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Abstract

The mechanistic understanding of boiling processestill inadequate. Major physical effectstdrmining the heatansfer in high heat
flux nucleate and transition boiling regions have not yet been captured adequately. Thus, existing design correlations are often valid only for
one of the boiling regimes. In this paper, the wetting structure close to the boiling surface is identified using the experimental data from an
optical probe, obtaineduring pool boilirg of FC-72 on a horizontal surface, together with alnematical model for thinterfacial geometry
based on two-phase flow averaging theory. In the same framework, a unifying correlation to describe the heat flux along the entire boiling
curve is presented. The suggested correlation is based on thepbgsieal quatities regardless of the boiling regime; it employs only a
single fitting parameter in its most sitegform. Alternative corriations are compared to the suggestedealation and their relative merit is
assessed by statistical model discrimination techniques. The results suggest that transfer phenomena associated with the interfacial evolutio
in particular the volumetric presence of interface close to the heatfce, together with the superheat, play an important role for the overall
boiling heat transfer mechanism.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction More recently, Nishio et al. [Zhave shown that contact line
density correlates well with boiling heat flux around CHF.

In the last decades many experimental and theoretical Yet, there is no consensus which of the suggested parameters
investigations on boiling heat transfer have been conducted.are mostimportant in determining boiling heat transfer.
Despite all the efforts, relevant physical parameters, which A brief review of selectedperimental and theoretical
allow a unifying description of the entire boiling curye Studies will be given next in order to put the scope of the
have not been identified. Existing design correlations are Presentwork into proper perspective.
often valid only for one of the boiling regimes, i.e., nucleate
boiling, critical heat flux, transition and film boiling. Their

uncertainty is partly rather large, especially for higher heat . _ . :
Y 1S party g P y g Beginning with the seminal photographic study of Gaert-

fluxes, where a mechanistic undtanding of the boiling 3 h of derstandi bout boili
process is still inadequate. Depending on the boiling regime,ner[ 1. much of our understanding about boiling processes

the heat flux to the boiling fluid has been correlated with is deduced from thebservation and interpretation of the

different quantities [1]. Among the most prominent are evolution of the liquid—vapor interfac&or example, nucle-

superheat, nucleation site density, average vapor fraction a,[atlon sites are detected by observing the initial growth phase

the boiling surface or average vapor velocity, but there are of vapor embryos at the heater surface at low superheats [4,

; 5]. Thin heater experiments employing liquid crystal ther-
many others such as bubble diameter or bubble frequency.mogn,;lphy [6] or sapphire glass heaters [2] provide valuable

insight into the structure of liquid and vapor covered areas
* Corresponding author. at the surface; however, one has to proceed with care with
E-mail addressmarquardt@Ipt.rwth-aachen.de (W. Marquardt). extrapolations to technically relevant thick heatégtical

1.1. Experimental studies
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Nomenclature

A area segment of heater surface for one equivalent vV volume or covariance matrix of parameters ¢r
vapor patch vapor phase

Ay total area of heater surface X coordinate vector

A interfacial area density X phase indicator function

c parameter or heat capacity y vector of averaged key interfacial quantities

C curve or parameter Z coordinate perpendicular to heater surface

*

% EZ:ZQEE?: Greek symbols

Cy,Cp parameter o volume or time fraction

d parameter 8z appropriate distance along

dp bubble diameter Ahyap latent heat of vaporization

ds equivalent dry patch size At appropriate time interval

dc; functional determinant of interfacial cureg AT superheat

f arbitrary smooth function or frequency AT superheat for different operating points along

F arbitrary function boiling curve

g geometry function Az distance to heater surface

h auxiliary geometry function 0 density

H macrolayer thickness v normal velocity

J index 0] azimuthal angle

k index ¢ contact angle

L equivalent dry patch distance or liquid phase o normalized standard deviation of a parameter

L; interfacial line density ® parameter matrix

n normal unit vector .

N equivalent number of dry patches Subscripts

Np number of phase changes 0 at heater surface, i.e.=0

D vector of equivalent key geometrical quantities 1,2, 3,4 numbers to distinguish parameters or functions

q heat flux or parameter i interface

(0] heat conducted from heater surface to interface j index

r auxiliary geometry function k index

R radius of dry patch or residual L liquid phase

S surface M measured

Sc surface defining curv€ S parallel to heater surface

ds; functional determinant of interfacial aréa 1% vapor phase

t time .

T time interval Superscripts

ve characteristic velocity of interface T time average

v velocity vector 4 volume average

probesare the only means to measure interfacial phenomenafined measurements using a four-sensor optical probe and
in terms of liquid—vapor fluctuations very close to the surface arrays of microthermocouples embedded close to the boil-
of both thin or thick heaters. Thus, they provide the only data ing surface.

base to extract useful information about the interfacial evo- o o

lution in boiling processes on technically relevant heaters. 1-2- Theoretical investigations

Shoji measured vapor-liquid fluctuations in boiling using an
impedance probe to infer vapor fraction, bubble departure

frequ_ency a_md macrolayer thlgkness from the magnltudg of lines that local heat and mass transfer depends largely on the
the signalsin an attempt to verify the macrolayer evaporation g, o1 ytion of the interfacial geometry. Microlayer theory pre-

correlation [7]. Precise contact frequency and vapor fraction gjicts that much of the heat in a boiling process is transferred
measurements of VapOI’—liquid fluctuations along the entire in the micro_region Of the three_phase contact |ine by evap_
boiling curve for various distances to the heater have beenoration [11], but at high heat fluxes the complex interfacial
carried out by Hohl et al. [8] using a single-sensor optical behaviour renders direct numerical simulation difficult and
probe. Buchholz et al. [9] recently carried out even more re- predictions of the microlayer theory less accurate as bubble

Direct simulation of the heatnomentum and mass trans-
fer of the boiling process at low heat fluxes (e.g., [10]) under-
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number densities and departure diameters are not accessimeters suggested for corrétey boiling heat flux are linked
ble by visual observation experimentally. The influence of to each other by a mathematical model of the interfacial
the contact angle on boiling heat transfer [12] and its im- geometry. In the most simple case, only a single unknown is
portance for transfer phenomena at the three-phase contadeft which is closely related to a characteristic interfacial ve-
line is well known [13,14]. Dhir et al. [15] have incorpo- locity. In this study, this unknown is assumed constant along
rated the contact angle in their macroscopic geometry modelthe entire boiling curve lacking a measurement to deduce
and assumed that all the heat conducted into the liquid adja-this quantity from.
cent to the surface is used for evaporation at the interface of  In the second part, a new correlation is suggested, which
the vapor stems. Despite these well established theoreticaldescribes the boiling heat flux as a function of interfacial
approaches, the interfacial@®aetry and associated transfer area density or its flux and superheat employing only a
phenomena close to the boiling surface for the entire boiling single fitting parameter in its most simple form. Interfacial
curve have not yet been identified from experimental probe area flux is directly related to the contact frequency of
data. Hence, we still lackerified geometry and heat trans-  liquid—vapor fluctuations measured by optical probes and
fer modeblvalid along the entire boiling curve, which is suffi- can be interpreted as a measure for the evaporation rate. It
ciently simple to comply with the limitedxperimental res-  is shown that the new correlative quantity even seems to
olution. Such a simple model is mandatory if its verification account for the dependence of boiling heat transfer on the
is considered an essential part of the model building activity. equilibrium contact angle. The new correlation is compared
to and discriminated against existing correlations to assess
1.3. Objectives and scope their relative merit.

