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Abstract 
The rewetting phenomena and the different physical concepts which are used in their 
modelisation are reviewed. Rewetting of a hot surface by a liquid depends, among other 
factors, on the liquid to vapor phase transition which occurs when the liquid suddenly 
touches the hot wall. The maximum superheat hypothesis assumes that rewetting is not 
expected to occur when th? interfacial temperature at the contact point between liquid 
and hot wall is higher than the maximum superheat temperature of the liquid, because 
above this temperature the vapor phase appears extremely rapidly. 

In a rewetting situation, the phase transition occurs in the vicinity of the wall, where 
interfacial effects can be expected to have an influence on the phase transition. The present 
work studies the effect of the intermolecular forces between the hot wall and the fluid on 
this phase transition. Using suitable approximations, a local equation of state is obtained 
by a mean-field treatement of the fluid-fluid and fluid-wall intermolecular interactions. 
This local equation of state depends on the distance from the wall, and the critical pres
sure and temperature become a function of the distance from the wall, whereas the critical 
density is left constant throughout the fluid. At the wall, the critical pressure and temper
ature are half their bulk values and increase towards the bulk value as the distance from 
the wall increases. The intermolecular parameter iwjkTc which characterises the strength 
of the fluid-wall interaction is related to the macroscopic liquid-solid contact angle; this 
feature is very convienient when applying the theory to the experimental situations. 

The penetration of a temperature profile in this fluid, as this occurs when the liquid 
suddenly touches the hot wall, is studied by assuming that the liquid density is not strongly 
affected by this temperature profile as long as there is no phase transition. The local 
spinodal temperature, which is a function of the distance from the wall, is thus assumed 
to remain unchanged from its value obtained analytically for a saturated fluid in contact 
with the wall. It is shown that the phase transition will occur extremely rapidly when 
the interfacial temperature upon contact is higher than the minimum of the local spinodal 
temperature, which varies with the distance from the wall. 

The result is cast in the form of an interfacial rewetting temperature fTc above which 
rewetting of the surface by liquid-wall contacts is not expected because these contacts will 
be terminated in extremely short times. Comparing the theory with available data shows 
that in the usual reweting situations, which are generally characterized by a low liquid-
solid contact angle, 'he theory reduces to the use of the bulk spinodal temperature. For 
surfaces coated with poorly wetted materials the correction factor due to surface effects 
applies, reducing the rewetting temperature, in agreement with the experimental data. 
For liquid metas, which usually exhibit a large valuo of the contact angle on the surfaces 
used in rewetii; g experiments, it appears that the theory is applied in a region where the 
basic theoretical approximations are very coarse; but even in that case the experimental 
trend is qualitatively predicted by the theory. 
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Resume 
Les pbenomenes de remouillage et les diflerents concepts physiques intervenant dans leur 
modelisation sont revus. Le remouillage d'une surface chaude par un liquide depend, 
entre autres facteurs, de la transition de phase qui a lieu lorsque le liquide entre en contact 
soudain avec la paroi chaude. L'hypothese de temperature maximale de surchauffe suppose 
que le remouillage n'est pas susceptible d'avoir lieu si la temperature interfaciale au point 
de contact entre le liquide et la paroi chaude est plus elevee que la temperature maximale 
de surchauffe du liquide, parce qu'au dessus de cette temperature la phase de vapeur 
apparaitra extremement rapidement. 

Dans une situation de remou'llage, la transition dt phase a lieu au voisinage de la paroi, 
ou les phenomenes d'interfaces ont lieu et sont done susceptibles d'avoir une influence sur 
la transition de phase. Le present travail etudie l'effet des forces intermoleculaires entre 
la paroi et le fluide sur cette transition de phase. A l'aide d' approximations adequates, 
une equation d'etat locale est obtenue par un traitement en champ moyen des interactions 
intermoleculaires fluide-fluide et fluide-paroi. Cette equation d'etat locale depend de la 
distance a la paroi et la pression critique ainsi que la temperature critique '.9viennent 
fonctions de la distance a la paioi, alors que la densite critique reste constante dans tout 
le fluide. A la paroi, la pression et la temperature critiques ont la moitie de la valeur 
au sein do fluide non perturbe par la paroi. Lorsque la distance a la paroi augmente, la 
pression et la temperature critiques augmentent progress!vement pour rejoindre leur valeur 
a l'infini. Le parametre intermoleculaire tw/kTc qui caracterise l'intensite de l'interaction 
fluide-paroi ert relie a 1'angle de contact liquide-solide macroscopique, cette propriete etant 
utile lorsque la theorie est appliquee. 

La penetration d'un profil de temperature dans le fluide, tel que celui qui apparait 
lorsque le liquide entre en contact soudain avec la paroi chaude, est etudie en supposant que 
la densite n'est pas affectee de maniere importante auss: longtemps qu'aucune transition 
de phase n'a lieu. La temperature spinodale locale, qui est une fonction de la distance a 
la paroi, est done supposee rester constante a la valeur obtenue analytiquement pour un 
fluide sature en presence d'une paroi. II est montre que la transition de phase aura lieu 
extremement rapidement si la temperature interfaciale de contact est plus elevee que la 
valeur minimale de la temperature spinodale locale qui varie en fonction de la distance a 
la paroi. 

Le resu'tat est presente sous la forme d'une temperature interfaciale de remouillage 
/Tc au-dessus de laquelle le remouillage de la surface par contacts liquide-paroi n'est pas 
attendu car ces contacts se terminent apres un temps extremement court. La comparaison 
entre la theorie et les donnees cxpcriinentalcs disponibles montre que, dans les situations 
de remouillage usuelies, qui .' caracterisent generalement par iin faible angle de contact 
licnnde-solide, la theorie se re 'nit a l'utilisation de la temperature spinodale pour le fluide 
non-perturbe par la paroi. Aiwrs que pour des surfaces recouvertes par un materiel faible-
ment mouille par le liquide, le facteur de correction du aux effets de surface intervient en 
reduisant la temperature de r miouillage, en accord avec les observations experimentales. 
Pour les mctaux liquides, qui ont. un grand angle dc contact sur les surfaces utilisees dans 
les experiences de remouillage, il apparait que la theorie est, appliquee dans une region ou 
les approximations theoriques do base sont grossieres; mais meme dans ce cas, la tendance 
experimentale est qualitativement prt'dite par la theorie. 
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Chapter 1 

Introduction 

Heat removal from a hot surface by a liquid may be hindered if the surface tem
perature is high enough to allow the formation of a vapor layer between the liquid 
and the cooled surface, the vapor layer acting as an insulator. When the sur
face temperature drops below a certain value, the heat transfer rate can increase 
by as much as two orders of magnitude. The surface temperature at which this 
transition from a poor to a good heat transfer takes place is generally termed the 
rewetting temperature. 

Understanding of this phenomenon is important for numerous engineering 
fields, such as nuclear reactor safety where it is encoutered during the reflooding 
phase of a loss of coolant accident, the coolant removing heat from the very hot 
combustible rods. Other applications are encoutercd in cryogenics and metallurgy. 

A comprehensive theory for the rewetting process still seems out of reach be
cause of its complexity; however, numerous models have been developed to describe 
the phenomena. One class of models is based on the so-called thermodynamic hy
pothesis which assumes that the increase in heat transfer is due to direct contact 
between the liquid and the hot surface, and that these contacts may to become 
important only if the surface temperature is below the maximum superheat tem
perature of the liquid, above which the liquid is thermodynamically unstable. 

The maximum superheat temperature is obtained from thermodynamic con
siderations for a homogeneous liquid. However, in the case of rewetting, this phase 
transition occurs in a region close to the wall where the fluid properties are different 
from the bulk properties because of interfacial phenomena. 

The work presented here provides a model for the effect of intermolecular forces 
between wall and fluid on the phase transition in a rewetting situation. This model 
is based on the mean field approximation which considers that a fluid molecule 
interacts with a background potential (the mean field) due to all the other fluid 
and wall molecules, instead of separately considering the interaction with each 
individual molecule. 

A local equation of state is introduced, which allows the determination of the 
thermodynamic properties in the fluid region close to the wall. An important 
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feature of this model is that the results are expressed in terms of the liquid-solid 
contact angle which makes it convienent for practical use. 

Chapter 2 brings together some important concepts related to the rewetting 
phenomena. Since these concepts stem out from very different fields, they are 
usually encountered in a rather disparate way in the literature. Based on these 
concepts, the main models for rewetting are described in Chapter 3. The model 
developed in this work is then presented with the derivation of a local equation 
of state for a fluid in the presence of a wall in Chapter 4, and its implications 
for the rewetting phenomena in Chapter 5. In Chapter 6 a comparaison is made 
between the model predictions and experimental data derived from the literature. 
The conclusions of this work are presented in Chapter 7. 
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Chapter 2 

Concepts Related to Rewetting 

2.1 Introduction 

The models which describe the rewetting phenomena are based on concepts drawn 
from different fields of physics such as heat conduction, thermodynamics, hydrody
namics, ..., these different concepts are presented here in view of their application 
to the rewetting phenomena. After describing the main situations in which rewet-
ting is encountered, a presentation is made of the way to compute the temperature 
upon contact when a liquid suddenly touches a hot surface, as occurs when the 
insulating vapor film suddenly breaks and liquid rushes towards the hot surface. 
The liquid to vapor phase transition which occurs after this contact is of a special 
kind since the liquid may be superheated above its saturation temperature. A 
section presents in some detail the general theories for the liquid to vapor phase 
transition with a special emphasis on the treatement of superheated liquid j . Since 
the present work describes the effect of molecular forces between liquid and solid 
on this phase transition, we present a short review of the classical concepts in 
the study of liquid-solid interfaces. Since the review in Chapter 3 includes some 
important rewetting models based on the Taylor hydrodynamic instability, a brief 
summary of the principal characteristics of this instability is also made at the end 
of the present Chapter. 

2.2 Rewetting Situations 

Rewetting may occur in very different situations; a classification of the most fre
quent ones has been made by Groeneveld (1984), Figure (2.1). To this classifica
tion, one can add the cases of rewetting of a horizontal tube, Chan and Banerjee 
(1981); quenching of spheres, Subramanian and Witte (1987); and quenching of a 
tube at high flooding rates, Lubbesmeyer (1989). 

Although all these cases are described under the general term of a rewetting, it 
is expected that the mechanisms involved and the importance of the different pa-
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Figure 2.1: Types of rewetting according to Groeneveld (1984) 

rameters can be very different in each specific case, as pointed out by Yadigaroglu 
(1985). 

To reflect this diversity of phenomena, we give an indicative glossary for the 
terms most oten used to describe the variation of the surface temperature during 
quenching. It has to be emphasized that this glossary is somewhat arbitrary and 
that these terms may be encoutered in the litterature under other meanings than 
those described here. 

• Rewetting Temperature : this is probably the most general term which, 
interpreted directly, refers to re-establishment of direct contact between wall 
and liquid. However, there is experimental indications of short contact even 
in stable film boiling (Yao and Henri, 1978), and one should bear in mind 
that inception of contacts does not necessarily imply termination of film 
boiling. 

There is another specific meaning for the rewetting temperature used in heat 
conduction models for a rod being quenched in a reflooding process, such as 
the one by Yamanouchi (1968), in which an axial distribution for the heat 
transfer coefficient along the rod is assumed. This heat transfer coefficient 
drops from nucleate boiling values to film boiling values at a temperature 
called "rewetting temperature". This rewetting temperature appears thus 
to be one of the parameters that can be used to match the results of the 
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Tempt rat »r* 

' turn 4ucnck t i n * 

Figure 2.2: Clad temperature as a function of time at a given elevation during 
reflooding 

model to experimental data rather than a temperature directly related to 
the actual state, wetted or not, of the surface. 

• Quench Temperature : is the surface temperature just before the tempera
ture drop occuring in a quenching process, see Figure (2.2). 

• Knee Temperature : is introduced with a graphical construction shown in 
Figure (2.2) for the interpretation of experimental rewetting data. It is used 
for its convienience and seems to have no deep physical meaning. Moreover, 
it is somewhat arbitrary since the slope (a) in Figure (2.2) is not always well 
defined. 

• Sputtering Temperature : it usually refers to top reflooding conditions as 
might be encountered, for example, in a BWR LOCA. A definition for the 
sputtering temperature has been proposed by Bennett et al. (1966) based 
on a plot of the inverse rewetting velocity versus initial rod temperature, see 
Figure (2.3). 

• Minimum Film Boiling (MFB) Temperature : corresponds to a minimum in 
the heat flux map obtained when the heat flux from the wall q" is plotted 
as a function of wall temperature, mass flux, quality, etc... . This concept 
is presented extensively by Nelson (1982). As the surface temperature drops 
below TMFB the slope dq" fdT becomes negative, which means that a further 
decrease in surface temperature corresponds to an increase in the heat flux 
removed from the surface. This situation is clearly unstable and the surface 
temperature drops rapidly to values close to saturation. 
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Figure 2.3: Definition of the sputtering temperature hy Bennett et al. ( 1900) 
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Figure 2.4: Evaporating time of a quiescent droplet, as a function of initial heater 
temperature 
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• Leideni.ost Temp*. f.': ir?*: this temperature »s defined by reporting the evap
orating i;mc of a rjii-. -<eut droplet versus initial temperature of the heated 
surface r.ypc V w i i* tu; 2.1). A sharp decrease in this evaporating time 
is obscrv ! whn< flie initial temperature got*? from a value high enough to 
sustain "Uir ')oilii:u, to a vakte corresponding to transition boihng (see Figure 
2.-1). Tfc< t«,-.nperatiir-'1 fna« ;>K>nding to this sharp decrease in evaporating 
lime is defined as the Iei< • i; -ost temperature. 

2.3 Loss of Coolant Accident 

A typical scenario or r loss of coolant accident (LOCA) in a pressurized light 
water leactor, as deacrib+tl by Elias and Yadigaroglu (1978), includes three phases 
known as blowdown. r-'fili and reflood. During the blowdown phase the core flow 
reduces, leading possibly * o di-yout of the nuclear rods. Since post-dryout heat 
transfer is relatively poor, redistribution of the thermal energy stored into the 
pellets causes the clad temperature to rise rapidly, further heating being due to 
the decay energy of fission products. When the emergency core cooling system 
starts refilling the vessel, the clad temperature may be as high as 1000°K and 
heat is removed at a relatively low rate from the dry wall until re wet ting occurs. 
Typical flow regimes encountered during this phase are shown in Figure (2.5). 

A severe consequence of high clad temperature is obviously the release of ra
dioactive products contained in the fuel and prediction cf clad temperature is 
primordial to assess the consequences of an accident. The rewetting criteria is one 
of the fundamental parameters in such simulations. 

2.4 Temperature Upon Contact 

2.4.1 Introduction 

When the insulating vapor layer breaks, the liquid and the hot wall are brought 
into contact. The vapor layer may be rapidly re-established by a phase change 
of the liquid which depends essentially on the temperature at the contact point 
between liquid anr' hot surface. In this section we present two models which are 
used to estimate this temperature. 

2.4.2 Interface Temperature of Two Suddenly Contacting 
Semi-Infinite Bodies 

One way to compute the intcrfacial temperature between a liquid and a solid 
wall is to consider them as two semi-infinite bodies of uniform initial temperature 
Twfio a n ( l Xt,,*. which are suddenly brought into contact. With a planar interface 
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Low flooding rale High flooding r»te 

Figurp 2.5: Flow rr«;in:rs in tlie* rcrloodinc; phase of a LOCA. from Elias and 
YatligaroRlu (197S) 
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balwtm these bodies identified by the plane (*,y) the problem becomes 
dfafctminnsl; the temperature field variing only in the x direction perpendicular to 
the interface. 

