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Abstract

A new integrated approach, comprising hydrodynamic±thermodynamic micro- and macro-scale models, for analysis

of rewetting systems is presented. This new approach facilitates concurrent prediction of rewetting temperature, T �rew,

and quench velocity, U �rew, for a wide range of system properties. To this end, the previously developed, micro-scale

hydrodynamic model is combined with a thermodynamic model and the resulting algorithm is used to derive relations

between the quench velocity and rewetting temperature. This combined micro-scale thermodynamic±hydrodynamic

model is then interfaced with a known macro-scale model. The former predicts a physically feasible relation between

rewetting temperature and quench velocity, as dictated by the physical properties and geometry of the phases involved

in the micro-scale, three-phase contact zone. This model uses iterative algorithm that seeks the conditions where the

contact angle predicted by the hydrodynamic and thermodynamic models match. Results of application of the com-

bined model to several groups of liquids, with diverse thermo-physical properties, are presented. The calculated re-

wetting temperature is a monotonic increasing function of the quench velocity, for all liquids investigated, and the

contact angle decreases with an increase of temperature. Higher rewetting temperatures and smaller contact angles are

produced by increasing the intermolecular force as expressed by the parameter ex/kTc. The versatility of the model and

its sensitivity to small increments in the iteration procedure used in the combined model is demonstrated for the unique

case of helium. The mean slope (MS) of the rewetting temperature±quench velocity curve for liquids that pertain to the

same group is shown to be nearly invariable. This is a new characteristic property of rewetting systems.

The macro-scale model involves operational constraints that are imposed on the system and consequently a macro-scale

relation between the rewetting temperature and quench velocity is set. The intersection between the microscopic, physically

feasible, and the macroscopically imposed relations of rewetting temperature and quench velocity yields �T �rew;U
�
rew� that is

expected to prevail, for the given conditions of the system. This intersection is required for rewetting to exist. Otherwise, no

rewetting is possible, as either complete wetting or non-wetting characterizes the behavior of the system. The new inte-

grated approach is free of the need for assumptions regarding the value of either Trew or Urew, as both are obtained as its

output. This work, which completes the series on determination of quench velocity and rewetting temperature on hot

surfaces, relies completely on thermo-physical properties of the solid±liquid±vapor system and its operating conditions,

without the need for additional assumed inputs. In this sense, the rewetting system can be fully described, once its own

micro- and macro-scale properties and constraints are known. Ó 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

This work presents an integrated approach whereby a

new hydrodynamic±thermodynamic micro-scale model

is interfaced with a known macro-scale model of re-

wetting. The derivation of a combined hydrodynamic±

thermodynamic micro-scale model is described ®rst and

then the integrated approach is introduced. The hydro-

dynamic±thermodynamic model, which describes re-

wetting phenomena, is based on the formulation in [1,2].
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Nomenclature

a characteristic molecular size (m)

A Hamaker constant (J)

A dimensionless Hamaker constant,

A=6pglU0L2h0 (dimensionless)

C capillary number, glU0=rh3
0 (dimensionless)

E parameter, klDT=qlHlLU0h
2
0 (dimensionless)

f(r) temperature pro®le at bottom edge of liquid

®lm (dimensionless)

F �r� temperature pro®le at bottom edge of liquid

®lm (K)

F parameter, cDT=r (dimensionless)

h�n� liquid±vapor interface pro®le (dimensionless)

H ®lm thickness (m)

Hl heat of evaporation (J/kg)

k Boltzmann constant (J/K)

L horizontal scaling length, a=h2
0 (m)

M molecular weight (kg/kmol)

N parameter, �Lh0aqvH 2
l =klT 3=2

s ��M=2pR�1=2

(dimensionless)

p total pressure, at the bulk density, p[q1] (Pa)

p�hs hard-sphere pressure at the local density,

p�hs�q�z�� (Pa)

r radial coordinate (dimensionless)

R universal gas constant (J/kg K)

S parameter, L=rqvh0� � klDT=Lh0Hl� �2
(dimensionless)

t time (s)

T temperature (K)

Texp experimental temperature data (K)

Tin liquid inlet temperature (K)

Tmfb minimum ®lm boiling temperature (K)

Tleid Leidenfrost temperature (K)

Trew rewetting temperature (K)

T �rew rewetting temperature ± unique value

(obtained as conjugate solution of U �rew) (K)

Tsolid initial solid temperature (K)

DT characteristic temperature di�erence, Tw ÿ Ts

(K)

DT � temperature step size, in iteration process (K)

u(r) contact line velocity in moving coordinate

system attached to the quench front (dimen-

sionless)

u� contact line (quench front) velocity (dimen-

sionless)

Urew rewetting (quench front) velocity (m/s)

U �rew rewetting (quench front) velocity ± unique

value (obtained as conjugate solution of T �rew)

(m/s)

U0 reference quench front velocity, Khm
0 (m/s)

v mean velocity of the liquid ®lm (m/s)

x horizontal coordinate in stationary system,

along the solid wall (dimensionless)

Y function of l and ex, Eq. (6) (J per molecule)

z vertical coordinate, normal to the solid wall

(dimensionless)

Greek symbols

a molecular accommodation factor, and also

used as thermal di�usivity

a strength of ¯uid±¯uid intermolecular

interaction, Eq. (5)

c slope of linear r�T � correlation (N/m K)

d1 half width of solid slab (Fig. 21) (m)

d2 dimension of outer edge of liquid ®lm (Fig. 21)

(m)

ex intermolecular interaction potential,

appearing as Ew in the ®gures (J per molecule)

eh convergence criterion for h (dimensionless)

g dynamic viscosity (kg/m s)

k thermal conductivity (W/m K)

kÿ1
r typical length of intermolecular interactions

(m)

l chemical potential at the bulk density, l�q1�
(J/kg)

l�hs hard-sphere chemical potential, at the local

density, l�hs�q�z�� (J per molecule)

l�hs reference value of the hard-sphere chemical

potential, Fig. 1 (J per molecule)

h contact angle (rad)

hh hydrodynamic contact angle (rad)

ht thermodynamic contact angle (rad)

h0 reference contact angle (rad)

H temperature (dimensionless)

q density (kg/m3)

r surface tension (N/m)

w quadratic potential, function of l and p,

Eq. (5)

n coordinate (in x-direction) in a moving frame

of reference attached to the quench front,

n � xÿ u�t (dimensionless)

Dn grid size (dimensionless)

Subscripts

A wet region behind quench front (Fig. 21)

B dry region ahead of quench front (Fig. 21)

b bulk of the ¯uid

c critical

g gas (vapor)

hs hard-sphere

l liquid

lv liquid±vapor

rew rewetting

s saturation

sl solid±liquid

sv solid±vapor

v vapor

w wall (solid)
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The rewetting models have been traditionally classi-

®ed into two distinct groups, namely thermodynamic

and hydrodynamic. It is absolutely clear that using only

one of the two approaches does not provide a full

physical description of the rewetting problem. Surveys

of the rewetting model, including these two approaches

have appeared in the literature e.g. [3±7]. Ben David [8],

compiled a comprehensive survey of rewetting models,

which were partly summarized in [1,2]. Here, the micro-

scale hydrodynamic model, as formulated in [1,2], is

combined with a thermodynamic model which is based

on the work of Sullivan [9,10]. The new approach yields

a relation between the quench velocity and the rewetting

temperature. The former is set within a predetermined

operative range, and each rewetting temperature, which

is obtained from the combined model, corresponds to a

speci®c value of this velocity. This gives a micro-scale

correlation between the rewetting velocity and tem-

perature. In order to determine the real values of the

quench velocity and rewetting temperature for a speci®c

solid±liquid system, the new micro-scale model is inter-

faced with a macro-scale quench velocity model. The

latter accounts for operational constraints, such as ¯ow

rate and initial solid temperature. This is done in the

second part of this work.

For a speci®c solid±liquid system, which is set at an

initial wall temperature and quench velocity, u�U0 (di-

mensional), the hydrodynamic model produces a solu-

tion pro®le of the liquid±vapor interface equation [2].

This yields an attendant hydrodynamic contact angle.

Concurrently, the thermodynamic model, under the

same conditions, provides a thermodynamic contact

angle. Using an iterative process, the two values of

contact angle are compared. In each iteration, the wall

temperature is adjusted until a satisfactory convergence

between the two models is achieved. Then the wall

temperature is recorded, as the rewetting temperature,

Trew, at the postulated quench velocity. The calculation

is repeated for other values of u�U0, and in this way, a

rewetting temperature±quench velocity correlation is

established for various solid±liquid pairs. In the fol-

lowing, the quench velocity, u�U0, is denoted by Urew.

The order of magnitude of this velocity is mm/s.

Finally, our new micro-scale model is combined with

a macro-scale model, which predicts the quench velocity,

Urew, for the given rewetting temperature, Trew, in con-

junction with macroscopic operating parameters, e.g.,

solid properties and liquid ¯ow rate. The result of this

integration of models is simultaneous and unique de-

termination of both Urew and Trew.