Our goal is to discern the crucial parameters for the inter-
facial transfer phenomena in the boiling process by identi- 2. Model geometriesfor boiling processes
fying the wetting structure, i.e., the geometry of the liquid—
vapor interface close to or at the boiling surface, from experi- ~ Over the past decades different geometry models for the
mentally accessible quantities. We believe that the interfacial near-wall boiling process have been suggested. The two
geometry is a key to a better mechanistic understanding ofmost important geometries which have been assumed to
the interfacial transfer phenomena in boiling processes andidealize the liquid-rich “macrolayer” are “vapor stems” as
a key to the development of new heat transfer models. Toin the model of Dhir et al. [15] or “bubbles” as suggested
achieve this goal we interpret geometry modeling and op- and discussed by Sadasivan et al. [20]. Both geometries have
tical probe measurements [8] in the two-phase flow close been used in subsequent approaches, e.g., [21].
to the heater surface by applyimgultiphase flow averag- Dhir and Liaw [15] assumed that stationary vapor stems
ing theory[16—19]. The optical probe measurements which grow in a regular, square grid at the boiling surface spaced a
are considered in this study have been conducted with a sin-distanceL apart as shown in Fig. 1 (left). The vapor stems
gle sensor probe with a tip diameter of 10 um in pool boiling are characterized by their diametgr The stems can merge
of FC-72 on a test heater which consisted of an electrically whends/L > 1.
heated copper block with 35 mm diameter and51thm The “bubble geometry” consists of spheres with diameter
thickness [8]. Multiphase flow averaging theory providesin- dp residing on the boiling surface spaced a distah@part
struments to adapt the level of detail suitable for modeling as shown in Fig. 1 (right). An additional parameter accounts
and experimentatiorBy assuming an ergodic and station- for the distanceH of the sphere’s center to the boiling
ary boiling procesghysically meaningful quantities of the  surface. This distance alsofaees the macrolayer thickness,
interfacial structure are obtad by applying time-averaging i.e., the point where coalescence of the bubbles is assumed to
to sensor probe data [8]. occur. This geometry modebl also been used much earlier
Such quantities can be obtained from purely geometri- to correlate CHF [22].
cal considerations by means of area- or volume-averaging. Both models assume a particular geometry with parti-
In particular, we consider vapor fraction, interfacial line and cles of equal shape and relaiposition. Three parameters
area densities and their respective fluxes as important quan{ds, L, ¢} or {dp, L, H} are required to completely describe
tities. Based on mathematically rigorous definitions of these the situation. Obviously, the true wetting structure is much
guantities, a regression problem is formulated and solved inmore complicated and changemdhatically along the boil-
order to correlate unmeasurable relevant geometrical para-ing curve. First, the true interface of a single vapor chunk
meters such as the average size of vapor spots and nuclewill be much more irregular in the upper nucleate and tran-
ation site density as a function of superheat using measuredsition boiling regions. Second, the structures will not be of
vapor fractions and interface contact frequency along the en-a single type with a regular spatial arrangement. Therefore,
tire boiling curve. For this purpose, a simple geometry model the simple geometry models have to be understood to equiv-
of the interfacial structure is employed to capture the under- alently represent the much more complicated wetting be-
lying geometries of many modeling approaches [15,20] in a haviour in some averaged sense. Consequently, these para-
unifying manner. This study reveals that many relevant para- meters should be understood egected values of as yet
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Fig. 1. Geometry model of Dhir et al. [15] for separated stéfaft), bubble geometry model by Sadasivan et al. [20] (right).

unknown statistical distributiong heir meaning should be- times physically related quantities are mixed without
come even more obvious through the detailed discussion in  worrying about their relationship. This makes results of
Sections 3-5. These models can be considered as minimal  simulation studies less reliable and less amenable for
parameterizations for constituting a boiling process geome- proper interpretation of mechanistic effects.

try. If these models are applied along the boiling curve, the

parameters become functions of superheat. The major dif- As aconsequence, many assumptions underlying some of
ference between both models is the treatment of interfacial the present models have not yet been verified.

curvature. In our approach, we try to avoid these shortcomings as
Until now, we are faced with the following difficultiesand much as possible. As already pointed out, multiphase flow
still unresolved problems: averaging theory defines averaged geometrical quantities.