The solution of the parabolic heat conduction equation is presented, followed 
by a discussion of the results of the hyperbolic equation which takes in account 
the effect of the finite speed of heat propagation. 

Solution of the Parabolic Equation 

We consider the one-dimensional form of the Fourier's law for the heat flux 

and the parabolic heat conduction equation 

ldT &T 
= - » - & ? <"> 

The thermal properties of both liquid and solid are asumed to be constant. 
The solution to this problem by the Laplace transform technique can be found in 
Carslaw and Jaeger (1959). The resulting interface temperature TINT » constant 
in time 

with 

e « r ^ ^ - (2.4) 
KWpWCpW 

the subscripts L, W refering respectively to liquid and wall quantities. 
A typical temperature distribution is presented in Figure (2.6). In the solid, 

this distribution is given by 

Tw(z, t) = 7 W + (Tw*> - T/Arr)erf(—~) (2.5) 
2yOwf 

where erf(y) is the error function defined by 

crf(y) = ~ /*exp(-*2)d* (2.6) 
y/K JO 

The heat flux at the interface is obtained from Equations (2.1) and (2.5) 

r/(0,f) - yJkwPwcfW
{Tw'o0^I'NT) (2.7) 

The total heat conducted through the interface up to time t0, <?(<o)» is obtained 
by integration of Equation (2.7) from t = 0 tot = t0 
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between these bodies identified by the plane (x.y) the problem becomes one-
dimensional; the temperature field variing only in the z direction perpendicular to 
the interface. 

The solution of the parabolic heat conduction conation is presented, followed 
by a discussion of the results of the hyperbolic equation which takes in account 
the effect of the finite speed of heat propagation. 

Solution of the Parabolic Equation 

We consider the one-dimensional form of the Fourier's law for the heat flux 

&T 
<i" = -kjz (2.1) 

and the parabolic heat conduction equation 

IdT &T 

a &t dz* K ' 
The thermal properties of both liquid and solid are asumed to be constant. 

The solution to this problem by the Laplace transform technique can be found in 
Carslaw and Jaeger (1959). The resulting interface temperature TINT

 1S constant 
in time 

I /AT — - z (2.3) 

with 

e = T ^ ^ - (2.4) 

the subscripts L, W refering respectively to liquid and wall quantities. 

A typical temperature distribution is presented in Figure (2.6). In the solid, 
this distribution is given by 

Tw(-.t) = T/.VT + (7W.0C - TINT)erf( — 4 = = ) (2.5) 
2yawt 

where erf(j/) is the error function defined by 

erf (y) = -^= f exp( ~s2)ds (2.6) 
y/X JO 

The heat flux at the interface is obtained from Equations (2.1) and (2.5) 

»m *\ H (T\v,rx, - TINT) lrtn. 
<l (0,/) = \JkwpivCpW -j= (2.7) 

The total heat conducted through the interface up to time t0, Q(f0), is obtained 
by integration of Equation (2.7) from t = 0 to t = tn 

file:///JkwpivCpW
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Olf fMCC 

Figure 2.6: Temperature distribution of two suddenly contacting semi-infinite bod

ies 

Q{to) = —pJhvpwCpwiTw.oo - TixT)>/to (2.S) 

Effect of Finite Speed of Heat Propagation 

The Fourier heat conduction eciuation. Equation (2.1), is based on the assumption 
that the speed of heat propagation is infinite. In fact this is not the case and the 
thermal speed in ordinary liquids at room temperature can be assumed to be equal 
to the speed of sound (Xettleton. 1960). Since the processes involved in rewetting 
occur in very short times, it is relevant to examine if this finite speed gives rise to 
an appreciable effect in our case. 

The thermal opeed is taken into account by using the one-dimensional form of 
the hyperbolic heat conduction equation (Morse and Feshbach. 1953) 

1 dlT 1 dT 

A2 dt-
+ adt 

d2T 
(2.9) 

where A is the thermal speed. 
This form of the heat equation is used for near equilibrium superfluid 4He 

(below 2.17°K ) and also for a medium, such as a plasma, which is steadily and 
strongly pumped with energy in rhe form of mechanical waves in such a way that 
it becomes wave turbulent, as proposed by Lazzara and Putterman (1986). 

The application of the hyperbolic equation to the problem of two suddenly 
contacting bodies has been done by Kazimi and Erdman (1975). They found that 
the instantaneous interface temperature at contact is given by 

T{.\TI* = 0) — Tf„^, _ pwc\y\w 
T\V.-x ~ Ti.\-T(t = 0) PLC-L^L 

(2.10) 
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As expected, for large times r given by 

r > > aL/X2
L and t » aw/*w (2-11) 

the interface temperature approaches the parabolic value of Equation (2.3). 
The typical times during which the hyperbolic correction is important are of 

the order of 10"13 s for the applications of interest to us. Due to the shortness of 
this time only the Fourier heat conduction equation will be considered below. 

2.4.3 Empirical Determination of the Contact Tempera
ture 

Baumeister and Simon (1973), in their study of the Leidenfrost temperature, cor
relate the temperature upon contact using a 2-dimensional heat conduction model 
(in the axial and radial directions) for the solid and a semi-empirical heat transfer 
coefficient for the heat removal by the droplet during the initial period of contact. 
This initial period during which the droplet enters in nucleate, transition or film 
boiling is estimated from high speed movies to be U = 0.01 s. The heat transfer 
coefficient during this period is assumed to be constant and ?qual to the value at 
departure from nucleate boiling. These coarse estimations are made because of 
the lack of knowledge of what happens during the first transient period. 

The heat conduction equation is solved with the above mentioned assumptions 
and correlated with experimental data to give the following expression for the 
interfacial temperature 

TINT ~TL = (T,V.OC - TL) exp(3.06 x l(r\0)erfc( 1751.1^8) (2.12) 

d = (kwpwcpW)~1 (2.13) 

erfc(ys' i$ the complementary error function 

erfc(i/) = l - e r f ( y ) (2.14) 

and all quantities are in S.I. units. 
A comparison between the infinite slab model and the correlation by Baumeis

ter and Simon for the case of saturated water at atmospheric pressure on copper 
and inconel is shown in Figure (2.7). 

2.5 Maximum Superheat Temperature of a Liq
uid 

In this section we will describe the different theories for the liquid to vapor phase 
transition of a homogeneous fluid. Since in a rewetting situation the liquid phase 
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figure 2.7: Comparison between the interfacial temperature of the inrinite slab 
model and the Baumeister and Simon (1973) correlation. Liquid is saturated water 
at atmospheric pressure. 
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f i n 

Figure 2.8: The Lennard-Jones intermolecular potential 

can remain at temperatures above the saturation temperature, we give a descrip
tion of the phase transition as it occurs in such cases. An important aspect of this 
phase transition is the determination of the maximum superheat temperature, 
which is the maximum temperature at which a fluid can exist in the liquid state. 
This temperature is obtained either by requiring that the liquid is not thermody-
namically unstable, the result of this theory is called the spinodal temperature, or 
by considering the spontaneous growth of vapor nuclei arrising by thermal fluctu
ations, the result of this theory is called the homogeneous nucleation temperature. 

2.5.1 Phase Change of a Homogeneous Fluid 

The Perfect Gas 

The equation of state of a perfect gas is 

p = pkT (2.15) 

where p is the pressure in Pascal, p the number density of molecules per cubic 
meter, T the temperature in degrees Kelvin and k is the Boltzman constant k — 
1.3805 x HT23 J °K "». 

This Equation is obtained by assuming that there is no interaction between the 
gas molecules and that these molecules have a zero volume. It does not describe, 
of course, even qualitatively the liquid-vapor phase transition. 
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The Van der Waals Equation of State 

A typical intermolecular potential is represented in Figure (2.8). The effect of this 
potential on the equation of state can be interpreted as a reduction of pressure 
due to the long range attraction and an exclusion of volume due to the short range 
repulsion. A classical equation of state including these features of a *eal fluid was 
proposed by Van der Waals (1873) 

(p + ap2)(l-bp) = pkT (2.16) 

The corresponding function p{v), where v = 1/p is plotted in Figure (2.9). 
For T > Tc, where Tc is the critical temperature, this function degenerates into a 
hyperbola. The critical point is defined as the point (pc,Tc) where 

dp 

dp T 

= 0 and -^—r 
up1 = 0 at p = Pc; T = TC (2.17) 

From Equations (2.16) and (2.17) we have 

1 LT 8 a l a , o i « , 
A=3ft 'X=27ft P c = 2 7 ^ ( 2 - 1 S ) 

The critical ratio defined as Zc = ^f- has a value of Zc — 3/8 for a Van 
der Waals fluid. Experimental values are typically 0.230 < Zc < 0.308, and for 
water Zc — 0.230, emphasizing that the Van der Waals equation of state is not 
very accurate under all conditions for real fluids. However, this equation contains 
qualitatively the main features of a liquid-vapor phase transition and appears in 
some models of the rewriting temperature. 

The Binodal and Spinodal Lines 

For T < Tc three different regions can be distinguished in a pv diagram derived 
from a Van der Waals equation of state, Equation (2.1C), as shown in Figure (2.9). 

• V < VA • High positive value of —yft indicating a liquid phase. 

• V •> Vp '• Low positive value of - | ^ indicating a gas phase. 

• D — C : This region is mechanically unstable because — T^ < 0. 

• A—D and C—D : These regions are metastable because they do not minimize 
the free energy of the fluid. 

In Figure (2.9), points .4 and D represent liquid and vapor in equilibrium 
with each other and the corresponding pressure is the saturation pressure at the 
temperature T considered. These points .4 and D are obtained with the Maxwell 
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Figure 2.9: pv diagram of a Van der Waals fluid 
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rule which states that areas ABM and CDM must be equal. This rule is based 
on the equalities of the chemical potentials H{VA) = P-(VD)-

The locus of points .4 and D for all temperatures gives the metastable line 
(also known as coexistence or saturation line) and the ensemble of points B and 
C is called the spinodal line, see Figure (2.9). The spinodal temperature TSJ)tn and 
density p4pin for a system at pressure p0 are given by solving simultaneously the 
spinodal equation 

and the equation of state at pressure p0 

p(psP-:n,Tspin) = p0 (2.20) 

The region enclosed between the coexistence and spinodal lines is that of 
metastable states and fluids can exist in such states. The region under the spinodal 
is unstable and a fluid placed into this region will tend to change rapidly towards 
a stable state. 

Treatement of Metastable Liquids 

When a liquid is in a metastable state, an activation energy is required for the 
phase change to occur. The decay from a metastable state is generally caused by 
an external disturbance such as contact with a foreign object. This common way 
of inception of phase change is called heterogeneous nucleation. In some cases, 
however, the only initiating perturbations are the spontaneous thermal fluctua
tions. The corresponding process, called homogeneous nucleation, is of more fur 
damental interest because it involves only fluid properties, giving us more genera, 
information than a specific heterogeneous process would. 

In the usual boiling situation the presence of a wall leads to a phase transition 
by heterogeneous nucleation. However, when there are fast temperature transients 
and the possibility thus exists to increase very rapidly the temperature of the liq
uid in a small region, as can be the case when the liquid touches the hot wall in 
a rewetting situation, then the phase transition may occur through homogeneous 
nucleation inside the superheated liquid rather than heterogeneous nucleation at 
the wall. The reason is that, although heterogeneous nucleation happens more 
easily than homogeneous nucleation (for the same fluid temperature), the num
ber of sites of homogeneous nucleation may be more important than those for 
heterogeneous nucleation, as shown in Section 2.5.2. 

We will now outline the most important results from nucleation theory, a com
plete derivation of the nucleation rate being of course beyond the scope of this 
work. Reviews of the field have been made by Cole (1974) who concentrated 
mainly on heterogeneous nuclcation, Blander and Katz (1975) and a book devoted 

(2.19) 
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entirely to metastable liquids by Skripov (1974). Avedisian (19S5) presents exper
imental results for the homogeneous nucleation limit of a wide range of liquids. 

The classical theory of micleation has been developped mainly by Volmer and 
Weber (1926), Farkas (1927), Becker and Doering (1935) and Zel'Dovitch (1943). 
It is based on the computation of the minimum work required to create a nucleus 
of vapor from a uniform liquid. 

In order to create a vapor cavity one has to expand an amount of work 7 S to 
create the new vapor-liquid interface of area S. Part of this surface work is done 
by the n vapor molecules which have entered in the cavity during the process. 
The maximum possible work that these n molecules can provide would be that 
obtained along a reversible path. We assume that the entire process of creating the 
vapor cavity is done at constant system temperature TL, and thus the vaporisation 
of the n molecules must be done at the saturation pressure py of the metastable 
liquid surrounding the cavity in order to be reversible. If the cavity is created 
by vaporizing n molecules at a constant pressure py through a semipermeable 
membrane of constant area submerged in a medium at pressure pi, and kept under 
an external counterforce per unit area of (pv — Pr,), then the work W\ done by the 
vapor on the environment providing that counterforce is 

W1=(Pv-pL)V£ (2.21) 

where VG is the volume inside the membrane enclosing the n molecules a: pressure 
Pv-

By changing now the vapor volume from VG to VG, while the number of 
molecules inside the cavity is kept constant, the maximum work W? that can 
be done on the environment is given by 

W2= fv?(P-PL)dV = 

= PGVG-pvVc-pL(VG-VG)-f™Vdp (2.22) 

where p is the pressure inside the region enclosed by the membrane during the 
process, and pG is the final pressure in the bubble. Using the thermodynamic 
relation Vdp = ndp, and the fact that the chemical potential of the gas at pressure 
py is equal to the chemical potential / j / , of the external liquid, we obtain 

W2 = PaV - pvVa ~ PL(VG - VG) - n(pG - pL) (2.23) 

The maximum work obtainable from vaporizing the gas to a volume VG at a 
pressure pG is W\ + W?; and the minimum work W which is required in order to 
create a vapor cavity is given by 

W = 1?,-(W1+W2) (2.24) 
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Figure 2.10: Availability of a nucleus as a function of its radius 

The minimum work W is equal to the availabilty AA of this cavity which will 
be used later in order to compute the occurence rate of such cavities from thermal 
fluctuations. This availability is thus given by 

AA = ~tZ-{Wl + W2) = 

= 7E - (pa - PL)VG + n(nc - Hi) (2.25) 

Mechanical equilibrium between a spherical nucleus of radius r and its sur
rounding fluid is obtained when the Laplace equation of mechanical equilibrium is 
satisfied 

27 
PG=PL + — r 

(2.26) 

Thermodynamical equilibrium with the surrounding fluid is obtained when the 
chemical potentials of gas and liquid are equal 

MG = PL (2.27) 

A nucleus which is in both thermodynamical and mechanical equilibrium is 
called a critical nucleus. The availability of a nucleus in thermodynamic equilib
rium as a function of the radius is depicted in Figure (2.10), showing that a nucleus 
slighter larger than the critical size will tend to grow spontaneously because a fur
ther increase of the size of the nucleus will result in a reduction of its availability. 
Similarly nuclei slightly smaller than the critical nucleus will tend to colapse. 