2. A combined hydrodynamic±thermodynamic micro-scale

algorithm

2.1. Theory

2.1.1. The Sullivan model for surface tension and contact

angle at the solid±liquid±vapor contact zone

Sullivan [9,10] developed a statistical±mechanical

model for the contact angle between a liquid ®lm and a

solid substrate. This contact angle, which is considered

in the context of the van der Waals model, was pre-

viously used by Sullivan to treat gas adsorption on solid

surfaces. The model accounts for the occurrence of three

types of wetting behavior: complete wetting �h � 0°�,
partial wetting �0° < h < 180°�, and non-wetting

�h � 180°�, as well as transitions between them. The

calculation of intermolecular forces relied on the van der

Waals concept of dividing the interaction potential, be-

tween a pair of molecules, into a hard-sphere repulsive

part and an attractive long-range part. The interaction

between the solid substrate and ¯uid molecules is simi-

larly modeled by a hard-wall repulsive potential, aug-

mented with a long-range attractive part.

Sullivan considered a system in which coexisting

liquid and vapor exhibit a contact angle, h, on the sur-

face of a solid. This contact angle depends on the in-

terfacial tensions at the three-phase contact line by the

Young±Dupre equation

Fig. 1. Graphic description of the parameters given in Eqs. (2)±

(6) [10].

n di�erentiation with respect to n
(0) at the wall �z � 0�
1 solid

2 liquid

Superscripts

I interface (at z � h)

�±� dimensional variable
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cosh � rsv ÿ rsl

rlv

; �1�

where r denotes interfacial tension and sv, sl, and lv

denote the solid±vapor, solid±liquid, and liquid±vapor

interface. Using the principles of the mean ®eld theory,

he obtained the following expressions for the three in-

terfacial tensions in terms of the chemical potentials:

rlv � 1

akr

Z l�
hs;l

l�
hs;g

��������������
w l�hs

ÿ �q
dl�hs;g; �2�

rsv � 1

akr

(
ÿ e2

x �
Z l�

hs;g�0�

l�
hs

Y l�hs;g

� �
dl�hs;g

ÿ
Z l�

hs;g

l�
hs;g�0�

������������������
w l�hs;g

� �r
dl�hs;g

)
; �3�

rsl � 1

akr

(
ÿ e2

x �
Z l�

hs;l�0�

l�
hs

Y l�hs;l

� �
dl�hs;l

�
Z l�

hs;l

l�
hs;l�0�

�����������������
w l�hs;l

� �r
dl�hs;l

)
; �4�

where the subscripts hs, hs,l and hs,g denote hard-

sphere, hard-sphere at a liquid phase, and hard-sphere at

a gaseous phase. The subscript (0) refers to values of

l�hs;g and l�hs;l at the wall (z � 0 in our coordinate system,

Fig. A12 in [2]). The parameter a stands for the strength

of the ¯uid±¯uid interaction, and kÿ1
r is a typical length

which is taken as being identical for both ¯uid±¯uid and

wall±¯uid interactions.

The functions w l�hs

ÿ �
and Y l�hs

ÿ �
are given by

w l�hs

ÿ � � l�hs

ÿ ÿ l
�2 ÿ 2a p�hs

ÿ ÿ p
�
; �5�

Y l�hs

ÿ � � l�hs ÿ lÿ 2ex; �6�

where p and l correspond to the pressure and chemical

potential of the ¯uid at the bulk density, q1, and

l�hs and p�hs denote the local hard-sphere chemical po-

tential and pressure, lhs�q�z�� and phs�q�z��, at distance z

from the wall. The parameter ex denotes the strength of

the wall±¯uid interaction.

Fig. 1 describes the function
�������������
w�l�hs�

p
vs. the local

hard-sphere chemical potential, l�hs. The dashed and

solid parts of the curve represent the positive (for liquid)

and negative (for vapor) values of
����
w

p
, respectively. The

parameters lhs;g and lhs;l in Eqs. (2)±(4) indicate that the

state of the ¯uid at z!1, being bulk, is either saturated

vapor or saturated liquid, respectively. They are also the

roots of the function
�������������
w�l�hs�

p
, see Eq. (5) and Fig. 1.

The values of l�hs;g�0� and l�hs;l�0�; l
�
hs;l, are obtained at

the intersection of the linear function (dotted line) of Eq.

(6) with the function
����
w

p
of Eq. (5). The function Y �l�hs�

intersects the l�hs axis at the point l�hs. If the intersection

point is at l�hs > l�hs;l, then a situation of complete wet-

ting �h � 0°� prevails. If l�hs < l�h;g, then a non-wetting

situation �h � 180°� exists. The range l�hs;g6 l�hs6 l�hs;l

refers to partial wetting, where the contact angle is be-

tween 0° and 180°.

Sullivan [10] notes that the expressions for the solid±

¯uid interfacial tension (Eqs. 3 and 4) are valid for any

thermodynamic state, and they do not necessarily re-

quire coexistence of liquid and vapor. When a ¯uid is in

a two-phase state, the solid may interface either with the

saturated vapor �l�hs � l�hs;g� or with the conjugate liquid

�l�hs � l�hs;l�.
The sum taken over the two integration ranges in

expressions (2) and (4) is the magnitude of the common

area that is bounded by the curves
�������������
w�l�hs�

p
, Y �l�hs�, and

the l�hs axis, for values of the arguments between l�hs and

Fig. 2. Behavior of cosh as a function of the parameter ex/kTc,

at three di�erent levels of the reduced temperature, T/Tc [10].

Fig. 3. A plot of contact angle vs. reduced temperature for

di�erent values of ex/kTc [10].
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l�hs. The dashed area on the left-hand side of Fig. 1,

between l�hs;g and l�hs; contributes to rsv, while the area

on the right, between l�hs and l�hs;l, contributes to rsl. The

di�erence in magnitudes of these areas, divided by the

total area enclosed by
�������������
w�l�hs�

p
between l�hs;g and l�hs;l,

equals cosh (see Eqs. (1) and (2)). It is clear that the

magnitude of the di�erence in areas in the two cases,

l�hs � l�hs;g and l�hs � l�hs;l, is always less than the total

area under the curve
�������������
w�l�hs�

p
between l�hs;g and l�hs;l. The

interfacial tensions must satisfy the following inequality:

�rsvj ÿ rsl�j < rlv: �7�
Consequently, a contact angle between 0° and 180° is

obtained (partial wetting). In this way, the contact angle

can be related to the strength of the wall±¯uid interac-

tion ex. Numerical results, giving the relation between ex

Fig. 4. Structure of the new micro-scale combined thermodynamic±hydrodynamic model algorithm.
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and h, which are based on the solution of Eqs. (1)±(4),

are shown in Figs. 2 and 3. Note that the data available

from Fig. 3, as given by Sullivan [10], are in the

0:56 ex=kTc6 4:0 range. In this work, the e�ect of ex/

kTc was tested up to a value of 5.0.

In summary, when the temperature and the interac-

tion energy parameter, ex/kTc, of a solid±liquid system

are known, the contact angle h can be evaluated by the

model of Sullivan [10]. This model was incorporated as

part of the new rewetting model developed here because

of its useful micro-scale features. These involve inter-

molecular forces and other physico-chemical aspects that

can be related to rewetting phenomena. In order to

complete the background, which is necessary for the de-

velopment of the combined micro-scale model, the ther-

modynamic and hydrodynamic parts must be interfaced.

The details and analysis of the micro-scale hydrodynamic

model, as related to contact angle and dynamics of liquid

®lms on a solid surface, are discussed in [1,2].

2.1.2. Computer algorithm for the new thermodynamic±

hydrodynamic micro-scale model

Fig. 4 shows a general scheme describing the al-

gorithm which combines the thermodynamic and hy-

drodynamic parts of the model. In the following, a

detailed explanation for this algorithm is presented:

1. Input data of the thermo-physical properties of the

liquid and solid are introduced.

2. Initial values of postulated quench velocity, (Urew)0,

and wall temperature, (Tw)0, which is higher than

the saturation temperature, Ts, are set. The index j

is used for successive values of the postulated quench

velocity (Urew)j, and the index i for the wall tempera-

ture iteration loop (Tw)i.

3. The dimensionless parameters that appear in the

liquid±vapor interface equation [2] are calculated:
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4. A numerical solution of this interface equation is car-

ried out by the IMSL subroutine in order to obtain

h(n).

5. The hydrodynamic contact angle (hh)i is calculated

from the slope of the line, which is determined by av-

eraging the maxima and minima points of the inter-

face pro®le, h(n).

6. The temperature distribution H�n; z�, given in [2], is

calculated analytically
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7. The liquid bulk temperature, Tb, of the whole ¯ow

domain is calculated (see Appendix A).

8. The interfacial surface tensions between the various

phases are calculated by the Sullivan model, Eqs.

(2)±(4). The results for the thermodynamic contact

angle ht, that are based on Eq. (1) are shown in

Figs. 2 and 3. Using the relevant solid±liquid inter-

molecular force parameter, ex/kTc, and the reduced

temperature (Tb)i/Tc, the thermodynamic contact an-

gle, (ht)i is obtained.

