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Kurzfassung

Die Wiarmeitibertragung durch Blasensieden ist durch das Auftreten der kri-
tischen Wiarmestromdichte limitiert. Der darauffolgende schnelle Anstieg
der Oberflachentemperatur kann zur Zerstorung des wiarmeabgebenden
Bauteils fiihren und katastrophale Folgen haben. Die prizise Vorhersage des
Auftretens der kritischen Wiarmestromdichte ist daher von hoher techni-
scher Bedeutung. Diese experimentelle Studie tragt fiir unterkiihltes Stro-
mungssieden anhand detaillierter lokaler Messdaten entlang der Siedekurve
zu einem tieferen Verstindnis der Prozesse bei, die fiir das Auftreten der
kritischen Warmestromdichte ursidchlich sind. Das Siedeverhalten des Kal-
temittels Novec 649 wurde in einem rechteckigen Stromungskanal an zwei
Heizerkonfigurationen untersucht - einem wandbiindigen Kupferheizer und
einem kupferbeschichteten Einzelstabheizer aus Edelstahl. So konnte der
Einfluss des unterschiedlichen Heizermaterials auf den Siedeprozess un-
abhdngig von Oberflicheneffekten untersucht werden. Neben den Mess-
grollen Warmestromdichte und Oberflichentemperatur werden quantita-
tive Daten zum Verhalten der Dampfphase entlang der Siedekurve priasen-
tiert. Mit diesen Daten wurde die Vorhersagegenauigkeit von drei etablierten
mechanistischen Modellen zum Auftreten der kritischen Warmestromdichte
untersucht. Keines der Modelle konnte die experimentell ermittelte kritis-
che Wiarmestromdichte zufriedenstellend vorhersagen. Es wurden zusétzlich
zwei neuere mechanistische Modelle zur Vorhersage der kritischen Warme-
stromdichte untersucht. Deren Kernannahmen konnten mit den experi-
mentellen Daten bestédtigt werden. Ein Vergleich der experimentellen Daten
beider Heizerkonfigurationen wird prédsentiert. Es wurde beobachtet, dass
die gesamte Siedekurve mit hoher Genauigkeit mit der Dreiphasenkontak-
tliniendichte auf der Siedeoberfldche korreliert. Das Verhalten der Dampf-
phase beim Zusammenbruch der Warmeiibertragung bei Auftreten der
kritischen Warmestromdichte ist fiir beide Heizerkonfigurationen dhnlich.
Diese Daten implizieren, dass ein bisher hauptsdchlich bei Behiltersieden
beobachteter Dry-Spot-Mechanismus auch fiir Stromungssieden plausibel
ist. Eine phdnomenologische Erweiterung dieses Mechanismus fiir Stro-
mungssieden wird vorgestellt. Es wurde aullerdem ein Stabilitdtskriterium
fiir den Siedeprozess identifiziert: Der Siedeprozess wird instabil, sobald die
thermische Diffusionszeit des Heizermaterials deutlich gréler als die Inter-
aktionszeit von Dampfstrukturen mit der Heizeroberflache wird.
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Abstract

Nucleate boiling heat transfer is limited by the occurrence of critical heat flux
(CHF). The associated rapid increase in surface temperate can lead to the
destruction of the heat-dissipating device with possibly catastrophic conse-
quences. The accurate prediction of critical heat flux therefore remains one
of the most important challenges in two-phase heat transfer research. In this
study, local measurements along the boiling curve of surface heat flux, sur-
face temperature and void data from fiber-optic microprobes are presented
for vertical subcooled flow boiling of refrigerant Novec 649 in a square flow
channel. Two heaters of technically relevant thickness made of two differ-
ent materials but with identical surface characteristics were investigated: a
wall-mounted copper heater and a single-rod copper-coated stainless steel
heater. Boiling curves for both heater configurations are provided alongside
data on void fraction, void frequency and void ligament length obtained from
fiber-optic microprobes placed in the immediate vicinity of the heater sur-
face. With the experimental data, the prediction accuracy of three established
mechanistic models for the prediction of critical heat flux in flow boiling
was assessed. All investigated models failed to accurately reproduce the ex-
perimental data. In contrast, the experimental data of this study agrees well
with some of the core assumptions of two more recent mechanistic criti-
cal heat flux models. To contribute to the understanding of the fundamental
processes leading to critical heat flux, a comparison of the void morphology
along the boiling curve between the two heater configurations is presented.
The data is discussed with respect to recent advancements in identifying the
governing parameters for boiling heat transfer in pool boiling. It was found
that the entire boiling curve correlates well with the triple-phase contact line
density on the heater surface. Recurrent patterns in the morphology of the
void phase in close proximity of the boiling surface were observed at criti-
cal heat flux. Based on the data, a dry-spot CHF mechanism appears viable.
A phenomenological extension of the dry-spot mechanism for pool boiling
to flow boiling is presented. Additionally, a common stability limit for the
boiling process for the two heater configurations was identified based on the
fiber-optic microprobe data. It was found that the boiling process becomes
unstable when the thermal diffusivity time of the heater substrate becomes
much longer than the void interaction time at the heater surface.
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Chapter 1

Introduction

1.1 Background

A growing technological need for the dissipation of high heat fluxes over small
surfaces has led to a recent increase in two-phase flow heat transfer research.
For many applications such as power electronics, micro-processors, medi-
cal X-ray equipment, heat exchangers for hydrogen storage in automobiles
or particle accelerators, single-phase cooling systems often fail to meet the
cooling requirements [11]. There is a gradual switch to phase change cooling
in many industries.

The performance of two-phase cooling systems is limited by the occurrence
of critical heat flux (CHF) and the associated transition from nucleate boiling
to film boiling. This causes the rapid deterioration of the overall heat trans-
fer coefficient. The subsequent steep increase in heater temperature may in
many circumstances lead to system failure. Predicting this design limit re-
mains one of the most important challenges in two-phase heat transfer re-
search.

The most widely used tools to predict CHF are semi-empirical or empirical
correlations. A key drawback to using these correlations is their general lim-
itation to a small set of fluids and operating conditions. The user might be
compelled to apply a correlation to other fluids and conditions outside of
its validity range, which usually leads to erroneous results. To circumvent
this shortcoming, so-called universal CHF correlations were derived from
comprehensive experimental data bases. However, using theoretical models
based on experimental observations to predict CHF is favorable [12]. Numer-
ous mechanistic models have been developed over the years. They are based
on a variety of underlying physical pictures regarding the morphology of the
two-phase mixture near the heated wall at CHE Three of the most widely rec-
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ognized mechanistic models for the prediction of CHF in flow boiling are the
bubble crowding model [13], the sublayer dry-out model [14], and the inter-
facial lift-off model [15]. Several studies have assessed the validity of their as-
sumptions regarding the underlying physical processes leading to CHF[9, 10,
16, 17]. In contrast, validation studies assessing the models’ quantitative pre-
diction accuracy for CHF data other than the data used to developed the mod-
els are scarce. Most mechanistic models perform well on the data sets with
which they were developed. However, many mechanistic models make use of
empirical constants or employ empirical submodels [12]. Hence, these mod-
els are likely bound by the same limitations as purely empirical correlations
when subjected to data from other experiments with different conditions.

With the advancement of computational fluid dynamics (CFD), new mod-
els [18, 19] and new computational techniques for the simulation of two-
phase systems are constantly emerging. However, current simulation tools
still largely incorporate empirical models, too [11]. Even though advance-
ments and new ideas are continuously published, there is a delay between
the development of new and improved modeling approaches and their im-
plementation in available numerical tools. There is only a small number of
comprehensive validation test cases against which CFD approaches can be
benchmarked, for example [20-22]. Many of these validation test cases are
water-based. Consequently, there is a need for comprehensive quantitative
experimental data for fluids other than water for the validation of new mod-
els and numerical techniques.

In general, the modeling of boiling phenomena and CHF should be improved
by

¢ focusing on modeling parameters based on quantitative experimental
data [23] and by

o further clarifying the understanding of the fundamental processes lead-
ing to the termination of nucleate boiling at CHF [24].

For pool boiling, the experimental progress in recent years has led to a much
better understanding of the boiling process and the mechanisms leading to
CHE In the nucleate boiling regime, heat transfer is governed by convection,
microlayer evaporation and transient single-phase conduction in the imme-
diate vicinity of the triple-phase contact line [25]. Many studies found the ex-



1.2 Scope and Value of this Dissertation

istence of unquenchable dry-spots on the heater surface at high heat fluxes
and linked this with the occurrence of CHF [25-29]. Despite the solid quanti-
tative experimental foundation, the general description of the dry-spot CHF
process to date lacks a clear explanation of why dry-spots begin to form on
the heater surface [30]. Moreover, only few studies have found direct evidence
for the formation of dry-spots on the boiling surface for flow boiling so far [31,
32]. Very thin heaters were used in many of the recent studies on the funda-
mentals of the boiling crisis in pool and flow boiling. This precludes the ther-
mal properties of the heater substrate, which heavily influence the boiling
process at high heat flux [30, 33, 34]. Therefore, there is a persisting need for
quantitative fundamental experiments in subcooled flow boiling on heaters
with technically relevant thickness to

e substantiate the notion that the dry-spot CHF mechanism is universal
for pool and flow boiling on both thin and thick heaters and

¢ to identify the governing parameters, which cause the stability limit of
the boiling process at CHE

1.2 Scope and Value of this Dissertation

The scope of this dissertation is to contribute to the understanding of the fun-
damental heat transfer processes at the wall during subcooled flow boiling
along the boiling curve and especially at CHE This is done by providinglocally
coupled, synchronous measurements of temperature, heat flux and quanti-
tative data of the void phase from fiber-optic microprobes along the boiling
curve for subcooled flow boiling of refrigerant Novec 649. Two heaters made
of different materials but with the same surface characteristics are investi-
gated: a wall-mounted copper heater and a single-rod copper-coated stain-
less steel heater. This allows to study the influence of the heater material on
the heat transfer processes independently of surface effects like nucleation
site density or wetting characteristics.

This dissertation provides comprehensive local data of heat flux and surface
temperature along the boiling curve as well as void data profiles above the
heater surface for both heater configurations at different operating condi-
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tions. Additionally, quantitative experimental data about the morphology of
the void phase in the immediate vicinity of the heated wall along the boiling
curve and during the CHF transient is presented. With the experimental data,
the predictive capabilities and the plausibility of underlying assumptions of
different modeling approaches can be assessed. To date, there is no detailed
experimental data in literature on the behavior of the void phase very close
to the boiling surface along the boiling curve for subcooled flow boiling on
heaters with technically relevant thickness. This dissertation therefore

e complements the available, mostly water-based validation test cases for
current and future models and numerical tools with comprehensive ex-
perimental data for a fluid different than water,

e contributes to the understanding of the fundamental heat transfer
mechanisms along the boiling curve and

e contributes to the identification of the parameters leading to the break-
down of heat transfer at CHF and their evolution along the boiling curve.

1.3 Research Aims and Objectives

The dissertation has three research aims:

1. Assess whether established and more recently published mechanistic
models for the prediction of CHF in flow boiling possess universal pre-
dictive capabilities using the experimental data of this study with the
following objectives:

e Test the performance of established and more recently published
mechanistic models with the CHF data of this dissertation.

e Assess the validity of the underlying assumptions regarding the flow
morphology with the experimental data.

2. Identify the governing parameters for boiling heat transfer along the
boiling curve up to CHF with the following objectives:

¢ Investigate how the morphology of the two-phase mixture in the im-
mediate vicinity of the heated wall evolves along the boiling curve.
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e Determine whether there are shared characteristics for the two
heater configurations.

3. Investigate the trigger mechanism for the occurrence of CHF with the
following objectives:

e Examine whether there are fundamental changes in flow morphol-
ogy close to the wall at CHE

¢ Identify recurrent patterns for the two heater configurations.

o Assess whether a dry-spot CHF mechanism is viable for flow boiling
on heaters with technically relevant thickness.

e Identify a criterion for which nucleate boiling becomes unstable
and CHF is triggered.

1.4 Dissertation Outline

Following this introduction, Chapter 2 provides the fundamentals relevant
to this dissertation. Chapter 3 describes the experimental setup, the mea-
surement techniques used, the post-processing of measurement data and
the measurement procedure. In Chapter 4, the experimental results are in-
troduced and discussed. First, experimental data is presented for both heater
configurations. Secondly, the data is analyzed and discussed in relation to the
research aims and objectives. The analysis is split into two parts: In the first
part, current mechanistic models are discussed with respect to the experi-
mental data. In the second part, the data from both heater configurations is
compared with each other and analyzed in more detail regarding the govern-
ing parameters of boiling heat transfer along the boiling curve and the trigger
mechanism at CHE The dissertation is concluded by Chapter 5, where the key
findings are summarized and a conclusion is drawn.






Chapter 2

Fundamentals

This chapter contains the fundamentals relevant to this dissertation. First,
an overview of the modes of boiling, the boiling curve and critical heat flux
is given. Second, the parametric trends of critical heat flux are highlighted.
Third, the modeling of boiling phenomena is summarized focusing on the
prediction of critical heat flux in flow boiling. Here, prevalent mechanistic
models are summarized followed by the identification of recent experimen-
tal advancements in fundamental boiling research. This research resulted in
the development of so-called next-generation critical heat flux models for
the application in multi-phase CFD-codes. Subsequently, two of these next-
generation models are introduced. As experimental validation is an essen-
tial part of model development, this chapter concludes with a short overview
about available measurement techniques for experiments in two-phase flow.

2.1 Modes of Boiling

Boiling can occur under several conditions. Two main modes of boiling have
to be distinguished: pool boiling, where the fluid is static and any motion
near the boiling surface is due to either free convection or bubble-induced
stirring, and flow boiling, where the fluid is subjected to forced convection.
In either mode, boiling may occur under subcooled or saturated conditions.
In subcooled boiling, the average liquid temperature is below the saturation
temperature and therefore vapor bubbles may recondense after their forma-
tion. In saturated boiling, the liquid temperature is at the saturation temper-
ature or even slightly exceeds the saturation temperature. Therefore, bubbles
formed at the boiling surface cannot be condensed by surrounding liquid.
Subcooled flow boiling is used in many technical applications, as it provides
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the highest heat transfer rates. In the present study, subcooled flow boiling
was investigated.

2.2 Boiling Curve and Critical Heat Flux

For both pool and flow boiling, the same qualitative boiling curve as first in-
troduced by Nukiyama [35] can be observed. Fig. 2.1 shows surface heat flux
q plotted versus the wall superheat ATy, = T,, — T35 The boiling curve can
be divided into different sections [36].

log g

» /g €y : .\_ )
FDFB
ONB ®/ (Leidenfrost point)

log ATgyp

Figure 2.1: Characteristic boiling curve for pool and flow boiling, adapted from [37].

Section I - Single-phase convection: Below the onset of nucleate boiling
(ONB), heat is transferred from the heated surface to the fluid by single-phase
convection. As wall superheat AT, increases, bubble formation will eventu-
ally occur. Due to boiling retardation, the wall superheat at ONB must slightly
exceed the saturation temperature to trigger bubble formation.

Section II - Isolated bubble regime: At ONB, bubbles begin to form at ac-
tive nucleation sites on the surface. The periodic growth and detachment of
individual bubbles from the surface induce considerable fluid mixing near
the surface. In conjunction with the latent heat of phase change, this signif-
icantly increases the heat transfer coefficient /. As wall superheat increases,
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the boiling surface becomes more densely populated with individual bubbles
forming at active nucleation sites.

Section III - Fully-developed nucleate boiling: As AT, further increases,
more and more nucleation sites become active and increased bubble forma-
tion causes interference and bubble coalescence. At point »A« in Fig. 2.1, in-
dividual bubbles merge to form vapor slugs or so-called void ligaments. As
vapor structures during fully-developed nucleate boiling cannot be regarded
as spherical bubbles, the term void ligament is used from here on to refer to
void structures in close proximity to the heater surface. In the fully-developed
nucleate boiling regime an inflection point exists, at which the effective heat
transfer coefficient reaches a maximum before continuously decreasing to-
wards CHE Stable nucleate boiling is limited by a maximum attainable sur-
face heat flux gcyr at CHE This point is often termed the boiling crisis or the
departure from nucleate boiling (DNB), too.

Section IV - Transition boiling: Section IV is termed transition boiling or
partial film boiling. Increasing the heat flux beyond gy leads to a rapid in-
crease in heater temperature. This temperature excursion can lead to system
failure and must usually be avoided in technical systems. Nucleate boiling
breaks down as the surface temperature increases and a vapor film is formed
on the heater surface. At any point, the conditions during transition boiling
may oscillate between nucleate boiling and film boiling.

Section V - Film boiling: At the Leidenfrost point, termed fully-developed
film boiling (FDFB), the surface is completely covered by a vapor film. Heat
transfer is dominated by conduction and radiation through the vapor phase.
In a temperature-controlled system, the system follows the boiling curve
from CHF to point »B« in the fully-developed film boiling regime as depicted
in Fig. 2.1. For a power-controlled system, the transient behavior during tran-
sition boiling depends on its thermal inertia [37]. This is schematically de-
picted for two systems with different thermal inertia by lines »1« and »2«.



Fundamentals

2.3 Parametric Trends of Critical Heat Flux

The magnitude of CHF is heavily governed by the system’s operating parame-
ters. These can be classified into: thermal-hydraulic, geometric and external
parameters. Main thermal-hydraulic parameters of interest are system pres-
sure, mass flux and local subcooling. For geometric parameters, channel di-
ameter, surface roughness and heater thickness and for external parameters,
heat flux distribution and dissolved gases are generally regarded as impor-
tant for subcooled flow boiling [12, 38]. Due to the assumption of uniformly
heated surfaces and the absence of gas solubility in most mechanistic models
for subcooled flow boiling, external parameters are excluded in this overview
for brevity.

2.3.1 Thermal-Hydraulic Parameters

2.3.1.1 System Pressure

In a tubular test section operating at a pressure range of 0.1 MPa - 5.0 MPa,
Celata et al. [39] reported a negligible influence of pressure on CHF for equal
subcooling and liquid velocity. Celata and Mariani [12] stated that similar be-
havior has been observed in most other experimental studies (e.g. [40]). In
contrast, for tubes of similar dimensions at significantly higher pressures of
up to 21 MPa, Cheng and Xia [41] observed a slight decrease of the critical
heat flux with increasing pressure. Despite this discrepancy, the change of
CHF with variable pressure can be considered less distinct compared to the
impact of other parameters [16].

2.3.1.2 Mass Flux

With increasing mass flux, CHF increases linearly for a wide range of mass
fluxes [42]. This has been shown by many experimental studies for tubu-
lar [43-45] and rectangular [46—48] test sections. In their experimental study,
Bloch et al. [47] observed a varying dependency of CHF on mass flux, depend-
ing on the turbulence intensity present in the flow channel. Dependency of

10
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CHF on mass flux increased with increased turbulence, showing the steepest
increase while using an orifice to induce high turbulence.

2.3.1.3 Subcooling

Many experimental studies show an almost linear relationship between liq-
uid subcooling and CHF [12, 40, 47, 48]. Bloch et al. [47], although their ex-
periments confirmed common literature for channel flows without inserts,
observed a deviation from a linear relationship between CHF and subcool-
ing for high-turbulence flows induced by orifices.

2.3.2 Geometric Parameters

2.3.2.1 Channel Diameter

CHF and channel diameter have been reported to be inversely related by
many authors [12, 38, 42, 49]. For given thermal-hydraulic conditions, CHF
increases with a decrease in flow channel diameter. This effect is less signifi-
cant at small mass fluxes and diameters above 5 mm. A threshold can be ob-
served, above which the effect of an increased tube diameter in relation to the
channel length has no observable influence on the magnitude of CHF any-
more. This threshold ratio of the length [ to the diameter d of the respective
tube was found to be around [ /d > 30 [50].

2.3.2.2 Surface Modifications

According to Liang and Mudawar [51], surface modifications can be grouped
into three main categories: (i) macro-scale modifications with features larger
than 1 mm, (ii) micro-scale modifications in the range of 1 ym - 1000 pm and
(iii) nano-scale modifications with features smaller than 1 um. Enhancement
methods from any of these categories can be combined to create hybrid-scale
enhancement [51]. A short overview about surface modifications at these
three scales and their influence on nucleate boiling as well as their CHF ame-
lioration is given in the following.

11
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Macro-scale enhancements: Typical macro-scale surface modifications in-
clude finned surfaces, porous meshes or foam attachments to the boiling sur-
face. In the case of finned surfaces, these fins are usually spaced similar to the
bubble departure diameter of the fluid used [52]. Yu and Lu [53] showed that
more closely spaced and taller fins provide superior nucleate boiling perfor-
mance and higher critical heat flux for highly wetting fluids. Modifying the
boiling surface at the macro-scale can lead to CHF augmentation of up to
400 % [54]. With the rapid development of micro- and nano-fabricated sur-
faces, research on macro-scale enhancement has declined, despite its supe-
rior aging behavior [51].

Micro-scale enhancements: There are a variety of micro-scale surface
modification such as surface roughening, micro-fin surfaces, micro-porous
coatings and submerged tunnels with reentry cavities. Kandlikar [55] demon-
strated an eight-fold heat transfer enhancement in the nucleate boiling
regime and an augmentation of CHF by 250 % using a micro-finned surface.
Surface roughness can have a profound effect on nucleate boiling [51]. In gen-
eral, higher surface roughness leads to an increase of CHF in subcooled flow
boiling in comparison to a smooth surface. However, there exists a thresh-
old roughness for which the influence on CHF is negligible [12]. This is in
accordance to Kandlikar [42], who assessed experimental studies investigat-
ing the effect of surface roughness on CHE CHF augmentation of up to 100 %
was possible with a threefold increase in roughness compared to a smooth
surface. However, a complementary study by Kandlikar and Spiesman [56]
showed that altering an already rough surface will not change nucleation site
characteristics and therefore will not affect CHE This behavior could be con-
firmed by the author, where using different polishing techniques with differ-
ent emery papers on a thick copper heater did not alter the heat flux at CHE

Nano-scale enhancements: Nano-scale surface modifications typically
consist of nano-tubes, nano-wires or nano-fibers which are attached to
the boiling surface. Other enhancement methods include nano-coating and
etched nano-ridges. While these methods generally achieve high heat flux
enhancement in the order of several hundred percent compared to a non-

12
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enhanced surface [57], nano-scale enhancements suffer from poor aging
characteristics [51].