This theory applies to arbitrary geometries including those
(1) Parameters such as the macrolayer thickness have mainlghown in Fig. 1 and equally well to the interpretation of
been used for modeling critical heat flux, but the devel- experimental data. The average quantities are introduced in
opment of a mechanistic model or correlation of boiling the next section. Although it would be a desirable goal to
heat transfer should involve parameters that do not limit discriminate between alternative model geometries, it will
their applicability to a certain boiling regime. This has become clear that such a dignination is not advisable
already been pointed out before [23]. based on single sensor probe experimental data [8] which we
(2) Modeling boiling heat transfer using different geometry are going to employ. Instead, we here focus on identifying
models makes comparison of results and discussion ofthe interfacial geometry at a distande above the heater
mechanistic effects veryand or even impossible. surface (Fig. 1) as a first step. In this case, both models
(3) The parameters used in the models cannot be measurettecome indistinguishable and show the same geometrical
directly such as a typical diameter of a vapor phase parameters. Thereby, we asgparameters that depend on
structure or the macrolayer thickness. the geometrical perception in three dimensions. This way
(4) Duetothe fact, that many parameters are not measurablave are able to explore whether the identification of the
directly, they have sometimes been inferred by a rough wetting structure by means of highly simplified models is
interpretation of sensor signals such as the macrolayersuccessful to discern key parameters of the boiling process.
thickness deduced from probe data [7]. Therefore, an Therefore, instead of mere simulation the formulation and
important issue is to relate experimentally available solution of an inverse problem is suggested. Some questions
probe data to the models in a mathematically rigorous of identifiability are addressed. Finally, these results are
way. utilized to compare correlating quantities for the entire
(5) The dependence of the interfacial geometries and there-boiling curve. The correlating quantities and the boiling
fore the parameters of the underlying wetting structure curve are obtained from the same experimental setup [8].
with superheat is still unknown. The necessity for the
development of a theoretical or empirical model for the
surface wettability as a function of surface condition, 3. Averaged geometrical modeling
temperature and transpaates has very recently been
emphasized [24]. One way to study the behaviour of boiling processes is to
(6) Additional difficulties arise if data are not readily avail- follow the details of the interfacial evolution, e.g., by direct
able in the same experiment. In theoretical studies, this numerical simulation. Except for low heat fluxes this is not
data must then be taken from different sources typically practical due to the complex nature of the process. Further-
encoded by vague correlations. As a consequence, a lotmore, due to the natural variability in physical systems initial
of these studies suffer from a higher potential of incon- and boundary conditions are often not known and cannot be
sistencies due to the well-known difficulties in precise controlled precisely. Consequently, the accuracy of the com-
control of experimental parameters. Even worse, some- puted fields of pressure, velocity etc. is limited by the ac-
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curacy of the boundary and initial conditions used for their quantities. Such simple geometries consisting of equal vapor
computation. Second, it would be difficult to verify the ex- chunks are considered here. Examples have been presented
cessive amount of field information from detailed numerical in Fig. 1.
computations experimentally. Subsequently, some definitions of averaged geometrical
Averaging theory allows the interpretation of phenom- quantities using volume-, area- and time-averaging are
ena in terms of repeated expaents and expected values recalled as they are necessary for our purposes.
of their outcome. It provides mathematically rigorous defin-
itions and sets of equations in an averaged sense to describ
the macroscopic motion of a flow. The microscopic details
reflecting the essential physics cannot be recovered from the
averaged quantities. However, the gross details of the rele- Interfacial evolution is chacterized by the normal inter-
vant phenomena are not lost, as they will be contained in thefacial velocityv(¥, t) and the normal unit vectoi(x, ) at
statistics of the averaged parameters and constitutive equathe interface. The evolution of the interface obeys a kine-
tions of the macroscopic model. For more details we refer matic or topological equation.
to Ishii [18] or Drew and Passman [17]. Multiphase flow  |nstead of treating a general interfacial geometry we con-
averaging theory provides mathematically defined averagedsider the specific geometry shown in Fig. 2 which might
geometrical quantities in terms of volume-, area- and time- pe considered as an idealized vapor chunk. This interfacial
averaging. Averaging makes it possible to suitably adapt the geometry neglects curvature along theirection, but con-
level of detail in the models to experimental resolution and to gjgers the contact angie of the wetting liquid. It complies
compare differently averageghantities if an ergodic process  \yith the geometrical model of Dhir et al. [15] (cf. Fig. 1
is assumed. (left)). The definitions of averaged quantities, orginally de-
Ergodicity is important for the development of a model veloped as part of the averaging theory of Delhaye [16] and

for the boiling process. Thergodicity assumption allows  oiherg, are applied directly to the geometry in Fig. 2 in order
volume- or area-averaged quantities obtained from a process, point out the different properties of the averaged quan-

model which is based ostationary, average geometry e with respect to boiling process modeling. The defini-
considerations to be related to avergged quant.|t|es Obtalneqions are employed later to correctly relate model quantities
fromlocal meqsurements bas‘?d on t|me-sampl|ng. to available experimental probe data, to distinguish them for
In an ergodic process, the time-averaged quantity the identification of equivalent geometrical quantities as well
1) as to develop and discriminate heat transfer correlations.
In this geometry,S; denotes the interfacial surface€;
denotes a curve defined by an arbitrary cross-sectional plane

g.l. Volume- and area-avaged geometrical quantities

@) = Jim % / f@&E, HdT
T

equals the instantaneous, volume averaged quantity Sc located at some distanegarallel to the surfacsy. 7i; is

o ) 1 . the outward normal unit vector to the interfage ;s is the

fro= V'[)noo v / fx,ndv (2) outward normal unit vector to the interfade tangential to
v the cutting plane,. A local cylindrical(R, ¢, z)-coordinate

system is introduced with the-direction chosen along the
stem’s axis, i.e., normal t8y. The radius of the interface at
_ . the surfaceSy, i.e.,z = 0, is denoted byRg. The radius of
frv=gvt (3)  theinterface depends arand is therefore denoted (z).

It is determined by the contact angteat the surfacesy.

Hence, fT(x) = f"(r) for ergodic processes. Applying
ergodicity a second time yields the identity

As a consequence ergodicitya$ fundamental importance
as it links a geometrical view of the two-phase flow to
experimental probing techniques. Consider, for example, an
irregular distribution of an ensemble of vapor chunks across
the boiling surface. The distribution instantaneously present
on the surface may change with time. Observing a sufficient
number of vapor chunks randomly picked from the ensemble
at a particular point at or close to the surface over along time
period will not differ from observing a representative large
number of vapor chunks in the same ensemble distributed
across the surface. Therefore, it will not matter if time-
or space-averaging is pursued and which is going to be
performed first. Moreover, the averages obtained by time-
or space-averaging will be the same, even if a complex
vapor chunk ensemble is replaced by a much simpler one,rig. 2. Three-dimensional “stem-gk interfacial geometry with a planar
if it is equivalent with respect to the expected macroscopic interface.
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We define the area-averagdide density of the stem
periphery as

1 R N N
/ nis - nis de; (x, 1)

Li=—~ (4)
CiGn)

where X, 7i;s € R2. A is an area segment of the boiling

surface over which the average is taken for a single vapor“V(Za 1=

chunk and d;(x, #) is the functional determinant of curve
C; [25]. For the cylindrical coordinate system chosen and
the geometry assumed in Fig. 2, we have

-

9
dei (%, 1) = | =

(5)

with X describing the curve; in cylindrical coordinates,
(ztam 1 ¢ + Rp) cosyp

ie.,
( (ztanm 1 ¢ + Ro) sing )
Finally, we can write for the line density at

-

(6)

=21

1
Li(z,t) = 1 / (ztan ¢ + Ro) do
¢=0

- 2% (ztam ¢ + Ro) ()

Accordingly, an interfacial area density is defined by
1
/ nj - i ds; (X, 1)

A==
S (%,1)

> ®)

with X, 71; € R3. ds; is the surface element defined as

ax  ox

ds; (X,1) = |— x —
s; (x, 1) xaz

9
5 (9)
with X describing the interfacial geometry in cylindrical
coordinates, i.e.,
(ztamt¢ + Ro) cosp
4