9. A comparison between the calculated values of the

hydrodynamic, (hh)i, and the thermodynamic, (ht)i,

contact angles is made. If the convergence criterion

is satis®ed, i.e., jhh ÿ htji6 eh, then the rewetting tem-

perature, (Trew)j is determined. If not, the process

continues by taking a new wall temperature,

�Tw�i�1 � �Tw�i � DT �, and steps 3±9 are repeated un-

til convergence is established.

10. New values of the quench velocity �Urew�j�1 are pro-

gressively taken, and steps 3±9 are performed until

the corresponding rewetting temperatures are deter-

mined.

11. A relation is derived between the postulated quench

velocity and the rewetting temperature, and it is plot-

ted.

2.2. Derived relation between rewetting temperature and

quench velocity ± results and discussion

The combined thermodynamic±hydrodynamic model

was applied to di�erent groups of ¯uids, and for each

¯uid, the rewetting temperatures were determined at

di�erent values of postulated quench velocity. Table 1

summarizes the thermo-physical properties of liquids for

which rewetting temperatures are reported here. These

¯uids were selected according to the wide range of their

thermo-physical properties, for example, ¯uids having

very low saturation temperatures (helium and nitrogen)

in contrast to those with higher values of this tempera-

ture (water and toluene). The ¯uids selected may be

categorized into main groups such as: organic, inor-

ganic, polar and cryogenic. The thermo-physical prop-

erties, that are necessary as input data for the rewetting

model, were taken at saturation conditions and at at-

mospheric pressure. As an exception, the properties used

in the case of CO2 are saturation conditions at 718 kPa.

The thermo-physical properties in Table 1 were taken

from the handbooks [11,12]. The molecular interaction

parameters, such as e/k and a, were taken from [13],

where e is the minimum of the potential interaction en-

ergy of the liquid and a is the core diameter of a liquid

molecule. The parameter ex may be evaluated as a

function of the parameter e and the solid±solid inter-

molecular force parameter, es. ex/k is one of the factors

that de®nes the thermodynamic contact angle, ht (see

Figs. 1 and 2). The parameter ex is the minimum of the

solid±liquid intermolecular potential of interaction; its

evaluation is not simple because of the complexity of the

phenomena that gives rise to the intermolecular forces.

Sullivan [10] suggested an approximate method for

weighing the solid±solid intermolecular force parame-

ter, es, with that of the ¯uid±¯uid interaction, e. Since

data of ex/kTc are not readily available for rewetting

situations, it is treated as a free parameter. In this way,

the sensitivity of calculated rewetting temperatures to a

change in the value of this parameter can readily be

examined. Another advantage gained by parameter-

ization using the dimensionless group ex/kTc is the

general presentation of the results, i.e., one value of ex/

kTc corresponds to several solids in contact with a

single selected liquid. Gerweck and Yadigaroglu [7]

evaluated this parameter through contact angle data, at

room temperature conditions. However, they used ex-

trapolated values as estimates for the rewetting tem-

peratures. They found that for most liquids on metals,

the estimated values of this parameter lead to very

small contact angles (see Figs. 1 and 2), which are also

associated with rewetting situations. In this context,

they showed that the relevant range of ex/kTc is

between 4.0 and 5.0.

The results obtained by applying the new combined

model, for the liquids listed in Table 1 are presented in

Figs. 5±20. Di�erent scales were applied in the plots in

order to provide optimal resolution. Various ranges of

ex/kTc appear in the ®gures (note that the notation Ew in

the ®gures is identical to ex). This re¯ects the variability

of properties of materials, for which the relation between

rewetting temperature and quench velocity is estab-

lished, and availability of literature data to this end.

Each ®gure consists of four parts that demonstrate the

sensitivity of the di�erent plots to variation in ex/kTc,

using three values of this parameter between 4 and 5.

These plots are:

(a) contact angle vs. ¯uid bulk temperature,

(b) contact angle vs. quench velocity,

(c) rewetting (wall) temperature vs. quench velocity,

(d) ¯uid bulk temperature vs. rewetting (wall) tem-

perature.

The signi®cance and implications of these results are

discussed in the following. These detailed results illus-

trate the versatility of the new model, as a tool for the

simulation of a wide range of solid±liquid±vapor re-

wetting systems.

The liquids in Table 1 are classi®ed into several

groups as follows:

1. Lique®ed refrigerants (¯uorocarbons). Freon-11 (R-

11), Freon-12 (R-12), Freon-113 (R-113) (Figs. 12±

14), carbon tetrachloride, ammonia, sulfur dioxide

(Figs. 6, 16, and 19).

2. Lique®ed inorganic gases (cryogenic). Ammonia, heli-

um, nitrogen, sulfur dioxide (Figs. 16±19), bromine

(Fig. 15).
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Fig. 5. Results of the micro-scale, thermodynamic±hydrodynamic, model: water on a solid system, for di�erent values of ex=kTc.

Ts � 100°C, Tc � 374°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall) tem-

perature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 6. Results of the micro-scale, thermodynamic±hydrodynamic, model: carbon tetrachloride on a solid system, for di�erent values

of ex=kTc. Ts � 76:8°C, Tc � 283°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting

(wall) temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.
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Fig. 7. Results of the micro-scale, thermodynamic±hydrodynamic, model: ethanol on a solid system, for di�erent values of ex=kTc.

Ts � 78:4°C, Tc � 243°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 8. Results of the micro-scale, thermodynamic±hydrodynamic, model: methanol on a solid system, for di�erent values of ex=kTc.

Ts � 65°C, Tc � 239:5°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.
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Fig. 9. Results of the micro-scale, thermodynamic±hydrodynamic, model: n-butyl alcohol on a solid system, for di�erent values of

ex=kTc. Ts � 117:7°C, Tc � 287:2°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting

(wall) temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 10. Results of the micro-scale, thermodynamic±hydrodynamic, model: toluene on a solid system, for di�erent values of ex=kTc.

Ts � 110:6°C, Tc � 320:8°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

M. Ben David et al. / International Journal of Heat and Mass Transfer 44 (2001) 1343±1371 1353



Fig. 11. Results of the micro-scale, thermodynamic±hydrodynamic, model: benzene on a solid system, for di�erent values of ex=kTc.

Ts � 80:1°C, Tc � 288:6°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 12. Results of the micro-scale, thermodynamic±hydrodynamic, model: Freon-11 on a solid system, for di�erent values of ex=kTc.

Ts � 23:3°C, Tc � 198°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.
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Fig. 13. Results of the micro-scale, thermodynamic±hydrodynamic, model: Freon-12 on a solid system, for di�erent values of ex=kTc.

Ts � 29:8°C, Tc � 112°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 14. Results of the micro-scale, thermodynamic±hydrodynamic, model: Freon-113 on a solid system, for di�erent values of ex=kTc.

Ts � 47:6°C, Tc � 214:1°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.
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Fig. 15. Results of the micro-scale, thermodynamic±hydrodynamic, model: bromine on a solid system, for di�erent values of ex=kTc.

Ts � 58:8°C, Tc � 310°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 16. Results of the micro-scale, thermodynamic±hydrodynamic, model: ammonia on a solid system, for di�erent values of ex=kTc.

Ts � ÿ33:2°C, Tc � 132:5°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

1356 M. Ben David et al. / International Journal of Heat and Mass Transfer 44 (2001) 1343±1371



Fig. 17. Results of the micro-scale, thermodynamic±hydrodynamic, model: helium on a solid system, for di�erent values of ex=kTc.

Ts � ÿ268:9°C, Tc � ÿ267:9°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 18. Results of the micro-scale, thermodynamic±hydrodynamic, model: nitrogen on a solid system, for di�erent values of ex=kTc.

Ts � ÿ195:8°C, Tc � ÿ147°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.
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Fig. 19. Results of the micro-scale, thermodynamic±hydrodynamic, model: sulfur dioxide on a solid system, for di�erent values of

ex=kTc. Ts � ÿ10°C, Tc � 157:2°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting

(wall) temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.

Fig. 20. Results of the micro-scale, thermodynamic±hydrodynamic, model: carbon dioxide on a solid system, for di�erent values of

ex=kTc. Ts � ÿ50°C, Tc � 31°C: (a) contact angle vs. ¯uid bulk temperature; (b) contact angle vs. quench velocity; (c) rewetting (wall)

temperature vs. quench velocity; (d) ¯uid bulk temperature vs. rewetting (wall) temperature.
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3. Alcohols (organic). Ethanol, methanol, n-butyl al-

cohol (Figs. 7±9).

4. Polar (inorganic). Water, carbon tetrachloride (Figs.

5 and 6).

5. Hydrocarbons (organic). Toluene, benzene (Figs. 10

and 11).

Some of the liquids appear in two di�erent groups

and Fig. 20 is for CO2.

The following common features can be observed for

all the solid±liquid systems plotted in Figs. 5±20.

(1) Each point on the curves corresponds to a

possible rewetting situation. For instance, ®xing a

postulated quench velocity (plot (c) in Figs. 5±20), yields

a corresponding single value for the rewetting tem-

perature. It follows that the curve actually represents a

relation between the postulated quench velocity and its

associated rewetting temperature.