2.3.2.3 Heater Thickness

Heater thickness and the associated thermal capacitance of a heater does not
show a consistent trend regarding the magnitude of CHE Celata et al. [58] con-
ducted experiments with round tubes of equal inner diameter with different
wall thicknesses between 0.25 mm and 1.75 mm and found a slight decrease
of CHF as wall thickness increased. In contrast, in their experiment with sim-
ilar geometric dimensions Fiori and Bergles [59] observed an increasing CHF
with increasing wall thicknesses. Considering the temperature fluctuation at
the boiling surface as reported for boiling experiments by for example Fiori
and Bergles [59] or Katto [60], it is without question that a different thermal
capacitance influences CHE However, as reported by Konishi et al. [61], CHF
variation with heater thickness is negligible for more voluminous heaters
with larger thermal inertia.

2.4 Modeling of Boiling Phenomena

There is a recent rise in the rate of heat dissipation in many technical ap-
plications. The concurrent trend to decrease the size of cooling hardware
often-times renders single-phase cooling systems incapable to meet the cool-
ing requirements. There is a gradual application of two-phase cooling sys-
tems across many industries [11]. Two-phase cooling is limited by the oc-
currence of CHE Due to its high technical importance, extensive theoreti-
cal and experimental research has been conducted on the critical heat flux
phenomenon. This has spawned many different approaches to predict CHE
These approaches range from empirical correlations to mechanistic models
based on physical mechanisms and models for application in CFD codes. Ex-
tensive reviews on this topic have been published by for example Kharangate
and Mudawar [11], Konishi et al. [61], Kandlikar [42] and Celata and Mariani
[12].

13
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In the following sections, a short overview about the empirical and mecha-
nistic modeling of the CHF phenomenon is given followed by a summary of
recent experimental advancements. These advancements lead to the devel-
opment of next-generation mechanistic models for CFD applications for the
prediction of boiling phenomena along the boiling curve and beyond CHE
Concluding this section, two particularly promising modeling approaches
are therefore introduced.

2.4.1 Empirical Critical Heat Flux Models

The most prevalent approach to predict boiling two-phase flow to-date is the
use of empirical or semi-empirical correlations. Empirical modeling relies
greatly on the availability of data for both the development of a correlation
as well as the assessment of its applicability. This limits the predictive capa-
bilities of most correlations to one or a few fluids and to a narrow range of
operating parameters and geometrical configurations. This can lead to erro-
neous results as often-times the user of these correlations is compelled to
use them beyond their range of validity [11]. To circumvent this shortcoming,
more universal correlations were derived based on large databases consisting
of different fluids and covering a wide range of operating and geometrical pa-
rameters. For flow boiling, there are many collections of correlations available
for the prediction of CHF in subcooled flow boiling [62-65] and saturated flow
boiling [66-71]. In their review, Celata and Mariani [12] identified the most
widely used and most applicable empirical correlations for subcooled flow
boiling [63-65] and for saturated flow boiling [69-71]. However, they too stress
the correlations’ high inaccuracies outside the range of their underlying data.
Tong and Tang [38] assessed the use of correlations for predicting the depar-
ture from nucleate boiling for flow boiling in nuclear reactors. The authors
state that when using empirical correlations to determine operating condi-
tions and safety margins of nuclear reactors, highly conservative operating
conditions are usually chosen to guarantee the safe operation of the reactor
core under all circumstances. Minimizing this conservatism constitutes great
economic potential, for example in terms of monetizing more flexible opera-
tion or increased productivity. The same is true for other applications of flow
boiling as a heat removal mechanism. In principle, this can be achieved by
mechanistic modeling.

14
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2.4.2 Mechanistic Critical Heat Flux Models

Mechanistic modeling is based on either physical mechanisms, which were
observed in experiments, or analytically derived physical relations. Numer-
ous models for the prediction of CHF in pool and flow boiling have been pro-
posed and developed over the years.

2.4.2.1 Overview

Existing mechanistic models for the prediction of CHF in flow boiling are gen-
erally based on six different mechanisms. Celata and Mariani [12] and Kand-
likar [42] grouped the major theoretical CHF modeling approaches into five
model categories according to their main CHF trigger mechanisms. Addition-
ally, Galloway and Mudawar [15] postulated another CHF trigger mechanism
in their model, which was not covered in [12] and [42]. Although the details
of each mechanism may differ for each model depending on the authors, the
basic concept is usually retained. These prevalent six mechanisms are briefly
summarized in the following.

1. Liquid layer superheat limit model:
A bubbly layer is assumed to obstruct the heater. This limits heat trans-
port away from the heater and causes a critical superheat in the liquid
layer in the immediate vicinity of the heater, which subsequently in-
duces CHE

2. Boundary layer separation model:
An injection of vapor due to the evaporation of liquid on the heated sur-
face is assumed to cause a deceleration of the flow close the heater. CHF
is postulated to occur abruptly when vapor effusion increases beyond
a critical value and induces a stagnation of the bulk flow close to the
heater.

3. Liquid flow blockage model:
CHF is assumed to occur when liquid flow normal to the heater is ob-
structed by the outward vapor flow at a critical velocity due to instabili-
ties in the vapor-liquid layer or the equilibrium between the kinetic en-
ergies of the two phases.

15
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4. Vapor removal limit and near-wall bubble crowding model:
Turbulent interchange between the bulk flow and a bubbly layer close
to the heated surface is assumed to be limited. As a result, the crowding
of bubbles in the region close to the heated wall prevents the replenish-
ment with fresh bulk liquid and causes CHF after reaching a critical void
fraction. A simplified illustration of the general mechanism is shown in
Fig. 2.2a.

5. Liquid sublayer dry-out model:
Vapor stems originate from the evaporation of liquid at the heater. Their
columnar structure collapses due to a Helmholtz instability and forms a
vapor blanket covering a thin liquid film underneath. CHF is assumed to
occur when the rate of evaporation exceeds the rate by which bulk liquid
is fed to the heater. A simplified illustration of the general mechanism is
shown in Fig. 2.2b.

6. Interfacial lift-off model:

A continuous wavy vapor layer covers the heater. Due to interfacial in-
stability, wetting fronts occur and periodically touch the heated surface,
providing the heater with fresh liquid. CHF is assumed to occur when
vapor efflux normal to the heater is big enough to push away the first
upstream wetting front from the heater. The subsequent temperature
increase of the heater precludes all future wetting fronts. A simplified
illustration of the general mechanism is shown in Fig. 2.2c.

The latter three of the models have received considerable attention. Kand-
likar [42] and Celata and Mariani [12] both provided some examples of the
inadequacies of the other models. In case of the liquid layer superheat limit
model [59], the absence of a clear explanation of the CHF phenomenon was
noted [42], despite the observation of periodically increasing wall tempera-
ture in [72] on which the model was based. The boundary layer separation
model was criticized for its assumption of an abrupt change in the macro-
scopic structure of the flow close to CHF and its weak physical basis [73, 74].
Experimental studies [75-77] suggest a non-abrupt change in macroscopic
flow conditions during the transition from nucleate to film boiling. While the
underlying mechanism of the liquid flow blockage model possesses poten-
tial feasibility for pool boiling, Kandlikar [42] attested this model inadequate
evidence supporting its applicability to flow boiling.
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Figure 2.2: Schematic representation of the DNB trigger mechanisms for three mechanistic
CHF models, adapted from [61].

In the following, the main mechanisms of the three favored mechanistic
models are examined in more detail. In addition, their mathematical for-
mulation is succinctly summarized by citing main equations to provide an
overview of the underlying physical concepts.

2.4.2.2 Bubble Crowding Model

Main mechanism: Models based on the bubble crowding mechanism gen-
erally assume that an accumulation of bubbles near the wall inhibits the
transport of fresh liquid to the heater surface. At CHE the bubble layer is
assumed to be at its maximum thickness [13]. CHF is postulated to occur
when the void fraction in the bubbly layer just exceeds a critical void frac-
tion. This critical void fraction was derived by Weisman and Pei [13] to be
Acur = 82 %. This value stems from the void fraction of an array of ellipsoidal
bubbles, which can be maintained in the bubbly layer without significant
contact between individual bubbles. The general flow morphology close to
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critical heat flux and the structure of the bubble layer above the heater sur-
face are schematically illustrated in Fig. 2.3.

Bubble layer  Core flow

Direction of flow

Figure 2.3: Flow morphology and the structure of the bubble layer above the heater surface
at CHF according to the bubble crowding model.

The mechanism of bubble crowding in the vicinity of a heated surface was
firstintroduced by Hebel et al. [ 78], who proposed an incipient hydrodynamic
model for the departure from nucleate boiling in water under forced con-
vection based on experimental observations. The first model for subcooled
flow boiling based on the bubble crowding mechanism was introduced by
Weisman and Pei [13]. The model has received considerable attention over
the years [79-86]. The original model [13] was successively extended to other
operating conditions. Weisman and Ying [79] applied the theoretical back-
ground of the bubble crowding model to heat flux prediction for rod bun-
dles at pressurized water reactor conditions. In a later study, Ying and Weis-
man [80] introduced an evolution of the model allowing for a non-uniform
void profile. Weisman and Illeslamlou [81] extended the original model [13]
to higher subcooling. Lim and Weisman [82] considered the application to an-
nuli with one unheated wall. Weisman et al. [83] introduced a model for boil-
ing heat transfer and critical heat flux prediction for tubes containing twisted
tapes. Yang and Weisman [84] developed a phenomenological extension of
the bubble crowding model to the boiling process in the detached bubble re-
gion in subcooled flow. Chang and Lee [85] extended the model for the predic-
tion of CHF at low qualities for uniformly heated tubes. Kwon [86] proposed
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an analytical model, which shared some of the features of the initial bub-
ble crowding model but included significant modifications of the underlying
physical concept. The bubbly layer of the original bubble crowding model
[13], which is postulated to be several bubble diameters thick, was replaced
in this work by the concept of single, wall-attached bubbles, which act as a
surface roughness equivalent and therefore affect the local flow conditions.
The authors utilized the work of Chang and Lee [85] as a starting point for
their work and based their postulated flow structure on experimental work by
Gunther [65] and Kirby and Westwater [75], who observed that the two-phase
layer at the wall of a heated tube is in the order of magnitude of one bubble
diameter. Even though the model still employs the idea of a critical void frac-
tion in the bubble wall layer, Kwon [86] assumes that a compact single layer
of bubbles at the heater poses the physical barrier to the liquid supply from
the core and thus inhibits the heat transfer process at CHE

Mathematical formulation: The formulation of the bubble crowding
model according to Weisman and Pei [13] is succinctly summarized in the
following.

CHEF is calculated according to Eq. (2.1).

hl,sat - hld

B RE— (2.1)
hg_ hld

dcur = AhevapG/(xz — xl)

CHF is dependent on the lateral mass flux G’ due to turbulent interchange at
the edge between the bubbly layer near the wall and the core flow, the quali-
ties in the core flow x; and in the bubbly layer x, at the critical void fraction
of a.i; = 82 % and the specific enthalpy at bubble detachment h4 from Levy
[87].

The lateral mass flux between the bubbly layer and the core flow is calculated
based on the axial mass flux G according to Eq. (2.2).

G =i, UG (2.2)

In this equation, i, denotes the turbulence intensity at the boundary between
the bubbly layer and the bulk flow. This quantity is calculated as
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dy, \*8 _
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In this equation Re is the Reynolds number, p; and p, are the liquid
and vapor densities, dj; is the bubble diameter, dyyq the hydraulic di-
ameter of the flow channel and C is a constant with a value of C =
0.135 for G < 9.7x10°kgh™'m™2 and C = 0.135(G /9.7 x10°)7%3 for G >
9.7x 10°kgh™'m™2.

Radial vapor production inhibits turbulent eddies to reach the wall and to
replenish the boiling surface with fresh liquid. This influence is accounted
for by a function W, which is calculated according to Eq. (2.4).

. { 1 l l(uy)Zl 1(uy) f(l uy)} o4

=1 ——exp|—= —— ercfc| — :
V2T p 2 o 2 g, 1/50'”/

In this equation, u, is the radial velocity due to vapor generation, which is

calculated by Eq. (2.5) using the portion of total surface heat flux effective in
generating vapor ¢, according to Lahey and Moody [88].

G
U — 8

=— (2.5)
Y pgA hevap

Further, the standard deviation of the radial fluctuating velocity u’ is calcu-
lated as

inG
P

2.4.2.3 Sublayer Dry-out Model

Main mechanism: Models based on the sublayer dry-out mechanism usu-
ally assume that vapor blankets form from small bubbles at high heat flux.
These blankets grow as vertically distorted vapor cylinders, whose circum-
ferential growth is confined by neighboring vapor blankets. The equivalent
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diameter of the vapor cylinders is assumed to be equal to the departure di-
ameter of individual bubbles at the respective thermal-hydraulic conditions
and is expected to stay constant. These void structures obstruct liquid flow
to the heater and therefore enclose a thin liquid layer underneath. The lig-
uid layer beneath the vapor blankets is terminated by the stem of the vapor
blanket. The length of this blanket is essential to the calculation of the CHE
The blanket length is assumed to be equal to the critical Helmholtz wave-
length. CHF is postulated to occur when the rate of sublayer mass loss due to
evaporation exceeds the rate of the liquid entering the sublayer from the core
region due to a velocity difference between bulk flow and the vapor blankets
caused by the buoyancy force [14]. The general flow morphology close to crit-
ical heat flux and the structure of the liquid sublayer beneath a vapor blanket
are schematically illustrated in Fig. 2.4.

Elongated vapor blankets at CHF(-)

- Control volume L hyd :
L D i —>5m‘ dlig ‘ ‘
E ) UG | - : _'\ :
L) (o9 B(- (= 1
—{0s R e ‘ W |
- D,,D Fully 3 = :
] 98 developed '5 | B :
P —> O boiling S T :

Figure 2.4: Flow morphology just before CHF (CHF(-)) and just after CHF (CHF(+)) (left) and
the structure of the liquid sublayer beneath a vapor blanket (right) according to
the sublayer dry-out model. Adapted and reprinted from [14].
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The sublayer dry-out model was first introduced for flow boiling by Lee
and Mudawar [14]. It expanded the model of Haramura and Katto [89], who
adapted their model for pool boiling to forced convection boiling based on
a similar mechanism. The model has received great attention over the past
decades [49, 74,90-92]. The original model [14] as well as early evolutions, e.g.
by Katto [90], featured extensive empiricism, especially describing the bub-
ble dynamics in the near-wall region. Celata et al. [74] therefore presented
a rationalization of the model without the use of empirical parameters. The
formulation of the sublayer dry-out model according to Celata et al. [74] is
succinctly summarized in the following.

Mathematical formulation: Critical heat flux is calculated according to Eq.
(2.7), which is adopted from Katto [90]. The heat flux necessary to evaporate
the liquid sublayer of initial thickness 6, during the passage time of a vapor
ligament with the velocity u;;, and the length [;;; can be expressed as

. ulig
dcur = P1A hevap 01— (2.7)

llig

Three submodels are used for the calculation of the length [, of the vapor
ligaments, the velocity u;;, of the vapor ligaments and the initial thickness of
the liquid sublayer 9.

First, the length of the vapor blankets is calculated according to Lee and Mu-
dawar [14] and Katto [90]. The liquid sublayer is generally very thin and can
therefore be assumed to rest on the wall. The vapor blanket flows over the
liquid sublayer at the velocity ;. It is postulated that the length [;;, of this
blanket is equal to the critical wavelength of the Helmholtz instability of the
interface between the liquid and the vapor. The length of the vapor blanket
lhg is then calculated according to Eq. (2.8).

_ 210 (pg—p)

lig — 2
PgP 1ulig

(2.8)

22



2.4 Modeling of Boiling Phenomena

Second, the velocity w;;; of a vapor blanket is calculated. The velocity of a
blanket in vertical turbulent flow is obtained by a force balance [14] consid-
ering buoyancy and drag forces according to Eq. 2.9.

2
ndy;

1 1
1 lig8 (P1=Pg) = 5 P1Co (tig— thly o1+ 2) — (2.9)

Here, Cp is the drag coefficient and w;;— 1] y=61+diig/2 corresponds to the rel-
ative velocity between the vapor blanket and the liquid at the center of the
vapor blanket at a wall distance of y = 6, + dj;g/2. This velocity difference
can be rewritten to

leigg(pl_pg))l/ ? 210

Ujig— ul|y:51+dhg/2 = ( .G
D

The drag coefficient is calculated according to Eq. 2.11, which stems from the
work of Ishii and Zuber [93].

2 dy;
Cp == lig 2.11)

3 o 1/2
(g(Pl_Pg))

A force balance based on the work of Staub [94] is used to approximate the
diameter d;, of the vapor blanket.

320f(0)p,

lig = ?% (2.12)
In this equation, the friction factor € is calculated using the Colebrook-White
model in combination with a rough surface model by Levy [87]. The effect
of the contact angle on CHF is considered in principle by a function f(6).
However, a fixed value of f(6) = 0.03 was chosen in [74]. Concluding the
calculation of the blanket velocity, the liquid velocity at the centerline of the
vapor blanket v, s, 4;,/> is calculated based on a von Karman velocity dis-
tribution.

Third, the initial thickness of the liquid sublayer is calculated according to
Eq. (2.13). The distance from the wall, where the liquid temperature is equal
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to the saturation temperature is obtained using the temperature distribution
for turbulent flow in a tube as described in [95].

0= le(y):Tsat_dlig (2.13)

2.4.2.4 Interfacial Lift-off Model

Main mechanism: The interfacial lift-off model, being the most recent one
of the three, was first proposed by Galloway and Mudawar [15]. Preceding its
introduction, the same authors conducted an extensive photographic study
of the flow boiling crisis in a narrow rectangular flow channel with one heated
copper wall for refrigerant FC-72 [96]. Flow regimes along the boiling curve
were classified into three main categories: First, the discrete bubble regime
for heat fluxes slightly above the onset of nucleate boiling. Second, the co-
alescent bubble regime for heat fluxes above 40 % of CHE in which dis-
crete bubbles merge downstream to form larger coalesced bubbles. Third, the
wavy liquid-vapor layer regime for heat fluxes above 60 % of CHE At approxi-
mately 85 % of CHE a continuous vapor layer covering the entire heated sur-
face formed. This resulted in the intermittent supply of liquid to the heater
through the vapor layer via wetting fronts moving along the heater. Vigor-
ous boiling was observed where the wetting fronts came in contact with the
heater surface. At steady state heat fluxes of approximately 95 % of CHE some
parts of the heater were observed to dry out before being replenished by a
following wetting front. Galloway and Mudawar [96] noted that interfacial in-
stability acted as a wave generator, locking the first wetting front at a fixed
axial position. At CHE the curvature of the liquid-vapor interface flattened at
the point of contact and the wetting front at the leading edge of the heater
was lifted away from the surface by the momentum flux of evaporated liquid.
The following temperature increase of the heater promoted intense boiling at
the remaining wetting fronts and triggered a cascading effect disabling con-
secutive wetting fronts and precluding any sustained contact of liquid with
the heater. The general flow morphology close to critical heat flux and the
conceptualization of the lift-off of the wetting front at the leading edge of the
heater are schematically illustrated in Fig. 2.5.
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Figure 2.5: Flow morphology at CHF (left) and the conceptualization of the lift-off of the
vapor layer above the heater surface (right) according to the interfacial lift-off
model.

The model has received considerable attention [97-101]. Gersey and Mu-
dawar [97] expanded the original model to different heater orientation an-
gles. Zhang and Mudawar [98] as well as Konishi et al. [99] introduced a model
based on the interfacial lift-off mechanism for application to microgravity
flow boiling. Kharangate et al. [100] expanded the model for applications with
significant inlet vapor content.

Mathematical formulation: In the following, the formulation of the inter-
facial lift-off model is succinctly summarized.

The model is divided into three submodels: (i) a surface energy balance to cal-
culate surface heat flux and derive the CHF criterion, (ii) an instability anal-
ysis of the liquid-vapor interface to determine wetting front characteristics
and (iii) a separated flow model to calculate the velocities of the liquid phase
and the vapor phase.

The total surface heat flux g is calculated according to Eq. (2.14) as the sum of
the surface heat fluxes ¢, to g, of n discrete wetting fronts propagating along
the heater surface at the same time.
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21 T l T l T l
qM(f J qldzdt+...+f f é]n_ldzdt—I—f f c']ndzdt)
l—Z* 0 Z* 0 z* 0 z*

(2.14)

In this equation, c; is the real component of the wetting front wave speed, A,
is the critical wavelength of the instability, 7 is the wetting front period, z* is
the distance of the upstream wetting front from the leading edge of the heater
and [ is the length of the heater surface. The number of discrete wetting fronts
n on the heater surface is specified by the integer value of Eq. (2.15).

—(l_z*—|—1) (2.15)
n = ZAC .

The critical wavelength can be obtained by Eq. (2.16) [99].

B 2no[(picoth(ko)) + pgcoth(kdy)]
©  picoth(kd)) pgcoth(kdy) (ug— uy)?

(2.16)

Determining z* and A. requires information about the vapor and liquid ve-
locities as well as the mean thickness of the vapor and liquid layers 6, and
0). These quantities are determined from a one-dimensional separated flow
model.

To initiate critical heat flux by lifting the first wetting front from the heater sur-
face, the momentum of generated vapor has to overcome the pressure differ-
ence p;— pg across the liquid-vapor interface. It is assumed that wetting fronts
make up a fixed fraction b of the total wavelength of the liquid-vapor instabil-
ity. Assuming a sinusoidal wave shape, the average pressure difference across
the interface can then be expressed by Eq. (2.17) [61].