The critical availability AA. is obtained by inserting Equations (2.26) and 
(2.27) into Equation (2.25) 

AA, = -irri (2.28) 
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The pressure pv' of the vapor inside a bubble in equilibrium with the surround
ing liquid is only slightly below the saturation pressure p,0j(Ir,) of the liquid at 
temperature X/,. Blander and Katz (1975) present an equation relating psat(Ti) 
to the pressure pv inside the critical nucleus 

PV-PL = (Psat(TL)-PL)6 (2.29) 

with 

6 = i-!* + he°? (2.30) 
PL 2 pL 

where pi and pa correspond to the saturated densities pi = PL\p»at(Ti)^Ti\ and 
PG = PG\Psat{Ti),Ti\. This equation should be accurate for moderate pressures 
where PG/PL < 1 

Using Equations (2.29) - (2.26) it is possible to express the critical radius in 
terms of the parameters Ti and pi 

In the case of homogeneous nucleation the nuclei are created by thermal fluc
tuation. The probability to have thermal fluctuation of availability AA is given 
by (Einstein, 1956) 

P~exp(-j£) (2.32) 

Based on Equations (2.28) - (2.31) for the critical nucleus and the probabil
ity to have a thermal fluctuation of critical availabilty AA,, Equation (2.32), the 
expression for the homogeneous nucleation rate which is obtained from the clas
sical Becker and Doering theory has the usual form of that for thermal activated 
processes. In a general way, it is written as 

J = J0exp(-^) (2.33) 

where Jo is a fundamental fluctuation rate and AA. the excess free energy of a 
critical nucleus. A derivation of this expression is made by Langer (1969), using a 
statistical mechanics generalization of the classical theory. 

Applying this general expression fo the specific case of bubble nucleation in liq
uids, Blander and Katz (1975) report the following expression for the homogeneous 
nucleation rate, valid for moderate pressures 

^-V , 1 6 7 T V 3 

•xmB okl(paat(ri) -PLVO' 
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where 6 is given by Equation (2.30), B = 2/3 except for cavitation where B = 1, p 
is the number density of molecules and m is the mass of a single molecule. Adapted 
for water and in S.I units, it reads 

_ p i v 1 0 2 S 3 

J _ 1 » x l t f - « ^ ^ j ^ - ^ j — i - , ,2.35, 

A characteristic feature of that expression is that it is extremely dependent 
upon temperature: at atmospheric pressure and T =575 °K the nucleation rate 
increases by several orders of magnitude per degree Kelvin. This strong depen-
dance is due the relatively strong reduction in 7 as the temperature is increased 
close to the critical point (where the homogeneous nucleation rate becomes im
portant), since 7 appears at the power three in the exponential. Moreover, both 
T and (p,„t(?£,) ~ PL)2 increase as the temperature is increased, contributing too 
in the surge of the exponential term. 

Spinodal Decomposi t ion 

When a system is quenched from a single-phase state into an unstable region of 
its phase diagram, the way by which it evolves towards equilibrium is known as 
spinodal decomposition. The basic theories of spinodal decomposition have been 
made by Hillert (1961), Cahn (1961,1062) and Hilliard (1970). 

These theories, developped mainly by metalurgists, describe a two-component 
system with a linear diffusion equation for the concentration, in which the con
centration current is driven by the local chemical potential. As a general result, 
the first stage of spinodal decomposition is characterized by the fact that any 
density fluctuation grows exponentially and a characteristic wavelength for the 
density fluctuation appears, at which the perturbation grows initially the fastest. 
This is represented schematically in Figure (2.11) together with the results from 
metastable decay for which both amplitude and extension of the initiating density 
fluctuation need to have a minimal value. 

Spinodal Limit 

The maximum superheat temperature of a liquid has been determined above as 
the temperature at which thermal fluctuations are able to cause the decay from an 
initial metastable liquid state to a stable vapor state, this is the so-called homoge
neous nucleation limit. Another approach to the maximum superheat temperature 
is to consider that the limit is the spinodal line and to compute it from an adequate 
equation of state. The main concern of this method is to obtain a good equation 
of state in a region in which there are few data. 

In practice, it is very difficult to bring a liquid into its spinodal region because 
the homogeneous nucleation rate is so high that nucleation occurs generally before 
the unstable region is reached. However, Lienhard and Kf rimi (1981) showed that, 
for water, the ratio (Tmn - Thn)lTgpin is substantially less than 0.01; 7\„ is the 
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Figure 2.11: Comparison between homogeneous nucleation and spinodal decom
position, for a vapor to liquid phase transition. From Koch (1984) 

homogeneous nucleation temperature. These authors report that this ratio would 
be even smaller for organic substances. This indicates that the spinodal limit lies 
very close to the homogenous nucleation limit. 

For low pressures p the spinodal limit obtained from Equations (2.19) and 
(2.20) for a liquid obeying the Van der Waals equation of state, Equation (2.16), 
is given by (Spiegler et al., 1963) 

T,„n = ^Te (2.36) 

Eberhart and Pinks (1985) used more realistic equations of state for water such 
as obtained from the Percus-Yevick (1958) and Carnahan-Starling (1969) liquid 
state theories. The equations of state used by Eberhart and Pinks can be written 
in the general form 

p(p, T) = pjk,(p,T) - \aT*pn (2.37) 

where Phi(p> T) is the pressure of a hard-sphere fluid. This equation gives, with 
m = 0 and n — 2, the generalized form of a Van der Waals equation of state which 
can be derived rigorously from the mean field theory (Hemmer and Lebowitz, 
1976). The usual Van der Waals equation of state is obtained again with m = 0 
and n = 2 and the following expression for the hard-sphere pressure 

Ph, = pkT(l - pb)-x (2.38) 

The same case in = 0,n = 2 with the hard sphere-pressure given by 
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Phi = pkT( 1 + Pb+ p2b2 + c(p))(l - pb)~3 (2.39) 

and c{p) = 0 gives the Percus-Yevick equation of state; with c(p) = —b3p3 the 
Carnahan-Starling equation of state is obtained. 

The classical form of the equation of state (2.37) with m = 0 and n = 2 
has two parameters which can be adjusted to two experimental critical values of 
the fluid such as pc and Tc. With the introduction of m and n it is possible to 
adjust the equation of state (2.37) to four experimental parameters. The three 
critical parameters pc,Tc,pc were used by Eberhart and Pinks and they added 
the condition that the tangent dpsat/dTaat at the critical point have its correct 
experimental value. The spinodal Equations (2.19) and (2.20) were solved for these 
modified equations of state for water at atmospheric pressure and gave spinodal 
temperatures ranging from 328 °C to 331 °C , which is approximately 57 °C higher 
than the value predicted by the simpler Van der Waals equation of state, Equation 
(2.36). 

A correlation for the maximum superheat based on the data of Skripov and 
Pavlov (1970) with a form which closely approximates the spinodal condition, 

•Equations (2.19) - (2.20), for a Van der Waals fluid and which is valid from low 
pressures p = 0 up to the citical pressure p = pc, has been developped by Lienhard 
(1978) : 

T,pin = [0.905 + 0.095(%i)8]Tc (2.40) 

Equation (2.40) gives a value of T,pin = 313 °C for water at atmospheric pres
sure which is 40 °C above the Van der Waals value, Equation (2.36), although the 
general form of this correlation is based on the Van der Waals equation of state. 

Gunnerson and Croeneberg (1978) give the spinodal limit for liquid metals us
ing the Carnahan-Starling equation of state, Equations (2.37) and (2.39), where 
instead of determining the constants a and b by adjustement to the critical param
eters of the fluid, they use a result from Young and Adler (1971) which relates a 
to the cohesive energy per molecule E0 and to the number density corresponding 
to a single molecule p0 

a = - W (2-41) 

The constant b is determined from the Carnahan-Starling equation of state on 
the basis of the molecular diameter a 

b = j p (2.42) 

This results in the following spinodal temperature from Equations (2.19) and (2.20) 
at low pressures 
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Tsjnn = 0 . 5 0 1 3 6 ^ - ^ < 2 4 3 ) 
kpo<r3 

This result, based on molecular properties of liquid metals is difficult to assess 
since values for a differing by ±30% are common in the litterature. Moreover, 
Gunnerson and Cronenberg report that no experimental maximum superheat data 
for liquid metals are available for comparison. 

Using the Van der Waals equation of state instead of the Carnahan-Starling 
expression, and with the same assumptions, the following spinodal temperature 
would have been obtained 

T . =_3_(--Po) r < > 4 4 ) 

which is within 5% of the value given by Equation (2.43). 

Expressions for the M a x i m u m Superheat Temperature of Water 

The results of the theories presented above are reported in Table (2.1) and in 
Figure (2.12) for water. 

2.5.2 Heterogeneous Phase Transition 
The presence of a solid wall affects the nucleation process by modifying both the 
work of formation of a critical nucleus AA, and the fluctuation rate Jo- The 
conscequences of these modifications on the maximum superheat temperature in 
presence of a wall are presented now. 

Nucleation at a smooth and flat solid surface is shown in Figure (2.13). This 
situation corresponds to a glassy surface and is net expected with a cristalline 
surface, since in that case nucleation occurs rather at irregularities such as cracks, 
ledges, etc... . The nucleatioi' rate corresponding to the situation of Figure (2.13) 
is computed by Blander an<? Katz (1975) in a similar way as the homogeneous 
nucleatior. rate. The result i 

J = ^ 3 5 ( - % ) ' ^ e x p [ - 16*/F ] (2.45) 

S = i ^ F = \{c?-Za + 2) a = - c o s 0 (2.46) 
it ^X 

The factor before the exponential term is now proportionnal to p^2 and not 
to p as in the homogeneous case. The reason is that it is the number of molccuks 
per unit surface which is now relevant and not the volumetric density. The factor 
F depends on the contact angle and varies between 0 and 1 as the contact angle 
is decreased; this shows that the presence of the solid decreases the activation 
energy. However this does not mean that the nucleation rate will be higher in the 
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Table 2.1: Expressions of the maximum superheat temperature of water 
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Figure 2.12: Maximum superheat temperature of water 
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LIQUID | 

Figure 2.13: Nucleating bubble at a smooth solid surface 

heterogeneous case since the factor before the exponential term has been decreased 
by roughly p1^3. A detailed comparison shows that if there is 1 cm2 of solid surface 
for 1 cm3 of superheated liquid volume, homogeneous nucleation will be more 
important than heterogeneous nucleation for contact angles smaller than 68°. 

The surfaces usually encountered have defects which can entrap gas or vapor 
and nucleation is more likely to occur at these sites. A study on the influence 
of the geometrical shape of these cavities on the nucleation rate can be found in 
Cole (1974). As a general conclusion it appears that poorly wetted and steep 
narrow cracks are the most effective nucleation sites. Good wettability allows less 
gas or vapor to be trapped and increasing the wettability increases the maximum 
superheat temperature of the system. Ideally, a perfectly smooth and completely 
wetting surface would lead to a system which nucleates homogeneously rather than 
through heterogeneous nucleation, but such ideal solid surfaces are never found 
in practice and trapped gas and asperities play the main role in usual boiling 
considerations. 

However, liquids can be superheated at temperatures close to the homogeneous 
nucleation temperature in presence of a wall during very short times. This sit
uation exists in the special case where very fast temperature transients, on the 
scale of microseconds, are considered. An example is impulse heating of a wire in 
a liquid (Skripov. 1974: Derewnicki, 1985). This situation exists also in the rewet-
ting context for a liquid-wall contact after disruption of the vapor layer (Yao and 
Henry, 1978). The main reason for this high superheating is that during these very 
short times the thickness of the thermal layer adjacent to the wall is insufficient to 
support heterogeneous nucleation. It is to be noted that the heat fluxes associated 
with these temperature transients can be extremely high and can exceed by two 
orders of magnitude the critical nucleate boiling heat flux for the same subcooling 
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Figure 2.14: Droplet in equilibrium with a solid surface 

(Derewnicki, 1985). The onset of these contacts can thus be very important for 
the determination of the rewetting temperature. 

2.6 Surface Physics 

We present now a brief review of surface physics, since it will be used later in this 
work. 

Wetting Theory 

When a liquid droplet contacts a flat surface well below the Leidenfrost temper
ature, either a contact angle situation or a complete wetting situation may be 
encountered, as shown in Figure (2.14). 

The specific characteristics of the triple line, where liquid, solid, and vapor 
meet, are often neglected and the system is described by binary interfacial quan
tities such as 7,-j, the free energy per unit area of interface of two contacting fields 
i and j . For a liquid-vapor interface, the indices are usually droped and one has 
the following definition for 7 

7 = f (2.47) 

where S is the liquid-vapor interfacial area. If the three fields are in equilibrium, 
i.e. in particular the solid surface is in equilibrium with the saturated vapor, it 
can be shown (see e.g. Adamson 1982) that the contact angle situation of Figure 
(2.14.a) is stable if the Young relation is satisfied : 

7 cos 6 = 75,v - fs,L (2.48) 
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It is important to note that equilibrium between the solid surface and the 
saturated vapor implies in general the existence of an adsorbed film on the solid 
which can change drastically the value of the surface tension of the solid from its 
vacuum value. 

If the contact angle is equal to zero, Equation (2.4S) does not hold and the 
spreading coefficient S is introduced 

S = 7s,0 - (ls,L + 7) (2.49) 

Since this coefficient can be used in non-equilibrium situations, the solid-vapor 
interfacial energy is now designated by 7s,0. 

A positive value of the spreading coefficient S means that spreading of the liquid 
decreases the free energy of the system and is thus expected to occur spontaneously. 

The surface tensions being functions of the temperature, it is clear that the 
contact angle too is a function of temperature. The general trend seems to be a 
decrease in the contact angle 0 when the temperature is increased, although this 
is not always the case. As an example, the contact angle for water on polymeric 
substrates generally decreases when the temperature increases, as shown in Figure 
(2.15). In these cases, wetting is thus expected to be enhanced by increasing 
the system temperature This clearly has an implication on the heterogeneous 
nucleation rate since a reduction in the contact angle increases the barrier to 
nucleation and conscequently the heterogeneous nucleation temperature. 

Adsorption 

A model by Segev and BankofF (1980) presented in Chapter 3 is based on the 
adsorption theory which is briefly summarized here in view of its application to 
rewetting. 

Adsorption refers to the capture of molecules at the surface of a solid. The dis
tinction is usually made between physical adsorption and chemisorption according 
to the types of forces involved. One speaks of physical adsoption when the forces 
are similar to the ones responsible for condensation of vapor into a liquid; it is in 
general a fast and reversible process. The term chemisorption is used when chemi
cal bonding occurs. Chemisorption is usually slower than physical adsorption and 
an activation energy is frequently involved. 

Adsorption isotherms are obtained by plotting the value of the fraction of area 
covered by adsorbed molecules as a function of a system parameters (usually the 
pressure) at a given temperature. A typical adsorption isotherm is the Langmuir 
isotherm which is obtained by writing the rates of condensation and evaporation 
of adsorbate molecules. It is given by 
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Figure 2.15: Effect of temperature on the contact angle. Water on different organic 
surfaces, from Petke and Ray (1069) 
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t ^ £ 0 ) . / ' e x p ' 0 / * T ) ,2-51' 
where 6 is the fraction of covered area, NA the Avogadro number, Qa the heat of 
adsorption, M the molar weight, cr° area per adsorbate molecule, r0 is residence 
time of a molecule at the surface if no forces between molecule and surface were 
present, it is usually comprised between 10 - 1 2 and 10 - 1 3 sec. 

2.7 The Taylor Hydrodynamic Instability 

Important models for the minimum film boiling point in pool boiling are based 
on the Taylor hydrodynamic instability (Berenson, 1961; Henry, 1974). However, 
the present work being not concerned directely with hydrodynamic instabilities, 
we only give a short summary of the main results. 

Hydrodynamic instabilities are studied by calculation of the growth or decay 
of fundamental perturbation modes of the system (Chandrasekhar, 1961). These 
modes, which can be for example a Fourier decomposition of an arbitrary pertur
bation, have a typical wavelength; the stability criterion is usually expressed in 
terms of a condition that the wavelength has to meet for the system to be stable. 
Some modes may grow faster than others and if there is a wavelength whose growth 
speed is faster than all others, then this wavelength is called the most dangerous 
wavelength since it is expected to be the first important unstable mode seen in 
the system. 

