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Abstract

The interfacial geometry and the associated heat transfer mechanisms close to and at the boiling surface are identified rigorously alon
boiling curve from wall temperature and two-phase flow sensor probe data taken during boiling of isopropanol. It is conjectured, that th
vapor interface of the wetting structure provides the key mechanism for heat removal due to evaporation along the entire boiling cu
fluctuations of surface temperature superheat and heat flux are inferred by the solution of a two-dimensional inverse heat conductio
employing wall temperature data. Peak heat fluxes of several MW·m−2 are estimated. In a next step, the interfacial geometry close to the su
is identified. It is shown that the size of the dry spots and the nucleation site density are well connected to the vapor fraction and the
area density as well as to the contact angle of the wetting fluid. Further, we show that a suitably designed single four-sensor optical p
provide the necessary data required toexactlyidentify the wetting structure using the wetting structure geometry model proposed here. We
find that interfacial area density accounts for the contact angle of the fluid and correlates well with the boiling heat flux. In conclusion, t
show that essential mechanisms of heat removal along the entire boiling curve can be attributed to interfacial presence and evolutio
measure, namely the interfacial area density, is suspected to provide the essential mechanism of the heat removal in the boiling proc
the results are discussed with respect to the candidate models for the interfacial geometry and heat transfer mechanisms proposed in t
Only, specifically designed and refined boiling experiments as well as identification methods along the line presented in this paper are
further verify this postulate.
 2005 Elsevier SAS. All rights reserved.

Keywords:Boiling; Microlayer theory; Multi-phase flow averaging theory; Inverse heat conduction problem; Identification; Interfacial area density; Contat angle;
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1. Introduction

For a reliable design of boiling heat transfer equipment,
dictive heat flux correlations are essential. These correla
must adequately capture the governing physical phenom
Despite many decades of boiling research the mechanisti
derstanding of boiling processes is still not sufficient to deve
models of high prediction quality. Especially in the high h
flux nucleate and transition boiling regions, major physical
fects have not yet been captured adequately. As a result,
design methods are currently based on correlations which
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E-mail address:marquardt@lpt.rwth-aachen.de (W. Marquardt).
1290-0729/$ – see front matter 2005 Elsevier SAS. All rights reserved.
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valid only in a limited range for one of the boiling regime
Boiling heat flux has been correlated with different quantit
e.g. superheat, nucleation site density or bubble diameter in
cleate boiling and average vapor fraction or vapor velocity
transition boiling [1]. There are many other correlating pa
meters. It has been unclear yet which of the parameters is
important in determining boiling heat transfer.

Well established theoretical approaches to develop more
tailed mechanistic models of boiling heat transfer claim on
an other mechanism of evaporation at the liquid–vapor inter
to play an important role. Two candidates are the microla
theory proposed by Stephan and Hammer [2] or the unify
framework for nucleate and transition boiling presented by D
and Liaw [3]. The basic idea behind the microlayer theory
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Nomenclature

AH total area of heater surface
Ai interfacial area density
C parameter
C̄ parameter
dS equivalent dry patch size
f arbitrary smooth function or frequency
g geometry function
G transfer function matrix
j index
k index
L equivalent dry patch distance
Li interfacial line density
n normal vector
n number
N equivalent number of dry patches
N noise in Laplace domain
Ns matrix of unit vector of measuring direction
Np number of phase changes
p vector of equivalent key geometrical quantities
q heat flux
q̂ estimated heat flux
Q heat flux in Laplace domain
Q̂ estimated heat flux in Laplace domain
s vector pointing from one sensor to another sensor
s Laplace domain variable
t time
t tangential vector
T temperature in Laplace domain
vC characteristic velocity of interface
v velocity vector
x coordinate vector

X phase indicator function
y vector of averaged key interfacial quantities
z coordinate perpendicular to heater surface

Subscripts

0 at heater surface, i.e.z = 0
B boiling surface
fluc fluctuations
F filter
i interface
j index
k index
l index
L liquid phase
m index
M measured
N nodes
Q heat flux
s sensor
V vapor phase

Greek symbols

α volume or time fraction or filter parameter
�s distance between sensor tips
�τ appropriate time interval
�T superheat
�z distance to heater surface
ν normal velocity
νs vector of sensed normal velocities
φ contact angle
Φ basis function
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boiling is closely related to works of Wayner [4] who stud
spreading liquid films on solid surfaces under non-boiling h
transfer conditions.

The microlayer theory predicts that most of the heat d
ing boiling is transferred in the micro-region of the three-ph
contact line by evaporation [2]. As depicted in Fig. 1, the m
croregion consists of a wedge-shaped liquid meniscus. The
croregion itself is a thin liquid film with a typical thickness
the order of 10−1 µm. It extends from an adsorbed molecu
film at the heater wall below the bubble to a liquid region s
arating the vapor phase of the bubble from the heated wa
the microregion, the evaporation mechanism is governed b
capillary forces of adhesion (or “disjoining pressure force
and surface tension as well as the molecular kinetic heat r
tance. The microlayer theory postulates that the molecular
resistance at the interface dominates the overall heat resis
in the wedge-shaped liquid meniscus.

Dhir and Liaw [3] propose a macroscopic geometry mo
of “vapor stems” in order to develop a unifying framework f
nucleate and transition boiling. Their model assumes that a
heat conducted into the liquid adjacent to the surface is u
for evaporation at the interface of the vapor stems. The st
t
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Fig. 1. Micro-region at the three-phase contact line.

have been assumed stationary. In comparison to the micro
theory, curvature of the interfacial geometry has been negle
in the stem model, but the contact angle is accounted for.

The relevance of the interfacial geometry (bubbles, va
stems etc.) and the associated transfer phenomena close
boiling surface has been pointed out in these approaches.
ever, neither of the two models has been fully validated ye
particular, in order to predict heat transfer coefficients base
the mechanisms proposed in the microlayer theory, nuclea
site densities and bubble departure diameters are needed. A
heat fluxes, nucleation site densities can be obtained from
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periments by visual observation of the boiling process. Bub
departure diameters can be calculated by means of growth
force balance models such that the line density at the bo
surface can be determined and the heat transfer coefficient
be well predicted. However, these predictions become les
curate at higher heat fluxes as it is difficult to include the mu
interaction of the bubbles in the model. The geometry mode
Dhir and Liaw [3] is used to extrapolate the nucleate boil
curve into transition boiling by employing vapor fraction me
surements, but much uncertainty is present in their results.
a limited data basis is employed in their study and the data,
as the nucleation site density, is taken from simple correlat
obtained in different studies. Furthermore, their assumptio
the existence of stationary vapor stems can be ruled out
experimental evidence provided by Hohl et al. [5,6] and Bu
holz et al. [7]. Therefore, it remains still questionable if the
candidate geometries and mechanisms could happen to p
crucial role along the entire boiling curve. Hence, there is
no agreement on averified geometry of the wetting structu
and the heat transfer mechanismsvalid along the entire boiling
curve.

The authors have suggested recently [8] to systematic
combine modeling and experimental analysis on a matc
scale of resolution with identification techniques to investig
the geometry of the wetting structure close to the boiling s
face and the resulting heat transfer mechanism. A methodo
to derive such a unifying model has been presented. Int
cial geometry models for the wetting structure and optical pr
measurement techniques have been interpreted in terms of
tiphase flow averaging theory [9–11]. The wetting structure
FC-72 has been rigorously identified from data obtained wi
single sensor optical probe [5]. A sufficiently simple geome
model complying with the limitedexperimental resolutionhas
been employed for this purpose. The contact frequency m
sured by the probe has been interpreted as a measure f
interfacial area density or its flux subject to a single quan
which is related to an interfacial velocity and which cannot
be observed experimentally. A strong correlation of the con
frequency with boiling heat flux has also been shown. It w
therefore concluded that the volumetric density of vapor–liq
interface and the induced fluctuations due to its movement
close and at the boiling surface play a decisive role in the o
all boiling process.