B _47‘[0‘5g_ " 517

C

The lift-off heat flux required to push the interface of the first wetting front
away from the heater surface is then calculated based on a force balance ac-
cording to Eq. (2.18).
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2.4.3 Recent Experimental Advancements in Critical Heat
Flux Research

Although all three mechanistic models are based on experimental observa-
tions, recent experimental data suggests that there is still potential for im-
provement, both for the modeling of boiling phenomena in general as well
as the CHF phenomenon in particular. For example, the thermal response of
the heater substrate to nucleation events on the surface is disregarded in the
above models. Recent research on dry-spot behavior at the wall in pool boil-
ing has provided evidence that CHF is closely associated with the thermal
behavior of dry patches at the wall [25, 29, 102]. The interaction between the
fluid and the surface is not adequately considered in any of the models dis-
cussed above as they all postulate a hydrodynamic limitation of the boiling
process. A strong dependence of CHF on the wetting properties of the fluid
at the surface [103] suggests that the triple-phase contact line between va-
por, liquid and the heater material plays an important role in the initiation
of the boiling crisis. The unbound growth of residual vapor structures on the
heater surface has been linked closely to the increase in apparent contact an-
gle [104]. Additionally, CHF is treated as an independent phenomenon in the
models discussed above. As pointed out by Liittich et al. [23], existing cor-
relations are often only valid for one of the boiling regimes due to limited
experimental data along the entire boiling curve. It appears reasonable to as-
sume that the different physical phenomena contributing to overall heat flux
in the nucleate boiling regime interact in a way which eventually causes CHE
For a universal boiling model, the governing physical parameters need to be
identified and modeled along the entire boiling curve for both pool and flow
boiling.

For pool boiling, the experimental progress in recent years has led to a much
better understanding of the boiling process and the mechanisms leading to
CHE In the nucleate boiling regime, microlayer theory [27, 105-109] predicts
that heat transfer is governed by microlayer evaporation, micro-convection
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and transient conduction in the immediate vicinity of the triple-phase con-
tact line. Nishi et al. [110] found that area-averaged contact line density at the
boiling surface correlates well with high boiling heat flux around CHE Liit-
tich et al. [23] measured the evaporation rate at the triple-phase contact line
at the boiling surface with fiber-optic microprobes along the entire boiling
curve for pool boiling. They showed that the entire boiling curve correlates
well with the contact line density and proposed that either this parameter or
the interfacial area density should be used for a unifying mechanistic heat
transfer model for the entire boiling curve.

Many studies on the fundamentals of the boiling crisis linked the existence
of unquenchable dry-spots on the heater surface with the occurrence of CHF
[25, 28, 29, 111-113]. Theofanous et al. [26, 27] found quenchable dry-spots
on the heater surface below CHE They observed the formation of irreversible
dry-spots at CHE which are never rewetted. These dry-spots grew to cover
the entire boiling area, which led to heater failure. Several other authors con-
firmed this behavior, for example Gong et al. [28] and Kim et al. [29]. Ha and
No [114, 115] postulated that the formation of an irreversible dry-spot occurs
when a critical number of bubbles form around an active nucleation site of a
departing bubble and inhibit bulk liquid supply as schematically depicted in
Fig. 2.6.

Departing bubble with reversible dry-spot

o O o ©
o (D v —C D
Heavy nucleation at the triple-phase contact line

Figure 2.6: Hydrodynamic limitation of the liquid supply to a reversible dry-spot, adapted
from Kim et al. [29].

This postulate is supported by the work of Chung and No [116], who inves-
tigated the dynamics of dry-spots using high-speed videography. They ob-
served an accumulation of nucleation events around a large dry-spot close
to CHF inhibiting the quenching of the dry surface area. Chu et al. [111, 112]
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reported similar behavior and concluded that CHF is triggered by the irre-
versible expansion of dry-spots to a dry-patch due to the lateral merging of
surrounding void structures as shown in Fig. 2.7.

Reversible dry-spots Lateral merging of Irreversible expansion
below individual bubbles surrounding void structures of dry-spots

Lo C DO C D

Figure 2.7: Dry-patch formation due to lateral merging of void structures, adapted from Choi
etal. [117].

Kim et al. [29] found irreversible dry-spots on the heater surface below the
Leidenfrost temperature by means of IR thermography. They observed irre-
versible dry-spot formation from the cyclic coalescence of shrinking and re-
expanding residual vapor on the heater surface from individual nucleation
events. After the dry-spot could not be rewetted for several milliseconds, it
expanded quickly to cover the entire heater area. During the expansion, the
regions not yet covered by the dry-spot maintained a high nucleation site ac-
tivity. Jung et al. [25] observed increasing dry-spot sizes as wall heat flux was
increased. This resulted in longer dry-spot lifetimes as CHF was approached.
When heat flux was increased above CHE rapid coalescence between active
nucleation sites was observed alongside a sudden increase in the dry area
fraction on the heater surface. New mechanistic models for the prediction of
CHF in pool boiling have been proposed based on these findings, for example
by Choi et al. [117]. To date however, only few studies have found evidence for
the formation of dry-spots in flow boiling, for example [31, 32, 118].

Many studies on dry-spot phenomena were conducted using infrared ther-
mometry to measure the surface temperature distribution of very thin
heaters. This disregards the effects of the thermal properties of the heater
substrate, which has been shown to heavily influence the boiling process in
the nucleate boiling regime and at CHF [30, 33, 34]. Additionally, only few
studies on the morphology of the void phase during the CHF transient have
been published so far. Most of them were conducted for pool boiling, for ex-
ample [30, 34, 119]. A lack of experimental data for flow boiling in close prox-
imity to the boiling surface was noted in [20]. Auracher and Marquardt [30]
state the need for further studies on the geometry, dynamics and stability of
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dry-spots as well as studies on the general behavior of the two-phase mixture
in close proximity to the heater surface along the boiling curve. This is espe-
cially true for flow boiling. Further small scale fundamental experiments are
therefore needed for flow boiling to

e support the supposition that, like for pool boiling, the triple-phase con-
tact line density on the heater surface is the governing parameter for
boiling heat transfer along the entire boiling curve up to CHE

¢ and to identify the contributing parameters to the stability limit of the
boiling process and their evolution along the boiling curve.

2.4.4 Next-Generation Mechanistic Critical Heat Flux Models
for Computational Fluid Dynamics

In contrast to empirical correlations and the classic mechanistic models, CFD
provides the ability to simulate transient fluid flow and heat transfer and pro-
vides the spatial and temporal distribution of all simulated parameters. Next-
generation mechanistic CHF models designed for CFD, for example by Ding
et al. [19] and by Baglietto et al. [18, 120] are beginning to incorporate some
of the experimental findings highlighted in the previous section.

2.4.4.1 Prediction of Critical Heat Flux Initiation in Pool and Flow Boiling

Ding et al. [19] introduced a new mechanistic concept for the quantitative
prediction of CHF for use in CFD codes based on an analysis of the time scales
involved in the boiling process at the cavity of a characteristic nucleation site.
Following the work of Le Corre et al. [33], the authors attempt to explain why
the rewetting process at CHF is not able to prevent the wall temperature from
continuously rising anymore. The key novelty is the consideration that CHF
is initiated by the thermal interaction of individual nucleation events on the
heater surface with the heater substrate.

The concept calculates the surface heat flux during a representative bub-
ble cycle at a characteristic nucleation site, which consists of four phases: (i)
inertia-controlled growth, (ii) thermal-diffusion-controlled growth, (iii) bub-
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ble departure and (iv) quenching at the heater wall. Three time scales are con-
sidered during this cycle: The combined bubble growth time £, the bubble
condensation time . for subcooled boiling and the waiting time ¢,, of either
the recovery of the thermal boundary layer after quenching or the cavity until
it can be reactivated to form a new bubble. The mean surface heat flux dur-
ing a bubble cycle is calculated using the removed heat per bubble period Q
according to Eq. (2.19).

Q
n(rﬁg)z (tg+ 1.+ ty)

q= (2.19)

The limitation of the boiling process: The model uses the work of Zhao et
al. [107] to calculate the individual time scales of the representative bubble
cycle. Before the bubble cycle closes after bubble departure, a certain waiting
time passes until anew bubble is formed at the representative nucleation site.
It is assumed that the cavity of the nucleation site is filled with liquid except
for a small volume of remaining vapor at the bottom of the cavity. To form a
new bubble, the liquid in the cavity needs to be at a certain superheat. Three
modes of bubble formation are distinguished along the boiling curve:

1. In the nucleate boiling regime at low wall superheat, heat conduction
through the heater substrate towards the liquid inside the cavity is the
main heat removal mechanism for the cavity after bubble departure.
Because the superheat of the heater substrate is relatively low in this
regime, it is assumed that the activation time ¢, of the cavity until a new
bubble can be formed is much longer than the recovery time ¢, of the
thermal boundary layer. Hence, the cavity activation time governs the
waiting time f,, at low wall superheat.

2. The enclosed vapor volume below the liquid inside the cavity leads to
higher local superheat in the heater substrate at the bottom of the cavity.
This decreases the cavity activation time for increasing wall superheat.
At some point, the heating of the liquid inside the cavity occurs at the
same rate as the recovery of the thermal boundary layer in the vicinity
of the heated surface. The activation time of the cavity and the recovery
time #, of the thermal boundary layer are the same. At this point, the
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waiting time ¢,, is equal to the recovery time of the thermal boundary
layer, which is calculated according to Eq. (2.20).

2

MV (T, —T
2q Ta

3. Foreven higher wall superheat, the activation time of the cavity becomes
smaller than the recovery time of the thermal boundary layer. This state
is unstable and marks the beginning of transition boiling. As the form-
ing bubble expands into the not-yet recovered thermal boundary layer,
it transfers additional heat into it. This diminishes its capability to re-
move excess heat from the wall, which increases wall superheat and fur-
ther shortens the cavity activation time. At some point, the surrounding
temperature of the cavity becomes high enough to vaporize any liquid
before it can reach the cavity. According to Ding et al., this marks the
onset of film boiling.

Ding et al. postulate that the point where the recovery time of the thermal
boundary layer becomes equal to the cavity activation time, i.e. f, = f, = t,
governs the occurrence of CHE The authors argue that this marks the last
point where a boiling system is still stable. In their concept, this criterion is
subsequently used to determine the onset of CHE

2.4.4.2 Prediction of Critical Heat Flux in Multi-Phase Computational
Fluid Dynamics

Baglietto et al. [18, 120] introduced an innovative framework for an improved
multi-phase CFD boiling model. Like the majority of all multi-phase CFD
heat transfer models, it is based on a heat partitioning approach by Kurul and
Podowski [121] given in Eq. (2.21).

q = é/conv,l + é/evap + é/quench (2.21)
In this equation, total heat flux g is the sum of several individual components.

In the above case these are the heat flux due to liquid convection gy}, the
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evaporation heat flux ge,, and the quenching heat flux after bubble depar-
ture gquench- Models based on this approach are generally referred to as »RPI
boiling models«. They are usually highly sensitive to several closure param-
eters such as bubble departure diameter, bubble departure frequency and
active nucleation site density [122, 123] and have been shown to require ex-
tensive calibration for different applications [6]. Baglietto et al. [18, 120] in-
troduced an improved mechanistic modeling framework based on the gen-
eral concept of surface heat flux partitioning, which is supposed to circum-
vent these shortcomings. To improve the calculation of surface heat flux, their
mechanistic model tracks

¢ the size and dynamics of bubbles on the heater surface,

¢ the area of the microlayer and the dry area beneath the formed bubbles,
¢ the area of influence of bubbles sliding on the heater surface,

¢ the quenching of the boiling surface after bubble departure and

¢ the statistical bubble interaction on the heater surface.
Total surface heat flux is partitioned into four main components:

1. The surface heat flux due to liquid forced convection. It includes the ef-
fect of bubble interaction and surface roughness to account for different
surface properties.

2. The surface heat flux due to evaporation, which is comprised of (i) the
heat transfer during the initial inertial growth of forming bubbles, (ii)
the microlayer evaporation during the growth of bubbles attached to a
nucleation site and (iii) the microlayer evaporation under the bubbles
sliding on the heater surface.

3. The surface heat flux due to sliding conduction, which accounts for the
disturbance of the thermal boundary layer by sliding bubbles and the
associated stirring of surrounding single-phase liquid.

4. The surface heat flux due to quenching, which accounts for (i) the heat
removal by single-phase liquid after bubble departure and (ii) the heat
stored inside the heater substrate below the dry area of not-yet departed
bubbles.
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All of these heat flux components have a high dependency on the bubble de-
parture diameter [120]. To provide improved accuracy in comparison to other
RPI boiling models, the modeling of bubble detachment is extended. Three
ways of bubble detachment are considered:

1. The departure into the bulk flow, where bubbles depart from a nucle-
ation site without any further surface interaction.

2. The departure by sliding, where bubbles depart from nucleation sites by
sliding along the heater wall.

3. Thelift-off of bubbles, where sliding bubbles detach from the heater sur-
face.

Temporary deactivation of nucleation sites: The model’s main innovation
is the modeling of the interaction between bubbles and the surface. First, the
coalescence of sliding bubbles is considered, which influences the calcula-
tion of the bubble departure diameter. Second, the temporary deactivation
of nucleation sites on the heater surface is modeled. Nucleation sites can be
deactivated either by a lower surrounding temperature close to a bubble after
nucleation or due to the overlapping of bubbles between neighboring nucle-
ation sites. While traditional nucleation site density models provide an esti-
mate for the total number of sites at which bubbles may nucleate [124], these
models do not account for the likely inevitable interaction of bubbles at the
surface at higher heat fluxes. For this, Baglietto et al. use a complete spatial
randomness statistical method to calculate the probability of a temporary de-
activation of nucleation sites with rising wall superheat. It is assumed that
bubbles are randomly distributed and an effective number of bubbles Ne}f is
present on the heater surface [125]. This number is calculated according to
Eq. (2.22), using the ratio of the growth time of a bubble #, to the bubble pe-
riod 1/ fii; and the nucleation site density N " calculated according to Hibiki
and Ishii [124].

: 1 : :
N = ( =" tw) tN" = figteN (2.22)

34



2.4 Modeling of Boiling Phenomena

A nearest-neighbor method is then applied to determine the probability P of
a nucleation site being within one bubble radius of another nucleation site
according to Eq. (2.23).

2
P=1—¢ eff“( 2 (2.23)
The number of active nucleation sites is then calculated as

N, . =(1—P)N'.

active ~

(2.24)

This limits the number of available nucleation sites, which eventually reaches
a saturation condition at higher wall superheat. This is schematically illus-
trated in Fig. 2.8.
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Figure 2.8: Schematic illustration of the limitation of available nucleation sites on a heater
surface in comparison to traditional nucleation site models. Adapted from [120].
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Limitation of the boiling process: Similar to the findings of Le Corre et al.
[33] and based on the dry-spot literature presented before, the authors argue
that this limitation of available nucleation sites leads to a natural limitation of
the heat transfer at high wall superheat. An increasing number of nucleation
sites are activated after the onset of nucleate boiling with rising wall super-
heat. This induces all the heat transfer mechanisms associated with boiling
mentioned above and leads to an exponential increase in overall heat transfer
across the boiling surface as illustrated in Fig. 2.1. As more nucleation sites are
activated, the formed bubbles begin to interact and temporarily deactivate
new nucleation sites. The fraction of dry area on the heater surface increases,
which leads to a continuous reduction of the rate of increase of overall heat
transfer. When the surface reaches a saturation condition for active nucle-
ation sites, the number of bubbles which can be formed cannot increase fur-
ther. At some point the heat transfer mechanisms are not able to keep up with
the increase in surface temperature and total heat flux will reach a maximum.
This represents a critical condition as an increase in surface temperature is
not balanced by the same increase in surface heat flux. This eventually leads
to an exponential increase in surface temperature and constitutes CHE

2.5 Measurement Techniques in Boiling Research

The modeling of boiling phenomena requires an understanding of the un-
derlying physical mechanisms of the process looked upon. Therefore, the
modeling process heavily relies on the availability of measurement data to
substantiate the mathematical formulation of a model. In two-phase flow,
measurements can be conducted in the flow itself or in the surrounding
walls of the flow channel. Measurements can generally be classified into
time-averaged and transient measurements. Regarding time-averaged mea-
surements, global steady-state system characteristics, local time-averaged
values or one-dimensional (e.g. values averaged over a cross-section), two-
dimensional (e.g. local averaged values over a cross-section) or three-
dimensional data are commonly obtained. Regarding transient measure-
ments, usually local transient data is collected. Measurement techniques can
be classified according to their influence on the measurement itself and are
split into two main groups: non-invasive measurement techniques and in-
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vasive measurement techniques. The former do not affect the process to be
measured while invasive techniques, in the case of two-phase flow are in-
serted directly into the flow and hence pose a possible disturbance. In the
following, an overview about commonly used measurement techniques in
two-phase flow research is given.

2.5.1 Measurements in Two-Phase Flow

General reviews on measurements in multi-phase flows are available by He-
witt [126], Boyer et al. [127], Mewes and Tauscher [128] and Mayinger and
Feldmann [129]. The later two have an emphasis on optical measurement
techniques.

2.5.1.1 Non-Invasive Techniques

Photography and videometry: Photography and videometry are com-
monly used for two-phase flow of transparent liquids. These measurement
techniques allow for an easy interpretation but are prone to misunderstand-
ings. They are depth-integrated and may suffer from a limited field of depth.
For videometry, the number of images which can be recorded per measure-
ment is usually limited due to the need for high frame rates. This results in
either recording times too short for observing processes on a longer time
scale (like transition processes or the passing of periodic events in the vapor
layer) or long recording times with intervals between the pictures too long
for the observation of for example bubble formation or bubble coalescence.
Despite these shortcomings, both photography and videometry have been
extensively used in boiling research in the past [59, 65, 76, 96, 101, 130-132].

Shadowgraphy and schlieren: These well-known optical measurement
techniques require a rather simple setup for the visualization of density gra-
dients in transparent media. A detailed description of the optical setup can
be found in [133]. Desse and Deron [134] concluded that while shadow and
schlieren measurements provide an easy-to-implement measurement tech-
nique for qualitative data, obtaining quantitative data proves challenging.
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Despite this assessment, shadowgraphy and schlieren have been used as ve-
locimetric techniques in turbulent single-phase flows with promising results
[135, 136]

Holographic interferometry: Holographic interferometry detects varia-
tions in optical path lengths in a transparent medium. A detailed description
of the technique can be found in [137] and [138]. The technique has been ap-
plied in multi-phase research before, for example [139] and [140], and was
used to visualize density gradients in boiling processes in [77]. Holographic
interferometry too is depth-integrated and therefore suffers from the same
shortcomings as mentioned above. Moreover, a rather sophisticated optical
setup is required and the numerical reconstruction techniques for recorded
images are far from trivial. To the knowledge of the authors, other interfer-
ometric techniques like Michelson interferometry or electronic speckle pat-
tern interferometry to this point have not been used in boiling research.

Laser-based techniques: A commonly used laser-based measurement
technique is particle image velocimetry (PIV). This technique uses a laser
sheet to illuminate tracer particles submerged in the flow, which are then
captured by a high-speed camera. The displacement of the particles in each
subsequent frame can then be used to calculate the local velocity of the flow.
Detailed descriptions of the technique can be found in [141] and [142]. PIV
has been used successfully in two-phase flows before [8].

Another well-known laser-based techniques is laser doppler anemometry,
where the relative motion between a laser and seeding particles induces a
doppler wave shift. This shift is then used to calculate the flow velocity. Details
can be found in [143]. In the last decade, laser doppler anemometry was used
extensively to determine the liquid velocities in bubble columns with high
gas throughput [127]. Similarly to laser doppler anemometry, phase doppler
anemometry uses the doppler effect of the reflected light to gain access to
the flow velocities but uses two photo detectors to additionally measure the
phase difference between the two signals. For a known geometry, this phase
difference can then be directly correlated to particle size. According to Boyer
et al. [127], phase doppler anemometry is currently limited to applications
with small spherical bubbles and low void fractions. Although in principal
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non-invasive, these techniques usually use tracer particles to capture the mo-
tion of the flow. This possibly contaminates heater surfaces and can intro-
duce systematical errors to the measurement. Moreover, measurements at
high void fractions are challenging due to bubbles obstructing the laser beam
and high reflections from the void in the flow channel.

Radiographic techniques: Radiographic measurement techniques, an ex-
tension of the traditional photographic techniques, use high-energy radi-
ation to analyze flow conditions. Typically, y-rays or x-rays are used [144].
The advantage is the ability to measure hydrodynamic parameters even in
non-transparent fluids. Traditional radiographic techniques suffer from the
same shortcomings of photographic measurements like depth integration
and the inability to reliably analyze for example several bubble layers at
once. Radiographic tomography overcomes this shortcoming and provides
three-dimensional access to flow channels. However, this technique usually
only provides small spatial resolutions and because the measurement time is
source dependent, can sometimes only be used for steady-state flows [127].

Thermocromatic liquid crystals: Thermocromatic liquid crystals can be
used to measure temperature fluctuations in the immediate vicinity of the
boiling activity. Thermocromatic liquid crystals are usually applied on the
backside of a thin heated foil as a continuous layer. When heated, thermocro-
matic liquid crystals reflect a distinct color depending on temperature when
subjected to white light. The reflections can then be used to calculate quan-
titative temperatures on the surface of the heated foil. This experimental ap-
proach has been used by Sodtke et al. [145] to verify a nucleate boiling heat
and mass transfer model on a microscopic scale. Other authors have success-
fully used thermocromatic liquid crystals in flow boiling applications to in-
vestigate heat transfer characteristics [146-148]. Kenning et al. [149] have dis-
cussed the advantages and limitations of liquid crystal thermography with
regards to their ability to provide necessary information for the development
of deterministic nucleate boiling models. While highlighting the valuable in-
sights from using thermocromatic liquid crystals, the authors point out the
narrow boiling regimes for which thermocromatic liquid crystals can be ap-
plied. Due to the low thermal mass of the thin foil where the boiling activity
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takes place, it was therefore deemed unlikely that this technique can be used
at high heat fluxes for CHF measurements.

