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THEiFORMATION dF VAPOR PEASE'NUCLEI IN NUCLEATE'BOILING
. ' ._ o : 'Alfred Bﬁchief and Alan W. Seaecy |
Inorganlc Materlals Research D1v151on, Lawrence Radlatlon Laboratory,
*ﬁ L v' ~ and Department of Materials Science and Engineering
College of Englneerlng, Un1vers1ty of Callfornla,
Berke ley, Ca.ll fornisa
ABSTRACT
‘The COﬁeeﬁtual bases of two analyses of‘vapor phase nucleation ﬁhat:
shere‘wide current acceptanee are_examined. Both consider a baiance_of
pressure to be critieal to the formation of‘stable nuclei. Because the
conceptAof a pressure diffefence.across curved interfaces has recently
been sﬁown»faulty, a new analysis is fequired. Nucleation is formulated,
as a procéeSngverned by a free energy barrier. _Critical radii fer
steble nuclei and vapor pressureSin bubbles are calculated for water as

functiopé of superheating.

A\

This work was done under .the ausplces of the Unlted States Atomlc
Energy Comm1551on. : A :
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Introduction

The relatlonshlps of the vapor pressure 1ns1de bubbles to the vapor

pressure of the l1quid w1th1n whlch .the bubbles form and to the ambient

'pressure are quantltles of great 1mportance to the theory of nucleate

boiling. The requlred relatlonshlps have commonly been derlved u51ng as

a startlng p01nt a theory developed by Young,l Laplace2 and Kelvin3'and

5

made rlgorous by Glbbs.h One of the authors has'recently identified an -

‘error in an underly1ng assumptlon of GlbbS analysis and has derived a

new expre381on for the effect of surfaces on vapor pressure.

The purposes of thls paper. are to 1dent1fy the conceptual bases of

.vthe two analyses of vapor phase nucleatlon in b0111ng wh1ch seem to share

w1dest current acceptance and to present an alternate analysis in terms

of a free energy barrler rather than a pressure barrler. 'The new

analysis is analogous to that applled to the nucleatlon of condensed -

phases and is cons1stent w1th the new equatlon for the effect of surfaces

~on vapor pressures.

Pressure Barrier Model of Bulk Nucleation

The equation which is commonly stated to describe the variation of
vapor pressures in drops, bubbles or capillaries with surface curvature

is the Kelvin or Gibbs-Thomson equation

&

20
r.

)

lln

m,w

= %

(1)

ﬂwhere P is the vapor pressure outs1de a plane surface and P is that

out51de a curved surface, 0 is the surface tens1on, VE is the molal

volume of the liquld r is the radlus of curvature (1n this form of the



. the inﬁernel pressure P, (an indirectly deduced property, discussed by

.Ricell) of ‘a liquid eah be assumed equal to the ambient pressure on the
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_equetiop theftwo radii of curvature are assumed equal), R is the gas ' .

eenstaht,-apd T is.the ebsoiute_teuperature; The negafive,sign is
asSigned uhen the liquid surface is concave as itnis for .a bubble.

| The Keiviu~equation predicts that vapdr pressures'in bubbles are
lower than vapor pressures ebove plane surfaces. But'nucleation of

8,9

stable bubbles has been conce1ved6’7’ to require'that a,presSure of

'vapor be_generated inside the bubble that equals or exceeds the sum‘of

the'ambient pressure on the liquid (including any hydrostafic head),and

the pressure chahge that in the‘Young—Laplace-Kelvinbtheory is suppesed

to exist -across curved surfaces. iAceording'toithe'theery this pressure

' gradientxis given for spheres by the Laplaee:equationlo

AP = = _ - (2)

and theiphase on the coneaue side,of tue surface experienées the higher.
pressure; If ‘the Kelvin equation is held to apply, however this higher p
pressure 1s still lower that the vapor pressure over a plane surface at
the same‘temperature and the pressure in the liquid may be a negative

pressure. For plane surfaces, -the pressure gradient disappears, so thaﬁ

liquid P_. Then

P =P + 22_,._ - ' , (3)
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© in fact~contrad1ctory, boundary condltlons; They did not assume Pi =P
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represenbs the pressure which it is assumed'that-the_vapor’inside a bubble
must achieve in order to resist collapse. 'The Clausius-Clapeyron equa-'

tioh can be~used with Eq; (3) to calculate the superheatlng requlred for

formatlon of bubbles of varlous radll.. For water, bubbles of 10 3

dlameter are calculated6 to be stable w1th 3 3° of superheatlng, bubbles
-5

cm dlameter are calculated to requlre T6° superheating.