In this paper, the same line of reasoning is pursued using
experimental data taken during pool boiling of isopropano
order to prove or disprove the modeling hypothesis. The in
tigations in this paper are further extended to the heated
The relevant experimental data for this study is obtained by
pool boiling experiments at 1.0 MPa in an experimental se
which is only briefly described here. Details can be found in
The test heater of the setup is made of copper with 35 mm d
eter and 7 mm thickness. At the center of a test heater an
of 36 microthermocouples is implanted within an area of 1 m2

by sputtering a 2.5 µm-thin layer of copper and a 1.0 µm-
layer of gold. It provides temperature fluctuations of the b
ing process at a sampling rate of 7.5 kHz. A micro optical pr
made from a single mode quartz glass fiber with a tip diam
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Fig. 2. Identification and experimentation close to the boiling surface.

of less than 1.5 µm delivers information on liquid–vapor fluc
ations due to the boiling process as close as 8 µm to the bo
surface at a sampling rate of 200 kHz. Hence, measurem
with high temporal and spatial resolution are conducted c
to but not at the boiling surface in the two-phase layer an
the heated wall. The overall system, consisting of the two-ph
vapor–liquid layer, the boiling surface and the heated wall
gether with the measurement instrumentation relevant for
model-based identification of basic boiling mechanisms c
to the surface is shown in Fig. 2.

The measurements of the wall temperatures and va
liquid fluctuations are corresponding on the macroscale s
they have been obtained in the same experimental setup
same operating conditions. Since it has not yet been possib
exactly match the location of the thermocouple array with
probe position except for the axial direction of the probe d
ing the experiments, the measurements are not correspo
on the microscale, i.e. on the scale of single events. There
we have to decouple modeling and identification in the he
wall and in the two-phase flow.

The paper is organized as follows. In the first part, spa
distributions of the heat flux at the boiling surface are identi
from local temperature measurements below the surface b
solution of a two-dimensional inverse heat conduction probl
In the second part, the methodology for the identification of
vapor–liquid interfacial geometry introduced in [8] is refin
to use four-sensor probe data which is not yet available. F
sensor probing techniques are shown to yield all informatio
rigorously identify the wetting structure including the cont
angle close to and at the boiling surface. The interfacial ge
etry is then identified at a distance of 8 µm above the sur
using a simple interface geometry model for the entire b
ing curve as in [8] employing single sensor probe data. Fin
the contact frequency is again used to correlate the entire
propanol boiling curve. The results are finally discussed in
context of the mechanisms proposed in the models of Ste
and Hammer [2] and of Dhir and Liaw [3].

2. Estimation of surface heat fluxes

Distinct local temperature fluctuations immediately bel
the surface have been measured by an implanted array o
crothermocouples (see Fig. 2) as presented in the compa
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Fig. 3. Filter-based regularization in the frequency domain.

paper [7]. The fluctuations inside the heater are an obv
consequence of the highly localized mechanisms of the b
ing process at the boiling surface. They reflect the local sur
heat fluxes which we would like to identify for a better und
standing of boiling. Even though a very thin layer of sputte
gold and copper is used to cover the microthermocouple
and to form the boiling surface, the measured temperature
tuations are thermally damped and influenced by lateral
conduction. One can therefore expect that they differ from
real temperature variations at the boiling surface. Theref
the heat fluxes and temperatures at the surface have to be
mated as a function of temporal and spatial coordinates from
measured temperatures below the boiling surface by solvin
inverse heat conduction problem (IHCP). This inverse prob
is mathematically ill-posed in the sense of Hadamard [12]
particular, small perturbations in the measured data may le
large deviations in the estimated quantities. In order to get
ful estimates, regularization of the ill-posed problem is nec
sary [13]. In this work, the solution of an IHCP is accomplish
by using the exact inverse transfer function matrixG−1(s) of a
spatially discretized heat conduction model followed by a re
larizing low-pass filter to generate a stable approximate inve
The general solution approach is graphically depicted in Fig

The low-pass-filterGF (s,α) is designed such that the he
flux estimate

Q̂(s) = GF (s,α)G−1(s)TM(s) (1)

obtained from temperature measurementsTM(s) corrupted by
noise N(s) approximates the true heat fluxQ(s) as good as
possible. The solution method is described in detail in [14
is an extension of a method originally suggested by Tikho
and Arsenin [15] and tailored to heat conduction problems
Blum and Marquardt [16,17]. It deals with complex geometr
considers optimal boundary parameterization, sensor place
and model reduction in a unified framework, and it addres
their effect on the quality of the estimates [14].

Before the estimation according to Eq. (1) can be car
out, a transfer function matrixG(s) of the heat conductor rela
ing the measured temperaturesTM(s) to the surface heat fluxe
Q(s) in the frequency domain,

TM(s) = G(s)Q(s) (2)

must be obtained. This involves several steps, i.e. (i) the for
lation of a state space model generated from a two-dimens
spatial finite element discretization of the heater encompas
the microthermocouple array, (ii) parameterization of the
known boundary heat fluxeŝQ(s) using linear functions an
(iii) order reduction of the discretized model. As shown in [1
modeling and filter design must be suitably adjusted to e
other in order to obtain the best possible estimates.

The derivation of the transfer function model (2) for the p
of the heater wall implanting the microthermocouple array
s
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Fig. 4. Two-dimensional finite element model of a row of six microthermoc
ples with linear parameterization of the unknown surface heat fluxes.

discussed in more detail in the following. The goal here is
resolve the high frequency components of the heat flux flu
ations contained in the measured signal during the solutio
the IHCP to the extent possible while keeping the discret
model size computationally tractable.

2.1. Finite element model of the heater

For the estimation of the unknown surface heat fluxes
temperatures, a two-dimensional finite element model of
heater with an embedded row of six microthermocouples
a 6× 6 array is set up. The boundary conditions of the he
model account for boiling heat transfer at the heater surface
assume zero heat flux at the remaining three boundaries d
a lack of better information. The discretized model is sho
in Fig. 4. The two-dimensional domain is perpendicular to
heater surface and contains the row with microthermocou
19 to 24 [7]. The discretization of the heater model is p
formed with triangular elements on a non-uniform grid wh
is locally refined around the microthermocouple locations.
refinement allows to represent the sensor position in the m
with an accuracy which complies with the dimensions of
thin gold and copper layer. The chosen discretization is
ficient to ensure a good frequency response of the meas
temperature due to surface heat flux fluctuations up to the h
est frequencies of about 7.5 kHz we would like to resolve. T
choice of the upper limit of the frequency is discussed in m
detail below. The order of the model isnN = 2206.

2.2. Parameterization of unknown heat fluxes

The unknown surface heat flux is an infinite dimensio
function q̂(x, t) of the surface coordinatesx and timet . Only
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a limited number ofnM local temperature measurements c
catenated in the vectorTM(t) (or TM(s) in the frequency do
main representation) is available. The unknown heat flux
the boiling surface is therefore spatially parameterized. For
purpose, we introduce

q̂(x, t) =
19+nQ∑
k=19

q̂k(t)Φk(x) (3)

for the row with microthermocouples 19–24 [7]. Linear ba
functionsΦk(x) approximate the unknown heat fluxes as sho
in Fig. 4.nQ denotes the number of heat flux coefficientsq̂k(t)

which have to be estimated. In the frequency domain repre
tation (e.g. in Eq. (2)), these fluxes are concatenated inQ(s). In
our casenQ = nM = 6 which satisfies the necessary condit
nM � nQ for the solvability of the IHCP. This parameterizati
is chosen to ensure optimal input observability of the unkno
heat flux coefficientŝqk(t) for the given fixed microthermocou
ple locations. This can be achieved with Hankel singular va
maximization [14].

2.3. Model reduction

Heat conduction models generally have fast decaying H
kel singular values. Exact inversion is therefore only poss
for models of order less than 50–60. Hence, model reduc
has to be employed prior to inversion. A non-iterative met
of the SLICOT numerical library is used here [18]. A reduc
order model with 36 states is obtained which approximates
frequency response of the original model of ordernN = 2206
very well up to the highest frequency of 7.5 kHz we would l
to resolve.