Infrared imaging: Infrared imaging techniques are able to deliver time-
resolved and space-resolved information about bubble nucleation and heat
transfer mechanisms at the surface of a heater. This technique has been de-
ployed in nucleate pool boiling by Gerardi et al. [150], who used a thin electri-
cally heated foil on a sapphire substrate for their measurements. While stud-
ies on nucleate pool boiling are often far from direct technical applications,
infrared thermography was recently used in an industrially relevant setup by
Visentini et al. [151], who investigated rod-clad failure during transient boil-
ing. Flow boiling applications include [146, 152, 153]. However, like in the
case of thermocromatic liquid crystals, the thin and sophisticated heater con-
struction hinders the use of this measurement technique in most applica-
tions where very high heat fluxes need to be applied to system with techni-
cally relevant heater dimensions.

2.5.1.2 Invasive Techniques

Boyer et al. [127] note that despite the advancement of optical and tomo-
graphic techniques for the analysis of two-phase flow, invasive measuring
cannot be fully avoided. Especially for turbulent systems at high void frac-
tions, non-invasive measurements become prone to uncertainties. Moreover,
non-steady-state phenomena are often cumbersome to analyze and equip-
ment for non-invasive measurements is generally more expensive. Therefore,
many studies in boiling heat transfer research are conducted using invasive
technology.

Thermocouples: Thermocouples are likely the most common and well-
known invasive measurement devices. Available in many different sizes for
many different uses, they have been used for discrete temperature measure-
ments in countless publications. Due to their wide-spread use in the scien-
tific community, it is deemed unnecessary to explain this technique in more
detail.
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Wire-mesh sensors: Wire-mesh sensors (WMS) are devices which are in-
serted into the flow to measure the local void fraction at discrete points in
a plane in the flow channel. There are two main groups of WMS, conductive
WMS asintroduced by Prasser et al. [154] and capacitance WMS as introduced
by Da Silva et al. [155]. A comparison between WMS and y-ray densitometry
was given by Sharaf et al. [156], who concluded that WMS performed better
regarding the accuracy of the measurements especially at the edges of a flow
channel. However, as seen in [157], WMS are highly invasive and lead to frag-
mentation and break-up of bubbles.

Hot-wire anemometry: Hot-wire anemometry has been available for
single-phase flow for a long time and is experiencing increased attention in
the field of two-phase flow [127]. Hot-wire anemometry uses the heat ex-
change between a very thin electrically heated wire-probe and the surround-
ing fluid to measure the voltage drop at the heated wire, which is dependent
on the phase present at the probe. The reliability for air-water mixtures was
shown by Utiger et al. [158]. Although hot-wire anemometry is not a very ex-
pensive technology and it can be applied in many media, its application is
limited by some of its technical characteristics. For example, high momen-
tum flows have to be avoided as not to damage the probe, due to the fragile
wires. Moreover the signal interpretation is challenging for turbulent and low
velocity flows [127].

Fiber-optic microprobes: Fiber-optic microprobes are very thin glass
fibers, which are inserted into the flow channel to measure parameters like
local void fraction or the velocity of the fluid at the probe tip in high void
fraction environments. Fiber-optic microprobes usually face the direction of
flow and pierce oncoming bubbles. Due to the change in the refractive in-
dex, the probe tip either reflects the light from a light source or transmits the
light into the flow channel. This results in a series of light pulses for inter-
mittent two-phase flow, which can then be analyzed. A lot of work regarding
this measurement technique was done by the groups of Auracher [23, 24, 34,
119, 159], Cartellier [160-168] and Bloch [8, 17, 48, 169], who successfully used
fiber-optic microprobes for local void fraction measurements in boiling sys-
tems. A combination of multiple probes can be used to measure further pa-
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rameters such as bubble velocity and bubble diameter as shown by Lim et al.
[170]. Liittich et al. [23] stated that optical probes are the only means to mea-
sure interfacial phenomena in terms of liquid-vapor fluctuations very close
to the surface of both thin or thick heaters. They provide the only data base
to extract useful information about the interfacial evolution in boiling pro-
cesses on technically relevant heaters. This highlights the importance of this
measurement technique for boiling research.

2.5.2 Measurements in Surrounding Walls

While the vast majority of parameters of interest occur at the boiling surface
or within the two-phase flow itself, measurements in surrounding walls need
to be conducted to complement the two-phase flow data. Usually, the walls
of the flow channel are equipped with measurement technology to measure
surface temperatures and heat flux. The actual surface temperature, which is
needed to calculate the heat flux that the fluid is subjected to, is not trivial
to obtain. The prevalent way of measuring temperature in surrounding walls
is to use thermocouples. These can be directly attached to the heater sur-
face, which yields accurate values for the surface temperature of a heater in
a relatively fast manner but also potentially interferes with bubble formation
and disturb the flow at the heater surface. Therefore, many experimental ap-
paratus use thermocouples mounted at different distances from the boiling
surface inside the heater, as shown in [17, 48]. Surface temperature is calcu-
lated via the temperature gradient, which is then used to subsequently cal-
culate the heat flux transmitted through the heater. This procedure is widely
used and offers reasonable accuracy. However, it is only possible if the heater
thickness allows for installation of at least two thermocouples. Thus, it is not
possible to use this approach in thin heated pipes, foils or similar devices.
Other approaches to obtaining the wall temperature have been investigated
by for example Celata et al. [130], who used the physical expansion of a rod
heater to calculate its wall temperature. As this methods only yields an aver-
age surface temperature and therefore overall heat flux, it is not well suited
for investigation of CHF using larger and more complex heater geometries.
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Chapter 3

Experimental Setup

This chapter describes the experimental setup, the measurement techniques
used for data acquisition, the post-processing of measurement data and the
measurement procedure. Experiments were conducted with the refrigerant
Novec 649 using two different heater configurations in a square flow channel
at several mass fluxes and subcoolings. Single-fiber and double-fiber optic
microprobes were used for the acquisition of quantitative data about the void
phase in the flow channel and the immediate vicinity of the heater wall.

3.1 Boiling Test Rig

Fig. 3.1 shows a schematic depiction of the boiling test rig. The fluid is cir-
culated through the system by a centrifugal pump. Mass flux can be varied
between G =500kgm2s~! and G = 2000kgm—2s~!. The main flow loop dur-
ing data acquisition is marked in bold blue. The vertically oriented stainless
steel test section has a total length in flow direction of 500 mm and a square
cross section of 40 mm by 40 mm. Due to its modular design, different heaters
and measurement modules can be fitted. After passing the test section, the
two-phase mixture is condensed and cooled down in a counter flow heat ex-
changer. Any remaining gaseous fluid is separated from the main flow in a
phase separator and condensed in a reflux condenser, which is open to the
environment and mounted at the highest point of the test rig. Thus, no pres-
sure other than the hydrostatic pressure is imposed on the test section. A pre-
heater with a maximum power of 3 kW is installed before the inlet of the test
section and controls the inlet subcooling. Subcooling can be varied between
ATy, = 33K and AT, = 1K. Temperature measurements at positions »1«
and »2« determine the amount of preheater power needed. A pressure mea-
surement at position »2« is used to determine the saturation temperature of
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the fluid at the inlet of the test section. To reach critical heat flux and capture
a full transition to film boiling at moderate temperatures, a fluid with a low
boiling point is used in the experiments. The fluid used in this study is Novec
649. Its boiling point at ambient conditions is 49 °C and it has an evaporation
enthalpy of 88 kJ kg!. Its thermal stability limit is approximately 300 °C. Its
main physical properties in comparison to water are given in Table A.1 in Ap-
pendix A for saturation conditions at the inlet pressure of the test section of
1.15bar.
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Figure 3.1: Schematic of the boiling loop (main flow loop is marked in bold blue).
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3.2 Heater Configurations

Two heater configurations were used in this study: a wall-mounted copper
heater and a single-rod copper-coated stainless steel heater.
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3.2.1 Wall-Mounted Copper Heater

The test section with the wall-mounted heater installed is shown in Fig.
3.2. The boiling surface begins 150 mm downstream of the inlet of the test
section. The boiling surface of the copper heater is mounted flush in the
middle of the right-hand-side wall of the test section in Fig. 3.2. The boiling
surface has a width of 15mm and a length of 200 mm. As depicted in Fig.
3.3, the boiling surface is the tip of a copper bar with the same cross section
extending from a large copper block, which accommodates twelve heater
cartridges with a combined maximum power of 2.4 kW. The copper bar is
insulated from the surrounding steel wall of the test section by a silicone layer.

Inserts for
heater cartridges

Inserts for
fiber-optic microprobes

Copper block

Boiling surface

Pressure transducer

Direction of flow

Figure 3.2: Three-dimensional view of the test section with the wall-mounted copper heater
installed.
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Figure 3.3: Schematic cut through the wall-mounted copper heater.

To measure heat flux and wall temperature, three rows of four thermocouples
(TC) are mounted in the wall-mounted copper heater’s plane of symmetry.
The acquisition frequency for all temperature measurements in the test rig
is 2Hz. The thermocouple positions are schematically depicted in Fig. 3.4.
Thermocouples of type T are used at y = 1 mm below the boiling surface and
thermocouples of type K are used at y = 9mm, y = 17mm and y = 25mm
below the boiling surface. Surface temperature is extrapolated quadratically
using the temperature gradient between individual thermocouples of each
thermocouple row (TCR). A numerical investigation of the heat transfer pro-
cesses inside the heater during operation was conducted prior to this study.
No substantial heat transfer in the direction of flow inside the copper heater
was observed. As in [77, 171], heat flux is therefore calculated using Fourier’s
law for one-dimensional heat transfer according to Eq. (3.1).

] =—Acu——P Ay— (3.1
C .
q cu fy culcuRY At
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Heater Configurations
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Figure 3.4: Schematic view of the positions of the fiber-optic microprobes (single-fiber mi-
croprobe configuration shown, not to scale) above the boiling surface and the
thermocouples mounted inside the wall-mounted copper heater’s plane of sym-

metry.

3.2.2 Single-Rod Copper-Coated Stainless Steel Heater

A schematic depiction of the single-rod copper-coated stainless steel heater
inside the test section is shown in Fig. 3.5. The rod is placed in the axis of sym-
metry of the flow channel. It has a length of 585 mm and an outer diameter
of 10 mm. The heated area is 200 mm long and begins 142 mm downstream
of the inlet of the test section. Unheated areas at the upstream and down-
stream end of the heated area ensure a smooth development of the flow pro-
file and eliminate the disturbance of the boiling process. The heater is elec-
trically heated by a heating coil with a maximum power of 2.4 kW embedded
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in Magnesium-oxide, which is encapsulated by a stainless steel tube with a
wall thickness of 1 mm. The outside of the tube is copper-coated to eliminate
differences in surface characteristics between the two heater configurations
such as different nucleation site densities, wetting behavior and contact an-
gles.
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Figure 3.5: Schematic view of the positions of the fiber-optic microprobes (double-fiber mi-
croprobe configuration shown, not to scale) above the boiling surface and the
micro-thermocouples fitted on the surface of the single-rod copper-coated stain-
less steel heater. All length specifications in mm.

Voltage and current measurements are used to calculate surface heat flux. To
measure wall temperature and detect the occurrence of CHE four thermo-
couples are used. Three micro-thermocouples (TC 1, TC 2, TC 3) of type T
with a diameter of less than 0.25 mm are fitted on the heated surface. Addi-
tionally, a thermocouple of type J (TC 4) is fitted in the center of the heated
area inside the heater in its axis of symmetry for CHF detection.
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3.3 Fiber-Optic Microprobes

Fiber-optic microprobes were used for the acquisition of quantitative data
about the void phase. Based on the law of Snellius [128], fiber-optic micro-
probes detect a change in refractive index for intermittent two-phase flow at
the tip of the probe. Fiber-optic microprobes can be used to accurately mea-
sure interfacial phenomena very close to the surface of both thick and thin
heaters. They therefore provide the only means to extract quantitative infor-
mation about the interfacial evolution during the boiling process on techni-
cally relevant heaters [23]. This technique is widely used in the experimen-
tal analysis of two-phase flow, for example [3, 4, 10, 20, 23, 24, 77, 119, 159,
164, 165, 172]. Two types of fiber-optic microprobes were used in this study:
Single-fiber microprobes and double-fiber microprobes. Single-fiber micro-
probes can be used to acquire quantitative data on void fraction and void
frequency. Double-fiber microprobes allow for the additional measurement
of void ligament velocity and void ligament length by cross-correlating the
signals from the upstream and the downstream fiber.

3.3.1 Operating Principle

When a bubble touches the tip of the probe, light propagating within the fiber
is reflected. When liquid is present at the tip, the light is transmitted into the
flow channel. This results in a series of reflected light pulses for intermit-
tent two-phase flow at the tip which can then be analyzed. Fig. 3.6a shows
a schematic cut through an optical step-index fiber. The profile of the refrac-
tive index across the fiber is shown in Fig. 3.6b. The core is optically denser
than the cladding. This means that the refractive index of the cladding n, is
lower than the refractive index of the core n;. Light propagates along the fiber
by total reflection at the interface between the core and the cladding.

A beam emitted from a laser source is coupled into the fiber at its front face.
The beam can be coupled into the fiber up to a maximum acceptance angle
©o. Above this angle, the condition for a total reflection at the interface be-
tween core and cladding is not fulfilled anymore and the light intensity of the
beam will be significantly attenuated while propagating along the fiber. The
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(b) Profile of re-
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Figure 3.6: Beam propagation inside a step-index fiber and at the fiber microprobe tip for a
tip angle of 45°.

maximum acceptance angle for a step-index fiber can be calculated based
on Snell’s law by using the maximum beam angle ¢ for which a total re-
flection occurs at the interface between the core and the cladding. This angle
is calculated according to Eq. (3.2).

ny
COS P it = n_ (3.2)
1

If a beam hits the interface of the two materials at an angle ¢ > ¢;;, the beam
will propagate out of the core into the cladding. A dimensionless quantity
called the numerical aperture NA, which specifies the acceptance angle, can
be calculated according to Eq. (3.3) [173].

NA = nysingy = n; sin @ (3.3)

All optical fibers used in this study have a value of NA = 0.22. Ifabeam is cou-
pled into the fiber with its front face subjected to air (ny ~ 1), the numerical
aperture can be rewritten to

NA =sin @y = 1y Sin Yerie = M4/ 1—C082 Yy = -+ = 4/ nZ — n2. (3.4)

Depending on the angle of the probe tip as shown in Fig. 3.6¢, a beam prop-
agating within the fiber either will be coupled out of the fiber or it will be
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reflected at the interface between the core of the fiber and the surrounding
medium at the probe tip. For a conical probe tip and alaser beam propagating
parallel to the axis of the fiber, the range of optimal probe tip angles for fluids
with a liquid refractive index n; > 1.13 and a vapor refractive index ny < 1.13 is
43° < @yip < 51° [164]. The refractive indexes for Novec 649 are n; = 1.256 and
ng ~ 1. Therefore, any probe tip angled within that range will allow the probe
to distinguish between the liquid and the vapor phase. However, as a laser
beam generally does not propagate purely parallel to the axis of the fiber, the
angle of the probe has to be optimized to obtain an optimal signal-to-noise
ratio. In this study, a probe tip with an angle of ¢, ~ 45° was found to yield
the best results.

3.3.2 Measurement Setup

Fig. 3.7a and Fig. 3.7b show the two types of probes used in this study. The
single-fiber microprobe can be used to measure void fraction and void fre-
quency, whereas the double-fiber microprobe provides additional quantita-
tive data on void ligament velocity and size. The probe tip consists of either
one or two glass fibers with a core diameter of 50 um per fiber. Each fiber has
a conical shape at an angle of approximately 45°. The fibers are embedded
in a steel ferrule for increased mechanical stability. For the double-fiber mi-
croprobes, the two individual glass fibers are glued together to ensure a fixed
distance between the tips of each fiber. For both configurations, the measure-
ment apparatus consists of the probe tip, a fiber-coupled laser source, a fiber
coupler, a photodiode and an amplifier as well as an analog-to-digital con-
verter running at 60 kHz for each fiber. A closed and fully fiber-based beam
path ensures a good signal-to-noise ratio and minimizes unwanted interfer-
ence. The measurement apparatus for a single-fiber microprobe is shown in
Fig. 3.8. The components used are summarized in Tab. 3.1.

Three fiber-optic microprobes were used simultaneously to measure void
data at distances between y ~ 50pm and y ~ 10mm normal to the heater
surface. A traversing mechanism with an accuracy of £5 pm was used to po-
sition each probe relative to the heater surface. The position of each probe
was optically verified with microscopic images for each measurement point
before and after each experiment. Each probe was traversed individually to
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(a) Single-fiber microprobe (b) Double-fiber microprobe
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Figure 3.7: Microscopicimages of the two types of fiber-optic microprobes used in this study.
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Figure 3.8: Measurement apparatus for a single-fiber microprobe.
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Table 3.1: Components used for the measurement apparatus for a single-fiber microprobe.

Component  Name Manufacturer
Optical fiber  Faserpigtail Easystrip FP5FC all4fiber

Fiber coupler FUSED-12-IRVIS-50/125-50/50-3S3S3S-1-1 OZ Optics
Photodiode =~ P-CUBE-20-FC Laser Components
Amplifier DLPCA-200 FEMTO Messtechnik
Converter NI USB-6210 National Instruments
Laser source  TLS001-635 THORLABS

cover the entire distance range from y ~50um to y ~ 10 mm. The fiber-optic
microprobes are inserted into the flow channel at an angle of 45°. For the
wall-mounted copper heater, one probe is placed above each thermocouple
row. For the single-rod copper-coated stainless steel heater, the probes are
placed above the micro-thermocouples. This allows for the locally coupled
synchronous measurement of void and temperature data.

3.3.3 Post-Processing of Measurement Data

Allvoid datais calculated based on a phase indicator function (PIF) according
to Eq. (3.5). Fig. 3.9 shows a binarization sequence using Eq. (3.5). Based on
the raw signal from bubbles touching the probe tip, a threshold voltage Uy, is
set above the noise floor in the raw signal. Using this voltage, the raw signal
is binarized. A value of PI F = 0 corresponds to the liquid phase and a value
of PIF =1 to the void phase.

1 VU>Uy
PIF = (3.5)
0 VUC<U

This approach has been used similarly in other works, for example [10, 34,
174] as well as for the well-known experimental database by Garnier et al. [20].
A moving average approach was used to calculate mean values for a given
time interval At; containing a number of samples 7. For the purpose of this
study, n = 30000 was used, which for a sample rate of sr = 60kHz results in
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(a) Raw probe signal (b) Threshold voltage (c) Binarized signal
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Figure 3.9: Binarization sequence from raw signal to the binary signal using a threshold volt-
age (red dashed line).

an averaging interval of Az; = 0.5s. This interval length was chosen to match
the acquisition frequency of 2 Hz for temperature data. The calculation of the
void data in each interval was done as follows:

Void fraction: The local void fraction a was calculated according to Egns.
(3.5) and (3.6) for every time interval At;. The ratio of the sum over each
PIF (j) to the total number of recorded samples 7 in the time interval is
then equal to a during At;. This approach has been used by other authors
for the calculation of the void fraction from fiber-optic microprobes before,
for example [77, 169].

1 n
a(Ar) = > PIF(j) (3.6)
=

Void frequency: The void frequency fi, is defined as the total number of
detected void ligaments N, per time interval At; according to Eq. (3.7).

(3.7)

]Vlig
fig(At;) = Al

Contact time: For the calculation of void ligament velocity and size, the av-
erage contact time f;, of ligaments per time interval is needed. The contact
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time for a single ligament k is calculated by Eq. (3.8), where nyjg(y) is the num-
ber of samples with a value of PI F =1 for each ligament k. This is schemat-
ically shown in Fig. 3.10.

Mig(k)
tl- k) = (3.8)
ig(k) ST
The average contact time for each time interval is then calculated as
Mig
tiig (A ;) E tiig (1) (3.9)
hg k=1
—— Upstream fiber
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Figure 3.10: Schematic depiction of the time difference between the signals from the up-
stream and downstream fiber of a double-fiber microprobe, which is used for
the calculation of void velocity.

Ligament velocity: The average ligament velocity u;, is calculated using
a time-of-flight method, similar to the approach used in [20]. The time A¢
it takes a void interface to cover the distance I, between the upstream
fiber and downstream fiber can be extracted from the data from the double-
fiber microprobe setup. This is schematically shown for a generic binarized
double-fiber microprobe signal in Fig. 3.10. By cross-correlating the signals of
the two fibers for a given time interval, the mean time of flight At for all void
ligaments in this interval is calculated. The vertical distance between the two
fibers for all double-fiber microprobes used in this study was in the range of
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lprobe = 200pm—220 um. This value is a compromise between the miniatur-
ization of the probe tip and the distance needed to accurately measure the
time of flight of the interface. The average ligament velocity of a given time
interval is then calculated according to Eq. (3.10).

uhg(Ati) = — (310)

Ligamentsize: The mean ligament size [, for each interval is calculated by
multiplying the mean velocity w;; with the mean contact time #;g.

hig(AL;) = tig- Uiig (3.11)

3.4 Uncertainty

Calibration experiments were conducted prior to this study. A deviation of
approximately 0.2 K was measured between any two thermocouples used in
the test rig at ambient conditions. The position accuracy of the thermocou-
ples inside the wall-mounted copper heater due to manufacturing inaccu-
racies is better than 0.1 mm. For the single-rod copper-coated stainless steel
heater, current and voltage could be measured with uncertainties of 0.1 Aand
3V respectively. A Gaussian error propagation was calculated based on these
values and yielded maximum absolute uncertainties of +£10.7 kW m™2 for sur-
face heat flux and +£0.9K for wall temperature. A maximum statistical fluctu-
ation of 20 kgm™2s™! for the mass flux was tolerated as a negligible influence
on CHF and wall temperature was observed in reference experiments.