(2) In a rewetting situation, the contact angle de-

creases when the temperature rises (plot (a) in all ®g-

ures). This physical picture is in agreement with

experimental observations that were compiled from

several sources by Olek et al. [14] and Carbajo [3]. The

contact angles obtained here are smaller than 1° (0.0174

rad). This con®rms the validity of the lubrication ap-

proximation for rewetting situations, considering the

fact that they are characterized by small values of the

contact angle �h! 0�.
(3) The rewetting temperature, Trew, increases with

an increase in the quench velocity, Urew, (plot (c) in

Figs. 5±20). The plot of Trew vs. Urew is approximately

linear in most cases. This relation is one of the im-

portant results of this work. In contrast, other pre-

diction models, of either the rewetting temperature or

the quench velocity, require that one or both of these

parameters be provided as input data. This work

provides a direct method, and closed algorithm, for the

determination of this temperature±velocity relation.

The monotonous increase of the rewetting temperature

with the quench velocity may be explained through

heat transfer considerations. Higher values of the

rewetting temperature at the solid±liquid interface de-

crease the heat ¯uxes from the solid (axial conduction

for instance) as a result of the smaller temperature

gradient at the quench front. The lower gradient fol-

lows from the smaller di�erence between the initial

solid temperature (prevailing ahead of and far from

the front) and that at the front. Lower heat ¯uxes

produce less intense evaporation and consequently the

liquid can advance faster on the solid. This means a

higher quench velocity which can be interpreted as a

more e�ective rewetting. Note that this increase in

quench velocity was deduced by Olek et al. [4], using

their macro-scale model, and through comparison with

experimental results of Du�ey and Porthouse [15], and

others. The quench velocity predicted here is of the

order of a few millimeters per second (Urew6 0:6 cm/s).

This range of values was observed experimentally, and

also deduced from theoretical quench velocity macro-

scale models [4].

(4) All plots of the liquid bulk temperature, Tb, as a

function of the wall temperature under rewetting con-

ditions, show that the former is lower than the latter.

Consequently, heat ¯ows from the wall to the super-

heated liquid. For liquids with higher conductivity

(water, etc.) the di�erence between these temperatures is

smaller. For example, in the case of sulfur dioxide

(Fig. 19(d)), this temperature di�erence is larger than

that obtained for water (Fig. 5(d)).

(5) All the results are presented for three levels of ex/

kTc. Higher values of ex/kTc are characteristic of solids

with a stronger attraction to liquid molecules. Therefore,

higher levels of ex/kTc are expected to drive the rewet-

ting temperature up (plot (c) in Figs. 5±20), because the

liquid tendency to evaporate is reduced. In this context,

small changes in ex/kTc can produce, in some liquids,

signi®cant changes in the rewetting temperature. In the

case of water (Fig. 5(c)) at Urew � 0:4 cm/s, the rewetting

temperature changes from 240°C, at ex=kTc � 4:8, to

320°C at ex=kTc � 4:9.

(6) Higher values of ex/kTc (at ®xed ¯uid tempera-

ture) induce smaller contact angles (see plot (a) in

Figs. 5±20). A stronger attraction of the liquid molecules

by the solid (e.g., increase of ex/kTc) leads to ¯atter ®lms

with smaller slopes.

(7) Plot (c) in Figs. 5±20 show a general pattern,

where the ¯uid temperature increases with velocity. At

low velocity, the rate of increase of temperature with the

velocity is small, and in some cases, it practically van-

ishes. As the velocity increases, the rise in temperature

occurs at a faster rate, and in some cases, rather

abruptly. This observation can be linked to the behavior

of the contact angle (see plot (b) in Figs. 5±20). At low

velocity, the contact angle is relatively large, which

corresponds to thicker ®lms. The intermolecular at-

traction forces, being a function of A/H3, are sensitive to

the ®lm thickness H. Consequently, there is a strong

e�ect of the change in velocity, via the ®lm thickness, on

the temperature. In some cases, this can appear as

an abrupt change in the slope of the temperature vs.

velocity curve.

(8) Examination of available rewetting temperature

models shows that the spread of predicted values of

Trew is quite substantial. For water on stainless steel,

these are in a wide range between 180°C and 330°C.

This situation arises since these models do not account

for all the physical e�ects involved in rewetting, and

they are usually based on either hydrodynamic or

thermodynamic approaches. By combining the new

micro-scale approach with a reliable macro-scale

quench velocity model, the rewetting temperature, as

well as the quench velocity, can be determined simul-

taneously. This is done in the sequel. According to the
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results of this work that treats the rewetting problem

both thermodynamically and hydrodynamically, the

values of the rewetting temperature for water, as an

example, are also between 200°C and 330°C (Fig. 5,

ex=kTc � 4:7, 4.8, 4.9). However, in this work the

temperature range is a consequence of setting up the

range of the quench velocity, and not due to a scatter

around a speci®c value of this velocity. For a real

problem, which dictates the input data, Urew and Trew

are determined together as an output of the combined

hydrodynamic±thermodynamic micro- and macro-scale

models. This provides a more plausible representation

of the actual physical processes involved in the rew-

etting phenomena.

(9) The quench velocity postulated here, for all the

cases studied, is between 0.05 and 0.6 cm/s. This range

is based on the results obtained by Olek et al. [4] in-

cluding comparisons they made with available experi-

mental data. The rewetting temperatures that were

obtained for this range of velocities (see plot (c) in

Figs. 5±20) are found to be in good agreement, in most

cases, with the correlation of Olek et al. [14], see also

the last entry in Table 1. Note, however, that their

correlation (which does not always ®t experimental

data) is based on a thermodynamic approach, where

the quench velocity is ignored, and only a single value

for the rewetting temperature is derived. This value is

within the range predicted by our new approach. Plot

(c) in Figs. 5±20, shows that the results of the corre-

lation of Olek et al. [14] are good for 0:16Urew6 0:4
cm/s and ex=kTc � 4:9. If ex/kTc is larger than or equal

to 4.9, then the corresponding quench velocity is of the

order of 0.15 cm/s, which is also in the range of the

available experimental data. This provides further

support for the new quench velocity±rewetting

temperature relation that has been derived in this work

(see Section 2.3).

The case of helium (Fig. 17) is particularly inter-

esting because of its special thermo-physical properties.

The liquid±vapor interfacial tension of helium is very

small (0:12� 10ÿ3 N=m, see Table 1), relative to other

common liquids, and its maximum superheat, Tc ÿ Ts,

is approximately equal to 1°C. The saturation tem-

perature (at 103 kPa) of helium is extremely low

()268.9°C). Nevertheless, the new model provides, once

again, very good results as compared with experimental

data (see Table 2). In this case, the temperature step

size, during the iterative process (Fig. 4), was taken as

DT � � 0:001°C (in view of the low superheat of 1°C),

and the results obtained during the iterations were

sensitive even to this exceptionally small value. The

helium case is an excellent example for validation of

the model performance. The quench velocities postu-

lated for helium are in the range 0:016Urew6 0:1 cm/s.

These values are an order of magnitude smaller than

those set for other liquids. This may be explained by

the lower heat of evaporation of helium, which is ap-

proximately 10 times smaller than characteristic values

Table 2

Comparison of results of rewetting temperatures between the new combined model, experimental data, and other models, at at-

mospheric pressurea

Liquid Range of rewetting

temperatures for the

postulated quench

velocitiesb Trew (°C).

Combined new model

Experimental data Prediction by other models

Texp Solid surface Tmfb or Tleid Tint (semi-in®nite

slab model)

(°C) Ref. (°C) Ref. (°C) Ref.

Water 200±300 233 [16] Stainless steel 235 [21] 230 [24]

Carbon tetrachloride 130±200 161.8 [17] Copper ± ± 158 [17]

Ethanol 149±200 181 [16] Stainless steel 154.8 [17] 172 [24]

Methanol 125±200 ± ± ± 135 [22] 151 [24]

n-Butyl alcohol 140±240 ± ± ± ± ± 194 [24]

Toluene 235±300 ± ± ± ± ± 221 [24]

Freon-11 50±150 102 [18] Stainless steel 101.6 [23] 84 [17]

Freon-12 15±80 ± ± ± ± ± 48 [24]

Freon-113 70±100 90 [19] Stainless steel 125.8 [17] 91 [24]

Bromine 125±220 ± ± ± ± ± 210 [24]

Benzene 100±220 ± ± ± 188.3 ± 193.1 [24]

Ammonia 7±35 ± ± ± ± ± 67 [24]

Helium )268.6 to )267.8 )268.7 [17] ± )268.7 [17] )268.56 [24]

Nitrogen )190 to )170 )177 [20] Copper )179.2 [17] )179 [24]

Sulfur dioxide 20±90 ± ± ± ± ± 82 [24]

Carbon dioxide (at

p � 6.97 atm)

)32 to )23 ± ± ± ± ± )24 [24]

a The data in this table were compiled from Olek et al. [4] and Gerweck [5].
b The postulated quench velocity range is 0.05±0.6 cm/s.
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of other ¯uids that are listed in Table 1. In other

words, faster evaporation of the helium at the quench

front slows its quench velocity, compared to other less

volatile liquids.