Non-iterative model reduction methods typically scale w
n3

N in computational complexity. The order of the full tw
dimensional FE-model is alreadynN = 2206 due to the larg
number of elements that must be used to resolve the thin
and copper layer, since the length scales involved in the p
lem range between 1.0 mm and 1.0 µm. Whereas for simula
purposes such a model order is relatively low, for non-itera
model reduction it is close to the computational limit. R
duction of models of orders abovenN = 3000–4000 become
quickly computationally intractable even if high-performan
computing is employed.

We have therefore limited the computational domain to
dimensions, but we resolve the thin gold and copper layer.
is preferable to employing a three-dimensional FE-model of
microthermocouple array which neglects the thin gold and c
per layer because it would not yield the desired accuracy at
frequencies. Furthermore, a three-dimensional model invol
the thin gold and copper layer would result in a model on the
der ofnN = 50000–100000 which is beyond our computatio
capabilities regarding model reduction.

2.4. Solution of the IHCP

For the solution of the IHCP, the reduced heater model m
be inverted. An exact inverse is calculated using an algor
n
is

n-

e

-
e
n

e

ld
-
n

is
e
-
h
g
-
l

t

proposed by Silverman [19]. For regularization of the IHCP
lowpass filter of order 3 with a cut-off frequency of 7.5 kHz h
been chosen. The choice of the order and the cut-off frequ
is motivated by the temperature measurements, which ar
tered with the same cut-off frequency during data acquisi
in the experiment. Therefore, no useful frequency compo
above the cut-off frequency can be expected to be conta
in the measurements anyway. By choosing the same cu
frequency in the IHCP we can assure to resolve the hig
frequency component contained in the measured temper
signals. However, there will be errors in the estimates which
due to our modeling approach. In particular, the dimensio
reduction of the heat transfer problem from three to two s
tial dimensions will limit the accuracy of the estimates in
lower frequency range in a way which is difficult to quanti
The high frequency resolution is a definite advantage comp
to our previous works. These issues are discussed in more
below. A solution of a 3D-IHCP has already been presented
fore [20] to interpret temperature fluctuations in boiling. Ho
ever, the frequency resolution was limited by the relativ
coarse grids of the discretization which had to be employe
order to render the problem computable. Here, our goal
achieve a much higher frequency resolution and a good c
promise between all factors which have an influence on
quality of the estimate, i.e. the spatial and temporal discre
tions, the order of the reduced model, the parameterizatio
the boundary heat fluxes with respect to the sensor positio
well as the choice of the filter parameters. Details on this ma
are thoroughly discussed in [14].

2.5. Estimated local surface heat flux and temperature
fluctuations

The temporal and spatial evolution of the estimated sur
heat flux and temperature distribution across the boiling sur
differs significantly among the boiling regimes.

In low heat flux nucleate boiling, the temporal and spa
heat flux and surface temperature fluctuations are relat
moderate in boiling of isopropanol. The surface temperature
hibits fluctuations between 0.1–0.3 K. At higher heat fluxe
nucleate boiling, both the number of fluctuations per unit t
as well as their amplitude increase. Towards critical heat fl
periods of monotonically increasing temperature with exc
sions up to 1.0–3.5 K can be observed to emerge in an ir
ular pattern. The temperature excursions mostly extend lo
only over one or a few microthermocouples. They are acc
panied by relatively steep temperature drops with gradient
to 5000–10000 K·s−1 during which the temperature drops b
low the spatial average temperature at the respective oper
point.

The number density of temperature excursions and the
lowing temperature drops increases dramatically towards C
The number density exhibits its maximum around CHF. T
spatial extension of phases with high temperature continu
grow from high heat flux nucleate to transition boiling. Sin
time and space scales are coupled by the velocity of the we
and rewetting process, this behaviour implies that the num
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Fig. 5. Estimated surface temperature superheat�T and measured temperatu
superheat�TM during rewetting of the boiling surface in transition boilin
(top) and complying estimated peak boiling heat flux fluctuationqfluc (bottom).

density of the occurrence of temperature excursions decre
when observing the fluctuations locally over time. The ma
mum amplitude of the temperature excursions is reached in
high heat flux transition boiling region and at CHF.

A typical measured temperature excursion with a sud
temperature drop is shown in Fig. 5 together with the estim
surface temperature for an operating point in transition boi
at a superheat of 42.5 K. The complying heat flux estimat
shown below.

The same single fluctuation as in Fig. 5 is shown in
qfluc/�T phase plot in Fig. 6. A strong correlation of the l
calized heat flux with local superheat inherent in the dynam
of the boiling process is found. The symbols× denote time in-
stances that correspond with those in Fig. 5. Theqfluc/�T cycle
starts with a superheat of about 42.5 K att = 0.64 ms. During
approx. 8 ms the superheat rises about 0.9 K to reach its m
mum in the cycle of about 43.5 K. In the next 7 ms the super
decreases slightly due to some heat which is withdrawn f
the boiling surface. Then, within the very short time period
about 1.5 ms the surface temperature drops sharply. A peak
flux of 6.0 MW·m−2 is identified at the time of the occurren
of the superheat minimum of about 41.5 K. Within the n
2 ms the superheat again rises to about the average superh
about 42.5 K. It may then take 10–200 ms until the next cy
can be observed.
es

e

n
d

s

s

i-
t

at

t of

Fig. 6. Phase plot of estimated surface temperature difference and hea
fluctuation in transition boiling during possible rewetting of the boiling surfa

Very similar patterns like the single fluctuation shown c
be repeatedly identified from the measurements. Typical
plitudes of the estimated heat flux fluctuationsqfluc in these
patterns range between 5–8 MW·m−2 at CHF and in transi-
tion boiling. In high heat flux nucleate boiling, these amplitud
are typically 3–5 MW·m−2 which is about half of those ob
served in transition boiling. The magnitude of these fluctuati
is therefore a feature of a particular boiling regime. In nuc
ate boiling the temperature drops and the associated high
fluxes are presumably caused by rapid local evaporation
microconvection of superheated liquid at the boiling surf
probably due to similar mechanisms proposed in the microl
theory. In transition boiling, they are most likely caused by
uid contacts rewetting highly superheated and vapor-cov
surface spots at the surface. This generates ideal heat tra
conditions for intense evaporation. As already pointed out,
fluctuations in nucleate boiling are usually observed only
a few microthermocouples. Hence, they extend only ove
area which is smaller than the whole microthermocouple
ray whereas in transition boiling the fluctuations mostly ext
over an area which is larger than the 1× 1 mm2 microthermo-
couple array. Therefore, the characteristic sizes of the liq
vapor structures in the two-phase at the surface are foun
increase with increasing superheat. This is discussed in m
detail in Chapter 3.5 where the interfacial vapor–liquid geo
etry is identified from two-phase flow experiments. It is
teresting that theqfluc and�T oscillations are correlated in
cyclic manner. As shown in [21], local dry spots might trigge
temperature wave propagation across the heaters and ultim
cause the transition from nucleate to film boiling if no cont
system as in the present experiments is applied. Therefor
temperature excursions and drops must be subject to furthe
vestigations together with the two-phase flow phenomena.

As can be seen from the temperature and heat flux
mates, the high-frequency characteristics of the signals are
preserved. The measured and estimated surface temperatu
hibit nearly the same dynamics. This shows that the dam
due the sputtered gold and copper layer is very small, els
would observe a significant time delay between the meas
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Fig. 7. Time series of estimated surface temperature and heat flux dis
tions (solid lines) across the computational domain. The measured tempe
superheat�TM at the respective measurement positions is denoted by
bols (×).

wall and estimated surface temperature. It can also be
cluded that the solution of IHCP is capable of following t
fast dynamics of the measured signals. We have also as
this property by testing our algorithm with artificially generat
test signals. The surface temperature is estimated to be ap
imately 0.1 K below the measured wall temperature. Since
difference is on the order of the absolute measurement
of the microthermocouples, it can be concluded that microt
mocouple setup is capable of almost measuring the real su
temperatures within these errors and if no higher frequen
components than 7.5 kHz prevail in the boiling process dyn
ics which the measurement setup cannot resolve. The sol
of the IHCP does therefore not add any value to the meas
temperature, except that it proves that there is no signifi
difference in the dynamics and absolute values between th
timated surface and measured wall temperature. Anyway
solution of the IHCP is needed to estimate the surface hea
distribution.