(ztam ¢ + Ro) sing
for the geometry assumed in Fig. 2. Using Egs. (9), (10) we
obtain

ds; (X, 1) = /1 + tam2¢(ztan 1 ¢ + Ro) (11)

The interfacial area density close to the boiling surface at
can be obtained from

(10)

Ai(z,1,82)
748z p=21 ‘ l¢ +R
ztan 0
- dz dg (12)
2A87 _/ (V1+tam2g)-1

z—6z ¢=0

where we have taken the average over a volume element

V = 25zA. The square rooy/ 1+ tam2¢ can be simplified

T. Littich et al. / International Journal of Thermal Sciences 43 (2004) 1125-1139

averaging over an infinitesimally small volume, we take the
limit 6z — 0 of Eq. (12). Hence, we obtain

2n 1
Ai(z,t) = - tan” R 13
(z,1) Asmqb(z ¢ + Ro) (13)
The area-averaged vapor fraction is given by
1
— | dA
A / v
Ay
27 ztanm l¢+Rg
= rdrde (14)
¢=0 r=0
yielding
ay (2, 1) = %(z tan ¢ + Ro)? (15)

The area-averaged vapor fraction may also be deduced
from a volume-averaged fraction in the limit of vanishing
thickness of the control volume. This is in contrast to line
and area density, where the area density does not converge
to the line density in the limit of an infinitesimally small
control volume.

3.2. Contact angle

Using the above definitions of line and area density for
the assumed geometry, it can easily be shown that the line
and area density at the boiling surface are simply related by
the contact angle.

Comparing Egs. (7) and (13), we find that the ratio of
interfacial area density; and line densityL; at a certain
positionz of the cutting plane depends on the contact angle
¢ according to

(16)

It can be shown that at the boiling surface, i.e.zat 0,

the same result as in Eq. (16) would have been obtained
for geometries with a@rbitrary curvature The importance

of the contact angle for condensation and evaporation is
well known. We will discuss the implications regarding the
correlation of boiling heat flux later.

4. Interpretation of sensor probe experiments

Sensor probing is cal, pointwisemeasuring technique.
Sensors of a probe ideally measure the phase indicator
function X (x, r) which signals the presence of the vap®)
or the liquid phasé&L) at the probe tip locatios at the time
instants. Mathematically, this can be expressed as

0 (X,nel
1 (x,neV

The phase indicator function carritgo independerieces

X(X, 1) = (17)

to sin* ¢ and taken outside the integral as it does not dependof information over time: the time instance of phase change

on z nor on g according to Fig. 2. In order to apply the

to a particular phase and the time duration of its presence.
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4.1. Time-averaged geometrical quantities introduce a pragmatic approximation for the interfacial area
densityA;, Eq. (19):
The vapor fractionxy is determined in terms of time

N
averaging as Ai=C{f= CIA—I; (22)
1 AT The contact frequencyf replaces the summation over
ay = / X dt (18) all instances;j in Eq. (19) under the assumption that an
t ; averaged normal interfacial velocity is of sufficient accuracy.

The contact frequency is the ratio of the number of phase

in case the ergodicity assumption holds. Ishii [18] suggests i :
changesV, and measurement tim&z. CJ is an unknown

to determine the interfacial area densityfrom

parameter.
A = i < _ 1q ) (19) The line density.; can be approximated in a similar way.
At =\ lvi -nil ) Obviously,
where the summation is taken over gll instances of . chﬂ (23)
interfacial contacts at poink during the time interval At
At. v; - n; is the scalar product of interfacial velocity The parameteiC; may be interpreted as the reciprocal
and the normal unit vectoi; of the interface at poing. of an unknown characteristic average interfacial velocity.

This product will also be denoted by(x, t), the normal This velocity has to be chosen appropriately since it cannot
interfacial velocity. This equation is based on the theory be inferred from single sensor probe measurements. This
of two-phase flow where the interface is assumed to havecharacteristic velocity retas space and time scales of

negligible thickness. The interfacial area densitycan be the process and is suspected to be closely related to the

inferred from four-sensor probe measurements [26]. interfacial normal velocity of the evaporation process. We
According to Delhaye [16], the time rate of change of the will denote this characteristic velocity witit and write
vapor fraction can be expressed as 1
5 1 C3=—= (24)
ooy _ T < Vi - 1 ) (20) vc
ot At T v; - 71 j It might be a function of the distance to the boiling surface

. and of the superhe& T in a boiling process. Using Eqg. (16)
Drew [27] has shown the equivalence the relation betweed;} andC3 is given as

d .
% — A 1)  Ci=Clsing (25)
with the interfacial area flux;v. In the averaging theory of In addition, the contact frequency might be used to

two-phase flows, all transfer terms between the phases aréPProximate the interfacial area flux according to Egs. (20)
proportional to the interfacial area flux;v relative to the ~ and (21)as

interfacial area density weighted phase velocity at the inter- 1 v -1 «Np N 26
face. In the case of two-phase flows with evaporation such as”¥ = A7 Z Wi -nil). At Csf (26)
boiling processes, the mass transfer between the phases can ] !

be obtained by multiplying the difference between the in- This equation suggests that tbentact frequency measured
terfacial area density weighted phase and interface velocityclose to the heated surface using a single sensor probe
with a phase density. Hence, there is a very close connectionmay be related to the rate of evaporatiby an unknown

of an evaporation rate to the interfacial area flux. The inter- parameterC;. This parameter accounts for the fact that a
facial area flux or time rate of change of the vapor fraction, single optical probe cannot measure the sign of the normal
which can be determined simply by the sum of the positive interfacial velocity. This parameter is dimensionless and
and negative signs of the projection of the interfacial veloc- might again depend on the distance to the boiling surface and
ity v; normal to the interface, may therefore be interpreted superheat. In some situations, e.g., very close to the @all,

as measure of evaporation in a boiling process. might be trivial to determine, but generally its determination
is complicated or even impossible even if an array of sensors

4.2. Approximation of avege geometrical quantities for is employed to determine the sign of normal velocity at the

single sensor probe experiments interfacev. For example, if the normal velocity is caused

by two physical phenomena, e.g., by evaporation and by
A single optical probe allows measurements of a single an upward oriented motion of the particle, the second piece
characteristic function in contrast to four-sensor probe of information, another positive normal interfacial velocity,
measurements. No interfacigélocity information can be  required to conclude that there is evaporation, may not be
deduced from single sensor probes. In order to interpretdetected at the same probe tip, unless the upward oriented
the single optical sensor probe data of Hohl et al. [8], who motion becomes again faster than the evaporation. But then,
measured contact frequencigsand vapor fractionay, we the normal interfacial velocity is determined by the upwards
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Fig. 3. Interfacial geometry model for the cutting planeAat(see Fig. 2):
without coalescence (leftvith coalescence (right).

motion with a negative normal velocity. Therefore, specially
designed probe assemblies and signal processing schemes
will be required for proper determination df v.