The instability of a horizontal vapor layer between fluid and hot wall is often 
modeled by a Taylor instability which develops when a dense fluid lies over a less 
dense one in a gravity field. The stability criterion is 

A < Ac = 2n 7 i 1 / 2 

(2.52) 
/ApL - PG) 

which implies that if the size of the system is smaller than Ac then the system will 
not develop a Taylor instability. This system has a most dangerous wavelength 
biven by 

r 37 i 1 / 2 

A D = 2TT i (2.53) 
/APL - PG)\ 
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Chapter 3 

Review of Re wet ting Models 

3.1 Introduction 

This chapter presents the main models for the rewetting temperature. We will 
restrict ourselves to the models taking directly into account the physical behavior 
of the liquid at the heated surface. This implies in particular that the rewetting 
temperatures obtained from models in which the problem of a rod being quenched 
is solved mainly on a heat conduction basis will not appear here. In such models, 
the rewetting temperature appears merely as a parameter determining a crop in 
the heat transfer from the rod to the fluid. A review of such models can be 
found in Yadigaroglu (1987). The presentation given here begins with models 
based on thermodynamic considerations of the liquid to vapor phase transition 
which occurs when the liquid suddenly touches the hot surface and is followed by 
a presentation of the models which take the hydrodynamic behavior of the vapor 
film into account. A few miscellaneous models are then presented and the Chapter 
is closed by a Table which summarizes the main features of these rewetting models. 

3.2 Models Based on the Maximum Superheat 
Temperature 

These models relate, under some conditions which will be discussed now, the 
rewetting temperature to the maximum superheat temperature of a liquid which 
is presented in Chapter 2. In these* models it is postulated that direct liquid-solid 
contacts can produce significant heat fluxes from the surface and that these con
tacts can then lead to a progressive breakdown of the film boiling regime. These 
contacts require the vapor film to be broken by some perturbation. Such per
turbations can have diverse origins such as a hydrodynamic instability, usually a 
Taylor instability in the case of pool film boiling, or rugosity of the heater surface 
which can disrupt the vapor layer. If the liquid temperature at the contact point 
is above the maximum superheat temperature, obtained either by the homoge-
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neous nucleation limit or by the spinodal li nit . then the liquid to vapor phase 
transition occurs very quickly and the vapor film will rapidly insulate the surface; 
the corresponding heat flux is expected to be small. On the other hand, if the 
temperature at the wall-liquid interface is below the maximum superheat temper
ature, then it is possible to have a high heat flu.; from the wall before the liquid is 
vaporized. For surface temperatures below the homogeneous nucleation tempera
ture, the contacts may. however, be terminated very rapidly due to spontaneous 
nucleation of the heterogeneous type which can be effective in creating quickly a 
vapor layer if the surface is poorly wetted (if the surface temperature is above the 
spontaneous heterogeneous nucleation temperature, any point of the surface can 
act as a nucleation center). Consequently, the maximum superheat temperature 
is a limit temperature above which possible contacts are not expected to give rise 
to significant heat fluxes, but this does not always imply that contacts will create 
a large heat flux from the wall when the interfacial temperature upon contact is 
below the maximum superheat temperature. 

The determination of the minimum film boiling point in pool boiling requires 
both the contacts to be significant, that is an interfacial temperature at least below 
the maximum superheat temperature, and some disturbation of the vapor film to 
be present in order to break the vapor film. Since both of these conditions must be 
met, the dominant mechanism for the determination of the minimum film boiling 
temperature in pool boiling will be the one which allows stable film boiling at the 
lowest temperature. 

The earliest expression for the minimum film boiling temperature based on the 
maximum superheat temperature is due to Spiegler ct al. (1963) who calculated 
the spinodal limit for a Van dor Waals equation of state at low pressures, and 
equated it to the minimum film boiling temperature for different situations such 
as pool-boiling from a downward facing surface, boiling from a sphere and tran
sient heating of a metallic ribbon. Their expression for the minimum film boiling 
temperature in various configurations is thus equal to the spinodal temperature of 
Equation (2.36). They also found that this expression was a good estimation of 
the Leidenfrost temperature of single droplets. 

The determination of the spiuodal limit has been improved by using equations 
of state that are more appropriate to real fluids and valid at higher pressures, as 
Equation (2.40) developed by Lienhard (197G). 

Since the temperature at the liquid/solid interface is lower than the initial solid 
temperature a correction is needed to estimate the actual rewetting temperature; 
models for this interfarinl temperature have already been presented in Chapter 2. 
The general form of most of the rewetting models which include an estimation of 
the interfacial temperature upon contact TINT «uid an estimation of the maximum 
temperature at which contacts may exist, T\i/\\, ean he written as 

Timv — T\V(TI,TIKT — TM,\X) (3.1) 

where THEW ' S the rewetting temperature, 7V(77„77/vr) is the wall temperature 
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at large distances from the liquid-wall interface, whose temperature is Tim, and 
the bulk liquid temperature is Tt- For example, by using the infinite slab model 
Equation (2.3) we obtain 

TW(TL,TINT) = TINT + t(TINT - TL) (3.2) 

wher** £ is defined in Equation (2.4). 
Among the models that use the infinite slab temperature are the ones by Bjon-

nard et al. (1977) who use the homogeneous nucleation temperature TUN for 
TMAX', and Murao (1978) who uses a best fit of the Juza and Himpan equations 
of state from which the spinodal limit Tspin is obtained 

T,pin = 321.05 + 2.37p (3.3) 

where T j p m is in °C , p in MPa; this spinodal limit is then used as an expression 
for TMAX. 

Segev and BankofF( 19S0) assumed that the determining factor for the minimum 
film boiling temperature is the formation of an adsorbed layer of fluid molecules 
in order to allow the further spreading of the liquid. The TMAX temperature 
was thus equated to the maximal temperature at which a monolayer of adsorbed 
molecules could exist, using a Langmuir adsorption isotherm. However, this model 
is still subject to experimental verification since the adsorption isotherms do not 
always follow the Langmuir equation and that only few values of the adsorption 
parameters are well known for the systems of interest to us. Furthermore, one 
has to set an arbitraiy covering factor, say 0 = 0.90, to specify that the surface is 
covered by a monolayer and this is unsatisfactory because the resulting rewetting 
temperature is very sensitive to this arbitrary covering factor. 

For Leidenfrost droplets, Baumeister and Simon (1973) used the interfacial 
temperature upon contact that they have developped, Equation (2.12), with an 
expression for TMAX which is based on the Spiegler (1963) expression, Equation 
(2.36), corrected by an empirical factor / which takes into account the surface 
properties of the fluid and the solid. The maximum contact temperature is written 
as 

TMAX=^fTr (3.4) 

with 

f = l -exp[ -0 .052( W i 4 ) V V 3 ] (3.5; 
7 

where A is the atomic number of the wall material and p\y is its density in kg m - 3 

The final result, using Equations (2.12) and (3.4), which is a good correlation 
for the Leidenfrost temperature of single droplets, is given by 



48 CHAPTER 3. REVIEW OF REWETTING MODELS 

TLEID = ( ^ / T c - 2i)[exp(3.06 x 10 ,i£)e^fc(1751.5)//*)^ , + T L (3.6) 

where /? has been defined in Equation (2.13). 

3.3 Models Based on Hydrodynamic Theories 

Berenson (1961) gives the first expression for the minimum film boiling temper-
ature for pool-boiling of a horizontal surface based on the Taylor instability of 
the vapor-liquid interface. The spacing of the bubbles departing from the vapor 
film and their growth rate are determined by this instability and an analytical 
expression for the heat transfer coefficient near the minimum film boiling point is 
deduced. This heat transfer coefficient is compared to a correlation of the min
imum heat flux in order to obtain the minimum film boiling temperature for a 
horizontal surface which reads 

h- PL + pv g{pL - pv) 9\PL - Pv) 
(3.7) 

where AT = T - Tsat 

The model of Berenson does not depend on the wall properties and, although 
it is in good agreement with n-pentane and carbon tetrachloride experimental 
data, Henry (1974) reports that the actual values for water, Freon, sodium and 
potasssium are significantly higher. 

Henry (1974) made a dimensional analysis of the problem, using the infinite 
slabs model for temperature upon contact, microlayer evaporation and the mini
mum film boiling temperature from the hydrodynamical model of Berenson. He 
obtained the following correlation for the minimum film boiling temperature in 
pool boiling for different configurations such as plate, sphere or rod 

r " " " r T B = ° - 4 2 « — # — » 0 6 <3-8' 
*MFB,B - J-L Cr,w&*MFB,B 

where TMFBrB and ATMFB.B correspond to T\tFB and ATMFB as given by the 
Berenson expression, Equation (3.7). 

This equation yields values for the minimum film boiling temperature which 
are too high at elevated pressures, as shown by Yao and Henry (1978), and does 
not predict correctly the effect of liquid subcooling (Carbajo, 1985). 

Iloeje, Plummer, Rohsenow and Griffith (1975) developped a correlation for 
forced vertical flow using water data and the Berenson correlation. The result is 

A 7 W « = ATA,FB.U( 1 - 0.295.r2M)(1 + 0.279G*0-49) (3.9) 



3.4. MISCELLANEOUS MODELS 49 

x is the exit quality and G the mass flux which must be comprised between 54.2 
and 135.6 kg/mV 

Gunnerson and Cronenberg (1980) present a model for the prediction of the 
minimal film boiling point for spherical geometries. A distinction is made between 
small spheres for which liquid-heater contact has little influence and large spheres 
for which such contacts can not be neglected. 

3.4 Miscellaneous Models 

De Salve and Panella (1982) give an expression based on the spinodal limit from 
Spiegler et al. (1963) and the Baumeister and Simon (1973) interface temperature 
with a correction factor for the flow from Iloeje et al. (1975). The final expression, 
which is applicable to a flow situation, is 

TRBW = TL + 0.29(TMAX-TL)(l + 0.279G°A9)x 

x[exp(3.06 x 106
/9)erfc(1751.5v/^)]_1 (3.10) 

As an example of how the minimum film boiling point is estimated in numerical 
codes, we briefly present the model used in RELAP5/MOD2, which is a numerical 
code used to simulate the thermohydraulic behavior of a pressurized-water reactor 
during a transient. In this code, quenching is due to the change of the heat transfer 
coefficient from film boiling to transition boiling 

hFB = max[hTB; h'BR) (3.11) 

that is the code takes the maximum heat transfer coefficient between the two 
values fiTB for transition boiling and h'BR for film boiling. 

The detailed expressions for hjB, h'BR, as reported in Ransom et al. (1985) and 
Analytis et al. (1987), are 

hTB = hm exp(-0.040AT) + 4500(-^-)o2exp(-0.012AT) (3.12) 

where 

*--SE; (313) 

AT = 7 V - T , a < - A T m (3.14) 

ATm = S{^f ™ (3.15) 

and S is the Chen boiling suppresion factor, q„ the critical heat flux, G the mass 
flux and GR = G7.8 k g m ' V 1 . The exponential factor (-0.040AT) in Equation 
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(3.12) is different in the RELAP manual (Ransom et al., 1985), but the actual 
expression used in the code is the one reported here (Analytis et al., 1987). 

h'BR is given by a modified Bromley-type correlation 

h'BR = PG(f>L -Pa)Pa{1^T + 0 . 6 8 C „ ] , p - ^ — f 2 5 [ l + 0 . 4 ( l - a ) 2 ] 2 (3.16) 

where a is the void fraction and all other symbols have their usual meaning. 
An explicit expression for the minimum film boiling temperature TMFB is also 

defined in this code by 

TMFB = (TCHF + Tsat)/2 + 110 + f(a) (3.17) 

where /(or) is the function given by 

/ ( a ) = ATm[l + M
1 " Q

n n . 1 ] 0 1 0 (3.18) 
max[l — a; 0.04J 

If the node is in film boiling and Tw becomes smaller than T\tFB, the system 
switches to the transition boiling regime. However in most cases quenching occurs 
through condition (3.11). 

A rewetting model based on microscopical considerations on the rewetting phe
nomena is proposed by Wayner (1979). This model does not give a rewetting 
temperature but an expression for the rewetting velocity which is obtained by 
modeling the fluid flow in the region where the evaporating liquid film and the 
vapor join on the surface. One of the parameters determining the flow charac
teristics is the disjoining pressure, which is the pressure drop in a thin fluid layer 
caused by the London-Van der Waals forces between the substrate and the fluid. A 
recent presentation of this phenomenon is made by Derjaguin and Churaev (1986). 
The final expression for the rewetting velocity u, based on a balance between this 
disjoining pressure, the pressure gradient due to surface tension and the change in 
curvature of the liquid-vapor interface, is 

-6m~A 

"7 = uS[PL(S ~*i+ ptcsf(Tw - T,)/hJg)
 ( 3 ' 1 9 ) 

where 6 is the thickness of the fluid film. 6" its derivative with respect to the 
coordinate moving with the quench front, A is a dispertion constant accounting 
for London-Van der Waals forces, u the kinematic viscosity and e is the thickness 
of the lamina being cooled. It is very difficult to compare this expression with the 
usual expressions for the rewetting velocity because some of the terms, such as .4 
or 6, are not determined with good accuracy for the situations of interest to us. 

A summary of these rewetting models is presented in Table (3.1). 
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Chapter 4 

Equation of State of a Fluid Close 
to a Wall 

4.1 Introduction 

Following earlier workers, and under the conditions discussed in Chapter 3. we 
make the hypothesis that the rewetting temperature can be determined by the 
onset of direct liquid-wall contacts which are assumed to become important only 
if the intenacial temperature upon contact is below thespinodal limit of the liquid. 
In a rewetting situation, the liquid to vapor phase transition which occurs when 
the liquid enters in contact with the very hot wall will usually take place in the 
first few molecular layers of fluid adjacent to the wall. In these first fluid layers 
interfacial phenomena due to intermolccular interactions between the wall and 
fluid take place, such as surface tension; and fluid properties in this region are 
different from bulk fluid properties (see e.g. Croxton 19S6). The scope of this 
work is to investigate the influence on the rewetting temperature of this perturbed 
fluid region. 

The method adopted in the present work is a statistical-mechanical derivation 
of the equation of state of a fluid in which the presence of a wall has been taken into 
account. The fluid is modeled by molecules interacting with each other through 
a pair potential which contains a hard-sphere repulsive core and a very weak and 
long range attractive part. For a uniform fluid this modelisation leads to a Van 
der Waals type equation of state (Hemmrr and Lebowitz, 197G). The fluid in our 
case is bounded in one direction by an impenetrable wall which creates a long 
range attractive potential for the fluid molecules. The inhomogeneity in the fluid 
which is created by the wall is treated by an approach originally formulated by 
Van Kampen (19G4). Introducing suitable approximations. ;ui equation of state is 
obtained which is dependent on the distance from the wall: the critical temperature 
and pressure, as well as the .spinodal temperature depend now on the distance from 
the wall. 

Before applying this local equation of state to the specific problem of rewetting, 
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which is treated in Chapter 5, we present a summary of the work by Sullivan 
(1981) which allows the strength of the liquid-wall interaction to be related to 
the liquid-solid contact angle. This is clearly useful for comparing the theory with 
experimental data, since the contact angle is a convenient parameter characterizing 
of the liquid-solid interaction. 