13,14,15

Plesset12 and others, have used Eq. (3) for 1nterpretat10n

of the klnetlcs of bubble growth in l1qu1ds, but have assumed dlfferent,
a
but instead:calculated'a difference between these quantities which they

assumed'tofbe‘theAdrivlhg_force”for’bubble_growth. They substituted

temperabures of superheating of the order of those measured in the

' laboratoz;ylé 1nto the Clau51us-Clapeyron equatlon to calculate P .

ahd usea;P - %g-- P to obtaln the presumed 1nternal pressure of the

liduia'at fhevbubble surface.
Asviudicated at the'beginning of the next section, there is now good :
reason for rejection of the Laplace equation for bubbles. A formulation

of the prdblem of vapor phase nucleation in terms of a balance of free

energies“rather than of pressures is reqUired.k

The Free Energy Barrler to Nucleation of Vapor Phase Bubbles

G1bbsh a551gned any surface free energy CA (where A 1s the area of

the surface) to & d1v1d1ng plane of negllglble thlckness. He assumed-~

that OA and pi,.the chemlcal potential of the system components, are

mutuallyfindependent. In consequence, Gibbs deduced that the bartialv

'Avapor pressures of a vapor phase in equilibrium with a condensed phase

would be,unChangedlby.the creation of plane surfaces.
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It can be shown, however, that if work CA is introduced into a

: condensed phase subsystem of n, molecules, equillbrlum w1th a vapor

phase can only ‘be ma1nta1ned at constant temperature and constant nc by

, raislng the molal free energy of the vapor phase by GA/n‘. This increase

in molal free energy of the vapor is accompllshed by 1ncrea51ng the vapor
pressure. If as assumed by Gibbs, there were no 1ncreases in vapor

pressure, the fundamental condltlon for equilibrium--that the free

energy change for transfer of 1nf1n1te51mal quantltles of matter between S

the subsystems be zero--would be violated.

Analys1s of the effects of added surfaces in terms of the funda-.
mental condltion of equillbrium shows that as long as the spec1flc sur-
face free energy (which may be a fUnction of curvature but is always a
p051t1ve quantlty) is taken as that for the partlcular surface of

1nterest the effect of the added total surface free energy on the

' average molal free energy of the condensed phase is 1ndependent of -

whether the surface concerned is planar, convex, or concave. No dlrec;
tlonal effect such as is represented by the Laplace equatlon need be
ass1gned to curved surfaces. Free energy,barriers are already assumed
to be crucial in condensed phase nucleation proce’sses.g,’17 We need only

adapt the famillar model to adjust for the fact that the volume of a

-ﬁ. given quantity-of gas is a sensitive function of temperature.

According to standard nucleation theory when strain energy terms can -

be neglected,‘the formation of a daughtervphase that becomes stable when
a- parent phase is heated to above the equilibrium transition temperature.
is opposed by the unfavorable free energy of formatlon of .an 1nterface

between the parent and daughter phases. For very small particles of
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thebdaughter phase, the ratio of surface to volume is large and this

: surfeee‘freedenergy contribution exceeds the favorable freeAEnergy of

the,bu;k reeeuion.“ )

Suppeseng‘is the free energy content of the,vepor‘phase formed :
ihto”afbuuble‘ef'voluﬁe‘V and'Gz is the freevenergj ofvthe-molecules
before'fhey;vapqrized. The free.energy‘change per unit'voluﬁe of the

bulk reaction is then

: .G f.Gz C B
AG = B—= (4)
v \) : _ : ,

where ve assume that the first step in the formation of & bubbie is the

transformatlon of the 11qu1d into vapor at the amblent pressure (whlch

also 1nc1udes any hydrostatlc head) For this step.we heve a free-

...energy change of E-ﬂraAG - where r is the radius of the bubble. To this

3

: must now be added the free energy of formatlon of the 1nterface, hﬂr o.

vThe total free energy change AG when a bubble 1s formed is

>

a

o
w(s=

‘nraAGv + Unrio, » ‘ | (5)

' The role played by Eq. (5) vhen a free energy barrler is" assumed crltlcal"

1s analogous to that played by Eq. {3) when a pressure'barrler is

: assumed»erltlcel. Equatlon (5) must have a maximum at any temperature

" of suberhea.t because the first term of the right hand side of 'Eq'. : (5). is

: tueu a‘negative'funetion ef ré and'the second term is a positive fupetion
1uof.r2; Tﬁe radius‘at the'maximum,'ealled the critical radius;“is given“
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S _ 20 , S P _
o AG o : v_<6>'

A bubble w1th radlus r has an equal probablllty of grow1ng (through thei

. dAG

‘addltlon of one molecule of gas, wh1ch makes dr 'negatlve-and thus-“

’leads to spontaneous further- growth) or collap31ng (through loss of one -
‘molecule of gas). Several other forms of the relations between the
"various iuentities 1nvolved ean be 1mmed1ately derlved. Thusvusing

Ax, _Eo;ptéf;to eliminatekapin Eq. (5) we obtain for the‘free energy of"