2.3. Comparison with other models and experimental data

As noted previously, most of the existing models for

the rewetting temperature are based on either ther-

modynamic or hydrodynamic approaches [1]. The

rewetting temperature±quench velocity relation, de-

rived here, is based on consideration and interfacing of

both. Therefore, it is interesting to compare this new

combined approach with each of the separate ap-

proaches. Other types of predictions are usually based

on the minimum ®lm boiling, or the Leidenfrost tem-

perature that is obtained from semi-empirical correla-

tions. In Table 2, several ¯uids, at atmospheric

pressure conditions are compared. The data in Table 2

were compiled from [4,5], except for the Tint column

that was calculated here. The results of Trew in Table 2

are represented by a range of values according to the

rewetting temperature±quench velocity relations plot-

ted in Figs. 5±20. The other results are expressed as

discrete values, in accordance with the correlation or

experimental data used. Evidently, the range of pre-

dicted temperatures (second column from left in Table

2) shows a satisfactory agreement with results of the

other models. In the following section, discrete values

for both the rewetting temperature and quench velocity

(for the simulated solid±liquid systems) are obtained.

The quench velocity values are of the order of few

millimeters per second, as deduced from experimental

data collected by Olek et al. [4]. The temperature

ranges given in Table 2 were selected, using the as-

sumption that the postulated quench velocity is ap-

proximately in the range 0:056Urew6 0:6 cm/s (see

Figs. 5±20). The satisfactory agreement with exper-

imental data and other models provides an adequate

veri®cation of the validity of the new model and its

predictions.

For comparison, three ¯uids of three di�erent cate-

gories are discussed. Water (polar), methanol (organic)

and helium (inorganic) were selected for this purpose,

because of the great variety of their thermo-physical

properties. For example, the heat of evaporation of

water is highest (2:39� 106 J/kg, cf. Table 1) among all

the liquids studied here, whereas helium has the lowest

value (2:09� 104 J/kg). Methanol, which is organic, lies

in the intermediate range (1:20� 106 J/kg). The satura-

tion temperature, Ts, as well as the critical temperature,

Tc, are quite di�erent. The rewetting temperature values

predicted for water, methanol and helium are in the

ranges 200±300°C, 125±200°C and from )268.6 to

)267.8°C. These ranges correspond to the postulated

range for quench velocity between 0.05 and 0.6 cm/s (see

plot (c) of Figs. 5 and 8), and between 0.01 and 0.08 cm/s

(plot (c) of Fig. 17).

For water, the rewetting temperature range spans

the highest predicted values, this being in agreement

with its largest heat of evaporation. This fact allows the

water to be in contact with the hot surface at a higher

level of superheating, in contrast to helium, which has

a stronger tendency to evaporate. This also explains the

low quench velocities obtained for helium (O(10ÿ2 cm/

s)), which are lower by an order of magnitude than

those obtained for water and methanol (O(10ÿ1 cm/s),

plot (c) of Figs. 5, 8 and 17). Another feature that can

be observed is the di�erent relation between the wall

and the bulk liquid temperatures, Tw and Tb (plot (d)

of Figs. 5, 8 and 17). For water, the di�erence between

them is quite small �DT � Tw ÿ Tb � 2°C�, for metha-

nol DT � 10°C and for helium DT � 0:1°C. This be-

havior follows from the di�erence of the thermal

conductivities of the three liquids. The values of k for

water, methanol and helium are 0.680, 0.190 and 0.035

W/m K, respectively. Thus, for water, with higher k
than methanol, the temperature di�erence, DT, is rel-

atively small. In the case of helium, which has the

lowest value of k, there is a strong e�ect of superheat,

which is very low, causing small DT and also a stronger

dependence of Tb on Tw (steeper slope in plot (d) of

Fig. 17). The maximum superheat, Tc ÿ Ts, for water,

methanol and helium are 374°C, 174°C and 1°C, re-

spectively (see Table 1). The dimensionless ratio

�Tb ÿ Ts�=�Tc ÿ Ts�, calculated for the three liquids, is

approximately 5:3� 10ÿ3, 5:7� 10ÿ2 and 10ÿ1, respec-

tively. This result clearly explains the two observed

phenomena, mentioned above, e.g., of small DT, and

strong correlation of Tb and Ts for helium, as com-

pared to water and methanol, despite the fact that

helium has very low saturation and critical tempera-

tures.

2.4. The mean slope of the temperature±velocity relation

The temperature±velocity relations shown in plot (c)

of Figs. 5±20 are monotonous ascending functions. A

mean slope (MS) of the curves was evaluated using end

values of rewetting temperatures and velocities in the

range investigated.

For all the ¯uids studied, this MS is in the range

between 0.001 and 0.070 cm/s K (see Table 3). In

several groups of ¯uids the value of the MS is within a

narrow range. For example, all ¯uids in the ¯uoro-

carbon group show MS values of �0.006, whereas in

the case of alcohols and polar groups, half of this

value, i.e., �0.003 applies. This unique behavior of the

MS may explain why the expected rewetting tem-

peratures ®t very well the experimental data, notwith-

standing the great variance of the ¯uids studied. In

other words, it is possible to extend these results, which

M. Ben David et al. / International Journal of Heat and Mass Transfer 44 (2001) 1343±1371 1361



are based on the rewetting temperature±quench veloc-

ity relation obtained here, for other di�erent groups of

¯uids. For example, in spite of the fact that the satu-

ration temperatures of water and helium are very dif-

ferent, and their superheat temperature di�erences are

far apart (DT � 274°C for water and 1°C for helium),

their MS values are in the relatively narrow range

mentioned above.

3. Integrated approach of micro- and macro-scale models

3.1. Principle of model integration

Each point of the rewetting temperature±quench ve-

locity relation represents a possible rewetting situation,

i.e., for each selected value of the quench velocity, Urew,

the combined thermodynamic±hydrodynamic model

determines the appropriate rewetting temperature, Trew.

Note that Trew and Urew are also functions of the solid

thermo-physical properties, and of the initial solid

temperature, solid thickness, inlet liquid temperature

and mass ¯ow rate. These macroscopic parameters

characterize the operating conditions of the solid±liquid

¯ow system studied. For a given solid±liquid system that

is operating under speci®ed ¯ow and temperature con-

ditions, the values of Trew and Urew are unique. Thus, the

intersection of the new micro-scale model with one of

the known macroscopic models for the quench velocity,

completes the algorithm that determines T �rew and U �rew.

To this end, our new micro-scale model is combined

with the macroscopic quench velocity model of Olek

et al. [4]. The latter was selected in view of its versatility,

and its main features, as compared to other models, are

brie¯y presented here.

3.2. Macroscopic models

Prediction of the rewetting velocity has been the

primary goal of many investigations of the rewetting

problem. Reviews on the subject were published by Swan

and Carbon [25], Butterworth and Owen [26], Elias and

Yadigaroglu [27,28], Carbajo and Siegel [29], and Ben

David [8]. Theoretical models for this problem involve

the solution of the Fourier heat conduction equation in

the solid for speci®ed boundary conditions, that are

representative of the heat transfer processes at the

surface of the solid. The one-dimensional models typi-

cally assume a uniform temperature distribution in the

solid, in the direction perpendicular to the liquid ¯ow.

In most of these models, the heat transfer coe�cient

is chosen as a constant that is large in the wet region

behind the quench front and zero in the dry region

ahead of it. With a suitable choice of the heat transfer

coe�cient and the rewetting temperature, these models

can predict the rewetting velocity quite well for low

coolant ¯ow rates. However, at high ¯ow rates, ex-

tremely high values of the heat transfer coe�cient must

Table 3

The mean slope (MS) of the rewetting temperature±quench velocity relation for di�erent ¯uidsa

Subgroup: liquid Ts (K) Tc (K) Ts/Tc ex/kTc MS �cm=s K�
Polar

Water 373 647 0.577 4.9 0.0033

Carbon tetrachloride 350 487 0.719 ± 0.0032

Alcohols

Ethanol 351.4 516 0.681 4.9 0.0035

Methanol 338 512 0.66 4.9 0.0036

n-Butyl 390.7 560 0.698 4.9 0.0029

Hydrocarbons

Benzene 353 562 0.628 4.9 0.0086

Toluene 383.6 594 0.645 4.9 0.0037

Lique®ed gases

Bromine 332 583 0.569 4.9 0.0014

Nitrogen 77.2 126 0.613 4.9 0.0185

Helium 4.1 5.25 0.78 4.9 0.033

Ammonia 240 406 0.591 4.9 0.032

Sulfur dioxide 263 430 0.612 4.9 0.0058

Carbon dioxide (6.97 atm) 223 304 0.733 4.9 0.071

Fluorocarbons

Freon-11 296.8 471 0.630 4.8 0.0056

Freon-12 243.2 385 0.631 4.8 0.0055

Freon-113 321 487 0.659 4.8 0.0063

a ex=kTc � 4:8, 4.9, and atmospheric pressure.
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be postulated in order to ®t results of a speci®c one-

dimensional model with experimental data. In order to

overcome this problem, two-dimensional models were

developed. For example, Elias and Yadigaroglu [27],

and others, derived more advanced two-dimensional

models, but they require that the heat transfer coe�cient

and rewetting temperature must be given as input

parameters. It is obvious that by using these two

``degrees of freedom'', one can obtain reasonable ®t with

di�erent experimental data. Olek et al. [4] achieved

remarkable progress by developing a new model,

wherein the only required input parameter is the rew-

etting temperature. The heat transfer coe�cient is ob-

tained as part of their model solution. They considered

the rewetting process as a conjugate heat transfer

problem, and formulated the energy balance equations

both in the solid (conduction) and in the liquid (con-

duction and convection). A simultaneous solution of the

energy equations eliminates the a priori requirement of

data of the heat transfer coe�cient. This is the main

reason for selecting the Olek et al. [4] model as a macro-

scale model in this work. A combination of the new

micro-scale model, with that of Olek et al. [4], facilitates

the determination of the rewetting temperature and

quench velocity, as an intersection output of the macro±

micro-scale model. A brief presentation of the macro-

scale model of Olek et al. [4] is given in Appendix B, as a

background to its incorporation in this work.