According to the approximations in this section, we find
that one cannot distinguish between interfacial area flux
A;v, interfacial area density; or line densityL; from
single sensor probe measurements which only provide the
phase indicator function (17). However, we may derive
approximations for these quantities from contact frequency
measurements derived from (17) subject to the unknown
quantitiesC; which at least depend on the distanc®f
the sensor tip from boiling surface and the superheat
These approximations will be used subsequently for the
identification of the interfacial geometry.

() (E

A nucleation site can be understood as the center of the vapor
spots of the employed geometry model.

In this framework, the nucleation site density, the diam-
eter and spacing should be understood as equivalent quan-
tities that are introduced to é&lize and simplify the much

As already pointed out at the end of Section 2, a simple more complex actual interfacial structure of the process. In
geometry model unifying both the stem and the bubble terms of averaging, the equieat quantities ee understood
model is chosen in this study. This model describes the to lead to the same vapor fraction and interfacial area den-
geometry as shown in Fig. 3 in a cutting plane at a position sities as the wide distributions of the many more or less ir-
z parallel to the boiling surface (see Fig. 2). The geometry regular interfacial events which occur in the actual situation.
is parameterized by a characteristic size, i.e., the diameterHence ds andL may not be interpreted as a single event of

5. Multi-vapor spot geometry model

ds of “vapor spots” and their distanck, and assume#/
vapor spots close to a heater’s whole surface drgavhich

is assumed to be a square. Coalescence occdksatL. If
coalescence is ruled outy < L. The interfacial area density
and vapor fraction for the two cases are given by

wd d .
g1 A = L—2S<1 hl(zs>> sin"1¢
. h1=0 ds <L
with {hl _ %r(gi_s) ds> L (27)
nd? dy
g2. dy = m <1 h2<f))
. = 0 ds <L
with {h = 4,(%) - Zsin(2r(%) ds>1L %O
and with the abbrewation function
d L\?
r(Z2) =arcsin/1- ( — (29)
L ds

For 0< ds/L < 1 the functions; andg> can be obtained
from Egs. (13) and (15) using the substitutiods =
2R(z) = 2(ztan1¢ + Rg) and Ay = NA = NL2. Using

Eq. (16) line densities can be obtained from Eq. (27).
The relation between nucleation site densiy Ay, line
and area density and vapor fraction is pure geometry.
Nucleation site density can be expressed in terms of the other
geometrical variables as

N 1 _A?sin2¢h ds
AH - L2 o 477,’0[\/ 3 L
h3=1 ds<L
with :hg_lul )j(fsl';(]?( ) ds> L (30)

the process since the spatial scales of a single event may vary
in orders of magnitude and behave much more complicated.

6. ldentification of interfacial geometry closeto the
surface

The interfacial geometry model (see Fig. 3) is now
used to identify the equivalent vapor spot diamedkr
and spacingL close to the heater surface using exper-
imental single probe data of Hohl et al. [8]. The data
consists of time averaged vapor fractiomg 5, and con-
tact frequenciesy; measured at eight different superheats

= (20; 25; 30; 35; 40, 45; 50, 80)"T K and six different
dlstances to the boiling surface, i.€.= (0.01; 0.03; 0.05;
0.1;0.5; 1.0)T mm at three different locations across the
heater’s surface. Among the three different locations only
slight variations in the time averaged vapor fraction and con-
tact frequency was found. Whereas the two innermost po-
sitions (middle, and 8 mm from the middle of the heater),
especially at distances very close to the boiling surface,
showed only very small differences in the variations of
the time averaged quantities with superheat, the time aver-
aged quantities at the outermost position at 3 mm from the
heater's boundary, showed a somewhat more pronounced
'difference of the time averaged vapor fraction and contact
frequency compared to the two other. However, even among
the outer- and innermost lateral positions the variations were
always much less pronounced than the variation of the time
averaged quantities at all positions because of superheat.
Therefore, we conclude that the boiling process was quite
homogeneous across the whole boiling surface, where only
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the outermost position was maybe influenced by some sort4.5 mm and 20 mm from the boiling surface. If this data

of end-effect.

Depending on the geometrical parameter vegtose
(ds, L), the geometrical mode] given in Egs. (27)—(29)
predicts area densitied; and vapor fractionsy and is

_ (gl(ﬁ)

written as
y= (av(ﬁ)) gz(ﬁ))

Ai(p)
Note, that the contact angl¢ is not included in the
parameter vectop since¢ is not identifiable from single
sensor probe data which we are going to employ. Instea
¢ is included in the unknown characteristic velocity as
dicussed below. Bothls and L are unknown functions
of the superheatAT which could in principal behave
arbitrarily. Hence, we should use fairly general functions

(31)

for describing the dependency, e.g., by piecewise linears.t. Egs. (31)—(35)

functions or splines. However, we simply choose a linear
dependency here and introduce

ds(AT) c1
L(AT) 2

. d1 AT
o do 1

P(AT) = ( (32)

is extrapolated linearly to the boiling surface, a velocity of

approx. 200 mns ! is obtained. This velocity might serve

as a first clue forvc, but needs further verification. Both

measured area density and vapor fraction are included in the
Jm(ATy)/ve

measurement vector
) ( ay m(ATy) )

- Aim(ATy)
ATy) = ’
ym(ATy) <Oév,M(ATk)
The problem of the identification of the unknown parameter
matrix ® and hence the functional dependencylofAT)

(35)

dand L(AT) is formulated as the constrained regression

problem

7
Q@Z}ﬂﬂﬁ@Jﬂbﬂ—%dAﬂﬂz (36)

(37)

whose solution minimizes the sum of quadratic differ-
ences between the predicted valuedy the model and
the measured valuegy, at k = 1,...,7 different super-
heats AT,. The parameter estimation problem is solved
using a sequential quadratic programming method [28].

in order not to overparameterize the inverse problem in face Ngie  that the quantitiesc and sinp in Eq. (25) pose

of the relatively scarce measments. The results presented

later reveal that this linear dependency is sufficient to capture

the data accurately. In general it might happen tiat

the only unknown inputs in the formulation which can-
not be estimated by the solution of the estimation prob-
lem. However, from an analysis of Egs. (27) and (28) we

and L behavg much more complicated such that a fine_r find that the ratiods(AT)/L(AT) is independent obi.
parameterization must be chosen to capture the essem'ahence,ds(AT)/L(AT) is uniquely defined from the avail-
behaviour. However, the resolution of the parameterization 5p)e single sensor probe data whereas the estimated
must be adapted suitably to the number of experimentally 5,4 henceV /Ay will dependent on the characteristic ve-

available data points. In any case, the constraint
0< ds(AT)/L(AT) <2 (33)

must hold for all superheats for a valid geometry model,
because no vapor spots exist fdy/L = 0 and the vapor
spots are fully coalesced fdg/L = +/2.