_formation of a nucleus

ST R (P LI
d, =imio-lw. . M
) c . I :
e ek mod vitte
,AGr = nRT, ln T o . (8) -

: where R 1s the 1deal gas constant, f. is the fugac1ty of the superheated_

0"

: llquld f; the final fugac1ty of the bubble and n the number of moles oflv
'fvapor per bubble. (In what follows we assume that fuga01ty ‘can be re< “*

1~‘ placed by pressure ) If we now: denote by V the volume of one mole of

7{ vapor under standard condltlons of temperature (T 273°K) and

- pressure (f l Atm.),Awe obtain. |
[ .'-”“rc~;'-1- VR S0 _kurc £
e I o 9)

%



-7- . UCRL-20552

o

wﬁéfé'a 1s the temperature of the superheated 11qu1d. “Sﬁbsfitutinguf:”,ffﬁj5

lEqs. (8) and (9) in Eq. (7) we have

Sy - (10). .
The\vaineleflrc(still has to berdedneed, ;We can write for AGVQ‘-

B =

. where AH and AS are the enthalpy and entropy changes per ‘unit’ volume

7'correSpond1ng to AG .' Close'to the normal b0111ng point'T we have -

b
B

- (12)

. DR 0" DY 20 L

: f'where AHb 1s the heat of vaporlzatlon at the normal b0111ng p01nt and f

._: the amblent pressure.: Equatlons (13) and (lh) glve RIS

R~ A
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~ RT.T_ | A
20 0b_ o S
r = 5= ' B ‘ o (15)
e -A}{b‘.‘fa(TO—TbT_ Co e L

We thusiobtain the critical radius as a function‘ofASuperheating. If theu

",Vabor'pressure of the liquid at the temperature'of¢superheatihé, fos is

known, we can also write

T T 2 N P S
 AG_ =[RT. n — ) ¢ 5= = 3 - (16)
: ~Y» ; 0 ,'fo -'TQ, ' Vst fst S '-'-."t;:'
s f dn=. - )
Yo : : : S

In thisfhahner we obtain

'Values of r,as a function of the superheatlng AI TO - Tb_are.giveh“in '

Table I The Values of © used correspond to the surface ten51on of

SN llquld water 1n equ111br1um with its own vapor.]f8 The superheatlng

. AT —-170° is- the hlghest reached 1n the experlments of Kenrlck Gllbert
a,and Wlsmer.;9
b'w1th those found by Plesset and Zw1ck. Whlle, however, in the case of 1

: Plesset and Zw1ck the dr1v1ng force respon31ble for bubble expan51on is

’zero at the crltlcal radlus and grows to a- constant Value, we flnd that fe

vfthe dr1v1ng force f1 --f has a p081t1ve value at the crltlcal radlus

Values for the smaller superheat temperatures are 1dent1calg

- .
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‘value-close‘tO'fO.
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ﬂuand decreases with 1ncrea31ng radlus._f(See‘Eq.'(19)'beloﬁ.)f Table I
;also glves the fugaclty of" superheated water, f ; and the dlfference be- :
FV_tween fb and the fugaclty of the bubble f1.5 It is. seen that the pressure~@:

w1n81de the crltlcal bubble 1s a few percent hlgher than the normal vapor

Dt

b-pressure of the superheated water.':~

Flnally, bubble pressures for other than crltlcal rad11 can be PR

v”r”derlved from Eq.Z(S). If we substltute in thls equat1on the Eqs. (8), -

l(9)-(w;th_rc =5r), and (18), we obta1n the equation

£ L

e 5 o
= =+f S : _vng)»

l'Table II glves values of fl as a’ functlon of r: calculated by means of

: thls equatlon.v Beyond a certaln value of r the rlght-hand 81de of

(19) becomes negatlve and. f1 smaller than fO Phys1cally, thls

means that beyond a certaln radlus f1 remalns constant and assumes a. .

EEA
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Bubble nucleus formatlon in superheated water_ , . _
at 1 atm. aMblent pressure _ , v AR e

Superheatlng
AT °K

... .- Normal vapor AR .
. pressure of - - Excess pressure .

- Critical radius_';. . water . of bubble

3.23 x'107 1.036 SR 0.018

N 160 .. . L.0fs . 0,035

1.06 1112 0.052
. P -

63 x 10T 1192 0.08k

f:_3.2o‘ . 1w L 0.161

15 %207 7.8 . 0.95

’_.I_stlefII;- Bubble pressure as function of radius

,Radiusirfvsv Bubble pressure f1, atm. Bubble pressure f1, atm.

LTy CHMe

(T, 37h°K) o -f'»V (T 383°K)

1)

w07

B g

-3

107

"% £y Bmaller than f

'“:8.28' SR o ,e.uo

-

‘Q .
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