Videometric calibration experiments for the fiber-optic microprobes showed
good agreement between the probe signals and the observed trajectories
of bubbles. The typical uncertainty for void fraction measurements with
fiber-optic microprobes commonly found in literature (e.g.: [162, 170]) was
equaled. The same uncertainty applies to other quantities calculated from
the binarized fiber-optic microprobe signals using the phase indicator func-
tion given in Eq. (3.5). At the closest distance to the wall of y ~ 50 um, the gap
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between the tip of the fiber-optic microprobe and the heater surface is in the
same order of magnitude as the core diameter of the probe itself. While fiber-
optic microprobes with similar geometric properties have been used at even
closer distances in pool boiling [24, 119], the influence of the probe tip on the
boiling process is not negligible. At distances greater than or equal to 100 um,
the signal-to-noise ratio was typically as depicted in Fig. 3.9. It noticeably de-
teriorated at closer distances. Hence, the uncertainty for fiber-optic micro-
probe measurements at a wall distance of y ~ 50um is likely larger compared
to the measurements obtained further away from the boiling surface.

Some additional uncertainty for fiber-optic microprobe measurements
arises from partially pierced bubbles. There are three main sources of error
[161, 165, 172]:

1. A drifting effect, where the trajectory of a bubble is altered by the probe
tip, which leads to a smaller detected chord.

2. A blinding effect, where small bubbles are not detected due to incom-
plete dewetting of the probe tip.

3. A crawling effect, where bubbles are deformed and decelerated during
the piercing of the liquid-vapor interface.

Mena et al. [167] discussed the influence of each effect on the accuracy of
fiber-optic microprobe measurements. The blinding and drifting effects
lead to an underestimation of the residence time of detected bubbles, while
crawling leads to overestimation. As the piercing of bubbles by a fiber-optic
microprobe is a random process in complex three-dimensional two-phase
flow, it is difficult to quantify these uncertainties. However, at high signal-to-
noise ratios, even partially pierced bubbles or bubbles brushing the probe
tip usually result in usable signals. Quantities derived from Eq. (3.5) are
therefore not particularly sensitive to the choice of Uy, as long as it is set
to a value high enough above the noise of the raw signal. This is shown in
Fig. 3.11 for an experiment with a single-fiber microprobe. In this figure, the
calculated void fraction is displayed over the threshold voltage normalized to
the maximum voltage U,,,, of the recorded signal. There exists a broad range
for Uy, for which the calculated void fraction does not change significantly.
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Figure 3.11: Change in calculated void fraction from fiber-optic microprobe data for a vari-
ation of the threshold voltage.

The velocity measurements from the double-fiber microprobes were com-
pared to bubble velocities obtained by stereoscopic videometry for two-
phase flow with single bubbles. A deviation of less than +15% was observed
between the two measurement techniques. However, the only well-defined
parameter in this context is the interface velocity of single bubbles. This
quantity is not directly related to the actual void velocity [175]. As described
by Garnier et al. [20], the true velocity of the void phase can only be related to
the distance between the two fibers of a double-fiber microprobe if the veloc-
ity and size distributions are spatially uniform where the void is intercepted
by the two fibers. The mean void velocity can then be derived from a double-
fiber microprobe setup when being calculated over a sufficiently large num-
ber of void structures and assuming that void velocity does not depend on
ligament diameter. This was verified in videometric reference experiments.
In these experiments, mass flux was kept constant at 1000kgm—2s~! and two
different subcoolings were investigated. Velocity profiles from the double-
fiber microprobe setup were compared to high-speed videometry measure-
ments. The data from double-fiber microprobe experiments was evaluated
for a time interval of 0.5s to match the acquisition frequency of tempera-
ture data of 2Hz. The number of detected void ligaments during this interval
was in the order of Njj; = 200—500. The bulk flow velocity for these condi-
tions is approximately 0.66 ms™!. Videometric measurements near the heater
surface were not possible due to high vapor concentration. Measurements
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with the double-fiber microprobes were inhibited in regions of low void frac-
tion due to the small number of detected bubbles. The results are shown in
Fig. 3.12. Both measurement techniques show good agreement in the region
where they overlap with a maximum deviation of approximately 10%. The
more conservative uncertainty from the single-bubble experiments of £15%
for the average ligament velocity is chosen for this study. The uncertainties of
quantities presented in this dissertation are summarized in Table 3.2.

Ligament velocity ug in ms™!

1.3

1.2
1.1

1
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Figure 3.12: Comparison between the void velocity obtained through videometric reference
experiments and the data from double-fiber microprobes for two subcoolings.

Mass flux was kept constant at G = 1000kgm 2 s~

1

Table 3.2: Overview of uncertainties of measured quantities.

Quantity Uncertainty Unit

Void data from PIF + 25 %
Ligament velocity/ size =+ 15.0 %
Position of void probes =+ 5 um

Heat flux + 10.7 kWm™
Wall temperature + 0.9 K

Mass flux + 20 kgm—2s7!
Subcooling + 0.2 K
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3.5 Measurement Procedure

To ensure consistent surface properties, the boiling surface of each heater
configuration was cleaned and polished using a 2500-grit emery paper af-
ter each fourth experiment. The first run after this procedure was discarded
to eliminate the effects of non-condensables. This way, a good repeatabil-
ity of the experimental data was achieved [4]. It was previously shown in [8]
that the wall-mounted copper heater behaves quasi-statically. Therefore, a
full boiling curve from single-phase convection to fully-developed film boil-
ing was recorded for each fiber-optic microprobe position and operating
condition for the wall-mounted copper heater. The thermal stability limit of
the fluid prohibited measurements beyond CHF for the single-rod copper-
coated stainless steel heater because of the fast increase of the heater tem-
perature at CHF due to its small thermal inertia. The experimental procedure
for each experiment and heater configuration was as follows:

1. The heater is at or close to ambient conditions. Fluid is circulated
through the system. No boiling activity is present on the heater surface.

2. The system is heated up to the chosen subcooling.

3. After reaching this subcooling, the fiber-optic microprobes are posi-
tioned at the target distance of 100 um above the boiling surface at the
positions of the thermocouple rows and thermocouples respectively.
The positioning accuracy of the traversing mechanism is verified opti-
cally before each experiment.

4. Measurement data is acquired for the two heater configurations as fol-
lows:

e Wall-mounted copper heater: The transformer powering the heater
cartridges is switched on simultaneously with the start of data ac-
quisition. The power supplied to the heater cartridges was kept con-
stant for all measurements. The system goes through one complete
boiling cycle from single-phase convection to fully-developed film
boiling. The transformer is switched off when the Leidenfrost point
is reached and surface heat flux begins to increase again. Data ac-
quisition is stopped.
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¢ Single-rod copper-coated stainless steel heater: The transformer
powering the heating coil is set to the desired operating point of
the heater. The transformer is switched on. The data acquisition is
started when a steady state is reached. Data is acquired for 60 s per
operating point. The transformer is switched off and data acquisi-
tion is stopped when either 60 s have passed or one of the thermo-
couples fitted to the heater detects the occurrence of CHF as a fast
increase in surface temperature.

5. The system is cooled down until the initial conditions are reached.
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Chapter 4

Results and Discussion

In this chapter, the experimental results are presented and discussed. First,
the experimental data from experiments with the wall-mounted copper
heater are presented for one set of operating conditions. Second, the exper-
imental data from experiments at the same operating conditions are pre-
sented for the single-rod copper-coated stainless steel heater. Third, the data
is analyzed and discussed in detail. The analysis is split into two parts. First,
the mechanistic models introduced in Sec. 2.4.2 and Sec. 2.4.4 are discussed
with respect to the experimental data. Second, the data from the two heater
configurations is compared with each other and analyzed in more detail. In
this analysis, the governing parameters for the boiling process in the nucleate
boiling regime are identified and a refined mechanism for the CHF process at
the wall in flow boiling is proposed. The analysis is supported by additional
experimental results from measurements at different operating conditions
for both heater geometries. Concluding this chapter, a stability limit for the
boiling process is identified based on the experimental data.

4.1 Wall-Mounted Copper Heater

In this section, average boiling curves, void data profiles and time-resolved
void data in the immediate vicinity of the boiling surface are presented for
the three measurement positions along the direction of flow. Data was ob-
tained from experiments with a mass flux of G = 1000kgm™2s™!, which cor-
responds to a superficial liquid flow velocity of 1; = 0.66 ms™!. Inlet subcool-
ing was kept constant at AT, = 13K. Void profiles are provided for three
characteristic states along the boiling curve, which are fully-developed boil-
ing (FDB), CHF and fully-developed film boiling (FDFB). The respective defi-
nitions as a function of wall superheat AT, = T,,— Tg, are given in Tab. 4.1. A
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wall superheat at FDB of AT, ppg = 75 % A Tgyp cr Was chosen based on ex-
periments conducted prior to the present study. This value ensures that FDB
lies in the fully-developed nucleate boiling regime as illustrated in Fig. 2.1.
Corresponding to previous work [77], CHF is defined as the maximum sur-
face heat flux observed in the experiments. For each experiment, the time of
maximum heat flux is determined for each thermocouple row. Heat flux, wall
temperature and void data at CHF are then extracted using the obtained time
stamp. The values at FDB and FDFB are then obtained using the respective
wall temperature and the corresponding time stamp relative to CHE Boiling
curves and void profiles for other operating conditions are documented in
Appendix B and Appendix C.

Table 4.1: Definition of points along the boiling curve for which void data profiles are pre-
sented.

Point Definition

FDB AT rpB = 75 % Algyp cHE
CHF ATsup,CHF = ATsup at 4 = gmax
FDFB g = gmin at ATgyp rprB > Algup cHF

4.1.1 Boiling Curves

Fig. 4.1 shows boiling curves averaged over all experiments for this set of oper-
ating conditions. The heat flux at CHF is highest for the upper measurement
position at ¢ = 269.6kW m™2 at a wall superheat of ATyyp,cur = 38K. CHF oc-
curred at the same wall superheat at all measurement positions. The heat flux
at CHF is marginally lower for the middle and lower measurement position
at 259.3kWm™2 and 244.0kW m™2. To check whether the data from different
measurement runs is consistent, confidence intervals for the measurement
series were calculated according to Eq. (4.1). In this equation X is the average
value, u,_¢ the expected value in the 1—5 quantile, o the standard deviation
and n is the total number of measurements [176]. In this study, € = 0.2 was
chosen and n = 29.
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4.1 Wall-Mounted Copper Heater

P X AUy (4.1)

_ o o
e 7
Only little variance between individual experiments is observed for single-
phase convection and the nucleate boiling regime up to CHF for all mea-
surement positions along the direction of flow. During transition boiling af-
ter CHE the confidence region widens significantly. At the Leidenfrost point,
confidence intervals converge again. The variance between measurements at
the upper position during the transition to film boiling is higher than for the
middle and lower position. Visual observation of the CHF transient showed
that the CHF mechanism occurred first between the lower and middle mea-
surement position. For the operating conditions of G = 1000kgm—2s™! and
ATy, = 13K, CHF was first detected predominantly at the lower position.
This explains the greater variance for the upper measurement position as the
forming vapor film did not propagate along the heater at a constant speed for
each experiment. All points defined in Tab. 4.1 lie in regions with only very lit-
tle variance.

(a) Upper position (b) Middle position (c) Lower position

ATyp inK ATyp inK ATyp inK

Figure 4.1: Average boiling curves at the upper, middle and lower measurement position
for the wall-mounted copper heater. Dashed and dashed-dotted lines represent
the upper and lower confidence intervals. Color-coded dots represent the points
from Tab. 4.1 for which void profiles are provided.
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4.1.2 Void Profiles

Fig. 4.2 and Fig. 4.3 show profiles for void fraction, void frequency, ligament
velocity and ligament size for FDB, CHF and FDFB at the upper, middle and
lower measurement position.

4.1.2.1 Void Fraction

General observations: The void fraction profiles for FDB and CHF match
the behavior described by Drew and Lahey [177]. They report a peak in void
fraction close to the wall followed by a reciprocal decline towards the cen-
ter of the flow channel for adiabatic upward low-quality bubbly flow. Void
fraction in this study slightly increases from its value closest to the wall until
¥y ~ 300um, before decreasing continuously towards the center of the flow
channel. The peak in void fraction is most clearly seen at the lower measure-
ment position. Peak values for a range between 66 % and 73 %. The highest
absolute values were measured at the lowest position. Near-wall void in the
layer y < 1mm above the heater surface decreases slightly along the direction
of flow. This could possibly be attributed to the presence of vapor-induced
secondary flows, which facilitate the replenishment of the sublayer with fresh
bulk liquid and increase recondensation rates at the upper measurement po-
sition. For FC-72, Jung et al. [25] report that approximately 90 % of heat trans-
fer at critical heat flux can be attributed to the liquid phase present at the
wall. This partly explains the higher values for critical heat flux at the upper
measurement position where the lowest void fraction close to the wall was
measured. The relative increase in critical heat flux from ¢ = 244.0kW m™ at
the lower to ¢ = 269.6kW m2 at the upper measurement position is 10.6 %.
The measured relative reduction of the maximum void fraction observed in
the immediate vicinity of the heater surface between the lower and the upper
measurement position is equal to the relative increase in critical heat flux.

From FDB to CHF: Between FDB and CHE void fraction slightly increases
close to the wall at the upper measurement position, whereas no signifi-
cant increase in void was measured at the middle and lower position. For
¥y = 1mm, no difference in void fraction between FDB and CHF was observed.
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Figure 4.2: Lin-log plots of void fraction (left) and frequency (right) profiles at FDB, CHF and
FDEFB obtained from fiber-optic microprobe measurements at the upper, middle

and lower measurement position.
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Figure 4.3: Lin-log plots of ligament velocity (left) and ligament size (right) profiles at FDB,
CHF and FDFB obtained from fiber-optic microprobe measurements at the up-
per, middle and lower measurement position.
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CHF predominantly occurred at some point between the lower and middle
measurement position. Only a marginal change in void fraction between FDB
and CHF was measured at these two positions. Based on this observation, two
conclusions can be drawn. First, the amount of void present in the vicinity of
the heater surface influences the maximum attainable value of surface heat
flux by limiting the supply of fresh bulk liquid to the heater. Second however,
absolute near-wall void is not the causative limiting factor of the boiling pro-
cess at the wall. Theofanous et al. [26, 27] observed that the occurrence of CHF
is independent of void fraction above the heater surface for pool boiling. The
current results indicate that their findings may hold true for subcooled flow
boiling.

At FDFB: At FDFB measured void fractions are significantly lower com-
pared to CHE even at a distance of y = 50 um from the heater surface. Values
measured at FDFB at this distance increase along the direction of flow but
do not exceed 50 % at the upper measurement position. Void fraction in the
film is expected to be close to 100 %. Hence, this experiment indicates a film
thickness of less than 50 um.

4.1.2.2 Void Frequency

General observations: The void frequency f;, continuously increases to-
wards the heater wall for FDB and CHF at all three measurement positions.
The highest frequencies were measured closest to the wall at y = 50um with
a peak frequency of up to fjj; = 1000 Hz at the lower measurement position.
For FDB, an exponential increase towards the wall is observed for a layer of
¥ < 2mm above the heater surface. At CHE the point of this increase of fre-
quency shifts towards the wall to y ~ 300 um. This distance corresponds with
the point of peak values of « in each void fraction profile at CHE Above this
distance fj; remains almost constant until y ~ 1 mm. These findings confirm
the existence of a relevant bubbly sublayer as previously postulated in [10]. In
this layer the frequency of detected void ligaments is a lot bigger compared to
the bulk flow. For the thermal and hydraulic conditions of the data presented
here, the relevant bubbly sublayer is approximately 300 um thick.
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From FDB to CHF: Void frequencies at CHF are generally lower compared
to FDB. The boiling process becomes less intermittent approaching CHE This
suggests a deactivation mechanism from FDB to CHF induced by larger coa-
lesced void structures on or close to the heater surface.

At FDFB: Once the transition to film boiling has completed, void frequen-
cies close to the heater surface at FDFB are approximately one order of mag-
nitude smaller compared to FDB and CHE

4.1.2.3 Ligament Velocity

General observations: For both FDB and CHE a steep velocity gradient is
observed close to the wall. At FDB, the velocity profile flattens at y ~ 1.1 mm
from the wall. At CHE this point shifts towards the wall to a distance of y ~
500 pm.

From FDB to CHF: Between FDB and CHE void ligaments are accelerated
significantly in the region close to the wall. For all measurement positions
along the direction of flow, a nearly twofold increase in velocity is observed
in the immediate vicinity of the heater surface. The acceleration of void be-
tween FDB and CHF points at a fundamental change in flow topology close
to the wall when approaching CHE This effect can only be partly attributed
to increased buoyancy as the relative increase of void fraction in this layer
during the same period is much smaller. It is possible that a superposition of
several phenomena is seen here. It was shown in previous studies that close
to CHF large vapor plumes periodically propagate along the heater [8, 10]. By
means of particle image velocimetry, it was observed that void in the wake of
these plumes was pulled towards the heater with a relative increase in veloc-
ity of up to 33 %. Moreover, more vigorous boiling was observed close to CHE
Both of these effects could lead to higher average interface velocities in the
vicinity of the heater. Jung et al. [25] measured the speed of the triple-phase
contact line on a heater surface for pool boiling by means of high-speed in-
frared imaging. The authors report a decreasing contact line speed close to
CHE The current data suggests an opposite trend for flow boiling. As seen on
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the right-hand side of Fig. 4.3, at y = 50pm data is obtained at a wall dis-
tance much smaller than the characteristic ligament size of [jj; ~ 0.4 mm. It
is therefore assumed that the ligament velocity measured at y = 50um in
the present study is connected to the triple-phase contact line speed on the
heater surface.

At FDFB: At FDFB, the velocity profile close to the wall is flatter compared
to CHF and FDB at the lower and middle measurement position and it is in-
verted compared to FDB and CHF at the upper measurement position. In the
nucleate boiling regime up to CHF there exists a shear lift force F facilitat-
ing the departure of bubbles from the heater surface, because of the velocity
gradient present at the wall [178, 179]. From CHF to FDFB, this force gradu-
ally becomes weaker as the velocity gradient becomes smaller and eventually
changes direction due to the acceleration of void structures close to the wall.

4.1.2.4 Ligament Size

General observations: For FDB and CHE ligament sizes at the wall are small
but they quickly grow in size with increasing wall distance. At CHE ligament
sizes peak near the relevant bubbly sublayer discussed above and slightly de-
crease beyond this distance. No significant difference regarding the size of
void ligaments in the bulk flow at CHF was observed between the three mea-
surement positions along the direction of flow.

From FDB to CHF: Ligament sizes show a twofold increase close to the wall
between FDB and CHF for all three measurement positions along the direc-
tion of flow. Larger void structures cover the heater surface. In view of the no-
ticeable decrease in void intermittency at CHE the temporary deactivation of
active nucleation sites seems probable. Both, the continuous deactivation by
overlapping void from neighboring nucleation sites as well as the formation
of residual dry-patches on the heater surface, as observed for example by Chu
et al. [111] for pool boiling, appear viable.
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AtFDFB: AtFDFB, the heater is fully covered by a gaseous film. Visual obser-
vation of the fully-developed vapor film showed wavy void structures prop-
agating along the film in the direction of flow. According to the fiber-optic
microprobe data, these void structures are significantly bigger in size com-
pared to the void ligaments observed in the nucleate boiling regime. Similar
observations were reported in other studies [96, 99].

4.1.3 Void Morphology Near the Boiling Surface

Fig. 4.4 shows time-resolved data obtained from a double-fiber microprobe
experiment. One complete boiling cycle was recorded from single-phase con-
vection to fully-developed film boiling. The probes were positioned at a dis-
tance of y = 100 um from the wall. This distance was chosen as a compromise
between obtaining data in the immediate vicinity of the heated wall and re-
ducing the possible influence of the double-fiber microprobes on the boiling
process at closer distances. Data is displayed normalized to the time of the
occurrence of CHF (fcyr = 0s) for each measurement position along the di-
rection of flow. Effective heat transfer coefficients (HTC) h.; were calculated
according to Eq. (4.2), to see how overall heat transfer over the boiling surface
changes over time.

q.
= 4.2
heff T Té N ( )

4.1.3.1 The Nucleate Boiling Regime

The measured void fraction quickly increases as nucleation sites are activated
on the heater surface at the onset of nucleate boiling at ¢ ~ —75s. After the
initial rise, the void fraction continues to grow approximately linearly. Void
frequencies rapidly increase and show a distinct peak after which they begin
to decline. The point of peak frequency coincides with the maximum of the
effective HTC which henceforth declines. Ligament sizes at peak frequency
are similar for all three measurement positions along the direction of flow at
0.37mm, 0.34 mm and 0.40 mm. This suggests a maximum attainable size for
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Figure 4.4: Time-resolved void data from a double-fiber microprobe experiment at a dis-
tance of y = 100pm away from the heated surface of the wall-mounted copper
heater. t = 0s is the time of CHF at each measurement position.
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void structures on the heater surface before neighboring nucleation sites are
influenced by overlapping. The size of void structures increases with increas-
ing heat flux. Void intermittency in the vicinity of the heater decreases, which
results in lower heat transfer through the agitation of the single-phase liquid
on the heater surface. Following the findings of Jung et al. [25], this reduces
the effective HTC.

4.1.3.2 Approaching CHF

During the nucleate boiling regime before r ~ —20s, the ligament velocity, the
ligament size and the contact time show a weak linear increase. At £ = —20s
the morphology of void begins to change. Void ligaments are accelerated and
contact times begin to rise faster. Ligament sizes increase at the heater sur-
face. From t = —20s to CHE the average ligament size at all measurement
positions increases by 200 %. Immediately before CHF at ¢ = 0s, the onset of
an exponential rise of contact time and consequently ligament size is seen.
At the same time, void frequencies begin to decrease rapidly. A smaller num-
ber of bigger void structures gradually covers the heater surface. Despite their
decrease, void frequencies remain high at over 600 Hz. Significant nucleation
site activity persists during this phase. Absolute void fraction values continue
to increase linearly. Within the margin of uncertainty, void frequencies and
contact times at the wall are uniform along the direction of flow up to CHE
Contact times at this distance to the wall can be interpreted as the average
local dry time of the heater surface per void structure.