4.2 Mean Field Theory 

We consider a single-component fluid bounded in one direction by a planar impen
etrable wall. The liquid molecules interact with each other with a pairwise additive 
potential wL(r) which depends only on the distance r between two molecules. This 
potential is split somewhat arbitrarely into a repulsive component w^EP which will 
be taken identical to be a hard-sphere potential, and an attractive component U ^ X J 

wL(r) = WftEP + WATT (4.1) 

The hard-sphere potential corresponds to an infinitely repulsive potential for 
intermolecular separations r < a and a zero interaction for r > a, where a is the 
molecular diameter. The attractive cc nponent is assumed to be very weak and 
long ranged. These features can be considered by introducing an inverse range 
parameter A in the following form of the attractive potential 

wL
ATr{r) = A3$(Ar) (4.2) 

In the formal limit A —» 0, the effect of the attractive intermolecular potentials 
is merely to provide a background potential <f>L given by (Jalickee et al., 1969) 

*1{Z) = L „ „ ^f'wATT(\r- r'\)P{r') (4.3) 

which acts now on a fluid whose molecules have only hard sphere interactions. 
In our model, the effect of the wall is to create an additional external potential 

<j>w for the fluid molecules which is assumed to depend only on the distance z from 
the wall, and becomes infinitely positive for z < 0 (hard wall). As a conscequence, 
the density p{r') in Equation (4.3) depends only on the distance z' from the wall 
because the external potential <f>w is a function of z' only. 

The total effective potential <j>{z) acting on a fluid molecule is given by the sum 
of the liquid-liquid and liquid-wall contributions 

Hz) = 4,L(z) + <t>w{z) (4.4) 

One is now left with the determination of the properties of a hard-sphere fluid 
(without attractive interactions) in the presence of a total effective external poten
tial <i>(z). In the case of a wall potential <f>w(z) which varies slowly on the scale A - 1 

and assuming that the density profile p(z) is slowly variing too, it can be shown 
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(Henderson et al., 1976) that, in the A —• 0 limit, the non-uniform hard-sphere 
system is determined by the following balance of potentials 

» = Hhs[p{z)\+ <}>(*) (4.5) 

where /i/,, is the chemical potential of a hard sphere fluid at density p{z), and <t>(z) 
is given by Equations (4.3) and (4.4). 

For a fluid of uniform density p(z) = p of infinite extension in space (no wall) 
and no imposed potential <j>^ = 0, Equation (4.5) can be written in the following 
form 

P- = Hhs(p) - ap (4.6) 

with 

a = - J d3fwL
ATT(r) (4.7) 

A Van der Waals type expression for the pressure p can be derived from Equa
tion (4.6) (Hemmer and Lebowitz, 1976) 

P = Phs(p) - ~ap2 (4.8) 

where p^, is the pressure of a hard-sphere fluid at density p. 

4.3 Approximation of the Liquid Mean Field 

In order to obtain a local equation of state we consider that the fluid contribution 
<f>L{z) to the total mean field d>(z) in Equation (4.3) can be approximated by taking 
the fluid density p(z') constant over z' at the value p(z) 

p(z') = p(z) (4.9) 

The fluid contribution 4>Q which is obtained from Equation (4.3) with the ap
proximation of Equation (4.9) is given by 

etf(s) = P(z) [ cPr'w^rT(\v- r'\) (4.10) 

It is clear that the error introduced by this approximation will vanish for a 
uniform system (p(z) constant) for which Equation (4.10) is exactly equivalent 
to Equation (4.3). The error introduced by the constant density approximation, 
Equation (4.9), depends on the degree of non-uniformity of the density p(z) and is 
discussed in Appendix A for the specific choice of intermolecular potentials which 
will be used later in this work. 
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The integral over the liquid region in Equation (4.10) can be written more 
explicitely by making use of the geometry of the system. The volume occupied 
by the fluid is divided into three regions as shown in Figure (4.1) and Equation 
(4.10) becomes 

4>fo) =+F + tit* + 4l?"' (4.H) 
with 

/•r=oo I - 0 = J T / 2 

4>Q* — 2rp(z) I I r2 wATT(r) sin 8 dddr 
Jr=0 J$=0 

roo 
= 2KP(Z) r2wL

ATT(r)dr (4.12) 
Jo 

T—Z [6=T/2 

$ " = 2irp(z) f~* I ~* r2w^TT(r)sin8d8dr 

= 2*p{z) f r2wL
ATT(r)dr (4.13) 

Jo 

<f>^'UI = 2itp(z) f °° / r2w^TT(r) sin 8d8dr 
Jr-=z J6=Arccos(z/r) 

= 27rp(z) / rzwATT(r)dr (4.14) 

We obtain 

roo \ roo 
tf(z) = 4*p(z)[Jo r2wL

ATT(r)dr - - ^ r(r - z)wL
A7T{r)dr\ (4.15) 

Introducing the geometrical factor <p(z) which depends on the distance z from 
the wall and on the specific form of wATT(r) we obtain 

47T t00 i 1 f°° 
v(z) = —( r2wL

ATr{r)dr - - r(r - z)wL
ATT(r)dr) (4.16) 

a Jo I Jz 

where the constant a, denned in Equation (4.7), which depends on the intermolec-
ular potentials, has been introduced. 

roo 

a = -47T / r2wATT(r)dr (4.17) 
Jo 

this gives the more concise form for the local liquid mean field ^„ 

4(z) = -av(z)p{z) (4.18) 
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WALL FLUID 

/ f ) : 0 < r < oo 

o < e < 7 

&.< 0 < r < z 

o <e< — 

<S) : z < r < oo 
, z , - IT 

Arc cos ( - ) < 9 < y 

Figure 4.1: The three regions used to compute <f>{ 



58 CHAPTER 4. EQUATION OF STATE OF A FLUID CLOSE TO A WALL 

4.4 Local Equation of State 

We consider now that at each distance z from the wall the fluid behaves like a hard-
sphere fluid of uniform density in presence of a total external field 4>o{z) given by 
Equation (4.4) in which the approximation for the liquid mean field Equation 
(4.10) has been introduced. Thus Equation (4.4) becomes 

Mz) = ^(z) + 4>W(z) (4.19) 

With this approximation, the chemical potential given by Equation (4.5) be
comes 

H = fihs[P(z)] + fo{z) (4.20) 

Introducing Equation (4.18), the chemical potential is written as 

fi = /**,[/>(*)] - «¥>(*)*(*) + 4>W(*) (4.21) 

Figure (4.2) shows a typical density profile together with the idealized uniform 
fluid at the distance z from the wall. In Table (4.1) we give the exact expression 
for the differe..*, variables used along with their approximative expressions. 

At the distance z from the wall where the local equation of state is to be 
determined, we are now considering that there is a uniform fluid of density p 
whose total chemical potential is given by Equation (4.21). For this uniform fluid 
the basic thermodynamic relations can be applied, and the density is related to 
the pressure and to the chemical potential by the thermodynamic identity 

„ (dp\ (4.22) 
T 

This identity is integrated between two arbitrary potentials p\ and p.2 

I pdfi = I ("A dp 
jfi\ Jtti up \j 

= P(V2)-p(m) (4.23) 

The left hand side of Equation (4.23) can be integrated by parts 

\idp 

rp(n2) / • P ( W ) 

\ pdp = p/*|« - / pdp 
Jv-\ Jp(m) 

rp\m) fP[M) 

= p(to)H2 ~ p(Pi)Pi ~ / phJp- <fodp (4.24) 

Taking p,\ such that p(p\) — 0, and thus p{p\) = p(p = 0) = 0, we obtain 
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non-uniform fluid 

WALL 

Figure 4.2: Typical density profile and the idealized uniform fluid 
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exact 

0L{z) ---- / Sf'wL
KTT(\f-

JFLU ID A l i 

*"(:) 

<Hz) = cL(z) + 4,w(z) 

ft = Vh,[p(z)] + <P{z) 

• n)*n 

approximation 

e&(z) = -av(2)piz) 

Pvv(--) 

0O(z) = 6<;(z) + 0w(z) 

li = Hh,\p(:)\ + Oo[z) 

Table 4.1: Exact expression for the different variables and their approximative 
expressioi.s 
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J
fPU') t 

' P-Up )dp + 
o 

+p(p.)<t>0{p(p)] - [ ^ Mp'W (4.25) 
JO 

We observe that the wall contribution 4>w to the total mean field <j>o cancels out 
in the expression for the pressure, Equation (4.25), because <j>w does not depend 
on the density p. 

When the mean field 4>o vanishes, the system becomes identical to a fluid of 
molecules interacting only through a hard-sphere potential and the pressure of the 
system corresponds to the hard-sphere fluid pressure p^s 

p{p;<t>o = 0}=phs(p) (4.26) 

Introducing this condition into Equation (4.25) gives the following expression 
for the hard-sphere pressure 

rp(f) t t 

Phs(p) = p(p)Ph, ~ phs(p )dp (4.27) 
Jo 

Introducing this expression for the hard-sphere pressure into Equation (4.25) 
gives 

P{p) = Ph,(ft) + p(p)4>o[/>(/*)] ~ I" " <t>o(p')dp' (4.28) 
Jo 

We introduce now the expression for <*>Q given by Equation (4.18) and obtain 
the local equation of state relating the density and temperature to the pressure of 
the fluid at a distance z from the wall 

p(p-T\z) = PhAP,T)-yx<p(z)p2 (4.29) 

where p^, is the pressure of a uniform hard sphere fluid at density p. 
Different choices can be made for the hard-sphere pressure. In the present 

work, the Carnahan-Starling (1970) equation of state is used because it provides 
an accurate expression for the hard-sphere pressure of a 3-dimensional fluid. This 
hard-sphere pressure is given by 

Pha = pkT{l + 7, + 7,2 - 773)/(l - 77)3 (4.30) 

with 

r/ = 7r/7«73/6 (4.31) 

where a is the hard sphere diameter. 
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The chemical potential for the hard-sphere expression for the pressure is ob
tained from the thermodynamic relation 

which leads, for the Carnahan-Starling theory, to 

pha = kT[Hl) + *7(8 - Or, + 3i/2)/(l - r,?] (4.33) 

We list now the different characteristic properties of the local equation of state, 
Equation (4.29), as obtained with the Carnahan-Starling hard-sphere theory. The 
critical ratio, Zc = jjfc, is given by 

Zc ^ 0.359 (4.34) 

and the critical point of the local equation of state, which is defined by Equation 
(2.16), by 

Pc = Aa~3 (4.35) 

kTc = BV^{Z) ( 4 3 6 ) 

Pc = ^ £ v ( * ) (4-37) 

with A S 0.249 and B 3* 11.102. 
It is interesting to note that, independently of the specific choice of inter-

molecular potentials, we have from Equation (4.16) that tp(z = 0) = \<p{z = oo). 
Comparing this result with the above expressions for the critical point, Equations 
(4.35) - (4.37), we see that the critical temperature and pressure at the wall are 
half their bulk values, and that the critical density is constant over z. This is 
due to the vanishing of the wall mean field contribution (f>w in the local equation 
of state, Equation (4.29). Since only fluid-fluid contributions appear in Equation 
(4.29) and there are no fluid molecules in the space occupied by the wall (z < 0), 
the attractive fluid-fluid potential at the wall, which determines the critical tem
perature and pressure, is half its bulk value; this gives a critical temperature and 
pressure at the wall that are half their bulk values. 

The maximum superheat temperature (spinodal limit) at local pressure po is 
given by the spinodal condition 

< ! > 
= 0 at p = papin and T = T,vtn (4.38) 

T 

subject to the condition that the local equation of state, Equation (4.29), relates 
Pipin and T3ptn to the pressure p() 
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Po = Pksipsvtn.TtpM) --ay(z)pi
tptn (4.39) 

For the Carnahan-Starling hard-sphere pressure, this system of equations can 
be written as 

«;„» = aw( i - rj )4/( i + in + in
2 - V + n4) (4.40) 

where IJ corresponds to the liquid root of 

-<VP J( 1 - 4/? - 4//2 + J/* )/(1 + 4/7 + 4T72 - 4/?3 + ;/4) - po = 0 (4.41) 

and T) and p are linked by Equation (4.31). 
We now introduce the reduced quantities with respect to the bulk critical pa

rameters 

P -r T p 
Pnd = : Tred = — ; pTtd = : (4.42) 

PcAvlk *c.bulk PcJbvlk 

which will be used from now on. unless otherwise specified. For simplicity, the 
subscript red will be omitted. 

Figure (4.3) shows a p—p diagram for the bulk equation of state. Equation (4.8), 
or (which is equivalent), Equation (4.29) with z —* -hoc. where the Carnahan-
Starling hard-sphere pressure. Equation (4.30), has been used. The saturation 
curve and spinodal line for the same equation of state are shown in Figure (4.4). 

4.5 Determination of the Density Profile 

In the limit of infinitely long ranged potentials oL and 4>w and infinitely weak 
oL, the density profile p(z) is given by the solution of the balance of potentials 
Equation (4.5) (Lebowitz and Percus, 1963). This density profile can be solved 
analytically for a specific choice of intermolecular potentials as shown by Sullivan 
(1979). Since this model will be used in the present work, a summary of the results 
of this theory is presented now. 

The following choice of intermolecular potentials is made 

"•'ifepi'') = +^c for r < a (4.43) 

wL
REP(r) = 0 for r >a (4.44) 

. ^ ( r ) = - f *'«EL^> ,4.45) 



64 CHAPTER 4. EQUATION OF STATE OF A FLUID CLOSE TO A WALL 
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Figure 4.3: p — p diagram for the bulk equation of state, using the Carna-
han-Starling expression for the hard-sphere pressure. 



4.5. DETERMINATION OF THE DENSITY PROFILE 

1 

/ 

• 1 

T 
• " " " " ^ ' y ^ 

^^^~ 
^ ^ ^ 

! 
1 
1 
t 

i 
i 
1 
1 

0.00 0.20 0.40 0.60 0.80 1.00 

P 

Figure 4.4: Saturation and spinodal lines for the bulk equation of state, using 
Carnahan-Starling expression for the hard-sphere pressure. 
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o , r(s) = +oo for z < 0 (4.46) 

<Hi(z) = -€wexp(-Az) for z > 0 (4.47) 

a is the strength of the fluid-fluid interaction, cw the strength of the wall-fluid 
interaction and A-1 is a typical length which is taken as identical for both interac
tions. The Yukawa potential for the fluid interaction, Equation (4.45), gives a Van 
der Waals type equation of state in the case of a uniform fluid; the exponential po
tential for the wall. Equation (4.47), allows the density profile to be convieniently 
solved. 

Defining x = Xz and applying <P/dz* to Equation (4.5) with these potentials 
leads to 

where 

*(/*L) = (/**. " tf ~ MPi, - P) (4-49) 

P = Ph,(Poo) - -OpL ( 4 5 ° ) 

poo = p{z -+ oo) (4.51) 

p corresponds to the pressure of the fluid at bulk density p^ and n*hs, p"ht denote 
the local hard-sphere chemical potential and pressure /!*,[/>(x)], PK*[P(X)]-

The boundary conditions at the wall 

<t>w(z) = +oo for * < 0 (4.52) 

p(z) = 0 for 2 < 0 (4.53) 

become 

= / i ; , ( 0 ) - / i - 2 e w (4.54) 
dx 

x=0 

where ^ , (0 ) = nhs[p(x = 0)]. 
Once the dependance of the hard sphere fluid pressui.-* and chemical potential 

are specified by an adequate equation of state such as Equations (4.30) and (4.33), 
the density at the wall p(0) is obtained from Equations (4.48) and (4.54), while 
the density profile p{x) for x > 0 is given by quadrature on Equation (4.48). 

From Equations (4.48) and (4.54) we can write that /ij^(0) is the solution of 
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TK,(0)1 = ±yJ^UO)\ (4.55) 

where 

T(/i;,) = / i ^ - | i - 2 « l r (4.56) 

In all this discussion the density profile was assumed to vary only over a long 
range A - 1 , however, the abrupt variation in the external potential at the wall 
creates short range oscillations in this density profile. Sullivan (1979) shows that 
it is consistent to neglect these short range oscillations in the limit A —• 0. 