A short sequence of estimated heat flux and tempera
profiles along the surface boundary computed from the IH
together with the measured wall temperature is exempla
shown in Fig. 7. This sequence gives an impression on the
tuations across the line of the microthermocouple array.
taken at the same operating point in transition boiling at a
perheat of 42.5 K as the fluctuation discussed above. How
we have chosen a sequence here, where the rewetting pr
u-
re
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n-
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x-
s
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occurs very localized at aroundx = 0.6 mm. As can be seen
the surface superheat is almost constant along the heate
face at a level of 44 K during the first 2 ms of the sequence.
negligible spatial variation indicates a two-phase flow struc
(probably vapor) larger than the extension of the microther
couple array. At around 3 ms, the temperature begins to
along the computed surface boundary with a distinct minim
of about 41.0 K at approximatelyx = 0.6 mm. This local min-
imum is most probable due a small liquid drop rewetting
surface. As can be seen from the estimated heat fluxes,
correspond exactly to the shown surface temperature pro
The rewetting process causes a heat flux of 400 W·cm−2 which
is withdrawn from the surface in the particular rewetted reg
at x = 0.6 mm. Typically, the heat flux fluctuations on the li
which are estimated due to background fluctuations without
tinct temperature drops or due to slow temperature excurs
are in the range of about±50 W·cm−2 for comparison. The
peak heat fluxes identified are hence about a factor 5–10 h
than the background fluctuations.

Before and after the excursion, the heat flux is close to
or even slightly negative indicating heat transfer from the fl
to the wall at a very low heat transfer coefficient. Negative h
fluxes are probably an artefact of the estimation. These ar
timated because of the finite spatial domain which is emplo
in the solution of the IHCP. In the formulation of the IHCP, he
is only allowed to be exchanged at the boiling surface. Ac
all other boundaries a zero heat flux boundary condition
been described (cf. Fig. 4). If a strong heat flux occurs local
the boiling surface boundary, an opposite heat flux has to o
somewhere else at the boundary in order to compensate th
balance of energy. This effect is more pronounced at the left
right edges of our computational domain where we lack be
information on the real lateral boundary heat fluxes and wh
we do not have measurements to deduce the lateral fluxes
However, this influence is compensated and damped tow
the middle of the computational domain where the thermal
ergy stored in the heater is only influenced by better estim
of the overall temperature and boundary heat flux distribut
Therefore, the estimation quality increases going farther a
from the boundary edges where no validated informatio
available. A similar effect as the “edge effect” is expected fr
the dimensional reduction from three to two spatial dimens
of the computational domain of the heat transfer problem. A
ally, we would have enough measurement information to a
this dimensional reduction. However, as already stated, we
not employ this information currently as we have to limit t
dimensional complexity because of the computational limit
are facing with the model reduction routines. Therefore, the
timated peak heat fluxes mentioned should not be consid
as absolute values. Rather they must be interpreted as hea
fluctuations around a mean zero heat flux level during a p
when no temperature fluctuation occurs. Indeed, during t
phases the estimated heat flux is close to zero. Any higher
ative heat flux is probably not due to physical phenomena
an error due to the finite domain employed as a model for
IHCP. What is required in the future is the formulation a
solution of a IHCP, possibly three-dimensional, by either e
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ploying measurements which are arranged in such a ma
that all unknown boundary heat fluxes can be well graspe
by extending the computational domain up to those bounda
where the heat flux distribution is well known.

Despite these limitations, the results clearly suggest
highly localized superheat and heat flux fluctuations at the b
ing surface play an important role in the overall boiling me
anism. Although it seems rather likely from these results
local evaporation is the cause for the observed fluctuations,
corresponding optical probe measurements in the two-ph
on the detail of individual and corresponding events, can
more insight to substantiate this conjecture, e.g. if the obse
peak heat fluxes which are identified correlate with vapor, liq
or the presence of an interface. Unfortunately, correspon
measurements in both the heated wall and the two-phase
which allow to correlate the patterns observed in the heater
fluid phase measurements are not available yet as the o
probe cannot be positioned with sufficient precision with
spect to the microthermocouple array. However, optical pr
measurements can be carried out along with microthermo
ple measurements at corresponding operating points alon
entire boiling curve [7]. Therefore, the optical probe measu
ments can be related to the microthermocouple measurem
in an averaged sense. These optical probe measuremen
used in the following chapter to identify the interfacial geom
try of the two-phase flow and to correlate the geometry of
interface with the boiling heat flux. By this approach, we w
to clarify if evaporation and microconvection at a vapor–liq
front, namely at the interface, close to the boiling surface is
important mechanism not only for nucleate boiling but for
entire boiling curve.

3. Identification of geometric statistics of two-phase flow

As pointed out before, the presence of a liquid–vapor in
face close to the boiling surface is suspected to provide the
mechanism for heat removal in the boiling process. The wet
structure itself as well as their typical dimensions close to
boiling surface are still subject to debate. For a better me
nistic understanding and verification of heat transfer models
important goal is to identify this information from experimen
data of an optical probe together with a mathematical mode
the interfacial geometry. A methodology for the identificati
has already been presented in [8] along with a simple geo
try model capturing candidate geometries in a unifying man
Since the unknown parameters quantifying the wetting st
ture must be inferred from measured quantities like the va
fraction and contact frequency, the identification of the inte
cial geometry can be formulated as the constrained nonli
regression problem

min
Θ

∑
k

(
y(Θ,�Tk) − yM(�Tk)

)2 (4)

s.t. Eqs. (6)–(8), (22)–(25) (5

whose optimal solution minimizes the sum of quadratic
ferences between the valuesy predicted by the model (give
below in Eqs. (6)–(8), (22)–(25)) and the real measured va
er
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yM atk = 1,2, . . . different superheats�Tk . The measurement
considered are the time-averaged vapor fraction and contac
quency above the heater.

In [8], it has been shown in detail how experimental opti
probe data must be interpreted in terms of two-phase flow
eraging theory. In addition, a model for the identification of
wetting structure has been presented. We will summarize t
results here and focus on the new aspects of the identific
method. These are concerned with a refined parameteriz
to describe the dependency of the unknown geometrical dim
sions of the wetting structure on the superheat and the pos
ity to measure the contact angle in-situ if a suitable four-se
probe was available.

3.1. Geometry model

Consider the specific geometry shown in Fig. 8, which sh
a “vapor chunk” with a strongly simplified and idealized inte
facial geometry at the boiling surface. This interfacial geome
neglects curvature along thez-direction, but considers the con
tact angleφ of the wetting liquid. If a cutting plane at a positio
�z parallel to the boiling surface is introduced, the geome
shown in Fig. 9 results. As discussed in [8], any other geo
try, e.g. a bubble, would have yielded the same results for
key averaged geometrical quantities which we are going to
ploy.

The geometry is parameterized by two characteristic dim
sions, the diameterdS of a vapor chunk and the distanceL
between vapor chunks, and by the contact angle. We as
N vapor chunks close to a heater surface of areaAH which is

Fig. 8. Three-dimensional interfacial geometry model with a planar interfa

Fig. 9. Interfacial geometry model for the cutting plane at�z (see Fig. 8):
without coalescence (left), with coalescence (right).
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assumed to be quadratic. For this specific geometry, volu
averaged quantities, i.e. vapor fraction and interfacial area
sity, can be computed. These equations apply the general d
itions of the averaging theory of multiphase flows originally
troduced by Delhaye [11] and others to the geometry in Fig
and 9. We assume that coalescence occurs at 1< dS/L �

√
2.