4.1.3.3 The Transition to Film Boiling

After reaching a value of approximately #;; = 1.2ms, dry times and ligament
sizes show a sudden exponential increase. Void frequencies drop. A distinct
peak in void fraction after CHF is observed at all measurement positions
along the direction of flow. The relative increase between the void fraction at
CHF at t = 0s and the maximum void fraction value after CHF is up to 19 % at
the lower measurement position. A similar relative increase in area-averaged
wall void fraction has been reported for pool boiling in [29, 113]. Within 10s
after CHE the effective HTC h.¢ decreases to half of its value right before CHE
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The peak in void fraction and the highest values of ligament size and dry time
coincide with the maximum rate of decrease of heat flux and effective HTC.
In the following, this point is denoted as breakdown of heat transfer (BOH).
These findings suggest that a maximum dry time exists, which can be sus-
tained for this combination of fluid, surface and thermo-hydraulic operating
parameters. Once this value has been reached, less heat is removed through
the boiling process than is provided by the heater. The following temperature
rise leads to rapidly growing void structures that spread over the heater sur-
face, deactivating a large share of active nucleation sites. This feedback pro-
cess eventually leads to the gradual breakdown of nucleate boiling and marks
the beginning of transition boiling.

4.1.3.4 Acceleration of the Void Phase

Another aspect which appears to have gotten too little attention in the discus-
sion of the CHF mechanism yet is the acceleration of the vapor phase in the
sublayer close to the wall. As shown experimentally by Tomiyama et al. [178]
and numerically by Bothe et al. [179], bubbles beyond a critical diameter in
a shear flow are influenced by a lift force, which acts in the direction of the
higher surrounding velocities. Up to CHE the void phase is therefore pulled
away from the wall, due to the steep velocity gradient of the void phase in
the vicinity of the heater. This is evidenced in Fig. 4.3 for FDB and CHF for all
measurement positions along the direction of flow. In the same figure, it can
be seen that the velocity gradient and hence the shear lift force acting on the
void structures has inverted at FDFB.

Fig. 4.5 shows the ligament velocity for two different distances from the wall
at the middle measurement position. Approaching CHE the void phase at
y = 62pm away from the wall is accelerated much faster compared to y =
362um. At t ~ 4s, the velocities at both distances are equal. The lift force nor-
mal to the heater surface gradually becomes weaker as CHF is approached
and disappears at BOH. Arguing that this lift force plays an important role,
bubble departure will be increasingly inhibited by the gradient reversal. As-
suming that the reverting shear lift force on the void phase close to the wall
is one of the driving factors for the transition to film boiling, BOH resembles
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the »point of no return« between CHF and FDFB where the formation of a
film can no longer be avoided.

1 1 1
—40 —-30 —20 —10 0 10

Figure 4.5: Evolution of ligament velocity during the CHF transient at two different distances
from the wall at the middle measurement position of the wall-mounted copper
heater.

4.2 Single-Rod Copper-Coated Stainless Steel
Heater

In this section, data of surface heat flux and wall temperature, void profiles,
void data along the boiling curve and time-resolved void data in the imme-
diate vicinity of the boiling surface during the CHF transient are presented
for the single-rod copper-coated stainless steel heater. Corresponding to the
data of the wall-mounted copper heater, mass flux was G = 1000kgm2s™!
and subcooling was AT, = 13K.

4.2.1 Boiling Curve

Fig. 4.6 shows the average surface heat flux of the singe-rod copper-coated
stainless steel heater plotted over the wall superheat measured at the middle
thermocouple. As for the wall-mounted copper heater, CHF occurred first at
the upstream end of the heater between thermocouple positions TC 2 and
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4.2 Single-Rod Copper-Coated Stainless Steel Heater

TC 3 and was first detected primarily at the middle measurement position
TC 2. A possible reason for this behavior are heat losses at the upstream
and downstream end of the heated area, which could not be avoided. Due
to the rapid local increase of heater temperature of over 150 Ks™! at CHE
the power supply to the heater was switched off before the vapor film was
able to cover the entire heated surface. This was done to protect the heater
from excessive temperatures and to stay below the thermal stability limit
of the fluid. Therefore, all subsequent data for this configuration is shown
with respect to the wall superheat at the middle measurement position. The
measured critical heat flux of 148.1kWm™ at a wall superheat of 26.7K is
significantly lower compared to the wall-mounted copper heater.

150

T

100 |-

g inkWm™

30

Figure 4.6: Boiling curve of the single-rod copper-coated stainless steel heater for a mass flux
of G = 1000kgm™2s~! and a subcooling A Ty, = 13K.

4.2.2 Void Profiles

For the single-rod copper-coated stainless steel heater, profiles for void frac-
tion, void frequency, void ligament velocity and void ligament size were ob-
tained above the middle measurement position for FDB and CHE They are
shown in Fig. 4.7. Measurements at fully-developed film boiling were not pos-
sible, due to the rapid increase in heater temperature beyond CHE
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Void fraction:

Void fraction shows a distinct peak close to the wall at ap-

proximately y = 150pum. Between this peak and the measurement position
closest to the boiling surface, void fraction decreases by 6 % - 11 %. Void frac-
tion in the entire cross section increases between FDB and CHE The relative
increase is much larger compared to the wall-mounted copper heater. At CHE
the values of void fraction close to the wall are approximately of the same
magnitude between the two heater configurations.
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Figure 4.7: Void profiles at the middle measurement position of the single-rod copper-
coated stainless steel heater for G = 1000kgm™2s~! and ATy, = 13K.

Void frequency: The void frequency only marginally increases between
FDB and CHF in the bulk flow. In contrast to the observations with the wall-
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mounted copper heater, an increase in void frequency between FDB and
CHF occurs at the measurement position closest to the boiling surface. At
a wall distance of 50 um, the absolute value of void frequencies of approxi-
mately 800 Hz at CHF is similar for the two heater configurations. In a layer
of y ~ 100 pm—300um above the heater surface, void frequencies at CHF are
approximately the same. This homogeneous layer above the heater surface is
much smaller compared to the wall-mounted copper heater. Below 100 pm,
the void frequency increases towards the wall. This increase is significantly
less distinct compared to the wall-mounted copper heater.

Ligament size: Void ligament sizes are smallest closest to the boiling sur-
face. They quickly increase in size towards the flow channel. The size of void
structures for the single-rod copper-coated stainless steel heater does not ex-
ceed 1 mm, which is significantly lower compared to the wall-mounted cop-
per heater. Between FDB and CHE void ligaments show a twofold increase
in size for all measurement distances in wall-normal direction. This relative
increase between FDB and CHF was also observed for the wall-mounted cop-
per heater.

Ligament velocity: The velocity of void ligaments increases along the en-
tire cross section between FDB and CHE Absolute velocities are significantly
lower compared to the wall-mounted copper heater. For both FDB and CHE
the velocity profile flattens at y ~ 1.5mm and reaches its maximum at ap-
proximately y =4mm.

4.2.3 Void Morphology Near the Boiling Surface

4.2.3.1 Behavior Along the Boiling Curve

Fig. 4.8 shows the void data along the boiling curve obtained by double-fiber
microprobe measurements at a wall distance of 100pum at the middle mea-
surement position. At the onset of boiling, the void fraction quickly increases.
Similar to the wall-mounted copper heater, void frequency quickly increases
as more nucleation sites are activated with increasing wall superheat. Like for
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the wall-mounted copper heater, the void frequency exhibits a distinct max-
imum in the fully-developed boiling regime at a wall superheat of AT, ~
20K. After reaching this maximum, void frequencies decline continuously to-
wards critical heat flux with increasing wall superheat. Void ligament sizes
increase with increasing wall superheat. At the maximum void frequency, an
average void ligament size of approximately 0.3 mm was measured. This value
is only marginally lower compared to the value at peak frequency of the wall-
mounted copper heater and supports the idea of a maximum attainable bub-
ble diameter before individual void structures from neighboring nucleation
sites begin to influence each other. Ligament velocity increases continuously

towards CHE
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Figure 4.8: Behavior of the void phase along the boiling at the single-rod copper-coated
stainless steel heater at y = 100pm at the middle measurement position.
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The evolution of the void frequency along the boiling curve shown in Fig. 4.8b
illustrates why the void frequency remains almost constant between FDB
and CHF for the single-rod copper-coated stainless steel heater in Fig. 4.7.
Because CHF occurs at a much lower wall superheat compared to the wall-
mounted copper heater, the wall superheat at FDB for this heater configu-
ration is ATy, ppp * 19K compared to AT, ppg ~ 29K for the wall-mounted
copper heater. Although the qualitative behavior of the void frequency is sim-
ilar between the two heater configurations, measurements at FDB capture
the evolution of the void frequency at different states along the boiling curve.

4.2.3.2 Behavior During the Critical Heat Flux Transient

Fig. 4.9 shows the time-resolved behavior of the void phase during the CHF
transient at three different measurement positions above to the boiling sur-
face. For the data presented in Fig. 4.9, the system was operated at a steady
state just below CHF at CHF(-). A marginal increase in heater power then trig-
gered the occurrence of CHF at ¢ = 0s. At this time, a temperature excursion
of AT > 1K relative to the mean temperature at steady-state conditions was
first noted.

Void fraction: Before the occurrence of CHF at ¢ = 0s in Fig. 4.9a, void frac-
tion is approximately 10 % lower at the measurement position closest to the
heater surface compared to the measurement positions further away from
the heater surface. At t = 0s, void fraction shows a distinct increase for all
measurement positions in wall-normal direction. This was equally observed
for the wall-mounted copper heater. After reaching a peak void fraction of ap-
proximately 75% at t = 4s, void fraction abruptly decreases at all three dis-
tances from the wall and the void fraction gradient close to the wall reverts.

Void frequency: At the onset of the temperature excursion at CHF at £ = 0s,
the void frequency at y = 87pm increases and reaches a maximum o0f 930 Hz
at the point of peak void fraction at t = 4s. The relative increase of void fre-
quency between these two points in time at y = 87pm is approximately 16 %.
After reaching its maximum, the void frequency declines rapidly at all three
measurement positions as the vapor film is formed.
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Ligamentsize: Before CHE ligament size increases with increasing wall dis-
tance. This profile of ligament sizes in wall normal direction remains un-
changed until several seconds after the first detection of CHE when the lig-
ament size at a wall distance of 87 pm begins to grow rapidly. This growth
continues until the maximum void fraction is reached at ¢t = 4s. At this time,
void ligaments at the measurement position closest to the heater surface have

quadrupled in size and the gradient of void ligament size normal to the wall
is inverted.
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Figure 4.9: Behavior of the void phase during the CHF transient at the single-rod copper-
coated stainless steel heater at three different distances from the heater surface
at the middle measurement position.
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Ligament velocity: The void phase exhibits a steep velocity gradient in the
vicinity of the heater surface. The velocity of void structures increases with
increasing wall distance before CHE At the breakdown of heat transfer after
CHE the void phase close to the wall is accelerated. Within 2 s, void structures
at 87 um are accelerated from a velocity of approximately 0.7 ms™! at CHF
to more than 1.5 ms™!. The void structures closer to the wall are accelerated
faster compared to distances further away from the heated surface, which
eventually leads to a reversion of the velocity gradient after the formation of
the vapor film at ¢ = 4s. This has equally been observed for the wall-mounted
copper heater.

4.3 Analysis

In this section, the analysis of the results is presented. First, the mechanistic
boiling models introduced in Sec. 2.4.2 and Sec. 2.4.4 are assessed with re-
spect to the experimental data. Their predictive capabilities were tested on
own experimental critical heat flux data for those models, which have been
published in form of a full mathematical formulation. This was the case for
the bubble crowding model, the sublayer dry-out model and the interfacial
lift-off model. Following the assessment of the mechanistic models, a detailed
comparison of the experimental data from both heater configurations is con-
ducted. Based on this comparison, a refined mechanism for the CHF process
at the wall is proposed and a common stability limit of the boiling process at
CHEF is identified.

4.3.1 Evaluation of Mechanistic Critical Heat Flux Models

In the following, the CHF trigger mechanisms and core assumptions of the
CHF models discussed in Sec. 2.4.2 and Sec. 2.4.4 are evaluated with respect
to the experimental results presented before.

In addition, the performance of the bubble crowding model [180], the sub-
layer dry-out model [74] and the interfacial lift-off model [15] was tested with
critical heat flux data obtained with the wall-mounted copper heater to assess
their universal prediction accuracy. For this, the models were implemented
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numerically in Matlab. To ensure that each model was implemented cor-
rectly, the implementations’ accuracy predicting the data sets used for val-
idating the models in the respective source publication was assessed. After
successful validation, the models were then tested on 135 critical heat flux
data points obtained with the experimental setup of this study. This critical
heat flux data was obtained at subcoolings ranging from 1K to 33K and at
mass fluxes between 500 kgm—2s~! and 2000 kgm—2s™1.

Concluding the evaluation of the mechanistic critical heat flux models in this
subsection, a short summary and conclusion is drawn.

4.3.1.1 Bubble Crowding Model

Comparison of the implementation with the original model: The imple-
mentation of the bubble crowding model was evaluated based on a data set
of critical heat flux values for water by Griffel and Bonilla [181]. This data was
used to assess the prediction accuracy of the model in the original publica-
tion. A parity plot of the calculated surface heat flux at CHF versus the exper-
imentally obtained critical heat flux is shown in Fig. 4.10.
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Figure 4.10: Validation of the implementation of the bubble crowding model with critical
heat flux data for water of Griffel and Bonilla [181].

The implementation of the model is able to predict the data set with similar
accuracy compared to the reported accuracy in the original publication. With
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the exception of a few data points, all calculated data lies within a 20 % error
range with a standard deviation of the ratio between calculated and measured
critical heat flux of 04, /4., = 0.091. This value is similar to the reported
standard deviation in the original publication of oy, /4,,, = 0.099.

The correctimplementation of the model was further checked with high pres-
sure critical heat flux data for water flowing in a uniformly heated annulus as
published by Kwon and Chang [180]. Fig. 4.11 shows the calculated critical
heat flux compared to the experimental data for several mass fluxes and sub-

coolings. The model implementation accurately reproduces the experimen-
tal data.
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Figure 4.11: Validation of the implementation of the bubble crowding model with critical
heat flux data from [180].

Application to data from the wall-mounted copper heater: Fig. 4.12a
shows the CHF values predicted by the bubble crowding model for the mea-
sured CHF data obtained with the wall-mounted copper heater. The model
is not able to predict critical heat flux with reasonable accuracy. While the
model’s predictions become more accurate for high subcooling, its perfor-
mance deteriorates at low subcooling. As seen in Fig. 4.12b, the accuracy of

the model is strongly dependent on mass flux. It improves for higher mass
fluxes and deteriorates for lower mass fluxes.
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Figure 4.12: Prediction accuracy of the bubble crowding model for critical heat flux data ob-
tained with the wall-mounted copper heater.

Comparison of core assumptions with experimental data: The postulated
general flow topology at CHF in the bubble crowding model appears rea-
sonable based on the fiber-optic microprobe data. Fig. 4.4 and Fig. 4.8 sup-
port the claim that a bubbly flow is present in the immediate vicinity of the
heater surface at CHE Furthermore, peaks in void fraction after CHF were de-
tected for both the wall-mounted copper heater (Fig. 4.4a) and the single-rod
copper-coated stainless steel heater (Fig. 4.9a). This supports the notion of a
crowding mechanism in the immediate vicinity of the heater surface around
CHE However, as the increase of vapor was detected several seconds after the
occurrence of CHE it is likely not the cause for CHE

In the bubble crowding model, turbulent interchange between the core flow
and a so-called bubbly layer closer to the heater surface is assumed to be
the limiting mechanism leading to CHF once a critical vapor layer thickness
with a constant critical void fraction is reached. It has been previously argued
by the author in [10] that the boiling process is not critically limited by the
blockage of liquid from the bulk flow due to increasing void layer thickness
near the wall. In [10], no critical vapor layer thickness was found based on
high-speed videometry measurements. Instead, the existence of a small rel-
evant sublayer, which is not significantly influenced by bulk flow turbulence
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was postulated. The void profiles in Fig. 4.2 and in Appendix C support both
claims. First, the increased accumulation of void near the wall is likely not
critically limiting the boiling process as only a small increase of void fraction
between the point of fully-developed boiling and CHF was measured near the
wall for a multitude of operating conditions. Second, the data of the present
study supports the hypothesis that there is a layer, which is largely unaffected
by bulk flow turbulence and in which the general flow topology is fundamen-
tally different from the core flow. This was confirmed by a steep increase in
void frequencies at a wall distance of approximately 300 pm for all operating
conditions.

The existence of a critical void fraction of 82 % in the layer close to the boiling
surface at CHF can be refuted. Fig. 4.13 shows void fraction measurements at
a wall distance of approximately 100 pm at CHF for both the wall-mounted
copper heater as well as the single-rod copper-coated stainless steel heater
for various subcoolings and mass fluxes. Inlet subcooling strongly influences
the void fraction at CHE Close to saturation conditions, the measured void
fraction is close to the postulated value of 82 %. However, there is a difference
of up to 50 % between measurements taken close to saturation conditions
and those taken at the highest subcooling. The constant critical void fraction
used in the model is therefore not accurate. This has been previously noted
equally in other works [14, 74, 182] and is quantitatively proven in this work.
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Figure 4.13: Measured void fraction at critical heat flux for a wide range of subcooling and
mass flux from experiments with the wall-mounted copper heater and the
single-rod copper-coated stainless steel heater. The fiber-optic microprobes
were positioned at a wall distance of approximately 100 pm.
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4.3.1.2 Sublayer Dry-out Model

Comparison of the implementation with the original model: To validate
the implementation of the sublayer dry-out model, the reference data of the
original publication was reproduced. Fig. 4.14 shows the calculated critical
heat flux in comparison to the original experimental data and the prediction
accuracy of the model as reported in the original publication. The implemen-
tation of the model accurately reproduces the original data for a wide range of
mass fluxes. Additionally, a detailed parameter study was conducted to verify
that the behavior of each parameter of the model is accurately reproduced.
Fig. 4.15 shows the calculated values of the model parameters in compari-
son to the values reported in the original publication. The behavior of each
parameter of the model is reproduced correctly.
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Figure 4.14: Comparison of calculated critical heat flux with experimental data and original
model prediction for the sublayer dry-out model.

Application to data from the wall-mounted copper heater: Fig. 4.16 shows
the performance of the implementation of the sublayer dry-out model for the
CHF data of the wall-mounted copper heater. The sublayer dry-out model is
not able to predict the measured critical heat flux data with reasonable ac-
curacy. Similar to the bubble crowding model, the prediction accuracy im-
proves for higher subcoolings. However, the model fails to produce reason-
able results for data obtained at low subcoolings. As shown in Fig. 4.16b, the
predicted critical heat flux approaches zero for saturation conditions.
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Figure 4.16: Prediction accuracy of the sublayer dry-out model for critical heat flux data ob-
tained with the wall-mounted copper heater.

Tab. 4.2 shows the parameter range of the model as stated in the original pub-
lication. The experimental data of this study lies partly at the boundary of the
model’s validity range. The cause for the model’s poor performance at this
boundary is the submodel for the calculation of the thickness of the liquid
sublayer 0, beneath the void ligaments. Fig. 4.17 shows the calculated values
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of 6, for the CHF data obtained with the wall-mounted copper heater. 0, ap-
proaches zero for saturation conditions, which according to Eq. (2.7) linearly
influences the calculated critical heat flux.

Table 4.2: Model parameter range of the sublayer dry-out model in comparison to the data

of this study.
Model parameter range Data of this study within range
1bar < p <84bar Yes
0.3mm<d <25.4mm No
1x103kgm™2s 1< G <9x10'kgm 257! Partially
0.0025m <[/ <0.61m Yes
25K < ATy, <255K Partially
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Figure 4.17: Calculated thickness of the liquid sublayer in the sublayer dry-out model for
critical heat flux data of the wall-mounted copper heater.

Comparison of core assumptions with experimental data: As noted in
other publications [10, 16], the main modeling parameters of the sublayer
dry-out model are generally difficult to access experimentally. However, the
fiber-optic microprobe data presented in Sec. 4.1.2 and Sec. 4.2.2 can be used
to partly assess the validity of some of the model parameters.
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The blanket length [;;, is postulated to be equal to the critical Helmholtz
wavelength and is calculated according to Eq. (2.8). For a mass flux of G =
1000kgm™2s~! and a subcooling of AT,,, = 13K, the predicted blanket length
is [j; & 4mm. This value is approximately four times higher than the void lig-
ament length for the same thermo-hydraulic operating conditions measured
at a distance of 100 pm and approximately two times higher than the largest
ligament length measured in the core flow as illustrated in Fig. 4.2 and Fig.
4.4.

As shown in Fig. 4.17, the model predicts sublayer thicknesses of several ym
for the thermo-hydraulic operating conditions of this study. If a purely lig-
uid sublayer were to be present, a clear decline of void fraction towards the
heater wall at all measurement positions along the direction of flow would be
expected. While for some operating conditions void fraction was observed to
decline at very small distances away from the heated surface (e.g. at the lower
measurement position in Fig. 4.2, Fig. C.3a and Fig. C.5a and at the upper
measurement position in Fig. C.2a), the majority of measurements provided
no evidence for a distinct liquid sublayer at the wall. Instead of the presence
of aliquid sublayer, the time-resolved measurements of the void morphology
during the CHF transient presented in Fig. 4.4 and Fig. 4.9 provide leverage
to the assumption of a well-mixed bubbly two-phase flow in the immediate
vicinity of the heater surface at CHE

4.3.1.3 Interfacial Lift-off Model

Comparison of the implementation with the original model: Fig. 4.18
shows the comparison between the calculated critical heat flux values and
the measurement data as well as the calculated critical heat flux values from
the original publication for different bulk flow velocities. While the imple-
mentation of the interfacial lift-off model reproduces the general trend of the
experimental data well, it deviates slightly from the predictions reported in
the original publication.