3.3. Theoretical considerations and solution algorithm

The micro-scale hydrodynamic±thermodynamic

model sets a physically feasible relation between the

rewetting velocity and temperature, Urew and Trew, i.e.,

the quench front velocity and the rewetting temperature

at the solid±liquid±vapor contact line. In order to de-

termine uniquely the values of U �rew and T �rew for a given

solid±¯uid pair and operating conditions, an additional

relation between Urew and Trew is needed. This relation

can be obtained from an existing macro-scale model

representing the rewetting process. Several models to

this end have been suggested (cf. the reviews [8,25±29]).

Most of these models rely on several arbitrary input

parameters, and consequently, they are not compatible

with the method presented here. Therefore, as previously

mentioned, we have adopted the method developed by

Olek et al. [4], whereby the rewetting velocity is calcu-

lated, by solving a conjugate heat transfer problem, us-

ing the rewetting temperature as the only arbitrary

input. Other parameters, and in particular, the local heat

transfer coe�cient, are obtained as part of the solution

for any solid±liquid pair and operating conditions, e.g.,

initial solid temperature and liquid ¯ow rate. The values

of U �rew and T �rew are uniquely determined incorporating

both the micro- and macro-scale models and solving the

equivalent of two equations for the two unknowns.

The governing equations of the macro-scale model

developed by Olek et al. [4] appear in Appendix B. The

model is based on posing the heat transfer problem as a

conjugate one, and solving simultaneously the energy

equations in three domains: conduction in the dry and

wet regions of the solid (ahead of and behind the quench

front) and convection in the liquid.

For a given solid±liquid system that is operating

under pre-determined conditions, the set of conjugate

equations of the macroscopic model [4] in Appendix B,

is solved for a range of postulated values of the rew-

etting temperature, Trew. The quench velocity, Urew, is

then obtained as the output. The new thermodynamic±

hydrodynamic micro-scale model generates indepen-

dently another relation between Urew and Trew.

The macroscopic relation de®nes a possible range of

rewetting situations that are imposed on the system as

macro operating conditions, e.g., inlet velocity and

initial solid temperature. The micro-scale rewetting

temperature±quench velocity relation provides the in-

formation on constraints that are imposed by the solid±

liquid±vapor interactions, at the three-phase contact

zone. The intersection of these two rewetting tempera-

ture±quench velocity relations, determines uniquely the

prevailing values of Trew and Urew, e.g. �T �rew, U �rew�. Thus,

the interfacing between the macro and micro models

leads to a closed algorithm, where no external arbitrary

input data of either Trew or Urew are required.

3.4. Interfacing between the macro- and micro-scale

models ± a new integrated approach for rewetting systems

The new approach of interfacing between the micro-

and macro-scale models was applied to three sol-

id±liquid rewetting systems: water on stainless steel,

nitrogen on copper and Freon-113 on stainless steel.

These three cases are representative of three di�erent

rewetting classes according to their physical and chem-

ical properties. The water is classi®ed as a polar liquid,

the nitrogen as inorganic and cryogenic, and Freon-113

(also known as R-113) belongs to the ¯uorocarbons

group. These cases were studied by Olek [30], who

compared his model results to experimental data. The ®t

he established between theory and experiment is best for

cases of low ¯ow rates per unit wetted perimeter (up to

�0.05 kg/ms). Therefore, these cases were selected here

in order to incorporate the macro model and validate

the new approach. Details of the selected systems, which

were presented by Olek [30] are summarized in Table 4

(see Fig. 21).

Figs. 22±24 show plots of rewetting temperature vs.

quench velocity for the water/stainless steel, nitrogen/

copper, and Freon-113/stainless steel systems simulated

by the macro and micro rewetting models. Each ®gure

has four plots (a)±(d), for four di�erent initial solid

temperatures (for e.g., 400°C, 500°C, 600°C and 700°C,
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in the case of water on stainless steel). The plots in-

clude ®ve curves, three of which pertain to the macro-

scale ¯ow rate per unit wetted perimeter (0.017, 0.047,

and 0.11 kg/ms) and the other two to the solid±liquid

interaction parameter of the micro-scale model ex/kTc

(4.1 and 4.9). Note that the selected ¯ow rates were

used by Olek [30] to compare the results of his model

with the experimental data of [15]. The three ¯ow rate

levels cover the operational range of the systems

treated by Olek [30], and the solid±liquid interaction

parameter ex/kTc covers a range which is typical of

solid±liquid systems that are simulated by the micro-

scale model.

In order to illustrate the e�ect of the solid±liquid

intermolecular forces on Trew and Urew, the parameter ex/

kTc was varied in the range 46 ex=kTc6 5. Both the

relations for rewetting temperature vs. quench velocity,

obtained by the micro- and macro-scale models, are

monotonous, but they di�er in their slopes. Conse-

quently, there are ``micro-scale'' curves that intersect the

three ``macro-scale'' curves, each at a di�erent point.

These intersection points provide predictions of the

quench velocity and the rewetting temperature that are

based on the physical properties of speci®c solid±liquid

systems and their operating conditions. This means

that the values of both T �rew and U �rew are determined

theoretically as a unique intersection point, as deter-

mined by the two approaches and the two micro- and

macro-scale models. The interfacing between the two

models results in the new integrated approach for the

simulation of rewetting phenomena.

3.5. Analysis of results and discussion

The intersection of the ``micro'' and ``macro''

monotonous relations, such as in Figs. 22±24, deter-

Fig. 21. Scheme of problem geometry, rewetting of hot surfaces in top ¯ooding: (a) cylindrical geometry; (b) cartesian geometry. F �r�
or F �z� are general functions of the assumed boundary conditions for the temperature at the quench front line [4].

Table 4

Details of three solid±liquid macro systems studied by Olek [30]

Solid±liquid system Thickness of solid

rod (mm)

Diameter of

solid rod (cm)

Inlet liquid

temperature (°C)

Initial solid temperatures (°C)

Water/stainless steel 0.50 0.627 20.0 400, 500, 600, 700

Nitrogen/copper 1.08 2.223 )171.0 )100, )60, )40, )10

Freon-113/stainless steel 2.00 1.600 29.6 120, 160, 180, 200
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Fig. 22. Determination of quench velocity and rewetting temperature by intersection of quench velocity±temperature relations: water

on stainless steel at di�erent values of ¯ow rate and initial solid temperatures (a)±(d). Macro model (¯ow rate, per unit wetted perimeter

(kg/ms)): ± ± 0.017; ± 0.047; ±�± 0.11. Micro model (solid±liquid interaction parameter, ex=kTc): �� 4.1; ++ 4.9.

Fig. 23. Determination of quench velocity and rewetting temperature by intersection of quench velocity±temperature relations: ni-

trogen on copper at di�erent values of ¯ow rate and initial solid temperature (a)±(d). Macro model (¯ow rate per unit wetted perimeter,

(kg/ms)): ± ± 0.12; ± 0.20; ±�± 0.36. Micro model (solid±liquid interaction parameter, ex/kTc): �� 4.1; ++ 4.9.
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mines uniquely the quench velocity and rewetting tem-

perature, U �rew and T �rew, for each speci®c solid±liquid

system that is investigated. The location of this point is a

function of several parameters. Typical e�ects of these

parameters on U �rew and T �rew are illustrated and discussed

in the following.

3.5.1. E�ect of the initial solid temperature

The two micro-model curves (in Figs. 22±24) depend

on one micro parameter, ex/kTc, that stands for the

magnitude of the intermolecular solid±liquid interaction.

Higher values of the initial solid temperature, Tsolid, ir-

respective of the ¯ow rate, produce lower values of U �rew

and T �rew. Consequently, the location of the intersection

point shifts to the left. This is due to the higher heat

¯uxes, at the triple phase contact region, which cause

higher evaporation rates. The quenching process be-

comes slower, and hence, U �rew is expected to decrease.