No coalescence is assumed to be possible for 0� dS/L � 1.
The interfacial area densityAi and vapor fractionαV are given
by the model equations

Ai = g1(dS,L,φ) (6)

αV = g2(dS,L) (7)

with functionsg1 andg2 derived in [8]. For the geometry mod
to be valid, we have to request

0� dS/L �
√

2 (8)

because fordS/L = 0 no vapor spots exist and fordS/L = √
2

the vapor spots are fully coalesced. The number of nuclea
sitesN may also be expressed asN/AH = L−2 in this model.
A nucleation site is understood as the center of the circula
por chunk.

The model assumes a particular geometry with particle
equal shape and relative position. Three parametersdS , L andφ

are required to completely describe the situation. Obviously
true wetting structure is much more complicated and chan
dramatically along the boiling curve. First, the true interface
a single vapor chunk will be much more irregular in the up
nucleate and transition boiling regimes. Second, the struc
will not be of a single type with a regular spatial organizati
Consequently, these parameters should be understood aex-
pected values of yet unknown statistical distributionsof at least
the parametersdS , L andφ. This model is introduced to idealiz
and simplify the much more complex actual interfacial struct
of the two-phase flow. It can be considered as a minimum p
meter model for identifying a boiling process geometry. It m
be understood to equivalently represent the much more com
cated wetting behaviour in an averaged sense. As a conseq
the identified parametersdS andL may not be interpreted to de
scribe a single event of the process since the spatial scal
a single event may vary by orders in magnitude over time
may show a much more complicated geometrical shape. If the
geometry model is applied along the boiling curve, the para
ters become functions of superheat.

It has been shown in [8] that the interfacial area density
pends on the contact angle of the wetting fluid. In contrast,
density does not. Interfacial area densityAi and line densityLi

are related by the contact angleφ according to

Li

Ai

= sinφ (9)

at any positionz of the cutting plane. At the boiling surfac
i.e. at z = 0, the same result as in Eq. (9) would have b
obtained for geometries with anarbitrary curvature, e.g. if we
had assumed a bubble geometry.
-
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n-
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3.2. Interpretation of multi-sensor probe measurements

Sensor probes ideally measure the phase indicator fun
X(x, t) which signals the presence of the vapor(V ) or liquid
(L) phase at the sensor tip locationx at time instancet . Mathe-
matically, this can be expressed as

X(x, t) =
{

0 (x, t) ∈ L

1 (x, t) ∈ V
(10)

The phase indicator function carriestwo independentpieces of
information over time: the time instance of a change of ph
and the time duration of the presence of a particular phase

The vapor fractionαV is determined in terms of time ave
aging as

αV = 1

�τ

t+�τ∫
t

X dt (11)

Ishii [9] suggests to determine the interfacial area densityAi

from

Ai = 1

�τ

∑
j

(
1

|vi · ni |
)

j

(12)

where the summation is taken over allj instances of interfacia
contacts at locationx during the time interval�τ . vi · ni is the
scalar product of interfacial velocityvi and the normal vecto
ni of the interface at locationx. This product will also be de
noted byν(x, t), the normal interfacial velocity. This equation
based on the theory of two-phase flow where the interface i
sumed to have negligible thickness. The interfacial area de
Ai can be inferred from four-sensor probe measurements
However, the capabilities of a four-sensor probe extend bey
the measurement of the interfacial area density which is
lated to the normal interfacial velocityν = vi ·ni . We will show
subsequently that not only the scalar productvi ·ni can be mea
sured, but also the normal vectorni itself. Furthermore, sinc
the normal vector is closely related to the contact angle of
wetting fluid, the contact angle can be measured using a
sensor probe.

For this purpose, we assume that the interface is large c
pared to the size of the probe array and does not deform du
sensor contact. The first assumption also implies that the
terface curvature is small compared to the size of the p
array. Fig. 10 shows an example of such a probe. Further
assume that each individual interfacej passes all four senso
tips. Hence, four time instancesτl , l = 1, . . . ,4, at which the
interface passes each sensor can be detected.

A four-sensor probe represents a system with a mini
number of sensors that spans a local reference coordinate
tem for the interfacial movement in three-dimensional sp
It can also be viewed as a system of six double-sensor pr
when combinations of two of the four sensors are considere
a time. For each double-sensor probek = 1, . . . ,6 we can write

ν�τk = �skni · ns,k (13)

where

�τk = τl − τm, l = 1, . . . ,3, m = l + 1, . . . ,4 (14)
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Fig. 10. Example a four-sensor probe for measuringni andν.

is the time difference for the interface to travel from sensorl to
sensorm and

�sk = sk · ns,k = |sk| = |sl − sm|
l = 1, . . . ,3, m = l + 1, . . . ,4 (15)

is the known distance between sensorl and sensorm. ns,k is
the unit vector pointing in the measurement direction of e
double sensor. To obtain a solution forν andni at least three o
the six distances�sk must be known. In order to minimize un
avoidable measurement errors in the solution, it is advantag
to measure all six distances and to solve an overdetermine
of equations in a least-squares sense. The problem can b
into
1

ν
(Nsni )

Tvs = 1 (16)

with

Ns =




nT
s,1

nT
s,2
...

nT
s,6


 , ni = (nix, niz, niz)

T

vs =
(

�s1

�τ1
,
�s2

�τ2
, . . . ,

�s6

�τ6

)T

(17)

by assembling Eq. (13) for each double-sensor probek. Ns is
the matrix of unit vectors of the measuring direction of
double-sensors andvs is the vector containing the sensed v
locity of each double sensor. These quantities are know
measured.ni is the normal vector and is unknown. Since t
normal vector has unit length, Eq. (16) can be solved as
minimization problem

min
ni ,ν

∣∣∣∣1

ν
(Nsni )

Tvs − 1

∣∣∣∣ (18)

s.t.|ni | = 1 (19)

where the unit length of the normal vector is expressed a
equality constraint in the minimization problem. The solut
h

us
et
ast

r

e

n

of this minimization problem yields the normal interfacial v
locity ν whose inverse has been shown to be the interfacial
density [23,24], and the vectorni normal to the interface. Thi
way, one is able to identify the local orientation of the interfa
in three-dimensional space together with its normal velo
from four-sensor probe data.

The “local contact angle”φ at the probe tip at positionz
above the surface equals the apparent contact angle at the
ing surfacez = 0 if the interfacial geometry does not chan
curvature alongz. Under this assumption,φ can easily be ob
tained from the projection ofni onto the unit vectortB parallel
to the boiling surface according to

φ = arcsin(ni · tB) (20)

with tB normal to the cutting line which is defined by vapo
liquid the interface and the boiling surface. Hence, for a fi
interfacial velocityvi of a material point on the interface, th
normal interfacial velocityν and the interfacial area density d
pend on the contact angle according to

ν ∝ sinφ, Ai ∝ sin−1 φ (21)

3.3. Interpretation of single sensor probe experiments

Buchholz et al. [25] have employed a four-sensor opt
probe where the axial distance between the two lowest
sor tips is 160 µm. Since in his studies it is not the goa
measure the interfacial area density or the velocity locally
outlined above, the axial distance of the two sensor tips is l
compared to the smallest distance between the lowest s
tip of the probe and the boiling surface which in his expe
ments has been 8 µm. Therefore, data from the lowest se
tip is employed here and an approximation for the interfa
area density according to Eq. (12)

Ai = f

vC

= Np

vC�τ
(22)

is introduced [8]. The contact frequencyf replaces the summa
tion over all instancesj in Eq. (12) under the assumption th
the normal interfacial velocityνj is the same for allj instances
and that it equals a normal characteristic interfacial velocityvC

which is unknown. The contact frequency is the ratio of
number of phase changesNp and during the measurement i
terval �τ . As discussed already in [8] the contact frequen
may also be interpreted as the interfacial area density flux w
equals the time rate of change of the vapor fraction. Hence
contact frequency may also be considered as a rate of eva
tion.