4.6 Relation With the Contact Angle 

Since for most practical applications related to the rewetting phenomena the 
molecular parameter ew is not well known; it is useful to express it in terms of 
the more accessible contact angle 9. The procedure developped by Sullivan (1981) 
will be used here. 

We consider a system in which coexisting liquid and vapor exhibit a contact 
angle 0 on the surface of a solid. This contact angle 0 is related to the interfacial 
tensions by Young's Equation 

cos(0) = ",sv ~ 1SL (4.57) 

where fsv and 75^ are the intcrfacial tensions between the solid and the saturated 
vapor, and the solid and saturated liquid. *,Lv is the interiacial tension between 
coexisting liquid and vapor phases. 

The interfacial tension of a non-uniform fluid, in which interfacial inhomo-
geneities are taken into account, is given by 

-, - 5±£ ( 4 ,s, 
where fi is the grand potential, p the bulk fluid pressure, V the total volume and 
A the interafacial area. The interfacial tension 75 between the solid and vacuum 
should be added in order to obtain the interfacial tension between the fluid and the 
solid. However, 7>- cancels out in the expression for the contact angle, Equation 
(4.57), and will thus not be introduced here. 

By using Equation (4.58) and the fluid-wall model presented in the preceding 
section, the following expressions for the intcrfaeial tensions are obtained (Sullivan, 
1981) 

fix = —, / ' " " ' \ / * ( / ' l > K , U.59) 
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Figure 4.5: Relation between the strength of wall-fluid interaction ew and contact 
angle 6, at different saturation temperatures 

i f - f^Hi.viO) ffhi.v I •-• • 1 

75v = - r - ^ + / + T(t*l,,Jdnl.,v-Jm Mttl.JdfaA (4.60) 

lSL = —A-tl+ I VWk.iWk.t + / , , J*(VMWU (4.61) 

Where 

T ( / i f ) = 0 (4.62) 

The subscripts /,u indicate that the state of the fluid at x —* oo is either 
saturated liquid or saturated vapor. 

The contact angle can now be related to the strength of the wall-fluid inter
action. Numerical results, giving the relation between ew and 0, which are based 
on the solution of Equations (4.57) and (4.59) - (4.61) and using the Carnahan-
Starling equation of state are shown in Figure (4.5) and Table (4.2). 
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r „ , = 0.50 
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-0.63 
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-0.35 
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-0.20 
-0.14 
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-0.04 
0.01 
0.06 
0.11 
0.17 
0.22 
0.27 
0.32 
0.37 
0.42 
0.47 
0.52 
0.57 
0.62 
0.66 
0.71 
0.75 
0.79 
0.83 
0.86 
0.90 
0.92 
0.95 
0.97 
0.99 
1.00 

TM = 0.60 

-0.97 
-0.93 
-0.89 
-0.85 
-0.81 
-0.76 
-0.71 
•0.66 
-0.61 
-0.55 
•0.50 
-0.44 
-0.38 
-0.33 
-0.27 
-021 
-0.15 
•0.09 
•0.03 
0.03 
0.09 
0.15 
0.21 
0.27 
0.33 
0.39 
0.45 
0.50 
0.56 
0.61 
0.66 
0.71 
0.76 
0.80 
0.84 
0.88 
0.91 
0.94 
0.97 
0.98 
1.00 

Tnt = 0.70 

-0.99 
-0.96 
-0.92 
-0.87 
-0.82 
-0.77 
-0.71 
•0.65 
-0.59 
-0.52 
-0.46 
-0.39 
-0.32 
-0.25 
-0.18 
-0.11 
-0.03 
0.04 
0.11 
0.18 
0.25 
0.32 
0.39 
0.46 
0.53 
0.59 
0.65 
0.71 
0.76 
0.81 
0.86 
0.90 
0.93 
0.96 
0.98 
1.00 

r „ , = 0.80 

-0.99 
-0.97 
-0.92 
-0.87 
-0.81 
-0.74 
-0.67 
-0.59 
-0.51 
-0.42 
-0.34 
-0.25 
-0.16 
.t u 

0.. > 
0.12 
0.21 
0.3O 
0.38 
0.47 
0.55 
0.63 
0.7O 
0.76 
0.83 
0.88 
0.92 
0.96 
0.98 

r « , = 0.90 

-0.98 
-0.92 
-0.85 
-0.76 
•0.66 
-0.54 
-0.42 
-0.29 
-0.16 
-0.02 
0.11 
0.24 
0.37 
0.49 
0.60 
0.71 
0.80 
0.68 
0.94 
0.98 
1.00 

Table 4.2: Table of the values of ros# at different saturation temperatures as a 
function of the strength of wall-fluid interaction tw/kTc. 
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Chapter 5 

Phase Transition Near the Wall 

5.1 Fluid State Close to the Wall 

U&ing the specific choice of potentials introduced in the preceding Chapter (Equa
tions 4.44 - 4.48), the local equation of state (4.30) becomes 

p(p, T; x) = phs(p, T) - ±a<?(x)p2 (5.1) 

¥ , ( i ) = l _ - e x p ( - a r ) (5.2) 

The critical temperature and pressure, which are dependent on the distance 
from the wall x, are obtained from Equations (4.37) - (4.38). Using the reduced 
quantities with respect to the bulk critical parameters, defined in Equation (4.43), 
these local critical temperature and pressure are given by 

Tc(x) = pc(x) = ?(x) (5.3) 

The critical density is constant 

Pc(x) = 1 (5.4) 

We have now a situation in which the thermodynamic properties such as Tc 

and pc, are dependent on the distance from the wall, as does the pressure p{x) in 
the fluid. This local pressure p(x) is obtained by solving the density profile p(x) 
as described in the preceding Chapter and introducing this density in the local 
equation of state (5.1). 

The local spinodal temperature at the distance x from the wall is obtained by 
considering that the fluid at x is under the local pressure p(x) and by computing 
the corresponding spinodal temperature T3pin(x) as given by Equations (4.39) and 
(4.40) for the local pressure p0 = p(x). An alternative way to compute the local 
spiuodal temperature would have been to obtain it on the basis of the local density 
p(x) (instead of the local pressure p(x)) by introducing this local density p(x) 
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directly into the spinodal condition Eqaution (4.38). This means that the spinodal 
limit would have been obtained under the condition that the density remains 
constant, that is an isochore spinodal. However, for the bulk the spinodal is 
determined from an isobaric condition, as in Equations (4.38) and (4.39). Using 
an isochore spinodal condition for the local spinodal temperature at a distance x 
from the wall would have resulted in a discrepancy with the classical bulk spinodal 
temperature for x —» +oo. To avoid this discrepancy, the local isobaric spinodal 
has been used in the present work. 

Figures (5.1) - (5.6) show how the density, pressure, critical pressure, critical 
temperature and spinodal temperature vary with the distance from he wall for 
some typical fluid/wall situations. 

The variation in the pressure as the distance x changes, which can be non
monotonic in some cases, as shown in Figure (5.1), is due to the combined contribu
tions of <p(x) and p(x) to the determination of the pressure in Equation (5.1). This 
is the reason why, in some cases, the variation in pressure can be non-monotonic 
while the density changes monotonically as a function of the distance from the 
wall. Figure (5.7) shows a typical pressure profile in which we observe a region 
close to the wall where the pressure exceeds the local critical pressure indicating 
a fluid in a supercritical state. This region is followed by a zone of undercritical 
pressures, and in some cases the pressure becomes negative over a certain range 
of distances x from the wall, indicating that the fluid is under tension at these 
locations. Liquids under negative pressures have been experimentally observed, 
see e.g. Skripov (1973) and the spinodal limit can be extended in this negative 
pressure region (Skripov, 1973). Liquids under negative pressure correspond to 
metastable states if the system temperature is below the corresponding spinodal 
temperature; these liquids am in an unstable state if the temperature is above 
the corresponding spinodal limit. At large distances x from the wall, the pressure 
eventually reaches the bulk saturation pressure. 

The point x0 where the local pressure is equal to the local critical pressure is 
defined by 

p[p(xo);x0]=pc(x0} r (5.5) 

and in the region 0 < x < x0 the fluid is at supercritical pressures. 

5.2 Implications for the Rewetting Temperature 

When the fluid comes into contact with a hot wall, a temperature profile penetrates 
the fluid, as shown in Figure (5.8). This highly transient situation is clearly 
extremely complex to be analyzed exactly since it depends on the specific imposed 
boundary conditions on the temperature and heat fluxes, and it would require 
the specification of the characteristic length A -1 in order to be completed. To 
obtain a elementary idea of the effect of an increase in temperature, we consider 
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Figure 5.7: Typical pressure and critical pressure profile showing the regions of 
supercritical and negative pressure 

a fluid element at a distance : from the wall whose temperature is increased. 
By considering first that the local pressure is kept constant, an increase in the 
temperature expands the liquid (if the liquid is not in an unstable state) which will 
result in a reduction of the local liquid density; keeping now the density constant, 
the increase in temperature will result in an increase of the local pressure. The 
result of an increase in the temperature is thus, according to this crude estimation, 
that the local density decreases and the local pressure increases. 

It is possible to obtain an insight on the effect of the superposition of a tem
perature profile in a form which can be applied to a rewetting situation by making 
the zero-order approximation that the temperature profile does not modify sig-
nificantely the value of the density profile and hence considering that the fluid 
properties obtained in the preceding section for a saturated fluid are not affected 
by the temperature profile. This approximation is clearly not valid as soon as a 
phase transition takes place, since in that case there are indeed important varia
tions in the density profile. However, before the phase transition occurs we assume 
that it is acceptable to assume that the liquid density varies only slightly under 
the effect of the temperature profile. 

We consider thus that the temperature profile is applied on a fluid whose 
thermodynamical properties, especially the critical and spinodal temperature, are 
the same as for the corresponding saturated system which has been described in 
the preceding section. Depending on the value of the interfacial temperature TINT 

at x = 0 and the fluid/wall situation, different mechanisms for the phase transition 
will take place, which are discussed now. 

The creation of a vapor layer between wall and solid can occur either through 
spinodal decomposition (unstable regime) or nucleation of a stable bubble (meta-
stable regime). We will see that the former usually requires that the temperature 
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profile develops significantely at distances of the order of x0 from the wall while 
the latter requires a penetration distance of the order of the diameter of a stable 
bubble. The thickness x0 is on the same order as A-1 which is on the order of 
a few molecular diameters, that means a few angstroms. Since the thickness xo 
of the supercritical layer is generally much smaller than the diameter of a stable 
bubble, the time lapse before vaporization is expected to be much shorter in the 
unstable regime than in the metastable regime. It is clear that the heat removed 
during a short contact, all other things being constant, will be less than for a 
long contact and the same argument that leads to the use of the bulk maximum 
superheat temperature in the determination of the rewetting temperature is now 
invoked to postulate that rewetting is not expected if the phase transition occurs 
through the unstable regime. 

Concentrating our attention on whether the superposition of a temperature 
profile will lead to unstable or metastable regimes, inspection of the different sit
uations shown in Figures (5.4)-(5.6) indicate that when the interface temperature 
is higher than the minimum value over x of the spinodal temperature, there will 
be an unstable regime. If the interfacial temperature upon contact is higher than 
the minimum value over x of the local spinodal temperature, the liquid will be 
vaporized extremely quickly and thus rewetting of the surface is net expected. 
We define tl. .is the interfacial rewetting temperature as the minimum 
value of the local spinodal temperature for all distances from the wall 
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TlNT.REW=MIJV[Twn(x)] (5-6) 

One should bear in mind that for rewetting to actually occur, the contacts 
that may potentially lead to rewetting must be created by some perturbation of 
the vapor film as discussed in Chapter 3. The rewetting temperature as given 
in Equation (5.6) is thus a limit above which rewetting is not expected to occur, 
provided that incipience of liquid-solid contacts dominate the specific rewetting 
process. 

Of course, the rewetting temperature has to be higher than the saturation 
temperature 

TWT.REW > Tsat,buik (5.7) 

This condition has to be specified because the model predicts that for some ex
tremely poor wetting surfaces, the local spinodal temperature can drop slightly 
below the bulk saturation temperature. This is due to the fact that the constant 
density approximation, Equation (4.9), which has been used in the determination 
of the fluid contribution to the mean field is very crude in these cases of extremely 
poor wetting surfaces, as shown in Appendix A. 

The results presented above can be summarized by introducing a factor / 
relating the bulk critical temperature Tc of the fluid to the interfacial rewetting 
temperature TJNT,REW 

Tli\T,RE\V = fTc%bulk (5.8) 

with 

/ = Mlti[Tmn{x)\ (5.9) 

Note that Tc and T//VT/?£W
 a r e n o * necessarily reduced quantities in Equation 

(5.8). 
To summarize, whenever the interface temperature T/yvr is above T//vr,REW an 

unstable regime for the phase transition appears, and rewetting is not expected to 
occur according to the maximum superheat hypothesis. 

The values of the factor / for different ew/kTc and TaaU obtained numerically, 
are given in Figures (5.9) - (5.10) and Table (5.1). 

For a system at a given pressure po , this factor / has values ranging form 
the saturation temperature T3at(po) at low surface wettings (low values of ew/kTc) 
up to values equal to the bulk spinodal temperature T,pjn(p0) for good wetting 
surfaces (high values of ew/kTc). The saturation values which are obtained at low 
ew/kTc correspond to a situation in which the liquid is almost in presence of a 
free surface created by the wall, since the low interaction with the wall molecules 
becomes similar to the low interaction with the vapor. It is thus not surprising to 
see the phase transition occuring as soon as the saturation temperature is reached, 
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as would be the case for a fluid in presence of a free surface. The fact that for high 
values of €w/kTc the factor / becomes identical to the bulk spinodal temperature 
and that most practical cases correspond to such high values of ew/kTc (as will be 
seen in Chapter 6) indicates that for most practical cases it is the bulk spinodal 
temperature which is the relevant parameter for the phase transition. 

The Figure (5.9) summarizes these results, for low values of ew/kTc the factor 
/ becomes equal to the saturation temperature of the system whereas for high 
values of ew/kTc this factor / becomes equal to the bulk spinodal temperature at 
pressure po, as obtained from a classical mean-field equation of state using the 
Carnahan-Starling expression for the hard-sphere contribution. 

5.3 Discussion of the parametrization of A-1 

At this point, it is interesting to present a short discussion of the determination 
of the parameter A - 1 which describes the range of the attractive intermolecular 
potential between liquid molecules, Equation (4.45), and wall and liquid, Equation 
(4.47). However, we note that when the model is applied as presented in this 
Chapter, the results that are independent of the specific value of A - 1 . 

Within the present model, A -1 can in principle be determined by the critical 
paramters pc, Tc and the liquid-vapor surface tension 7£,v by using Equation (4.59). 
A better estimation can be made by fitting both contact angle data and liquid-
vapor surface tension (Sullivan, 1981). Both methods give values of A - 1 which are 
on the order of magnitude of <7, which is generally a few angstroms. 

On the other hand a much larger estimation of the range A -1 is suggested by 
direct measurement of the forces between two surfaces separated by a liquid; for a 
recent review of the measurement of such forces, see Israelachvili (1987). For two 
hydrophobic surfaces separated by water, this force is measurable at separations 
up to 700-900 A (Claesson and Christenson, 1988). It is clear that a fluid confined 
between two solid walls does not behave in the same way as a fluid in the presence 
of a single wall, however these results suggest the possibility of having values for 
A - 1 which are much larger than a. 