For example, in the case of nitrogen on copper, see

Fig. 23(b), at ex=kTc � 4:9 and Tsolid � ÿ60°C, the values

of U �rew and T �rew are: 0.35, 0.5 cm/s and approximately

)178°C, )167°C, for the ¯ow rates of 0.20 and 0.12 kg/

ms, respectively. In Fig. 23(c), the initial solid tem-

perature is Tsolid � ÿ40°C, and the values of U �rew and

T �rew are approximately 0.38, 0.55 cm/s and )176°C,

)162°C, for the two ¯ow rates of 0.36 and 0.20 kg/ms,

respectively. A similar behavior is observed for water on

stainless steel (see Fig. 22). In Fig. 22(b), Tsolid � 500°C

and ex=kTc � 4:1, and the values obtained for U �rew and

T �rew, for the ¯ow rate 0.047 kg/ms are 0.42 cm/s and

235°C. Increasing the solid temperature to Tsolid � 600°C

(illustration (c)), shows that U �rew and T �rew are shifted

leftward, to 0.32 cm/s and 215°C.

3.5.2. E�ect of the ¯ow rate

Higher values of the quench velocity and rewetting

temperature are expected at higher ¯ow rates. For ex-

ample, in Fig. 23(c), the two values of the ¯ow rate of

nitrogen on copper 0.12, 0.2 kg/ms, produce the fol-

lowing two values for U �rew and T �rew: 0.38, 0.55 cm/s, and

approximately )177°C, )162°C. The higher values of

Trew are associated with smaller heat ¯uxes in the triple

phase contact region. This implies that the evaporation

is bound to be less intense, due to the decreased heat

¯uxes, and consequently, the value of U �rew is expected to

be higher. Thus the rise in T �rew is associated with a

corresponding increase in U �rew.

3.5.3. E�ect of intermolecular attraction

The third parameter which determines the quench

velocity and the rewetting temperature is the solid±liquid

intermolecular attraction, represented by ex/kTc. Figs.

22±24 show that larger values of this parameter, lead to a

shift of the intersection point between the macro and

micro models to the right. In other words, at ®xed initial

solid temperature and ¯ow rate, larger values of ex/kTc

Fig. 24. Determination of quench velocity and rewetting temperature by intersection of quench velocity±temperature relations: for

Freon-113 on stainless steel at di�erent values of ¯ow rate and initial solid temperature (a)±(d). Macro model (¯ow rate per unit wetted

perimeter, (kg/ms)) ± ± 0.13; ± 0.25; ±�± 0.45. Micro model (solid±liquid interaction parameter, ex/kTc): �� 4.1; ++ 4.9.
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produce higher values of U �rew and T �rew. For example,

consider the case of water on stainless steel, Fig. 22(d),

Tsolid � 700°C. At a ¯ow rate of 0.017 kg/ms and

ex=kTc � 4:1, the values of T �rew and U �rew are �210°C and

0.2 cm/s. At ex=kTc � 4:9 these values increase to 250°C

and 0.25 cm/s. Larger values of ex/kTc indicate rewetting

situations where the solid±liquid intermolecular attrac-

tion forces are stronger. This means that given the same

macro-scale operating conditions (Tsolid, ¯ow rate, etc.),

the contact between the solid and liquid molecules can

exist at higher temperatures, and hence, T �rew is also

higher. The increased value of T �rew entails reduced heat

¯uxes, this being due to the lower temperature gradients

that exist at the triple contact phase region. Conse-

quently, the evaporation is weaker and the expected

value of U �rew increases. The possibility of multiple solu-

tions for U �rew, T �rew is implied in Fig. 24, where the macro

and micro models can intersect at more than one point.

In this context, the comparison between di�erent ex/

kTc curves must be done, using the ®rst physically

possible intersection points. For example, in Fig. 24(b)±

(d), these intersection points can be obtained by

extending the macro-scale curves toward the region of

lower velocity. As explained below, the higher values are

not physical. At 0.25 kg/ms (see Fig. 24(c)), this exten-

sion gives U �rew � 0:15 cm/s, T �rew � 90°C, and U �rew �
0:10 cm/s, and T �rew � 80°C at ex=kTc � 4:9 and 4.1,

respectively.

3.5.4. Conditions for existence of rewetting

The parameter ex/kTc also determines, given the

operating conditions, the existence or exclusion of re-

wetting. For example, consider the case of Freon-113

on stainless steel at Tsolid � 120°C shown in Fig. 24(a).

Here, the macro and micro curves do not intersect and

hence, no rewetting can exist. This result can be in-

terpreted in the following way: the values taken for ex/

kTc constrain the system to have attraction forces be-

tween the solid and liquid molecules, which are strong

enough to raise the microscopically feasible rewetting

temperature above the one predicted by the macro

model. In this case, the weaker temperature gradients

and lower heat ¯uxes, dictated by the operating con-

ditions, are insu�cient to evaporate the liquid fast

enough, and the system turns into one of ``complete''

wetting. When the initial solid temperature, Tsolid, is

increased from 120°C to 160°C (see Fig. 24(b)), the

micro curves (®xed ex/kTc) remain unchanged while the

macro curves rise and intersect them. This means that

at Tsolid � 160°C rewetting can exist in the Freon-113/

stainless steel system. Here, the increase in temperature

gradient enhances the heat ¯ux, and hence also the rate

of evaporation, to the level that facilitates the existence

of a rewetting situation.

Fig. 24(b) shows one and two intersection points for

the same set of macro±micro curves. The occurrence of

multiple solutions can be linked to stability consider-

ations. Here the system may switch between the solu-

tions, e.g., from the less stable to the more stable state.

However, further investigation of this phenomenon is

outside the scope of this work. High enough levels of

Tsolid that raise the macro curves above the micro curves

prevent, once again, intersection. In this case, rewetting

cannot exist and conditions of non-wetting prevail.

Another explanation is based on the intermolecular

forces: lower values of ex/kTc indicate weaker solid±

liquid attraction forces, and hence, the predicted values

of Trew by the micro curves, are also lower. Conse-

quently, given the value of Tsolid, higher temperature

gradients are expected at the triple phase contact region,

which lead to higher heat and evaporation ¯uxes. In this

case, the intensive evaporation is su�cient to prevent

rewetting through the solid±liquid contact. Increase of

ex/kTc, at high levels of Tsolid, lifts the micro curves so

that their intersection with the macro curves becomes

feasible again.

4. Summary and conclusions

4.1. Combined hydrodynamic±theromodynamic micro-

scale algorithm

The new algorithm of a combined model which links

the micro-scale hydrodynamic and thermodynamic

models is used to establish an important relation be-

tween a postulated, or rather imposed, quench velocity

and its corresponding rewetting temperature. Calcula-

tions were performed by using the new combined model

for several categories of liquids with diverse thermo-

physical properties (alcohols, polar, hydrocarbons,

lique®ed gases and ¯uorocarbons), and the predicted

rewetting temperatures, corresponding to the postulated

quench velocities, show a satisfactory agreement with

experimental data and other models. For each postu-

lated value of quench velocity, a single value of rewet-

ting temperature is predicted. The monotonous, nearly

linear, quench velocity±rewetting temperature relation,

which is characterized by a positive slope, re¯ects the

physics of the rewetting system. The decrease in contact

angle, due to a rise in temperature, is in agreement with

experimental observations, which were compiled from

several sources. Higher values of the intermolecular

forces parameter ex/kTc, induce higher rewetting tem-

peratures and smaller values of contact angle, corre-

sponding to ¯atter ®lms. The case of helium is unique

because of its special thermo-physical properties. Both

the liquid±vapor interfacial tension (0:12� 10ÿ3 N/m)

and the maximum superheat (�1°C) are exceptionally

small as compared to other liquids. The new model

provides results that compare very well with exper-

imental data. In view of the small temperature

M. Ben David et al. / International Journal of Heat and Mass Transfer 44 (2001) 1343±1371 1367



increments used in the iterations for helium,

DT � � 0:001°C, the sensitivity of the results is a re-

markable outcome of the new model. In this sense, the

helium case is an excellent example showing the validity

of the model performance.

The MS of the liquid ®lm shows a unique behavior,

in a rather narrow range. For example, MS values cor-

responding to the tested ¯uorocarbons and alcohols,

were �0.006 and �0.003, respectively. In summary, the

combined micro-scale thermodynamic±hydrodynamic

algorithm presented here consists of a new approach for

prediction of the rewetting temperature. In this al-

gorithm, heat transfer, physico-chemical phenomena

and micro-hydrodynamic considerations were integrated

into a uni®ed model. This approach is combined with a

macro-scale rewetting model, in order to determine Urew

and Trew, simultaneously.

4.2. Integrated approach for rewetting systems

The main goal of the work reported here, and in

previous parts of this series [1,2] is the investigation,

characterization and simulation of the phenomena oc-

curring at the quench front during rewetting of hot

surfaces. The new thermodynamic±hydrodynamic mi-

cro-scale model is interfaced with a macro-scale model

for the simultaneous determination of the rewetting

temperature and quench velocity. In contrast to the

classical approaches, which treat the rewetting process

as either a hydrodynamic or a thermodynamic problem,

the e�orts here were focused on ®nding an integrated

approach, through the combined use of principles of

thermodynamics, hydrodynamics, interfacial phenom-

ena and heat transfer.