Recent experimental results by Buchholz et al. [7] indic
typical characteristic velocity of the two-phase flow betwe
400 mm·s−1 and 1000 mm·s−1 at a distance between 4.5 m
and 20 mm to the boiling surface obtained by cross-correla
the characteristic functions. If this data is extrapolated
early to the boiling surface, a characteristic velocity of appr
200 mm·s−1 is obtained. It might serve as a first clue on t
magnitude of the interfacial velocity. Further verification c
only be achieved by employing appropriately designed m
sensor probes for measuring local interfacial velocities as
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lined in Section 3.2. Both measured contact frequencyfM and
vapor fractionαV,M are included in the measurement vector

yM(�Tk) =
(

Ai,M(�Tk)

αV,M(�Tk)

)
=

(
fM(�Tk)/vC

αV,M(�Tk)

)
(23)

The indexk denotes the measurement samples at differen
erating points along the boiling curve.

3.4. Parameterization of interfacial geometry as a function
superheat

The geometrical model (6)–(8) predicts the area densitieAi

and vapor fractionαV and is written as

y =
(

Ai(p)

αV (p)

)
=

(
g1(p)

g2(p)

)
(24)

It depends on the diameterdS and the distanceL which are
combined in the geometrical parameter vectorp = (dS,L)T.
Note, that we have not included the contact angleφ in the pa-
rameter vectorp sinceφ is not identifiable from single senso
probe data which we are going to employ. Instead, the con
angleφ is lumped into the unknown characteristic velocityvC .

If the model (6)–(8) is applied along the entire boiling cur
the geometrical quantities contained in the parameter ve
p become functions of superheat�T . Within the constraints
given by Eq. (8), bothdS andL could in principal behave arb
trarily. In order to identify the unknown dependency ofp with
superheat�T , a parameterization must be chosen fordS(�T )

andL(�T ) that captures the essential behaviour of the phys
but is adapted suitably to the number of experimentally av
able data points. In contrast to [8], where a linear depende
has been chosen, because the experimental data has not a
a finer parameterization, we here employ quadratic spline f
tions [26] which we denote withf1 and f2, respectively, to
correlatedS andL with the superheat�T . The parameter vec
tor Θ concatenates the parameters of the spline function.
finally leads us to

p(�T ) =
(

dS(�T )

L(�T )

)
=

(
f1(Θ,�T )

f2(Θ,�T )

)
(25)

3.5. Identification of the interfacial geometry

The parameter estimation problem (4)–(5) is solved usin
sequential quadratic programming method [27].

Comparison between experimental data and the mode
gression is shown in Fig. 11 and 12 for an assumed cha
teristic velocityvC = 200 mm·s−1. Although, the interfacia
area density depends on the chosen characteristic interfaci
locity, the goodness of regression is not changed when o
characteristic interfacial velocities are chosen. As can be
pected and discussed in more detail below, the average
of vapor chunks and their distance to each other depen
the characteristic velocity chosen. The contact frequency is
tained from the raw probe data based on an extended two-
threshold method [7]. As can be seen from the measurem
points shown in the figures, the scatter in the averaged da
-

ct

or

,
-
y
ed
-

is

a

e-
c-

e-
er
-

ze
n
-
el
ts
is

Fig. 11. Comparison between measured (× symbols) and predicted (solid line
vapor fractions forvC = 200 mm·s−1 for boiling of isopropanol at 8 µm.

Fig. 12. Comparison between measured (× symbols) and predicted (solid line
interfacial area densities forvC = 200 mm·s−1 for boiling of isopropanol at
8 µm.

Fig. 13. Estimated vapor chunk size and spacing during boiling of isoprop
for vC = 200 mm·s−1.

not significant when averaging the probe data at each oper
point over five subsequent time intervals of 5 s each.

Fig. 13 shows the identified geometric parametersdS andL

as a function of the superheat�T . Close to the onset of boiling
the estimated average vapor chunk diameterdS is close to zero
it grows toward higher superheats and saturates in the film
ing region. At CHF at about�T = 35 K, the average spacin
L and the diameterdS are equal and in an averaged sense,
interfaces begin to coalesce. In the high heat flux transition b
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Fig. 14. Estimated vapor chunk size during boiling of isopropanol
vC = {40,200,1000} mm·s−1.

Fig. 15. Estimated vapor chunk spacing during boiling of isopropanol
vC = {40,200,1000} mm·s−1.

ing region the average diameter of a vapor chunkdS increases a
well as the chunk spacingL with increasing superheat�T until
they level off in film boiling. The results clearly show that t
boiling surface accretes with increasing superheat. The v
chunk diameterdS and spacingL depend on the chosen chara
teristic velocityvC as already pointed out. As shown in [8] a
demonstrated in Figs. 14 and 15, the estimates ofdS andL in-
crease proportionally with increasing characteristic velocityvC .
Remember, the identified parametersdS andL must interpreted
in an average sense and not as single event of the process

Nonetheless, the size of vapor chunks identified from se
probe data can be confirmed quantitatively by looking clos
at periods of high temperatures measured by the microthe
couple array as such periods are probably associated with
dry-out of the surface. In the transition boiling regime we c
indeed find periods of high temperature and sudden temper
drops repeatedly which extend simultaneously over the e
microthermocouple array of 1× 1 mm2. Using principal com-
ponent analysis [28], we find that, in transition boiling, the fi
principal component can describe almost up to 95% of the m
sured temperature fluctuations of all microthermocouples o
array. This is another clear indication confirming the result
Fig. 7 that dry-out and rewetting can occur over an area o
least 1×1 mm2 at the surface and that it is a highly self-simi
process. We observe that rewetting occurs in a very shor
or
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Fig. 16. Estimated nucleation site density during boiling of isopropanol
vC = {40,200,1000} mm·s−1.

riod of time until the wetted surface undergoes dry-out du
evaporation again. As already pointed out this is an intermitt
repeating process.

An estimate of the nucleation site density can be obta
even in boiling regimes where their determination by visual
servation is impossible. The concept of nucleation site den
is carried over into the transition and film boiling regions
defining it as the center of any vapor chunk along the en
boiling curve. The estimates are shown in Fig. 16 for differ
values ofvC . First, a slight increase in nucleate site density
ginning at the onset of nucleate boiling up to CHF is found. T
estimate reveals that the nucleation site density decreases
increasing superheat in transition boiling until it levels off
film boiling. A large characteristic interfacial velocity decrea
the nucleation site density.

The results on the identified interfacial geometry of boil
isopropanol are in good agreement with our results for
72 [8]. For both fluids, the interfacial geometry model qu
titatively predicts the measured probe data very close to
surface well. Even the interrelation as observed experimen
between vapor fraction and interfacial area density is rea
ably accounted for by the model despite the unknown inte
cial velocity. This interrelation seems to be a distinct feat
of the boiling process along the boiling curve. It gives ad
tional confidence in the model and the identified parame
The estimates fordS andL in boiling isopropanol are within
the same range as those for FC-72. However, the results
only be compared qualitatively, because in this study the
pendence of the estimates on the superheat is identified
higher resolution due to the use of spline functions. For b
FC-72 and isopropanol, we find that the average size of v
chunks increases with increasing superheat. The average
tance of the vapor structures is found to increase for boi
isopropanol, whereas in our previous study it has been fo
to decrease with increasing superheat. It remains open i
identified decrease with superheat for boiling FC-72 is du
a physical effect or a consequence of the coarse linear par
terization and the limited experimental data points employe
the previous study.

The estimated equivalent nucleation site densities in b
ing isopropanol in the framework of this study range betw
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1 mm−2 and 5× 102 mm−2. At low heat fluxes they are in
reasonable agreement with experimental results of [29,30
though in these investigations propane and R134a have
employed as test fluids. In any case, the results have only
obtained with a characteristic velocity which as been assu
constant, but might change along the boiling curve.