For the identification of the paramete& = (c1, ds;
c2,d2) we use the time-averaged vapor fraction ,; and
the contact frequencyjy, measured by Hohl et al. [8]. In
order to minimize the variance of the data, we arithmetically
average the data measured at a distanege-00.01 mm and
z = 0.03 mm to the boiling surface both in the middle of

locity chosen. For the extrapibd characteristic velocity
ve = 200 mms! an optimal solution is found fo® =
(0.068 mmK~1, —1.352mm —0.022 mmK~—1; 2.51 mm.
Equally good solutions are found for other characteristic ve-
locities. Comparison between experimental data and model
prediction is shown in Figs. 4 and 5.

The geometry model predicts the measured data quite
well. The data points seem to be randomly distributed
around the model predictions, however, for the few data
points at hand the confidence in the predictions is rather
poor. Therefore, it would be highly desirable to have much
more data points in order to statistically verify the model,

heater as well as at 8 mm distance from the middle of the e.g., to determine the performance of the model around the

heater. According to Egs. (22)—(25) which lead to
C3 e 1

sing v sing

we can obtain an averaged area dendity, from the mea-

sured contact frequencyy, if the characteristic interfacial
velocity v and the contact angl¢ would be known. Un-

Ai=Cif= f (34)

maximum in interfacial area density.

From the geometric ratids(AT)/L(AT) we find that
the boiling surface accretes increasingly as can be seen in
Fig. 6. As already pointed out, this ratio is independent of the
characteristic velocity ches and is uniquely defined from
the single optical probe data.

Figs. 7 and 8 reveal that the estimated average stem

fortunately, there is no means to identify these quantities diameteils grows whereas the spacifgbetween the stems

from the available experimental probe data. Multi-tip probes

would be required for this purpose. Both quantities are there-

fore combined intove = T sin~t¢. Recent experimental
results by Buchholz et al. [9] indicate velocity values be-
tween 400 mrs~1 and 1000 mns ! at a distance between

decreases with increasing superh&dt. As expected, stem
diameter and spacing depend on the chosen velogits
shown in the Figs. 7 and& and L are proportional tac.
Although the results are obtained using a constant char-
acteristic velocity, the true interfacial velocity may depend
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Fig. 7. Estimated stem diameter during boiling of FC-72 for

Fig. 4. Comparison between measured (symbp]8] and predicted (solid
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Fig. 8. Estimated stem spacing during boiling of FC-72 for

Fig. 5. Comparison between measured (symbp]8] and predicted (solid
ve = {40,200 1000 mm-s~1,

line) interfacial area densities farc = 200 mms~21 during boiling of

FC-72.
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Fig. 9. Estimated nucleation site density during boiling of FC-72 for
Fig. 6. Ratio of estimated stem diameter and spacing independent of . — 140,200, 1000 mm-s~1.
during boiling of FC-72.

on the superheat. In order to validate these results and topressures. Barthau [29] measured nucleation site density
identify vc (AT) new measurements using multiple sensor on a sandblasted, gold-péat copper tube in boiling R134a
probes which allow to measure interfacial velocities as a between 101 and 1¢ mm~=2 at heat fluxes up to 2 Wm—2.
function of AT must be conducted. The results on the estimated equivalent nucleation site
From the identified parameters an estimate of nucleation densities presented here in this framework are in reasonable
site density can be obtained even in boiling regimes where ranges compared to experimental investigations. However,
their determination by visual observation is impossible. they are very sensitive toghinterfacial velocity.
The estimate is shown in Fig. 9 for different characteristic
interfacial velocities.
To our knowledge, no investigations have been carried 7. Boiling heat transfer correlations
out to count nucleating site density for FC-72 on a grounded
copper heater at superheats aba&vE = 20 K. Luke et al. The results of the previous sections show that vapor
[5] found active nucleation site densities in boiling propane fractionay, line densityL;, area densityd;, nucleation site
on a fine sandblasted copper tube in the order of 2.8—densityN/Ay as well as the vapor spot sizg are related
10.25 mnT? at heat fluxes up to 2 Wm~2 and intermediate by a model of the interfacial geometry of the boiling process.
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The most prominent suggested correlations use nucleationboiling regime is a combination of hucleate and film boiling.
site density, vapor fraction, or line densities (e.g., Berenson He suggested

[30], Nishio et al. [2]). Therefore, these correlations should

no longer be regarded as independent. In fact, they are9 =1 —av)qL +avqy (40)
related by the interfacial geometry of the process.

Most of the empirical approaches for correlating boiling
heat flux have only inferred the correlative quantities for
particular parts of the boiling curve where they have been
directly accessible by measurements. Therefore, existing
correlations are often valid only for one of the boiling
regimes and relevant physical parameters have not yet
been identified which allow a simplenifying description
of the entire boiling curve Therefore, our next goal is
to discriminate correlations in order to identify the most
relevant physical parameters. We suggest a new correlatio
which covers all boiling regimes and qualitatively includes
the relevant physical effects, i.e., evaporation and micro-

convection associated withahnterfacial and contact line appéro:ch_es. t al. 1201 h ted bal
movement, but requires further quantitative verification. . adasivan et al. [20] have suggested an energy balance

This correlation is based on interfacial area densityor in which they assumed that the three-phase contact line ac-
its flux A:v counts for the entire boiling heat flux due to evaporation.
iv.