The hydrodynamic model is combined with the

micro-scale thermodynamic model of Sullivan that is

based on statistical±mechanical principles [9,10]. The

combined model yields a relation between solution

of the rewetting temperature that corresponds to a

postulated quench velocity. This derived relation is an

important consequence of the new combined approach.

In most of the available rewetting models, both the

rewetting temperature, Trew, and the heat transfer co-

e�cient are needed as input for the calculation of the

quench front velocity, Urew. The model of Olek et al. [4]

is more advanced, in the sense that only Trew is re-

quired as input, while the heat transfer coe�cient is

obtained as part of the solution. In our new model,

both variables are not required as input data and a

relation between Trew and Urew is obtained from basic

principles. The interfacing of the micro-scale model,

with a known macro-scale model, facilitates the

simultaneous determination of T �rew and U �rew, for a wide

range of solid±liquid systems and operating conditions.

This was veri®ed here for several diverse solid±liquid

systems, which were tested using the new micro-scale

model that was interfaced with the macro-scale model

of Olek et al. [4]. In this context, a new criterion for

existence of rewetting was de®ned.

The values of T �rew and U �rew were determined at the

points of intersection between the micro- and macro-

scale curves relating to these variables. Such intersection

is postulated to set the condition for existence of rew-

etting. If no such intersection is possible, then either

complete wetting or complete non-wetting prevails so

that no rewetting can occur.

The performance of the micro model was tested with

diverse groups of solid±liquid systems. For example, in

this series, organic, inorganic, polar and cryogenic

liquids were investigated. The results predicted by the

new model, which include rewetting temperatures,

quench front velocities, contact angles, etc., show a

satisfactory agreement with experimental data and with

other theoretical models.

The micro-scale thermodynamic±hydrodynamic

treatment presented here, shows that the rewetting

temperature of hot surfaces cannot be determined using

data that is limited to ¯uid properties and ¯ow con-

ditions (as assumed by the separate hydrodynamic or

thermodynamic approaches). It strongly depends on the

solid±liquid interaction, through the intermolecular

forces (long range forces and repulsive ones) which are

usually ignored in macroscopic models. These forces

contribute signi®cantly to the physical mechanisms that

govern the rewetting process. Stronger intermolecular

forces (larger Hamaker constant) entail higher rewetting

temperatures. The stronger attraction forces enable the

liquid molecules to stay in contact with hotter solid

surfaces, and consequently the rewetting temperature is

higher.

This work establishes the link between the condi-

tions that allow micro-scale rewetting and those that

are imposed by macro-scale operating conditions. The

interfacing between the two models is the essence of

this new approach for the solution of rewetting

problems. A basic feature of the new approach is that

it relies completely on the thermo-physical properties

of the solid±liquid±vapor rewetting system, and on its

operating conditions. The new approach is free of the

need for assumptions regarding the value of either

Trew or Urew, as both are obtained uniquely as its

output.

Appendix A. Calculation procedure of the bulk tempera-

ture, Tb

The thermodynamic contact angle, ht, is determined

by SullivanÕs model using the temperature of the solid±

liquid system. This temperature is expressed non-

dimensionally by Tb/Tc. The bulk temperature, Tb,

is de®ned as an average temperature over the region
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considered (06 n6 1, 06 z6 h�n�, dimensionless). The

dimensionless bulk temperature, Hb, is de®ned by the

following expression:

Hb �
R 1

0

R h�n�
0

H�n; z�dndzR 1

0

R h�n�
0

dndz
; �A:1�

where h(n) is the interface pro®le, given in a system of

coordinates that is attached to the contact line and de-

termined by the solution of the micro-scale hydrody-

namic model [2]. Inserting Eq. (9) for H�n; z� into Eq.

(A.1), Hb is determined explicitly as

Hb �
R 1

0

R h�n�
0
�1� N�hÿ z��=�1� Nh�dndzR 1

0
h�n�dn

� 1ÿ �
R 1

0
�Nh2=2�1� Nh��dn�R 1

0
h�n�

h i
dn

: �A:2�

The integrals in Eq. (A.2) can be calculated numerically

in terms of the pro®le solution, h(n), of the interface.

Appendix B

Consider a rod, or a ¯at plate, that is subjected to top

¯ooding (Fig. 21). The essential features of their macro-

scale theory are outlined brie¯y as follows [4].

The following formulation is valid both for Cartesian

and cylindrical coordinate systems. The two-dimen-

sional energy equations for the solid and the liquid, re-

spectively, are

oT 1

ot
� a1

1

rm

o
or

rm oT 1

or

� ��
� o2T 1

ox2

�
;

06 r6 r1; ÿ1 < x <1; t > 0 �B:1�

and

oT 2

ot
� v

oT 2

ox
� a2

1

rm

o
or

rm oT 2

or

� ��
� o2T 2

ox2

�
;

r16 r6 r2; ÿ1 < x6 0; t > 0; �B:2�

where the overbar indicates a dimensional variable

and

m �
0 for a Cartesian geometry;

with r � z; r1 � d1; r2 � d2;

1 for a cylindrical geometry:

8<:
The subscripts 1 and 2 denote the solid and the liquid,

respectively, A denotes the region above (behind) the

quench front, both in the solid and in the liquid, and B

denotes the ``dry region'' in the solid, below (ahead of)

the quench front. The thermal di�usivity is denoted by

a; T denotes temperature, t is the time, x and r the space

coordinates, Urew the ®xed quench front velocity (a

quasi-steady state assumption), and v denotes the aver-

age velocity of the liquid ®lm. All these variables are

dimensional. Applying the quasi-steady-state assump-

tion �oT=ot � ÿUrewoT=ox�, Eqs. (B.1) and (B.2) take

the following form:

1

rm

o
or

rm oT
or

� �
� o2T

ox2
� ui

ai

oT
ox
� 0;

06 r6 r2; ÿ1 < x <1; �B:3�

ui �
Urew;

Urew ÿ v;

�
ai �

a1; 06 r6 r1;

a2; r16 r6 r2:

�
�B:4�

Olek et al. [4] de®ned the following normalized vari-

ables:

H � T ÿ T in

T w ÿ T in

; r � r
r2

; r1 � r1

r2

; x � x
r2

; �B:5�

where T w is the initial solid temperature (far ahead of the

quench front), and T in is the liquid inlet temperature. By

virtue of Eq. (B.5), the energy Eq. (B.3) is transformed

into the following dimensionless form:

1

rm

o
or

rm oH
or

� �
� o2H

ox2
� u�r� oH

ox
� 0; �B:6�

where

u�r� � u1 � Urewr2=a1; 06 r6 r1;

u2 � �Urew ÿ v�r2=a2; r16 r6 1:

�
�B:7�

Note that all variables without overbar are dimension-

less.

Eq. (B.6) is solved with the following boundary

conditions:

r � 0; ÿ1 < x6 0 :
oHA

or
� 0; �B:8�

r � 1; ÿ1 < x6 0 : HA � 0; �B:9�

r � r1; ÿ1 < x6 0 : HÿA � H�A; �B:10a�

r � r1; ÿ1 < x6 0 :
k1

k2

oHÿA
or
� oH�A

or
; �B:10b�

x! ÿ1; 06 r6 1 : HA ! 0; �B:11�

x � 0; 06 r6 r1 : HA � HB; �B:12a�

x � 0; 06 r6 r1 :
oHA

ox
� oHB

ox
; �B:12b�
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x � 0; r1 < r6 1 : HA � f �r� � F �r� ÿ T in

T w ÿ T in

; �B:13�

r � 0; 06 x <1 :
oHB

or
� 0; �B:14�

r � r1; 06 x <1 :
oHB

or
� 0; �B:15�

x!1; 06 r6 r1 : HB � 1; �B:16�

x � 0; r � r1 : HB � H0 or HA � H0; �B:17�
where k1 and k2 are the thermal conductivities of the

solid and the liquid, respectively, the superscripts + and

ÿ denote the left- and right-hand sides along the solid±

liquid interface �r � r1�, and H0 is the dimensionless

rewetting (quench) temperature, corresponding to Trew.

It is emphasized that in this model, as in all previous

rewetting models, it was necessary to assume that Trew is

known (given value). The above system of equations was

solved analytically by Olek et al. [4] using series expan-

sion. Several functions for f �r�, Eq. (B.13), have been

used and the e�ect of changing them on the results was

found to be negligible. The pro®le f �r� which was used

here is linear, between the values H0 and Hs (saturation

temperature), in the range r1 < r6 1.

The solution procedure was as follows: ®rst, Eqs.

(B.1)±(B.16) are solved, by the special series expansion

as an eigenvalue problem, to yield the temperature ®eld

(in the three regions) in terms of the unknown rewetting

velocity, Urew. Then, condition Eq. (B.17) is applied to

obtain Urew as a function of Trew, taken as an arbitrary

input parameter. In this way, using realistic operating

conditions, and empirical data for the rewetting tem-

perature, Olek et al. [4] found rewetting velocities for

various solid±liquid pairs.

In the present work, the above macro-scale model of

Olek et al. [4] was used to derive one relation for

Urew(Trew). This is coupled with a relation, derived from

our micro-scale model [1,2] to determine uniquely the

values of U �rew and T �rew.
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