3.6. Correlation of boiling heat flux with interfacial area
density

Interfacial area density has been proposed in [8] to be
probably most important factor for a unifying mechanis
model for boiling heat flux in all boiling regimes. Again, w
correlate the boiling heat flux with the interfacial area den
Ai , or equivalently (cf. Eq. (22)), with the contact frequencyf

according to

q = �CvCAi = Cf (26)

where C is a constant parameter and includes the unkn
characteristic interfacial velocity. Fig. 17 shows the results
the correlation using contact frequency data at a distanc
8 µm above the heater surface. The constantC is found by the
solution of a simple regression problem.

Superheat as employed in the correlation for FC-72 [8
here not required to find a reasonable fit. This difference in
structure of the correlation might be due to the optical pr
measurements and the heat flux measurements for FC-72 w
have not been carried out simultaneously. As already con
tured in [8], contact frequency can be a self-sufficient mea
to correlate boiling heat flux. Obviously, this seems to be
for isopropanol boiling. However, comparing the correlated
the measured heat flux in Fig. 17, we find that large deviat
exist. Up to 32 K at low heat fluxes in nucleate boiling a
above 50 K in film boiling the correlation underpredicts t
measured boiling heat flux by more than 50%. The deviat
even increase towards lower superheats in nucleate and tow
higher superheats in film boiling. In the region between
50 K, which includes the critical point, the deviations are wit
±50%. Obviously, the correlation seems to be more suitab
the high heat flux region where most of the heat is transfe

Fig. 17. Correlated isopropanol boiling curve according to Eq. (26) with con
frequency data (◦ symbols) taken at a distance of 8 µm above the heater sur
C = 0.019 W·cm−2·s−1. q/�T data denoted by× symbols.
l-
en
en
d

e

n
f
of

e

ch
c-
e

s

s
rds

n
d

t
e.

by evaporation at the liquid–vapor interface. On the one h
the higher deviations of up to 95% in low heat flux nucle
boiling can probably be attributed to convective effects wh
are due to bubble agitation of superheated liquid and which
not included in the simple correlation proposed. One the h
the actual interfacial dynamics is much more complex tha
could be captured by a simple correlation and by measurem
taken only at 8 µm. Although we expect the relevant heat tr
fer mechanisms, e.g. liquid evaporation, to happen at a dist
around a few micrometer above the surface or even closer,
are two important issues to consider. First, at small dista
of the probe to the surface, e.g. 8 µm, the probe senses
those phenomena which occur over a very small region a
heater surface due to geometric reasons. These phenome
served very locally may differ somewhat from the rest of
heater. In addition, the measured boiling curve represents a
tial average of the superheat and boiling heat flux over the e
heater whereas the correlation according to Eq. (26) emplo
temporal average of local measurements of the two-phase
structure. Hence, for optical probe measurements very clo
the surface, the assumption of ergodicity may not always
fulfilled completely. This may explain some of the deviatio
Second, it remains still open what effect the whole bound
layer of the two-phase flow has on the heat transfer mechan
We can expect the spatial and temporal scales of the rele
interfacial processes to change along the entire boiling cu
This includes the size of the typical geometric structures ab
the boiling surface that determine thickness of the bound
layer, for example. Therefore, the relevant mechanisms for
transfer in the two-phase may not occur at the same dist
to the heater for all operating points along the boiling cur
but may depend on the geometric structure. E.g. in film b
ing, almost no vapor–liquid fluctuations have been obse
at 8 µm whereas at 48 µm distinct, rather regular pattern
liquid–vapor fluctuation of growing and necking bubbles
of the closed vapor film can be found. Here, much of the h
is definitely withdrawn due to the transport of these bubb
Interestingly, if we take the contact frequency data at 48
instead of 8 µm to correlate the boiling curve in film boilin
slightly smaller deviations between the measured boiling cu
and correlated boiling curve in film boiling can be found. A
though, it can definitely be said that a three-phase contact
does not exist in film boiling, the suspected quantity, interfa
area density, can currently not be determined more preci
but instead has to be approximated by the contact frequenc
suming a constant interfacial velocity along the entire boil
curve. New measurements using multiple sensor probes a
quired to measure interfacial area densities as a function of�T .
Such measurements require even more miniaturized probe
elaborate signal processing schemes as pointed out. Co
ering that the entire boiling curve is correlated with a sin
parameter, the deviations are acceptable. Even if they are p
very large, the simple correlation seems to capture qualitati
most of heat transfer mechanism along the entire boiling c
quite well. Our results support the hypothesis that the pres
and distribution of the liquid–vapor front close to the surfa
i.e. the interface, plays a significant role in the overall boil
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heat transfer mechanism. It is obvious from Fig. 11 that
vapor fraction does not correlate with the boiling heat flux
8 µm. The kink which can be observed in both the meas
q/�T and the correlated boiling curve at about 42 K is d
cussed in [31].

It is interesting to note, that turbulence in single-phase fl
can be well correlated using a dimensionless frequency [
e.g. the Strouhal number. In our context, the contact freque
which is the number of liquid–vapor fluctuation per time, h
been interpreted as the area of the liquid–vapor interface
volume using a characteristic velocity. Although the bound
conditions in single-phase turbulent flow and boiling proces
are quite different, the interpretation of both the phenomen
the boundary layers simply in terms of time and space scale
lated by a characteristic velocity is common to both approac
This property is also closely related to the closure issue for
turbulent flows [32] and multiphase flows [10,33,34]. In t
context of multiphase flows and averaging however, the va
fraction, interfacial area density flux and their evolution ha
been identified relevant to achieve closure and to restore the
information due to averaging. Such a closure has basically
achieved here for the boiling process by correlating the inte
cial area density in terms of contact frequency with the va
fraction using a geometric model as well as with the boil
heat flux. Unless a deeper understanding on the relevant
nomena is achieved, the introduction of turbulent effects
the discussion in boiling processes is not yet advisable, bu
interrelation between the disciplines and the quite similar p
lems with closure in both approaches should not be overse
future investigations.

4. Discussion and summary

This study reveals that unmeasurable quantities, namel
surface heat flux and temperature as well as the interfa
geometry of the wetting structure, needed for a better m
anistic understanding of a boiling processes can be ident
successfully from temperature and optical probe measurem
Surface temperature and heat fluxes are estimated from
perature data in the heated wall. The wetting structure c
to the surface is identified from optical probe data as a fu
tion of the superheat using a simple geometrical model w
captures different modeling approaches in a unifying man
The results presented here for the boiling of isopropanol a
good accordance with results obtained for FC-72 in our pr
ous study [8]. Thus, both data sets support the conjecture
the interfacial geometry of the wetting structure close to an
the surface is of fundamental importance for the developm
of a mechanistic model of boiling heat transfer. Our studies
derline the conclusions drawn by other authors that the inter
itself provides a key mechanism in the boiling process to c
away much of the heat from the surface. One aspect are
peak heat fluxes identified in this study in nucleate and tra
tion boiling which exceed the average boiling heat flux by
order of 102. Heat fluxes of such an order of magnitude ha
also been predicted by the microlayer theory [35] for low h
flux nucleate boiling. Dhir and Liaw’s unifying model [3] fo
t
d

],
y

er

s
n
e-
s.
h

r

st
n
-
r

e-

e
-
in

e
al
-
d
ts.

-
e
-
h
r.
n
-
at
t
t
-
e

y
e

i-

t

nucleate and transition boiling also predicts that the local
transfer is highest in the wedge close to the three-phase co
line for nucleate and transition boiling. However, a three-ph
contact line is not present in film boiling. But still, quite a sim
ilar mechanism associated with the interface might domin
the heat transfer, e.g. the presence of interface very clos
the boiling surface during the necking of the wavy vapor fi
interface while forming a bubble. However, the detailed ph
cal mechanisms underlying the candidate models are not
explored. These include thin film adsorption and contact
movement as well as the relevance of the contact angle a
the interfacial velocity. Therefore, it is necessary to extend
methodology in a next step. As pointed out, four-sensor pro
can provide the necessary information regarding the influe
of the contact angle and interfacial velocity. Such meas
ments could prove or disprove the hypothesis that interfa
area density is a key parameter in boiling. At the same time
geometry model of this work should be extended by an en
balance such as in [2] to hopefully better discriminate betw
the mechanisms proposed by competing models. Temper
measurements in the two-phase flow and in the heated wa
presented by [25] can provide very valuable additional in
mation for this task and should allow to identify the contribut
of the suspected local heat transfer mechanisms to the ov
heat transfer process in the future.