To verify the correctimplementation, a detailed comparison of calculated pa-
rameters was conducted for each submodel. Fig. 4.19 shows the calculated
wavelength of wetting fronts in comparison to the experimental data and the
calculated values of the original publication. With the exception of data from
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Figure 4.18: Comparison of calculated critical heat flux with experimental data and original
model prediction for the interfacial lift-off model.

very low flow velocities, the spacing of consecutive wetting fronts as docu-
mented in the source publication is accurately reproduced. Fig. 4.20 shows
two parameters of the separated flow model of the interfacial lift-off model.
For both, the total pressure drop along the test section and the drift flux, the

implementation of this study matches the behavior of the model as docu-
mented in the original publication.
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Figure 4.19: Comparison of the wavelength between consecutive wetting-fronts calculated
by the implementation of the interfacial lift-off model of this study and the mea-
surement data as well as the calculation of the original publication.
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(a) Drift flux (b) Total pressure drop
3 \ I 5 T T T
e Measured drift flux e Measured pressure drop
- - - Original model - - - Original Model
Tw ------- This study s 4 This study |
_ - s @
E 2| ’,j:."“ ‘ } 1 « ",,"}
.‘E:_“ __’,—'TT-"'""A @ ,y/.
T 2 } } = .o |
ﬁw 1 } ] o
3 I |
4.—94.4-7""
1{ o :
0 | | | | | | |
0.5 1 1.5 0.5 1 1.5 2
w inms™! u inms™!

Figure 4.20: Comparison of selected parameters of the separated flow model of the inter-
facial lift-off model between the implementation of this study and the original
publication.

Application to data from the wall-mounted copper heater: As shown in
Fig. 4.21, the interfacial lift-off model too fails to predict CHF for the wall-
mounted copper heater with reasonable accuracy. However, in contrast to
the bubble crowding model and the sublayer dry-out model, the model per-
forms consistently for varying subcooling and mass flux. As seen in Fig. 4.21b,
the calculated CHF values are offset by a constant factor of approximately 0.5
compared to the measured value. The model was developed based on exper-
iments with refrigerant FC-87 boiling on a copper heater mounted flush in a
rectangular flow channel [96]. This could explain the model’s consistent per-
formance for different subcoolings and mass fluxes compared to the bubble-
crowding model and the sublayer dry-out model as these models were devel-
oped on water-based data sets from experiments with different heater sub-
strates.

Comparison of core assumptions with experimental data: In the formula-
tion of the interfacial lift-off model, heat is only transferred from the boiling
surface to the flow through wetting fronts touching the heater surface. How-
ever, the fiber-optic microprobe data of the present study suggests a well-
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Figure 4.21: Prediction accuracy of the interfacial lift-off model for critical heat flux data ob-
tained with the wall-mounted copper heater.

mixed bubbly flow in the immediate vicinity of the heater surface. This could
lead to a systematic under-prediction of critical heat flux for heaters and flow
channels larger than those on which the model is based on.

As described in [9, 10], the general flow topology above the heater surface
close to CHF qualitatively matches the flow structure postulated by the in-
terfacial lift-off model. In experiments with different subcoolings and mass
fluxes, larger vapor agglomerations were observed, which periodically prop-
agated along the heater in the direction of flow. Their wavelength and wetting
front spacing matched the model assumptions well [10]. Further providing
leverage to the assumption that wetting fronts play a significant part in the
heat transfer process, it was observed with particle image velocimetry that
subcooled bulk fluid is transported towards the boiling surface in the wake
of larger vapor agglomerations [8]. However, the assumption of a wavy va-
por layer consisting of purely vapor is not convincing. Fig. 4.4 and Fig. 4.9
illustrate that there is no clear boundary between vapor and liquid at a wall
distance of approximately 100 um above the boiling surface. This contradicts
the core assumption of the model. The model is based on experiments with a
very narrow flow channel. The depth of the flow channel was 6.4 mm [96] and
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5mm in later publications [101, 182]. The observations from this experiment
likely cannot be transferred to larger geometries without modification [16].

Despite this discrepancy, it was investigated whether the observed periodic
structures reach the immediate vicinity of the boiling surface. Extending the
work by Bloch et al. [16], steady-state experiments were conducted at operat-
ing point CHF(-) using a fiber-optic microprobe positioned at wall distances
of 1000 pm, 600 um and 300 pm above the heater surface. Fig. 4.22 shows a
FFT analysis of the raw fiber-optic microprobe data from these experiments.
At distances up to 600 pm, a slight peak in the frequency spectrum at approxi-
mately 50 Hz can be observed. This peak has vanished at a distance of 300 pm,
which suggests that the relevant bubbly sublayer postulated in [10] is unaf-
fected by any observed periodic behavior of the void phase further away from
the boiling surface.
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Figure 4.22: FFT analysis of raw fiber-optic microprobe data from experiments with the wall-
mounted copper heater right before critical heat flux.

Furthermore, the model assumes a constant wave propagation velocity [15]
and does not account for buoyancy-induced acceleration. The change of the
void velocity close to the wall at CHF as illustrated in Fig. 4.4 for the wall-
mounted copper heater and in Fig. 4.9 for the single-rod copper-coated stain-
less steel heater is therefore disregarded in the model.
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4.3.1.4 Prediction of Critical Heat Flux Initiation in Pool and Flow Boiling
by Ding et al. [19]

No set of equations, which would allow for the reprogramming of the model,
has been published by Ding et al. yet. The prediction accuracy of the model
for the CHF data of the present study could therefore not be assessed per-
sonally by the author of the present study. However, Ding et al. have been
provided with the same CHF data, which was used to asses the prediction ac-
curacy of the bubble crowding model, the sublayer dry-out model and the in-
terfacial lift-off model in the present study. They subsequently used this data
to asses the prediction accuracy of their model [183]. Ding et al. kindly pro-
vided the author of the present work with the predicted critical heat flux val-
ues. Fig. 4.23a shows the critical heat flux predicted by the model compared
with the measured critical heat flux. While the model fails to predict critical
heat flux with reasonable accuracy for the experimental data obtained at a
mass flux of G = 500kgm™2s™!, its accuracy improves at higher mass flux. As
seen in Fig. 4.12b, the model becomes more accurate for data obtained at
G = 1000kgm™2s~! for a wide range of subcoolings.
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Figure 4.23: Prediction accuracy of the model for the prediction of critical heat flux initiation
in pool and flow boiling by Ding et al. [19] for critical heat flux data obtained with
the wall-mounted copper heater.
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Unfortunately, no explanation for the inconsistent prediction accuracy for
different mass fluxes can be given in the present work. However, the mech-
anism for the initiation of CHF as described in Sec. 2.4.4 poses an interest-
ing basis for experimental validation using the fiber-optic microprobes and
is investigated in more detail in the following. The new concept for the initi-
ation of CHF is based on the analysis of the time scales of bubble formation
on the heater surface. The time scales of bubble formation can be divided
into two parts: First, the time of the presence of vapor on the heater surface.
Second, the waiting time between the departure and the subsequent refor-
mation of a bubble during which liquid is present on the heater surface. This
data can be accessed via fiber-optic microprobes placed in the immediate
vicinity of the heater surface, which measure the mean bubble period 1/ fj,
and the mean void ligament contact time f;;,. Fig. 4.24 shows the mean wait-
ing time , = (1/ fiig) — fig between the detection of two consecutive void
ligaments, the void ligament contact time f;;, and the recovery time ¢, of the
thermal boundary layer according to Eq. (2.20). ¢, was calculated with mea-
sured temperature and heat flux data. All data was obtained at a wall dis-
tance of 100 um with the wall-mounted copper heater at G = 1000kgm2s™!
and AT, = 13K. The data is plotted against the normalized wall superheat
ATsup/ATsup,CHF-
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Figure 4.24: Evolution of the mean waiting time, the calculated recovery time of the thermal
boundary layer and the mean void ligament contact time.

The qualitative evolution of the measured waiting time ¢,, is matched rea-
sonably well by the calculated recovery time of the thermal boundary layer ¢,
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according to Eqg. (2.20). However, the measured waiting time f,, between the
detection of consecutive void ligaments is approximately four times smaller
than the calculated recovery time t,. According to Ding et al. [19], Eq. (2.20)
stems from the work of Zhao et al. [107], who developed a microlayer-based
boiling model for pool boiling. As forced convection is not considered in Eq.
(2.20), its applicability is likely limited to pool boiling or flow boiling under
very low mass flux conditions. However, the evolution of #,, and #;, along the
boiling curve provides leverage to the idea that the time scales of bubble ad-
hesion and liquid presence on the heater surface are key to the initiation of
CHE As illustrated on the right ordinate of Fig. 4.24, the ratio of &,/ f;;; be-
comes continuously smaller as CHF is approached and is minimal around
CHE This suggests that the boiling process becomes unstable once a certain
ratio of £,/ fj is reached. This behavior was confirmed by additional experi-
ments with the wall-mounted copper heater. Fig. 4.25 shows data from fiber-
optic microprobe experiments at six different operating conditions at a wall
distance of 100 pm. A similar evolution along the boiling curve up to CHF
is observed for all operating conditions. At the same subcooling, the ratio of
L/ tig converges to a similar value at CHF for a wide range of mass fluxes. For
a subcooling of ATy, = 24K, ¢,/ tg has a value of approximately 0.75. This
value decreases to approximately 0.3 for a subcooling of AT;,, = 13K.

4.3.1.5 Prediction of Critical Heat Flux in Multi-Phase Computational
Fluid Dynamics by Baglietto et al. [18, 120]

No set of equations, which would allow for the reprogramming of the model,
has been made public by Baglietto et al. yet. Hence, the performance of the
proposed modeling approach could not be assessed. However, its core inno-
vation as summarized in Sec. 2.4.4.2 and described in more detail in [18, 120,
125] poses an interesting basis for experimental validation. The idea that the
temporary deactivation and subsequent saturation of available nucleation
sites on the heater surface is the key to the limitation of transferable heat is
assessed in the following.

In the nucleate boiling regime before CHE overall heat transfer is strongly
governed by the number of nucleated void structures on the heater surface.
As postulated by Baglietto et al., these structures will begin to interact with
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Figure 4.25: Evolution of the ratio between waiting time and void ligament contact time ob-
tained with fiber-optic microprobes positioned at a wall distance of 100 um at
the middle measurement position of the wall-mounted copper heater for differ-
ent operating conditions.

each other at higher wall superheat and temporarily deactivate neighbor-
ing nucleation sites. This decreases the rate of increase of boiling heat trans-
fer. If such a mechanism exists, a decrease in void frequency at a character-
istic void ligament size would be expected very close to the wall. This has
been observed for both the wall-mounted copper heater and the single-rod
copper-coated stainless steel heater. As the surface properties of both heater
configurations are the same, similar nucleation site behavior and therefore
similar behavior regarding the temporary deactivation of nucleation sites
would be expected. As shown in Fig. 4.4 and Fig. 4.8, a void ligament size
of approximately 0.3 mm - 0.4 mm is observed at the point of maximum
void frequency for both heater configurations. The operating conditions of
G = 1000kgm™2s~! and AT, = 13K were the same for both experiments.
In both cases, the point of maximum void frequency occurred at a wall su-
perheat of approximately 20 K. As evidenced in Fig. 4.4, this wall superheat
marks the onset of a continuous decline in effective heat transfer coefficient
providing leverage to the supposition by Baglietto et al. that the limitation
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of active nucleation sites is a governing parameter for the limitation of heat
transfer at higher wall superheat.

If the temporary deactivation of nucleation sites is a universal phenomenon,
this effect should equally occur at any operating condition. To test this, ad-
ditional experiments with different mass fluxes and subcoolings were per-
formed with the wall-mounted copper heater. Fig. 4.26 shows data from
double-fiber microprobe experiments at a wall distance of 100 pum at the mid-
dle measurement position along the direction of flow for four operating con-
ditions plotted over the wall superheat normalized to the wall superheat at
CHEF for each experiment.

— G=500kgm2s! /ATy, =31K --- G=500kgm2s7! /ATy, =9K
— G =1500kgm2s! /ATy, =31K --- G=1500kgm2s~! / ATy, =9K
(a) Void frequency (b) Ligament size
T T T \l“ /, "\
1200 3| Ligament size Voo
1000 at maximum frequency |\ "' !
N
- 800 5|
g
w 600
=
400 1 |
200 '
Maximum frequency WE g
0 e | | | | | 0 | | | |
0.4 0.6 0.8 1 1.2 0.4 0.6 0.8 1 1.2
Norm. wall superheat ATy, / A Tgup crr Norm. wall superheat ATy, / A Tgup crr

Figure 4.26: Evolution of void ligament size and void frequency for four operating conditions
atawall distance of y = 100 um at the middle measurement position of the wall-
mounted copper heater.

As seen in Fig 4.26a, a maximum void frequency exists for all operating con-
ditions. The maximum frequency becomes higher for higher mass flux. For
the same mass flux at different subcoolings, approximately the same max-
imum frequency was measured. However, the maximum frequency occurs
at a lower wall superheat for lower subcooling. For a subcooling of 31K, the
peak frequency occurs at ATy, / ATy cr ~ 0.8. For a subcooling of 9K this
value shifts to approximately 0.45. Fig. 4.26b shows void ligament sizes from
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the same measurements. The ligament size at maximum frequency is similar
between all operating conditions. Ligament sizes of approximately 0.3 mm
were observed for a subcooling of 31 K, while ligament sizes at a subcooling
of 9 K are marginally bigger at approximately 0.4 mm. This difference is in the
order of magnitude of the measurement uncertainty of the size of void liga-
ments according to Tab. 3.2. However, the observed trend of slightly bigger
ligament sizes at the maximum void frequency for lower subcooling is rea-
sonable and agrees with the theory of Baglietto et al.: As illustrated in Fig. 2.8,
less nucleation sites are active at lower wall superheat. The mean distance be-
tween active nucleation sites is larger at low wall superheat compared to high
wall superheat. Therefore, a larger characteristic size of void structures before
a deactivation of neighboring nucleation sites occurs is expected at lower wall
superheat. The experimental data hence confirms the limitation of transfer-
able heat by the temporary deactivation of available nucleation sites due to
overlapping according to Eq. (2.24).

4.3.1.6 Summary and Conclusion

The three classic mechanistic models - the bubble crowding model, the sub-
layer dry-out model and the interfacial lift-off model - are widely recognized
and have been validated with numerous experimental data in the original
publications. However, despite their mechanistic nature, the models are not
universal. As shown in this study, they lack predictive capabilities when sub-
jected to data from experimental setups, which differ from the original vali-
dation experiments. Based on the data presented above and as discussed in
[10], some parts of the underlying physical mechanisms of these models ap-
pear reasonable, while some assumptions regarding the flow topology at CHF
are not supported by the experimental data. All three models postulate a hy-
drodynamic limitation of the boiling process in the so-called macrolayer [108]
above the heater surface. A purely hydrodynamic limitation makes it difficult
to explain the influence of surface properties, like surface roughness and wet-
tability as well as the influence of the heater substrate on critical heat flux. As
illustrated by Fig. 4.4b and Fig. 4.6, the substrate material of the heater greatly
influences both the wall superheat at CHF and the critical heat flux value. Fur-
thermore, the occurrence of CHF is treated as an independent phenomenon
in these models. No sudden change in flow topology near the heater surface
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can be seen close to CHF in for example Fig. 4.4. As CHF marks the upper
limit of the nucleate boiling regime, it is reasonable to assume that the gov-
erning parameters of CHF develop continuously along the boiling curve and
interact in a way which eventually causes CHE

The next-generation models, while not established yet, build on recent ex-
perimental advancements and model the boiling process in the microlayer
region between individual void structures and the boiling surface. Some of
their core assumptions are supported by the experimental data of this study:

¢ In the case of the new model for the quantitative prediction of critical
heat flux initiation in pool and flow boiling by Ding et al. [19], the exper-
imental data supports the claim that the time scales of the intermittent
wetting and dewetting process in the immediate vicinity of the wall are
key to the limitation of the nucleate boiling process.

¢ In the case of the new modeling approach for the prediction of CHF in
multi-phase CFD by Baglietto et al. [18, 120], the core assumption that an
overlapping mechanism between neighboring bubbles induces a natu-
ral limitation to the boiling process was validated by void frequency and
void ligament size measurements very close to the boiling surface. In
contrast to the classic mechanistic models, CHF is not treated as an in-
dependent phenomenon in the approach by Baglietto et al. Instead, the
boiling process is modeled continuously along the boiling curve. There-
fore this approach in particular appears conceptually superior to the
macrolayer models.

Both concepts consider the thermal response of the heater substrate to the
formation of bubbles and their interaction on the heater surface. This phe-
nomenon has been identified by Kharangate and Mudawar [11] as key to a
successful simulation of nucleate boiling heat transfer at high heat fluxes. The
present study provides experimental data of critical heat flux and wall tem-
perature for two different heater configurations with the same surface char-
acteristics but made of two different heater substrate materials with techni-
cally relevant thickness. In addition, the present study further provides de-
tailed information about the morphology and the dynamics of void struc-
tures in the immediate vicinity of the boiling surface of both heater config-
urations by means of fiber-optic microprobes. Experiments on heaters with
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technically relevant thickness can be considered crucial in the advancement
of current and future boiling models, as lateral heat conduction plays a key
role in all boiling scenarios [11] and especially close to CHF [34]. Therefore,
a more detailed comparison of the experimental data presented in Sec. 4.1
and Sec. 4.2 is conducted in the following. Common characteristics are iden-
tified between the two heater configurations to shed further light on the heat
transfer process along the boiling curve and on the governing parameters of
the limiting mechanism at CHE To the knowledge of the author, no study has
provided comprehensive data on the void dynamics in the immediate vicinity
of the boiling surface for two different heater substrates with technically rel-
evant thickness for subcooled flow boiling yet. The following analysis of the
data of the present study therefore aims to contribute to the understanding
of the processes leading to the occurrence of critical heat flux for subcooled
flow boiling.

4.3.2 Analysis of the Experimental Results

For both heater configurations and the majority of all cases, the transition
to CHF originated from a position on the heater surface close to the middle
measurement position, i.e. at TCR 2 and TC 2 for the respective heater con-
figurations. All subsequent data of this study is therefore presented for the
middle measurement positions as depicted in Fig. 3.4 and Fig. 3.5.

4.3.2.1 Boiling Curves

Fig. 4.27 shows heat flux data from both heater configurations from experi-
ments at G = 1000kgm—2s™! and AT, = 13K. The boiling curves of the two
heater configurations differ significantly.

Single-phase convective heat transfer: The single-phase convective heat
transfer for the wall-mounted copper heater is much higher than that of the
single-rod copper-coated stainless steel heater. The single-phase heat trans-
fer for the given thermo-hydraulic operating conditions was calculated for a
fully-developed flow based on the Nusselt correlation in Eq. (4.3) [184].
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Figure 4.27: Comparison of boiling curves between the two heater configurations for oper-
ating conditions of G = 1000kgm™2s™! and AT, = 13K.

N, = 0.0296 Re*/°Pr!/3 (4.3)

As seen in Fig. 4.27, both heater configurations show an augmentation of lig-
uid convective heat transfer with respect to the fully-developed case. The
augmentation of single-phase convective heat transfer was calculated for
both configurations according to Kays and Crawford [185], Eq. (13-18) and Eq.
(13-23), as follows. At a ratio of Iy, / dnyq = 5.85 for the wall-mounted cop-
per heater and I,/ dyyq = 11.5 for single-rod copper-coated stainless steel
heater, the flow is not fully-developed in either case. This leads to higher lo-
cal Nusselt numbers Nu compared to a fully-developed flow according to Eq.
(4.4).

Nu 1+ 7
Nuoo l/dhyd

(4.4)

In the case of the wall-mounted copper heater, the peripheral heat flux pro-
file is non-uniform. This causes additional heat transfer augmentation. The
heater material and the surrounding wall of the flow channel can be expected
to smooth out temperature variations because of their thermal conductivity
[185]. The profile of peripheral heat flux was therefore approximated by a co-
sine function according to Eq. (4.5).
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4(p)=q(1+cos(y)) (4.5)

The augmentation of the local peripheral Nusselt number Nu(y) due to the
non-uniform peripheral heat flux profile is then calculated according to Eq.
(4.6).

B 1+cos(p)
~ 1/Nu+ f(Re,Pr)cos(p)

Nu(yp) (4.6)

The value of the circumferential heat flux function f(Re, Pr) becomes very
small for the Prandtl and Reynolds numbers of this study and can therefore be
neglected [185]in a first approximation. For the wall-mounted copper heater,
the augmentation factor is approximately 4.2 and for the single-rod copper-
coated stainless steel heater it is 1.6. The calculated augmented single-phase
liquid convection is plotted in Fig. 4.27 and closely matches the experimental
data.

The nucleate boiling regime: To compare the influence of nucleate boil-
ing heat transfer on the boiling curve, the difference in single-phase convec-
tive heat transfer between the two heater configurations has to be eliminated.
Hence, the difference in heat flux from single-phase liquid convection Ag ony
as illustrated in Fig. 4.27 was calculated up to CHF and was then added to the
boiling curve of the single-rod copper-coated stainless steel heater. This is il-
lustrated in Fig. 4.27. The scaled boiling curve of the single-rod copper-coated
stainless steel heater closely matches the boiling curve of the wall-mounted
copper heater. Additionally, the onset of nucleate boiling (ONB) occurs at ap-
proximately the same wall superheat of ATg,, = 10K. This confirms that the
surface characteristics of the two heater configurations are nearly identical.
Despite close resemblance between the measured boiling curve of the wall-
mounted copper heater and the scaled boiling curve of the single-rod copper-
coated stainless steel heater, the heat flux for a given wall superheat is sys-
tematically higher for the wall-mounted copper heater in the nucleate boil-
ing regime. It is suspected that heat transfer from the wall-mounted copper
heater during boiling is augmented by the presence of secondary convective
effects above the surface. A qualitative numerical study of the flow processes
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above the heater surface was conducted in OpenFOAM using a volume-of-
fluid approach to investigate this further [5]. Fig. 4.28 shows the flow mor-
phology above the wall-mounted copper heater during vapor production at
the wall. The surface contour for a constant void fraction of @ = 0.5 is illus-
trated. In the middle of the heated surface there is a region with significantly
lower void accumulation. This confirms the existence of vapor-induced sec-
ondary flows above the surface during boiling. They facilitate the replenish-
ment of the heater surface with fresh liquid from the bulk flow which in turn
enhances heat transfer.