In their critical and fruitful stdy comparing different mech-
7.1. A new boiling heat transfer correlation anisms to the formation of the “macrolayer”, they related
the density of the contact line to the zeroth moment of the

The new correlation suggested which is based on interfa- Size distribution of the cavities. Recently, Nishio et al. [2]
cial area density or its flux can be interpreted as a measurgound that the area-averaged line dendifyof the common
of transport phenomena associated with the presence of adine (three-phase contact line) at the boiling surface corre-
interface as well as with interfacial movement, e.g., during !ates well with high boiling hedtux around critical heat flux
evaporation. Indeed, the interfacial area flux is a measure for(CHF). The common line density was estimated from visual
the rate of evaporation (cf. Egs. (20), (21)) and is related to observation of boiling structes on a thin sapphire heater.
the measured contact frequency despite an unknown paraThus, they suggested that the heat flux around CHF could be
meter according to Eq. (26). Compared to line densitigs ~ correlated by
the interfacial area density; or its flux A;v account for the
dependency on the contact angle (cf. Eq. (16)). The influence? ~ F()Q1 =00 (AT)Li (41)

of the contact angle on boiling heat transfer is well known. \yhereF (¢) accounts for the influence of the contact angyle
Therefore, it seems reasonable that the boiling heatdlux gnthe hea; s—o¢ conducted through a liquid—vapor stem

where the boiling heat flux is modelled as a sum of average
heat fluxes during liquid and vapor contagy, and gy,
respectively, weighted by the area-averaged vapor fraction
v at the boiling surface. Later many other authors, e.g.,
[15,31-34] employed this kind of modeling approach who
assumed that the average vapor heat fiyx may be
neglected and that the boiling heat flgy should correlate
with measured(1 — ay) using an appropriately chosen
function forg,. Many rather empirical functions have been
used which were not based on physical insight. Auracher
r133] and Nishio and Auracher [34] pointed out that not
all relevant parameters have been included in established

can be expressed by one the of correlations according to the geometry model of Dhir and Liaw [15].

g = C1ATA; (38) o .

g =C3AT Ajv (39) 7.3. Discrimination of correlations

where C> and C3 are assumed to beonstantparameters The physical significance of the new correlations (38),

and AT is the superheat. The superheat dependency could 3g) ysing interfacial area density or its flux is compared
also be interpreted by a dependency on the Jakob numbet, the previously suggested boiling correlations (40), (41).
Ja= (pcAT)/(Ahvappv). Here,pp, py, ¢, Ahvapare the  \ye couid also include correlations employing nucleation site
liquid and vapor densities, the heat capacity of the liquid, yensity for their discrimination by utilizing the previously
and the latent hgat of vaporlzatlon,_respectlvely_ Howe\_/er, identified nucleation site densities, but delay this to future
the superheat might not be relevant in the correlations sincey orks, because here the nucleate site density has only
A; or Ajv may be self-sufficient measures for the transfer o “iqentified up tAT = 70 K using a very coarse
phenomena. However, we will show later, that a better parameterization afs andL.

agreement with data is found if we include superheat in the As discussed in Section 4.2 we have to substittand

correlation. A;v by their approximations given in Egs. (22) and (26).

7.2. Previously suggested correlations Thus Egs. (38), (39) become

— * — ~
For transition boiling the most cited empirical model is ¢ = €1ATC1S = ElATf (42)
the one of Berenson [30], who suspected that the transitiong = C3ATC3 f = C3AT f (43)
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Accordingly, if F(¢) in the correlation (41) is assumed
to be a constant,, and if the line density is substituted by

Eq. (23), and ifQ 1, ¢=90> x AT, we obtain
q=CoATCSf = CoATS (44)

Otherwise, if we assumg(¢) = sin~1 ¢, the correlation
of Nishio et al. may also be written as

q=Q0L,¢=90(AT)A;(AT)

replacing line density with interfacial area density using
Eq. (16). Then, using the substitutions given in Eq. (22)
and assuming tha; s—9cc x AT as well as including a
constant paramet&f, again, we get

(45)

(46)

By comparing Egs. (42)—(46), it is obvious that the correla-
tion of Nishio et al. is a somewhat more general correlation

and discrimination based on the available single probe data

between Nishio’s and the new correlation will not be pos-
sible. In summary we simply usé = C1=Co=C3=0Cs
and employ

q=CATf 47

in order to find out if both the correlation of Nishio et al. and
the new correlation prove fruitful in correlating boiling heat
flux using single probe data.

Therefore, in the following we discriminate the models
given in Eqgs. (40) and (47).

The solution of the parameter estimation problem
min " [am(AT) = (O, Fu(AT). v, (AT))]* (48)

J

with ¢ from either Eq. (40) or (47) yields the set of optimal
parameter® which minimizes the sum of the quadratic dif-
ference between the measured boiling cuyyg AT;) and
the correlated boiling curve(©, fM(ATj),&V,M(AT,)).
fm(AT;) anda@y, y(AT;) are obtained as follows: the con-
tact frequencyfy, and vapor fractiomy ) have been mea-
sured at eight different superheats and six different wall dis-

T. Littich et al. / International Journal of Thermal Sciences 43 (2004) 1125-1139

clear, we employ a spatial average of contact frequency and
vapor fraction:

z=1 mm
fM(ATj):m fm(z, ATj)dz (49)
z=0.01 mm
1 z=1 mm
o AT;) = —— AT;
ay, m(AT)) 0.99 mm / ay,m(z, ATj)dz  (50)
z=0.01 mm

Interpolated data forfy (zx, AT;) and avy,, (zx, AT;) in
steps ofAzx = 0.01 mm is employed such that all distances
are equally weighted in the integrals.

In order to statistically discriminate the models or combi-
nations of them, the residuals

R=Y (qu(AT)) —q(©. Fu(AT).@v.u(AT)))* (51)
J

and the covariance matrix of the parametérf35] is used.
The square roots of the diagonal elementd/ofi.e.,5; =
VVii,i=12,..., p, represent the standard deviations of
each parameter. For model discrimination we compare

(52)

for all parameters. The smalles} corresponds to the best
parameter estimate and hence to the most correlative model
structure.

The residuals and standard deviations for the parameters
of the two structurally different models, Egs. (40) and (47),
are summarized in Table 1.

For model equation (47) based on contact frequency
(model 1), we have a residual dt = 1026 W-mm 2,
whereas for the model equation (40) with vapor and liquid
fractions (model 2), an optimal solution is found with a
residual ofR = 3036 W-mm~2. Although two parameters
instead of one have been employed, the residuals of model 2
are nearly three times largeompared to model 1. At the
optimal solution the paramete;. is close to zero and its
standard deviatios,, is large. Even though in the literature

tances, whereas the boiling curve has been measured at stefihe importance of the tergy, (1 — ay) for transition boiling

of approximatelyAT;;1 — AT; = 2 K [8], because opti-
cal probe measurements andah flux measurements have
not been carried out simultaneously. Therefore, optical probe
data is linearly interpolated ovexT to match the superheat
resolution of the boiling curve. Since the influence of the

spatial dependence of the presence of the interface in the hyg;,

drodynamic boundary layer of the boiling process is not yet

has been suspected, it can be concluded from this study
that g, (1 — ay) does not correlate well with the boiling
curve. Interestinglyyyay correlates quite well as the spatial
average ofxy from z = 0.01 mm toz = 1.0 mm exhibits

a relatively similar shape of a typical boiling curve. Since
~ 0, the termgyay determines most of the residual
of model 2. The single-parameter correlation with contact