Basing the model on the use of the homogeneous nucleation temperature would 
probably have required that the perturbed fluid layer be on the order of the di
ameter of a critical nucleus (that is approximately 60 A for the case of water at 
atmospheric pressure) in order to observe a different behavior of these nuclei in 
the perturbed fluid layer than in the bulk fluid. Using the spinodal temperature, 
as done in the present modf 1, the liquid to vapor phase transition of a fluid above 
its saturation temperature can be triggered even if only a small (compared to the 
size of a homogeneous nucleation critical nucleus) region of the liquid is in a ther
modynamic unstable state. The reason is that there is no known requirement of 
a critical size for the vapor to liquid phase transition to occur through spinodal 
decomposition (all wavelengths of perturbation are unstable; Koch, 1984), and 
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apparently no reason to introduce such a critical size for the spinodal liquid to 
vapor phase transition. 
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0.89 
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0.90 
0.91 
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0.91 
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0.93 
0.93 
0.94 
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0.94 
0.94 
0.94 
0.94 
0.94 
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0.94 
0.94 
0.94 
0.94 
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0.94 
0.94 
0.94 
0.94 
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Table 5.1: Values of the factor / for different e,u and Tsat 
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Chapter 6 

Comparison with Experimental 
Data 

6.1 Introduction 

The results from Chapters 4 and 5 are now compared wit a the rewetting tempera
ture da ta available in the literature. The data used here include a large number of 
fluid/surface combinations in order to provide a good assessment of the theoretical 
results. The presentation of the data is preceeded by a description of the proper 
method to be used for the determination of the factor / . Finally, the conclusions 
of this comparison between experiment and theory are discussed. 

6.2 Methodology 

General 

The theoretical results are assessed by comparing the interfacial temperature upon 
contact between the liquid and solid at the minimum film boiling point for sat
urated liquids with the predicted value fTc for the corresponding fluid/surface 
combination. A schematic description of the method is shown in Figure (6.1) 
and the different steps which are involved are presented in detail in the following 
sections. 

Interfacial Temperature 

The interfacial temperature at the minimum film boiling point is obtained from 
the measured minimum film boiling temperature by use of either the semi-infinite 
slab model, Equation (2.3), or by the Baumeister and Simon (1973) correlation, 
Equation (2.12). 

The semi-infinite slab model has generally been used here, unless the results 
for the Baumeister and Simon correlation were readily available. The reason for 
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this choice is that the Baumeister and Simon correlation has been developped 
for droplets, whereas the data which are used here cover different boiling situa
tions. The semi-infinite slab model can clearly be applied in diverse situations, 
provided that , at the microscopic level at which the contact occurs, the assump
tion of an essentially one-dimensionnal behavior of the heat conduction process is 
valid. Furthermore, it is difficult to estimate which of both methods gives the best 
results since the difference between them is most generally below the experimental 
uncertainity on the minimum film boiling temperature. 

Contact Angle 

The contact angle data for the different fluid/surface combinations where rewetting 
data are available is relatively scarce since most contact angle data are concen
trated on organic liquids over low energy surfaces, whereas rewetting da ta are 
generally available for inorganic liquids over high energy surfaces. An extensive 
source of contact angle data for the fluid/surface combinations of interest to us is 
the compilation in Landolt (1961) which has been mainly used here. 

Determinat ion of ew/kTc 

Once the contact angle 9 for the specific fluid/surface combination is known, the 
ew/kTc parameter (which is needed in order to obtain the factor / ) is obtained 
from Table (4.2) which reports the contact angle versus ew/kTc. Since most contact 
angle data are given at 20 °C the relevant isotherm to be used in Table (4.2) will 
usually be 293.15/T^, where Tc is the critical temperature of the fluid in degrees 
Kelvin. 

For numerous fluid/surface combinations reported here it was relatively difficult 
to find reliable data for the contact angle. However this is not necessarely a 
problem if one can estimate that this contact angle will in any case be relatively 
small. The reason is that the factor / heroines eqn;il to the reduced bulk spinodal 
temperature for T,a, > 0.50 and e,„/Wr > 4.0 (corresponding to the saturation 
temperature at which most rewetting experiments are conducted) as shown in 
Figure (5.9). For tw/

ncTr > 4.0 and T,at ~ 0.50, temperature at which most contact 
angle data are obtained, we have cos 0 > 0.S3, as shown in Figure (4.5). This means 
that if the contact angle measured at Taat 2; 0.50 is below arccos(0.83) = 34° then 
the factor / at system pressures corresponding to Tsat > 0.50 will be essentially 
the reditced bulk spinodal temperature, that is / will not depend on the precise 
value of the contact angle. 

Since most rewetting experiments are conducted with high energy surfaces, 
over which a liquid usually shows a small contact angle, we are also lead to the 
important result that in most rewett ing cases t h e relevant maximurr su
perheat temperature remains the bulk spinodal t emperature , although 
the interfacial fluid layers, where the phase transition takes place, are markedly 
different from the bulk fluid. 
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Determination of / 

The relevant isotherm for the determination of the factor / in Table (5.1) is given 
by Tsat(p)/Tc where p is the pressure at which the rewetting experiment is con
ducted and Tsat(p) the saturation pressure of the fluid at pressure p. 

6.3 Discussion 

Experimental Data 

The experimental data points are reported in Table (6.1). Figure (6.2) shows these 
points with the computed interfacial temperature at the minimum film boiling 
point lint.retu in abscissa, and the predicted value fTc in ordinate. The majority 
of the points lie in a ±10% range showing reasonable concordance between theory 
and experimental data. 

The significant deviations from the predicted value are in the direction of a 
measured rewetting temperature which is lower than the predicted one. This is 
explained by the fact that, as discussed in Chapter 3, the possibility of contacts 
to exist does not imply that rewetting actually occurs. One must at least satisfy 
the supplementary condition that sufficient perturbations of the vapor layer take 
place in order to create potential contacts. This is confirmed by the experimental 
data of Yao and Henri (1978) where the occurence of contacts was detected by 
measuring the passing of an electrical current between surface and fluid. The data 
points for which occurence of the first contacts lead to rewetting, and for which 
the theory should thus give an acurate prediction, are the points number (19 - 21) 
in Table (6.1) which are well inside a ±10% span around the predicted value. 

Surface Contamination 

We investigate now the effect of surface contamination on the factor / . Surface 
contamination usually increases the contact angle 6 (Landolt, 1969), which means 
that the parameter tw/kTc describing the wall-surface interaction decreases. At 
first sight, the effect of surface contamination will thus be a reduction of the factor 
/ , which implies a reduction of the rewetting temperature. However the experi
mental data show that surface contamination increase the rewetting temperature 
(Baumeister and Simon, 1973; Carbajo, 1985). This apparently contradictory 
result is explained by two reasons which are discussed now. It must first be rec
ognized that one of the features of a contaminated surface is the existence of an 
oxide layer which has a low value of the coefficient Jkpcv. Conscequently, the 
interfacial temperature upon contact will be lower than for a less contaminated 
surface which has a thinner or no oxide layer, allowing a higher rewetting tem
perature. This aspect of surface contamination is able to explain the increase of 
the rewetting temperature, as shown by Moreaux et al. (1975). Along with this 
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Number Reference Type of Experiment Fluid 

l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

Baumeister 
Baumeister 
Baumeister 

Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 
Yao 

Henry 

Henry 
Witte 
witte 
Flynn 
Manson 
Merte 
Rhea 
StOCK 
Stock 

Kautzky 
Simopoulos 
Simopoulos 
Simopoulos 
Simopoulos 
Simopoulos 
Simoooulos 

pool/wire 
pool/plate 
pool/place 

pool 
pool 
pool 
pool 
DOOl 

pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 
pool 

r pool 
sphere (•) 
sphere (*) 

pool/cylinder 
pool/sphere 
pool/sphere 
oool/sphere 
pool/rod 
pool/rod 

pool/place 
rod/sputtering type 
rod/sputtering type 
rod/sputtering type 
rod/sputtering type 
rod/sputtering t/pe 
rod/sputtering type 

H20 
CC14 
CC14 
H20 
H20 
H20 
H20 
H20 
H20 
H20 
H20 

H20 
K20 

C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
C2H50H 
H20 
H20 
H20 
H20 
N2 
N2 
N2 
N2 

freon 11 
freon 11 
freon 113 
freon 113 
freon 113 
freon 113 
freon 113 
freon 113 
freon 113 

Table 6.1: Experimental data points and values predicted by the theory 
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Number Surface Pressure 

[bar] 

TREW.MEAS 

[K] 

TINT.RBW 

(KJ 

Ref. for 
TIST.REW 

1 
2 
3 
4 
5 
6 
7 

e 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31. 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

43 
44 

Pt 
Al 
Cu 

Stainless/Au plated 
Stainless/Au plated 
Stainless/Au plated 
Stainless/Au plated 

Cu/Au plated 
Cu/Au plated 
Cu/Au plated 
Cu/Au plated 
Cu/Au plated 
Cu/Au plated 

Stainless/Au plated 
Stainless/Au plated 
Stainless/Au plated 
Stainless/Au plated 

Stainless 
Stainless 
Stainless 
Stainless 

Cu/Au Plated 
Cu/Au Plated 
Cu/Au Plated 
Cu/Au Plated 
Cu/Au Plated 
Cu/Au Plated 

Al 
Al 
AC* 
Aff 
Cu 
Cu 
CU 

PTFE 
Stainless 

PTFE 
Al 

stainless 
stainless 
stainless 
stainless 
stainless 
stainless 

1.0 
1.0 
1.0 
1.0 
2.8 
4.1 
11.8 
1.0 
2.0 
2.8 
4.0 
8.6 
12.0 
1.0 
1.8 
4.2 
10.4 
1.0 
1.8 
4.2 
7.0 
1.0 
1.8 
2.8 
4.2 
7.0 
10.4 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.7 
2.4 
3.1 
3.8 
4.5 
5.2 

423 
432 
43S 
506 
521 
540 
577 
4S0 
491 
491 
484 
525 
544 
440 
454 
500 
523 
454 
465 
492 
515 
439 
442 
477 
481 
492 
496 
531 
508 
523 
613 
104 
96 
106 
200 
375 
442 
399 
371 
380 
390 
397 

403 
408 

423 
425 
431 
503 
519 
538 
578 
446 
491 
491 
483 
523 
542 
432 
443 
492 
518 
445 
458 
488 
511 
428 
439 
473 
481 
490 
496 
522 
500 
514 
597 
103 
94 
104 
105 
357 
334 
392 
370 
379 
390 
393 
402 
407 

B 
B 
B 
I 
I 
I 
I 

B 
B 
B 
B 
I 
I 
I 
I 
I 
I 

Table 6.2: Experimental data points and values predicted by the theory (contin-
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Number Pc 

(barj 

TMt(p) 

[Kl 

T,al(p)l% 8 

(degl 

Reference 
forfl 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
ie 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

647 
556 
556 
647 
647 
647 
647 
647 
647 
647 
647 
647 
647 
517 
517 
517 
517 
517 
517 
517 
517 
517 
517 
517 
517 
517 
517 
647 
647 
647 
647 
126 
126 
126 
126 
471 
471 
487 
487 
<87 
•187 

487 
487 
487 

221.3 

45.6 

45.6 

221.3 

221.3 

221.3 

221.3 

221.3 

221.3 

221.3 

221.3 

221.3 

221.3 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

63.8 

221.3 

221.3 

221.3 

221.3 

33.9 

33.9 

33.9 

33.9 

42.9 

49.9 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

373 
348 
348 
373 
404 
418 
461 
373 
393 
404 
417 
447 
461 
352 
368 
393 
426 
352 
368 
393 
411 
352 
368 
379 
393 
411 
426 
373 
373 
373 
373 
77 
77 
77 
77 
297 
297 
323 
337 
349 
358 
367 
374 
380 

0.58 

0.63 

0.63 
0.58 
0.62 
0.65 
0.71 
0.58 
0.61 
0.62 
0.64 
0.69 
0.71 
0.68 
0.71 
0.76 
0.82 
0.68 
0.71 
0.76 
0.80 
0.68 
0.71 
0.73 
0.76 
0.80 
0.82 
0.58 
0.58 
0.58 
0.58 
0.61 
0.61 
0.61 
0.61 
C.63 
0.63 
0.66 
0.69 
0.72 
0.73 
0.75 
0.77 
0.78 

28 
2.5 
0 

3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 

Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
4.5 
4.5 
5 
5 

Small 
Small 
small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 
Small 

Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 
Landolt 

Estimation 
Estimation 
Estimation 
Estimation 
Estimation! 
Estimation' 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Landolt 
Landolt 
Landolt 
Landolt 

Estimation 
Estimation 
Estimation 

(**) 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 
Estimation 

Table 6.3: Experimental data poirts and values predicted by the theory (contin
ued) 
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Number 20 "C/Z eJkTe f fTc 

[Kl 

Relative 
Error 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

0.45 
0.53 
0.53 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.57 
0.57 
0.57 
0.57 
0.5" 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.45 
0.45 
0.45 
0.45 
2.33 
2.33 
2.33 
2.33 
0.62 
0.62 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 

4.40 
4.55 
4.55 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
4.60 
5.00 
5.00 
5.00 
5.00 
Larqe 
Larqe 
Large 
Larqe 
Larqe 
Larqe 
Larqe 

tarcia 
Larqe 
Larqe 
Larqe 
Large 
Larqe 

0.88 
0.89 
0.89 
0.88 
0.89 
0.89 
0.89 
0.88 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.90 
0.92 
0.89 
0.89 
0.90 
0.91 
0.89 
0.89 
0.90 
0.90 
0.91 
0.92 
0.88 
0.89 
0.88 
0.88 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.89 
0.90 
0.90 
0.90 
0.90 
0.91 

570 
495 
495 
570 
576 
576 
576 
570 
576 
576 
576 
576 
576 
460 
460 
465 
475 
460 
460 
465 
470 
460 
460 
465 
465 
470 
475 
570 
576 
S70 
570 
112 
112 
112 
112 
419 
419 
434 
434 
439 
439 
439 
439 
443 

-26 
-14 
-13 
-12 
-10 
-7 
0 

-22 
-15 
-15 
-16 
-9 
-6 
-6 
-4 
6 
9 
-3 
0 
5 
9 
-7 
-5 
2 
3 
4 
4 
-8 
-13 
-10 
5 
-8 
-16 
-7 
-6 
-15 
-20 
-10 
-15 
-14 
-11 
-10 
-8 
-8 

Table 6.4: Experimental data points and values predicted by the theory (contin
ued) 
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Comments on 

References 

Baumeiscer 
Yao: 
Henry: 
Witte: 
Flynn: 
Manson: 
Merte: 
Rhea: 
Stock: 
Kautzky: 
Simopoulos 

Table 6.1 

-.Baumeister and Simon (1973) 
Yao and Henri (1978) 
Henry (1974) 
Witte and Henningson (1969) 
Flynn et al (1962) 
Manson (1967) 
Merte (1962) 
Rhea and Nevins (1969) 
Stock (1960) 
Kautzky and Westwater (1967) 
:Simopoulos et al. (1979) 

Type of Experiment: 

(*) 

Reference 

I 

B 

Theta: 

small 

Reference 

Landolt: 
Estimation 
(**) 

Liquid is below saturation 
temperature 

for Tint: 

semi-infinite slab model. 
Equation (2.3) 
Baumeister and Simon's 
correlation, Equation (2.12) 

see text 

for theta: 

Landolt (1961) 
see text 
Extrapolation from data 
in Fox and Zisman (1952) 

Table 6.5: Experimental data points and values predicted by the theory (contin
ued) 
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Figure 6.2: Experimental data points and values predicted by the theory 
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effect which increases the rewetting temperature, a contamination of the surface 
is usually not expected to lead to a significant variation of the factor / . Indeed, 
by considering the experimental rewetting situation of water on a metallic surface 
at atmospheric pressure, we have for a clean surface a low contact angle 8 = 0 
which implies a liquid-solid interaction ew/kTc = 5. At atmospheric pressure the 
corresponding factor is / = 0.89. For the same situation a contaminated surface 
with a contact angle 9 ~ 45°, which implies ew/kTc = 4, will still have the same 
factor / = 0.89. Even for a contact angle of 60° the variation of the factor / is less 
tht,n one percent. We conclude that surface contaminat ion will ususally have 
a negligible effect on the factor / ; whereas because of the thermal resistance 
due to contamination, the temperature upon contact is reduced which, in turn, 
implies a higher rewetting temperature, as is observed in the experiments. 