References

[1] V.P. Carey, Liquid–Vapor Phase-Change Phenomena, Series in Che
and Mechanical Engineering, Hemisphere, Washington, DC, 1992.

[2] P. Stephan, J. Hammer, A new model for nucleate boiling heat tran
Wärme- und Stoffübertragung 30 (1994) 119–125.

[3] V.K. Dhir, S.P. Liaw, Framework for a unified model for nucleate a
transition pool boiling, J. Heat Transfer 111 (1989) 739–746.

[4] P.C. Wayner Jr, Thermal and mechanical effects in the spreading
liquid film due to a change in the apparent finite contact angle, J. H
Transfer 116 (1994) 938–945.

[5] R. Hohl, H. Auracher, J. Blum, W. Marquardt, Characteristics of liqu
vapor fluctuations in pool boiling at small distances from the heater
Proc. 11th Int. Heat Transfer Conference, vol. 2, Kyongju, Korea, 19
pp. 383–388.

[6] R. Hohl, Mechanismen des Wärmeübergangs beim stationären und
sienten Behältersieden im gesamten Bereich der Siedekennlinie, PhD
sis, Fortschritt-Berichte VDI, Reihe 3, Nr. 597, VDI Verlag, Düsseldo
1999, ISBN 3-18-359703-9.

[7] M. Buchholz, H. Auracher, T. Lüttich, W. Marquardt, Experimental inve
tigation of local processes in pool boiling along the entire boiling cu
Int. J. Heat Fluid Flow 25 (2) (2003) 243–261.

[8] T. Lüttich, W. Marquardt, M. Buchholz, H. Auracher, Towards a uni
ing heat transfer correlation for the entire boiling curve, Int. J. Ther
Sci. 43 (12) (2004) 1125–1139.

[9] M. Ishii, Thermo-fluid Dynamic Theory of Two-phase Flow, Eyrolle
Paris, 1975.

[10] D.A. Drew, S.L. Passman, Theory of Multicomponent Fluids, Spring
Berlin, 1999.

[11] J.M. Delhaye, Basic equations for two-phase flow modeling, in: T
Phase Flow and Heat Transfer in the Power and Process Industries,
pp. 40–97.

[12] J. Hadamard, Lectures on Cauchy’s Problem in Linear Partial Differe
Equations, Yale University Press, New Haven, 1923.

[13] H.W. Engl, Regularization methods for the stable solution in inverse p
lems, Surveys Math. Indust. 3 (1993) 71–143.



298 T. Lüttich et al. / International Journal of Thermal Sciences 45 (2006) 284–298

of
ans

n-

hea
. E
od

tion
um

ort
—

Au-

gh
ate
m.

as a
.K.
Italy

Nu-

ts o
86)

area
ans-

at
sen-

ity

99.

tial
eat

ated
onf.

sms
t. J.

flow
. Sci.

witt,
ogy,

3)

wall-
nu-

onal
[14] T. Lüttich, A. Mhamdi, W. Marquardt, Design, formulation and solution
multi-dimensional inverse heat conduction problems, Numer. Heat Tr
fer, Part B 47 (2) (2005) 111–133.

[15] A.N. Tikhonov, V.Y. Arsenin, Solutions of Ill-Posed Problems, V.H. Wi
ston and Sons, 1977.

[16] J. Blum, W. Marquardt, Robust and efficient solution of the inverse
conduction problem using observers, in: J. Henriette, P. Lybaert, M
Hayeck (Eds.), Advanced Concepts and Techniques in Thermal M
elling. Proc. Eurotherm Seminar 53, October 1997, pp. 175–182.

[17] J. Blum, W. Marquardt, An optimal solution to inverse heat conduc
problems based on frequency domain interpretation and observers, N
Heat Transfer, Part B: Fund. 32 (1997) 453–478.

[18] A. Varga, Model reduction routines for SLICOT, Technical Rep
NICONET Report 1999-8, Working Group on Software WGS, ESAT
Katholieke Universiteit Leuven, 1999.

[19] L. Silverman, Inversion of multivariable linear systems, IEEE Trans.
tomatic Control AC 14 (3) (1969) 270–276.

[20] M. Buchholz, T. Lüttich, H. Auracher, W. Marquardt, Pool boiling at hi
heat fluxes (part I): Local temperature & heat flux fluctuations at the he
surface, in: D. Gorenflo, A. Luke (Eds.), Proc. Int. Refrig. Conf. Com
B1, Paderborn, October 2001, Session B5.8, pp. 420–429.

[21] J. Blum, T. Lüttich, W. Marquardt, Temperature wave propagation
route from nucleate to film boiling? in: G.P. Celata, P. Di Marco, R
Shah (Eds.), Two-Phase Flow Modelling and Experimentation, Pisa,
May 1999, pp. 137–144.

[22] I. Kataoka, A. Serizawa, Interfacial area concentration in bubbly flow,
clear Engrg. Design 120 (1990) 163–180.

[23] I. Kataoka, M. Ishii, A. Serizawa, Local formulation and measuremen
interfacial area in two-phase flow, Int. J. Multiphase Flow 12 (4) (19
505–529.
-

t
l
-

er.

r

,

f

[24] S.T. Revankar, M. Ishii, Theory and measurement of local interfacial
using a four sensor probe in two-phase flow, Int. J. Heat Mass Tr
fer 36 (12) (1993) 2997–3007.

[25] M. Buchholz, H. Auracher, T. Lüttich, W. Marquardt, A study of local he
transfer mechanisms along the entire boiling curve by means of micro
sors, Internat. J. Thermal Sci. 45 (3) (2006) 269–283 (this issue).

[26] P. Dierchx, Curve and Surface Fitting with Splines, Oxford Univers
Press, Oxford, 1993.

[27] J. Nocedal, S.J. Wright, Numerical Optimization, Springer, Berlin, 19
[28] I.T. Jolliffe, Principal Component Analysis, Springer, Berlin, 1996.
[29] A. Luke, E. Danger, D. Gorenflo, Size distribution of active and poten

nucleation sites in pool boiling, in: J. Taine (Ed.), Proc. 12th Int. H
Transfer Conf., Grenoble, France, 2002.

[30] G. Barthau, E. Hahne, Nucleate pool boiling of R134a on a gold-pl
copper test tube, in: D. Gorenflo, A. Luke (Eds.), Proc. Int. Refrig. C
Comm. B1, Paderborn, October 2001, Session B5.8, pp. 372–379.

[31] H. Auracher, W. Marquardt, Experimental studies of boiling mechani
in all boiling regimes under steady-state and transient conditions, In
Thermal Sci. (2002) 586–598.

[32] O. Molerus, The relevance of dimensionless frequencies for turbulent
phenomena observed in chemical engineering practice, Chem. Engrg
(2002) 933–938.

[33] J.A. Boure, Two-phase flow models: the closure issue, in: G.F. He
J.M. Delhaye, N. Zuber (Eds.), Multiphase Science and Technol
vol. 3, Hemisphere, Washington, DC, 1987, pp. 3–30.

[34] D.A. Drew, Evolution of geometric statistics, SIAM J. Appl. Math. 50 (
(1990) 649–666.

[35] P. Stephan, C. Höhmann, J. Kern, Microscale measurement of
temperature distribution at a single vapor bubble for evaluation of a
cleate boiling model, in: Space Technology and Applications Internati
Forum—STAIF 2002, 2002.


