellion's nucleation equation is as-
sumed to hold for this situation. Nucleation is predicted to occur,
i.e. the vapour bubble in the cavity grows, if the hemispherical
bubble is completely immersed in a fluid, the temperature of which
is greater than that predicted by Ellion's nucleation equation for

(B6) extended this to

the hemispherical bubble radius. Bergles
forced 