Coat ing W i t h Poorly Wet t ing Materials 

For a Teflon coated surface, or a surface coated with silicon grease, Gaertner (1965) 
reports qualitatively a decrease in the minimum film boiling temperature of water. 
These surfaces have a contact angle of approximately 9 = 108" from which a factor 
/ = 0.72 is obtained instead of the bulk value / = 0.89. This corresponds to an 
important (19 %) decrease of the minimum film boiling temperature with respect 
to a surface which has a low contact angle 9 = 0; which is in agreement with the 
qualitative observations made by Gaertner (1965). 

Liquid M e t a l s 

Liquid metals usually have a rewriting t r inprraturr which is lower than the our 
which would be obtained from the bulk spiuodnl tenijKTature (nauiurister and 
Simon, 1973: Gumterson and ('roneiiberg. 1978). This may partially be due to 
the deviation of liquid metal* from the convent ion nal equations of state used to 
determine lhe spinodal limit (Gtmnrrscu mid Cronenberg, 1978). The theory 
whi -h K do-elopped in the present work explains qualitatively this deviation out 
fails to give i>n accurate quantitative prediction for the revetting temperature. 
This is because, unfortunately, liquid metals fall in the region where the local 
density approximation, which was made in order to derive the local equation of 
state, becomes too crude. 

A numerical example can be taken for mercury which has a contact angle of 
approximately 9 = 140" on most metallic surfaces (Landolt, 1969). With a critical 
temperature for mercury of Tr = 1735°K the isotherm for the determination of the 
fluid-wall interaction eu"/kTr is 293/1735 = 0.17. This gives a value of ew/kTe = 0.5. 
From Appendix A it is seen that these values of the parameters clearly are in a 
region where the local density approximation is not accurate. The isotherm for the 
determination of the factor / is 630/1735 = 0.36. where 630°K is the saturation 
temperature of mercury at atmospheric pressure. The corresponding factor for 
ew/kTc = 0.5 is / = 0.36 which implies a rewetting temperature equal to the 
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saturation temperature TIHT,RE\V = 630 °K ; whereas experimental rewetting data 
are in the range of 811 °K - 950 °K (Baumeister and Simon, 1973). We conclude 
that the qualitative trend for liquid metals is predicted by the theory, but that an 
accurate prediction of the rewetting value is not possible with the present theory 
because liquid metals are in a region where the constant density approximation 
inherent to this theory is not accurate. 

6.4 Conclusions 

It was shown that the bulk spinodal temperature is a good estimation of the max
imum superheat temperature of a liquid at a wall for most liquid-wall situations 
encountered in rewetting experiments. This is due to the low value of the contact 
angle which characterizes the most common rewetting situations. The majority 
of the saturated minimum film boiling data points lie in a ± 10 % range of the 
predicted interfacial rewetting temperature, the significant deviations being in the 
direction of a minimum film boiling temperature which is lower than the predicted 
value. These deviations can be explained by the additional necessity to have suf
ficient disturbances of the vapor film in order to promote rewetting. The increase 
of the rewetting temperature due to surface contamination is explained by the 
fact that related degradation of wettability dues not induce an appreciable reduc
tion of the maximum siqwrheat temi>erature at the interface; whereas the oxide 
layer, which is usually related to contamination, is of low thermal effusivity and 
increases the rewetting temperature. The reduction in the reweting temperature 
due to coating with a poor wetting material, such as Teflon, is predicted correctly. 
The similar reduction of the rewetting temperature of liquid metals is qualitatively 
predicted, but a quantitative comparison with liquid metals requires the theory to 
be applied outside its range of validity, and the predicted values of 7/jvr,fl£iv are 
lower than the measured values. From the above we conclude that the available 
experimental data do not contradict the theory presented in this work. 
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Chapter 7 

Summary and Conclusions 

A review of the main fields of physics and technology which are related to the 
rewetting phenomena is presented. This review includes a very short presentation 
of the loss of coolant accident in a nuclear power plant. Two models which can be 
used to estimate the temperature upon contact when a liquid touches a hot surface 
are presented. The thermodynamic theories which describe the phase transition 
of a liquid into vapor are presented in some detail, with a strong emphasis on 
the spinodal limit and homogeneous nucleation theories. An overview of surface 
physics is presented. This overview of fields related to rewetting is closed by a 
short presentation of the main thermohydraulic instabilities which can occur in a 
rewetting situation. A review of different models for the rewetting phenomena is 
presented in Chapter 3. 

The phase transition from liquid to vapor which occurs when a liquid suddenly 
touches a hot surface, as may occur in a rewetting situation, takes place in a fluid 
region which is very close to the wall. Since interfacial phenomena take place in 
this region, it is natural to expect that this phase transition will be affected by the 
presence of the wall. To assess this effect of the wall on the liquid to vapor phase 
transition in the fluid region very close to the wall, a theory was developped in 
the present work which is based on the derivation of a local equation of state for 
the fluid in the vicinity of a wall. This equation of state is obtained from a mean 
field treatment of the intermolecular potentials between fluid-fluid molecules and 
fluid-wall molecules. In such a treatement one obtains the potential energy of a 
given molecule by the interaction of this molecule with a mean field which arises 
from the contributions of all other molecules, instead of summing up the individual 
interactions between the given molecule and the other molecules. In this work it is 
further assumed that the contribution to the mean field which is due to fluid-fluid 
interactions is correctly approximated by taking the fluid density constant at the 
value that it has at the point where the mean field is 10 be evaluated. 

With these assumptions a local equation of state for the fluid is obtained which 
depends on the distance from the wall. For large distances from the wall this 
equation of state reduces to the bulk equation of state, whereas when approaching 
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the solid surface it shows markedly differences such as the critical temperature and 
pressure which take half their bulk values at the wall. 

An important aspect of this work is that the intermolecular parameters which 
appear in the local equation of state can be related to the measurable contact 
angle of the liquid over the solid. This relation is obtained by making a specific 
choice of intermolecular potentials which allows the density profile of the fluid in 
presence of the wall to be analytically solved, in terms of a differential equation 
instead of an integral equation as for the more general case. The contact angle is 
obtained for the same specific choice of potentials. It is thus possible to determine 
the parameters of these intermolecular potentials once the the thermodynamic 
critical characteristics of the fluid as well as the contact angle of the fluid over the 
surface are known. 

The effect of the wall on the fluid state close to the wall depends of course on 
the specific value of the intermolecular potential parameters and is discussed in 
Chapter 5 where the critical temperature and pressure as a function of the distance 
from the wall are obtained, as well as the profile of the spinodal temperature. For 
the most usual pressure profile, one observes a fluid region in a supercritical state in 
the immediate vicinity of the wall. This comes from both a higher pressure in this 
region of fluid due to the attraction from the wall and to the reduction of the critical 
pressure as the wall is approached from the bulk. After this supercritical layer, in 
the direction towards the bulk fluid, there is a ' ange of intermediate fluid pressures 
which can be followed by a region where the pressure is negative, indicating a fluid 
under tension. Farther away from the wall, the pressure eventually reaches the bulk 
fluid pressure. In the regions of supercritical pressure there is no possibility of first 
order phase transition by increasing the temperature and the spinodal temperature 
is thus not existent. In the rest of the fluid, the local spinodal temperature is 
determined by the local pressure and by the form of the local equation of state. 

When the temperature profile which appears when the liquid touches a hot 
wall is applied on the fluid, and if the wall is hot enough, there will be a phase 
transition from the liquid state into a vapor state. In order to study the occurence 
of this phase transition, the assumption is made that the temperature profile does 
not modify significantly the density profile, as long as the phase transition does 
not occur. This means in particular that the spinodal temperature as a function 
of the distance from the wall is assumed to remain unchanged from its distribution 
obtained for a saturated fluid of uniform temperature in presence of a wall. Since 
in our application to the rewetting phenomena we are essentially interested in 
knowing the timescale during which the liquid state can remain on the hot surface, 
we consider only whether the phase transition will occur through metastable decay 
or spinodal decomposition, that is a relatively slow process versus a much faster 
one. 

The result of the application of this temperature profile in the fluid as it is 
described by the present theory can by summarized by a factor / which, multi
plied by the bulk critical temperature Tc, gives a characteristic temperature fTc. 
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If the interfacial temperature between the fluid and solid drops below fTc the 
phase transtion will occur via metastable decay, whereas if this interfacial tem
perature remains above fTc the phase transition will occur in a much faster way 
through spinodal decomposition. According to the thermodynamic hypothesis 
for the rewetting phenomena, one will thus not expect rewetting to occur if the 
interfacial temperature is above fTc. 

For a given saturation temperature of the system, the values from the factor 
/ range between this reduced saturation temperature for a wall whose molecules 
do not attract the fluid molecules and the reduced spinodal temperature of the 
fluid when there is a strong attraction between fluid and wall molecules. Thic the
oretical result is compared to experimental data in order to assess its validity, the 
comparaison being made on the basis of the maximum superheat temperature hy
pothesis which assumes that the rewetting of the surface is related to the occurence 
of direct-liquid solid contacts, and that these contacts have no significant effect 
when the interfacial temperature upon contact between liquid and solid is above 
the maximum superheat temperature. A limitation inherent to this hypothesis is 
that it relies on the necessity to have sufficient thermohydraulic disturbances of 
the vapor film in order to induce direct contacts which might then possibly lead 
to rewetting. If such disturbances are not present, then the possibility exists of 
having a system in film boiling at temperatures well below fTc. 

The experimental used here data are randomly selected from a wide range of 
rewetting data, based on availability of contact angle data. The fluid/wall combi
nations for which both contact angle and rewetting data are available have usually 
a low value of the contact angl-\ The theory predicts that for these low val
ues of the contact angle, the factor / becomes equal to the reduced bulk spinodal 
temperature. This means that for most rewetting situations the bulk spinodal tem
perature is the maximum interfacial temperature upon contact at which significant 
contacts can occur, even when interfacial effects on the phase transition are taken 
into account. The comparaison shows that the theory is not contradicted by the 
data. Moreover, the effect of contamination of the surface and coating with poor 
wetting material are discussed and are in agreement with the experimental trend. 
The liquid metal data are in qualitative agreement with the theory, although in 
this case the theory is applied outside its range of validity and consequently the 
quantitive agreement is not very good for liquid metals. 

As is well known, rewetting phenomena are very complex, many different sub-
processes (phase transition, heat conduction, liydrodynamic, ...) occuring in a 
very short time. In most cases it is extremely difficult to know which of these 
subprocesses will be important in each specific rewetting situation. This difficulty 
is largely due to the incomplete information available on these individual subpro
cesses. Moreover these processes are often coupled together, each one influencing 
the others. This interdependance makes the study of the rewetting phenomena an 
even more complicated task. 

The present work is meant as a specific contribution to the understanding of 
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the phase transition which occurs when a liquid enters in contact with a very hot 
wall. 
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Appendix A 

Constant Density Approximation 

The approximation of constant density, Equation (4.9), used to determine the 
liquid contribution to the mean field, Equation (4.10) is compared in this Appendix 
to the exact value of the mean field given by Equation (4.3). With t'ie specific 
choice of potentials introduced by Sullivan (1979) and used in this work, it is 
possible to write the exact contribution to the mean liquid field, Equation (4.3), 
in the following form 

<t>L(x) = —-a p(x')exp(-\x-x'\)dx' (A.l) 
2 Jr '=0 

The approximated mean field can be written 

I rx'=+oc 
4>Q{X) =--ap(x) j exp(-\x -x'\)dx' (A.2) 

2 Jx '=o 
Which, upon simplification, gives 

<f>o = - | « P " exp(-x)]/>(*) (A.3) 

Using the density profile obtained in the typical case ew/kTc = 2.0 and Tsat = 
0.50, these exact and approximated fields are compared in Figure (A.l) . Figures 
(A.2) to (A.4) show a comparison of the integrands in Equations (A.l) and (A.2). 
for the exact and approximated fields, for in the same typical case at the points 
x = 0, x = 1 and x = 2. 

The relative difference 6 between the approximated and exact fields is 

The relative difference b is plotted as a function of the distance a for the typical 
case ew/kTc = 2.0 and Tmt — 0.50 in Figure (A.5). It shows that at the wall (x = 0) 
the error is approximately 14% and falls rapidly as the distance from the wall is 
increased, being of less than 2% for x > 1. 
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Figure A.l: Exact and approximated fluid-fluid mean fields for the case 
ew/kTc = 2.0 and Tsat = 0.50 
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Figure A.2: Comparaison between the integrands of the exact and approximated 
mean fields for ew/kTc = 2.0 and Tsat = 0.50, at the point x = 0 
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Figure A.3: Comparaison between the integrands of the exact and approximated 
mean fields for ew/kTc = 2.0 and Tsat = 0.50. at the point x = 1 
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Figure A.4: Comparaison between the integrands of the exact and approximated 
mean fields for ew/'kTr = 2.0 and Tiat — 0.50. at the point x = 2 
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Figure A.5: Relative diiFerence 6 as a function of the distance from the wall i , for 
the case ew/kTc = 2.0 and T,at = 0.50 
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As expected, this approximation is not very good in the regions where the 
density gradient is important, here x < 1, while it is acceptable in the rest of the 
fluid, he*-e for x > 1. Inspection of Figures (5-1) to (5.6) shows that the minimum 
of the local spinodal temperature, which determines the factor / , is moved away 
from the wall as ew/kTc is increased. At Tsat = 0.50 the local density approximation 
is acceptable only for ew/kTc > 2.0 because for lower values of ew/fcTc the factor / 
could be determined in the region x < 1 where the error becomes important. As 
the saturation temperature is increased, the density profile flattens and the range 
of valid values for ew/kTc increases. For instance, at Tsat = 0.90, the factor / is 
determined at x > 1 for the entire range of ew/kTc, as shown in Figure (5.6), and 
the approximation is accurate for the whole range of values ew/kTc. 

Figures (A.6), (A.8) and (A.10) show the position x0 of the point where the 
local pressure is equal to the local critical pressure, Equation (5.5), as a function 
of the fluid-wall interaction parameter ew/kTc, for the different saturation tem
peratures T3at = 0.50,0.70,0.90. The corresponding relative error 6 on the liquid 
mean field, estimated at this point x0, is given in Figures (A.7), (A.9) and (A.11). 

As a conclusion the constant density approximation improves as the 
saturation temperature increases or as ew/kTc increases. At T,at = 0.50 
it is acceptable for ew/kTc > 2.0 and at Taat — 0.90 it is acceptable for all the 
reported values ew/kTc. 
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Figure A.6: Position of the point .To, at T,at = 0.50 
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Figure A.7: Relative error d on the mean field at the point XQ, at T3at = 0.50 
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Figure A.S: Position of the point x0. at Ttat = 0.70 
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Figure A.9: Relative error 6 on the mean field at the point x0, at T,at = 0.70 
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Figure A. 10: Position of the point x0, at T,at = 0.90 
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Figure A.11: Relative error b on the mean field at the point x0, at Tsat = 0.90 
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