Table 1

Estimated parameters, residuals and standard deviations of the parameters for different boiling heat flux models

Model Eq. R C qy qr oc gy aqL
[W-mm—2] [Ws-mm—2.K—1] [W-mm—2] [W-mm~—2] W-mm—2] [W-mm—2] [W-mm~—2]

1 (47) 1026 0.0037 - - 0011 - -

2 (40) 3036 - 2798 11l - 0038 5.9¢0

3 (41),q1. =0 3036 - 2798 - - 0018 -
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Fig. 10. Measured boiling curve of FC-72 and correlated boiling curve using

Eq. (47) withC = 0.37 W.cm~2.K~1 using data of Hohl et al. [8]. this dependence than line density. Secondly, in film boiling
the line density at the boiling surface may become zero, but

frequency and Superheat leads to an even smaller Standaréti” the presence of interface and its evolution close to the
deviation of the fitting paramete? compared ta;y of the surface has shown to determine local boiling heat transfer
two-parameter correlation (model 2, Table 1) as well as of a Py evaporation in film boiling [10]. Therefore, interfacial
One_parameter correlation if in Eq (4@h is fixed to zero area denSity is much closer to the phySical and geometrical
(mode| 3, Table 1) The correlated and measured b0|||ng reality than its alternatives. Mathematica”y, we have shown
curves are shown in F|g 10 for the correlation (47) for (Cf Eq (16)) that line and interfacial area denSityfor circular
comparison. structures, e.g., stems, at and close to the boiling surface are

The maximum deviations between the measured and theon average related by the contact angle. Therefore, in boiling
correlated boiling heat flux are44% and+26% which is ~ experiments where the contact angle is the only parameter
very good keeping in mind that the entire boiling curve is changed while all other parameters are kept constant, i.e.,
correlated with a single parameter. Therefore, correlationsfluid and heater properties, surface roughness as well as
based onA;, A;v or L; are superior compared to the Vvapor fraction and line density at the boiling surface, the
other proposed correlations and should be subject to furtherchange in heat flux due to a change in contact angle should
investigations. be explainable with interfacial area density. Accordingly, we

If they prove more useful than other correlations then Would expect boiling heat flux to correlate with the result
the key to a prediction of boiling heat flux lies in the Of Eq. (13). Systematic experiments on the CHF of boiling
identification and prediction of the interfacial geometry of Water for different surface wettability conditions measured
the boiling process close to and at the boiling surface and Py the contact angle have been carried out by Hahne et al.
hence proper geometry/intadial area/contact line density [36]. In Fig. 11 their original data is shown together with a

modeling. least-squares fit of
74. C I d cazlati itical heat fl =C tan_lqb+C 1 (53)
4. Contact angle and caefating critical heat flux qenr=Ca—gs B Sing
Unfortunately, we cannot distinguish betwedgpw, A; with C4 = 9.6 W.cm2 and Cp = 32.8 W.cm~2. The

andL; atthe moment. However, we suggest to use interfacial constantsC4 and Cg have been introduced to retain the
area density or its flux instead of line density for correlating structural dependence of the interfacial area density on
boiling heat flux because of the following reasons: interfacial the contact angle according to Eq. (13) as we lack better
area density or its flux take into account the direction of information about the particat wetting structure of the
the normal unit vector of thenterface. This in agreement considered experiments to fit the CHF data with. Each
with Nishio et al. [2] who also pointed out the relevance term in the expressions (13) or (53) contributes a decrease
of the contact angle when correlating boiling heat flux. In in interfacial area density or heat flux, respectively, with
Section 3.2 it has been shown that at the boiling surface increasing contact angle.

the normal unit vector on the interface is linked to the Despite possible uncertainties in the measured CHF due
contact anglep. Since the contact angle has been found to the employed test heaters in study [36] concerning other
to influence boiling heat transfer to a great extent [12,36], influencing factors such as the thermal properties [37],
interfacial area density or its flux should better account for the change of heat flux with contact angle seems to be
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8. Discussion and summary

The interfacial geometry and its evolution close to the
boiling surface is shown to be a key factor for a better
understanding of the heat transfer phenomena in boiling
processes and may be the clue to the development ofpeferences
new mechanistic heat tramsf models. A prediction or
identification of the interfacial evolution in all its details  [1] V.P. Carey, Liquid—Vvapor Phase-Change Phenomena, in: Series in
along the entire boiling curve is currently rather impossible Chemical and Mechanical Engineering, Hemisphere, Washington, DC,

h mplex nature of the pr . In 1992.
due to the co pie ature of the process stead, by [2] S. Nishio, T. Gotoh, N. Nagai, Observation of boiling structures in

app_lylng multiphase flow ave’ag'”g theory we have _denved high heat-flux boiling, Internat. J. Heat Mass Transfer 41 (1998) 3191—

a simple geometry model which connects the size and 3201.

distance of dry spots, the nucleation site density as well [3] R.F. Gaertner, Photographic study of nucleate pool boiling on a

as the contact angle of the wetting fluid with meaningful horizontal surface, J. Heat Transfer 87 (1965) 17-29. ,

ke uantities of the interfacial geometry such as vapor [4] G. Barthau, E. Hahne, Nucleation site density and heat transfer in
y q - ; g_ . y O p nucleate pool boiling of refrigeraf134a in a wide pressure range, in:

fraction and interfacial area density in a statistical sense E.W.P. Hahne, W. Heidemann, K. Sier (Eds.), Proc. 3rd European

close to the boiling surface. It is revealed that interfacial Thermal-Sciences Conference, Heidelberg, 2000, pp. 731-736.

||ne and area dens|ty are related by the macroscoplc contact [5] A. Luke, E. Danger, D. GorenfloSize distribution of active and

- - : potential nucleation sites in pool baili, in: J. Taine (Ed.), Proc. 12th
angle. Subsequently, the model is used to identify the Int. Heat Transfer Cont.. Grenoble, France. 2002,

gross features (_)f the interfacial structure of the boiling (] p.B.R. Kenning, Experimentainethods: Looking closely at bubble
process from single probe data of the two-phase flow nucleation, in: Engineering deindation Conference Boiling 2000,
assuming an ergodic process. Good agreement between Alaska, 2000, pp. 1-30. 3 . _
the volume-averaged model prediction of vapor fraction [71 M- Shoii, A study of steady transition boiling of water: Experimental
di facial d . d the i d b verification of macrolayer evaporation model, in: Proc. Engineering
and interfacia qrea ensity an _t_ e time-averaged probe Foundation Conf. Pool and External Flow Boiling, Santa Barbara,
data for FC-72 is found. The boiling curve of FC-72 as 1992, pp. 237-242.
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