Surface contour for ¢ = 0.5 (_\ P B g
7\ £

Region of lower

Vapor-induced void accumulation

secondary flows

Direction of flow

Upstream end of the wall-mounted
copper heater

Figure 4.28: Simulation of the three-dimensional flow morphology during vapor production
at the wall of the wall-mounted copper heater. Picture rotated clockwise by 45°.

The measured critical heat flux of goyr = 259kW m™ at AT, = 38K for the
wall-mounted copper heater is significantly higher compared to the single-
rod copper-coated stainless steel heater with gepr = 148kWm™ at AT, =
27K. Amore detailed look into the void morphology above the surface of each
heater is needed to explain this deviation.

4.3.2.2 Void Morphology

Fig. 4.29 shows data of void fraction, void frequency and ligament size for
both heater configurations from experiments at G = 1000kgm—2s™! and
AT, = 13K. The fiber-optic microprobes were placed at a wall distance of
y =100 pm.
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Figure 4.29: Comparison between the two heater configurations of void data obtained by
fiber-optic microprobes placed at a wall distance of 100 pm at the middle mea-
surement position for G = 1000kgm™2s™! and AT, = 13K.

For both heaters, void fraction increases quickly with rising wall superheat at
ONB. A linear increase from the point of fully-developed boiling at AT, ~
20K until the occurrence of CHF was observed. Equally, void frequencies
show a steep increase beyond ONB as more nucleation sites are activated with
rising wall superheat. Following the initial rise at ONB, a distinct peak in void
frequency of approximately 850 Hz for the wall-mounted copper heater and
750 Hz for the single-rod copper-coated stainless steel heater is observed.
After this peak, void frequencies start to decrease continuously until CHF
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occurs. Ligament sizes grow steadily with increasing wall superheat. At the
point of peak frequency, both heater configurations exhibit a ligament size
of approximately 0.35 mm. After reaching a peak frequency at approximately
ATy, = 20K, void ligaments continue to grow with increasing wall temper-
ature. The intermittency of the void structures in the immediate vicinity of
the heater surface steadily decreases towards CHE This leads to less stirring
of single-phase liquid at the heater surface by departing bubbles and reduces
the effective heat transfer coefficient. This is evidenced by a change in slope
for both boiling curves at a wall superheat of approximately 20 K in Fig. 4.27.
The values at CHF of all measured quantities for both heater configurations
and their relative differences are summarized in Tab. 4.3. At the point of CHE
the morphology of the two-phase mixture close to the wall is different for
each respective heater configuration. Void fraction and ligament sizes at CHF
are significantly higher but the void frequency at CHF is considerably lower
for the wall-mounted copper heater in comparison to the single-rod copper-
coated stainless steel heater.

Table 4.3: Measured quantities at CHF for the wall-mounted copper heater (WH) and the
single-rod copper-coated stainless steel heater (RH).

Quantity WH RH Relative change
q 259.3kWm=2 148.1kWm=2 +75.1%

ATgyp 38K 27K +40.7 %

a 71.2% 64.9 % +9.7%

fiig 515Hz 674Hz —23.6%

hig 1.22 mm 0.61 mm +100%

For the wall-mounted copper heater, the transition to fully-developed film
boiling could be recorded. At CHE ligament sizes grow exponentially until
a maximum ligament size of approximately 2.5 mm is reached. The mea-
sured void fraction and void frequency rapidly decrease as the boiling activity
breaks down and the vapor film forms. In the film, values of a are expected to
be close to 100 %. This indicates that even at 100 um away from the wall, the
fiber-optic microprobe is located outside of the vapor film.
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Remarkably, the measured data of the void phase for a given wall superheat
along the boiling curve up to CHF is nearly identical between the two heater
configurations. The boiling process in the immediate vicinity of a heated sur-
face appears to follow a universal evolution governed by wall temperature
independently of the thermal properties of the heater substrate, if surface
properties are kept identical. Despite the common evolution of the void mor-
phology along the boiling curve, the wall-mounted copper heater exhibits a
significantly higher stability limit of the boiling process. In the following, the
data is therefore discussed with regard to two questions:

1. If the boiling process follows a universal evolution during stable boiling
in the nucleate boiling regime, is there a set of universal governing pa-
rameters, which can be used to accurately correlate the entire boiling
curve?

2. Are there similarities between the observed void behavior during the
critical heat flux transient and literature and is there a common crite-
rion at the stability limit of the boiling process, for which the breakdown
of heat transfer is triggered?

4.3.3 Stable Boiling in the Nucleate Boiling Regime

For a unifying heat transfer model, the main modeling parameters must be
the same for both pool boiling and flow boiling. If the experimental valida-
tion is considered an essential part of model development, experimentally
accessible parameters have to be modeled. For pool boiling, experiments
have shown that total heat flux is governed by both microlayer evaporation
at the triple-phase contact line as well as single-phase liquid conduction
[25]. Microlayer evaporation has been shown to be experimentally accessible
through the void frequency measured by fiber-optic microprobes [23, 159]. It
has been postulated by Liittich et al. [30, 34] and Auracher et al. [30, 34] that
the contact line density at the heater surface might be a sufficient measure
for the contribution of the boiling activity on overall heat transfer along the
entire boiling curve. This hypothesis is validated for subcooled flow boiling
in the following.
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4.3.3.1 Fiber-Optic Microprobe Data Measured Close to a Boiling Surface

Liittich et al. [23, 159] showed that the density of the triple-phase contact line
L; on a heater surface can be directly measured by fiber-optic microprobes. In
[23], Liittich et al. used multi-phase flow averaging theory to show that boil-
ing is an ergodic process. The ergodicity assumption links a geometric view
of the two-phase flow to experimental probing techniques: Observing a suf-
ficient number of void structures at a specific point at or very close to the
surface over a certain period of time will not differ from observing a repre-
sentative number of void structures distributed across the same surface. The
time-averaging inherent to locally obtained experimental data can therefore
be considered equal to space-averaged experimental data. With this, the au-
thors found that the triple-phase contact line density L; can be expressed us-
ing the void frequency f;; measured by fiber-optic microprobes according to
Eq. (4.7)

Ni
2 — Cifig 4.7)

Li:C
N

In this equation N, is the number of void ligaments detected during time
interval At and C, is a characteristic constant with unit sm™! relating the time
time and length scales of the process. Liittich et al. [23, 159] proposed a new
boiling heat transfer correlation for pool boiling according to Eq. (4.8).

L'Ievap = GA Téupﬁig (4.8)

In this equation, G, is a constant with unitJm—>K~" and AT, = T,,— Ty, im-
plicitly introduces a dependency on the Jacob number Ja to the correlation.

Q= plcp,lA Tsup

4.9
Py (4.9)

By fitting C, to experimental data, Liittich et al. were able to correlate their
measured boiling curve with high accuracy. Eq. (4.8), as derived and de-
scribed in more detail in [23], suggests that the void frequencies measured
close to the heated surface using a fiber-optic microprobe are directly related

110



4.3 Analysis

to the contribution of the boiling process to overall heat transfer along the en-
tire boiling curve. The applicability of this concept to subcooled flow boiling
will be shown in the following.

4.3.3.2 Correlation of Measured Heat Flux with the Triple-Phase Contact
Line Density in Subcooled Flow Boiling

For subcooled flow boiling overall heat flux is the superposition of many in-
dividual heat transfer phenomena [18]. In a simple approximation, only the
heat transfer due to forced liquid convection and the evaporation heat flux
have to be considered [186]. In the following, the overall heat flux was corre-
lated with experimental data according to Eq. (4.10). For the nucleate boiling
regime, (.,ny Was extrapolated according to Sec. 4.3.2.1 from the measured
heat flux due to single-phase convection and g.y,, was calculated based on
measurement data from the fiber-optic microprobes according to Eq. (4.8).

q - q'conv,l + C.Ievap - 6700nv,1 + CZATsupﬁig (4.10)

The applicability of Eq. (4.10) to flow boiling data was tested with the heat
flux and void data presented in Fig. 4.27 and Fig. 4.29. For both heater
configurations the entire boiling curve up to CHF can be correlated with
remarkable accuracy, as shown in Fig. 4.30.

The correlation coefficient R for the correlated boiling curve up to CHF is
Rwn = 0.9952 and Rpy = 0.9915, respectively. This indicates a nearly direct
correlation for both geometries. The maximum deviation of the correlated
heat flux from the measured heat flux up to CHF is Agyy = 28.8kWm™2 and
Adgy = 9.7kW m~2, which is very small considering that each respective boil-
ing curve was fitted with a single parameter. The approach is limited to single-
phase convection and the nucleate boiling regime. After the vapor film forma-
tion, fiber-optic microprobes positioned at y = 100 um are located outside of
the vapor film for a wide range of mass fluxes and subcoolings as seen in [4]
and the void profiles presented in Appendix C. Hence, using the fiber-optic
microprobe data from this experimental setup to correlate film boiling heat
flux is not possible.
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(a) Wall-mounted copper heater (b) Single-rod copper-coated stainless steel heater
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Figure 4.30: Comparison between correlated and measured boiling curves for both heater
configurations for G = 1000kgm—2s™! and ATy, = 13K.

To check the universal applicability of the concept, further experiments were
conducted for other mass fluxes and subcoolings for both heater configura-
tions. Fig. 4.31 shows the data from these experiments displayed on the left
ordinate plotted over the wall superheat normalized to the wall superheat at
CHE It can be seen that for a wide range of mass fluxes and subcoolings the
correlated boiling curves match the measured boiling curves very well. Values
for the fitting parameter C, were in the range of 1.3Jm2K™! - 7.2 m—2K™!
with an average value of 4.8] m—2K~!. It can be seen in the data in [4] and
in the void profiles in Appendix C that void frequencies measured close to
the heater surface show a steep gradient towards the wall. Seemingly minor
variations in the position of the fiber-optic microprobes relative to the heater
surface between individual experiments can result in a large difference in de-
tected void ligaments per second and therefore strongly influence the value
of C,. Additionally, the observed fluctuation might also occur because second
order effects are consolidated in C,. Future experiments with even better po-
sitioning accuracy of the fiber-optic microprobes are needed to provide more
insight into the nature of C,.

Obviously, the approach by Liittich et al. [23, 159], which has been shown
here to be applicable to subcooled flow boiling, does not allow for the predic-
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Figure 4.31: Comparison between measured and correlated boiling curves for both heater
configurations for different mass fluxes and subcoolings.
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tion of the entire boiling curve. It merely correlates experimentally obtained
two-phase flow parameters with heat flux. These parameters are the result of
the complex interaction between the two-phase mixture, the heater substrate
and its surface properties during boiling. By using existing experimental data,
the boiling curves for two independent heater configurations with different
geometries and made of different substrates were found to correlate very well
with the extrapolated heat flux from single-phase convection and the inter-
facial contact line density. This supports the hypothesis of Liittich et al. [23]
that models based on the triple-phase contact line density L; will likely be
superior to models employing other two-phase flow parameters such as void
fraction on the heater surface.

This arguably is the case for both the model for quantitative prediction of
critical heat flux initiation in pool and flow boiling by Ding et al. [19] and
the new modeling approach for the prediction of CHF in multi-phase CFD
by Baglietto et al. [18, 120]. Both concepts are based on the description of
void structures on or very close to the heater surface. They are therefore im-
plicitly dependent on L;, which provides further leverage to their conceptual
superiority compared to the macrolayer approaches in the classic mechanis-
tic models.

4.3.4 C(Critical Heat Flux Transient

Concluding this chapter, the occurrence of critical heat flux and the associ-
ated breakdown of heat transfer will be investigated in more detail. In the
following, the feasibility of a dry-spot CHF mechanism for subcooled flow
boiling is assessed and a stability limit for the boiling process based on the
experimental data is identified.

4.3.4.1 Previously Developed Phenomenological Concept for the Critical
Heat Flux Process in Flow Boiling

The author of this work has previously co-developed a phenomenological
concept for the CHF process in flow boiling [10], which was subsequently re-
fined by Bloch [16]. The concept was based on the assessment of the valid-
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ity of the CHF trigger mechanisms of the bubble crowding model, the sub-
layer dry-out model and the interfacial lift-off model. The trigger mecha-
nisms of these models were compared with data from own experiments close
to CHF using a complementary measurement approach consisting of high-
speed videometry, shadowgraphy, particle image velocimetry, digital holo-
graphic interferometry and fiber-optic probes. Based on these experiments,
the phenomenological mechanism depicted in Fig. 4.32 was proposed.

Direction of flow

CHEF progression

At CHE the coalesced layer contracts into the
bubbly sublayer, exceeding a critical void frac-
tion and further increasing bubble sizes and ve-
locities. This finally results in the blockage of
liquid access to the heater surface, causing the
transition to film boiling.

The relevant bubbly sublayer moves at higher
velocities compared to the coalesced layer due
to higher void fractions. Due to this velocity gra-
dient, vapor tends to coalesce into this layer,
further increasing void fraction and velocity.

A relevant bubbly sublayer is present in the
immediate vicinity of the heater surface be-
neath highly coalesced vapor clots. It is only
marginally influenced by bulk flow turbulence
and contains the actual CHF trigger mechanism.

—— A coalesced layer forms above the heater sur-
face.

Void fraction increases steadily towards the
heater surface. Ligament velocity increases to-
wards the heater surface, due to buouyancy.

Figure 4.32: Previously developed phenomenological concept of the CHF process for vertical
subcooled flow boiling. Adapted from [10].
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By means of shadowgraphy, digital holographic interferometry and particle
image velocimetry, it was shown that significant transport of subcooled lig-
uid towards the heater occurs in the wake of bigger void agglomerations.
The thickness of the dense vapor layer above the heater surface was inves-
tigated with high-speed videometry. Through experiments at different sub-
coolings and with artificially induced turbulence, it was shown that a relative
reduction of the thickness of this vapor layer resulted in approximately the
same relative increase of CHE It was argued that the actual trigger mecha-
nism of CHF occurs in a sublayer close to the wall, which is largely unaffected
by the bulk flow morphology. This was supported by preliminary measure-
ments with a fiber-optic probe placed above the heater surface at its down-
stream end. A contraction of the void layer in the bulk flow observed by fiber-
optic probes positioned at distances of 2 mm - 6 mm from the heater wall
substantiated this supposition. The fiber-optic probes had a core diameter
of 200 pm. This inhibited accurate measurements in the immediate vicinity
of the heated wall, due to the sixteen-times-larger projected detection area
compared to the fiber-optic microprobes used in the present study. By ex-
trapolating the velocity profile of the void phase measured in the bulk flow by
shadowgraphy image velocimetry and particle image velocimetry, void struc-
tures at the heater surface at CHF were estimated to be approximately 4.8 mm
in size. A strong velocity gradient of the void phase towards the heater wall up
to a wall distance of approximately 3 mm - 4 mm was observed. It was argued
that this is an important part of the CHF process as it leads to the transport of
bulk void into the layer closer to the wall according to Tomiyama et al. [178].

4.3.4.2 Dry-Spot Dynamics in Pool Boiling

Large consensus has been reached on dry-spot re-wettability being the lim-
iting condition for heat transfer in pool boiling. Based on the literature pre-
sented in Sec. 2.4.3, the general behavior of dry-spots on the heater surface
close to CHF for pool boiling can be summarized as follows:

e Below CHF there exist quenchable residual void structures from previ-

ous nucleation events on the heater surface. These structures increase
in size as heat flux increases.
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e Close to CHE dry-spots form due to (a) a local temperature increase
above the Leidenfrost temperature or (b) the hydrodynamic limitation
of liquid supply by increased nucleation events close to the triple-phase
contact line.

e The dry-spot lifetime increases as CHF is approached. After exceeding a
certain lifetime during which the dry-spots are not quenched, they ex-
pand rapidly over the heater surface. CHF is triggered. Area-averaged
void increases. Nucleation site activity remains high in wetted regions.

4.3.4.3 Refined Concept for the Critical Heat Flux Process at the Wall in
Flow Boiling

The findings of Bloch et al. [10, 16] are partly confuted and partly comple-
mented by the data of this study. No evidence of the existence of a critical
void fraction in the region close to the wall due to a contraction of the postu-
lated coalesced layer above the heater surface was found. Instead, the small
increase in void fraction from FDB to CHF at the lower and middle measure-
ment positions as shown in Fig. 4.2 suggest that void fraction close to the boil-
ing surface does not significantly contribute to the occurrence of CHE As seen
in Fig. 4.3 and postulated in [10], a high drift flux with a peak at approximately
y = 1mm is present above the heater surface. A steep velocity gradient was
observed in the layer close to wall. The velocity of the void phase decreases to-
wards the wall below a certain wall distance. This complements the observed
increase of void velocity from the bulk flow towards the heater wall as shown
in [10, 16]. No significant increase in void fraction close to the wall was ob-
served between FDB and CHF for the majority of all experiments. The data
of this study therefore confutes the blockage of liquid at the boundary be-
tween the coalesced layer and the relevant sublayer, which was postulated by
Bloch [16]. However, the data presented in Fig. 4.2 provides leverage to the ex-
istence of a relevant bubbly sublayer. Between a wall distance of y =200pm
and y = 1000pum, the void frequency at CHF is homogeneous. At a distance
of y <200um, void frequencies at CHF begin to increase rapidly towards the
wall. The same qualitative behavior was observed for multitude of operating
conditions as illustrated in Appendix C. This suggests that there exists a layer
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in the immediate vicinity of the boiling surface in which the void morphology
at CHF is fundamentally different from the bulk flow.

Additionally, the data of the wall-mounted copper heater presented in Fig. 4.4
and the data of the single-rod copper-coated stainless steel heater presented
in Fig. 4.8 and Fig. 4.9 correspond rather well with the reported dry-spot be-
havior at CHF in pool boiling. As heat flux increases, a large increase in the
size of void structures can be observed in the immediate vicinity of the boil-
ing surface. A consistently high void frequency at CHF provides leverage to a
possible hydrodynamic limitation of the liquid supply to larger residual void
structures by increased nucleation at their triple-phase contact line. More-
over, the contact time of void structures increases by 300 % between the on-
set of boiling and CHE After reaching a contact time of approximately 1.5 ms,
the average void ligament size increases exponentially. At the same time, void
fraction shows a distinct peak at all measurement positions along the direc-
tion of flow shortly after CHF before rapidly decreasing as the film is formed
and the heat transfer breaks down. Based on these similarities, a dry-spot
mechanism at CHF appears viable for flow boiling on heaters with techni-
cally relevant thickness.

To investigate whether this behavior can be considered universal, additional
experiments at different mass fluxes and subcoolings were conducted with
fiber-optic microprobes positioned at approximately 100 um above the sur-
face of the wall-mounted copper heater. For each of these experiments, a full
boiling curve from single-phase convection to fully-developed film boiling
was recorded. The data from these experiments is shown in Fig. 4.33 plotted
over the normalized wall superheat ATy, / ATy, cnr- The observed behavior
is consistent with the previous measurements:

e For all operating conditions, void fraction shows a distinct peak after
CHF before rapidly decreasing as the vapor film is formed.

o A decrease in effective heat transfer coefficient is evidenced by a change
in slope for each boiling curve after the onset of boiling. This point oc-
curs close to the maxima of the measured void frequency for all operat-
ing conditions.

e Ligament velocity increases continuously towards CHE At CHE the ve-
locity of the void phase quickly increases.
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e Ligament sizes slowly increase after the onset of nucleate boiling. They
begin to grow at increasing rates once the point of peak frequency has
been reached. CHF marks the onset of an exponential growth of void
structures.

¢ Contact times show a large increase between the onset of nucleate boil-
ing and CHF for all operating conditions. At CHE contact times increase
exponentially as surface heat flux decreases.

e There exists a distinct maximum in void frequency, which is observed
for all operating conditions. Ligament sizes at peak frequency are
marginally bigger at lower subcooling. After reaching the maximum fre-
quency, the void frequency steadily declines until CHE

Combining the findings of Bloch et al. [10, 16], the reported dry-spot dynam-
ics in pool boiling and the data of this study, the following extended and re-
fined phenomenological concept of the CHF process in vertical subcooled
flow boiling can be formulated. Fig. 4.34 shows a graphical representation of
the proposed mechanism.

Onset of boiling: At the onset of boiling, the heater quickly becomes cov-
ered with discrete bubbles forming on active nucleation sites. Bubble fre-
quencies rise until a maximum attainable bubble size is reached. After this,
void frequency gradually declines as void structures increase in size and tem-
porarily deactivate neighboring nucleation sites. This can equally be seen in
Fig. 4.4d and Fig. 4.4f for the wall-mounted copper heater and in Fig. 4.8 for
the single-rod copper-coated stainless steel heater.

FDB: Void fraction profiles with a peak close to the wall develop above the
heater surface. This can be seen in Fig. 4.2 and the figures in Appendix C for
all measurement positions along the direction of flow for the wall-mounted
copper heater. There exists a shear lift force due to the steep velocity gradient
close to the wall seen in Fig. 4.3 and Fig. 4.7, which facilitates bubble depar-
ture. Void ligament size increases and subsequently the intermittency at the
heater surface decreases (Fig. 4.4d and Fig. 4.4f as well as Fig. 4.8). The effec-
tive heat transfer coefficient decreases due to less stirring of the liquid on the
surface by departing bubbles. This effect occurs first at # ~ —50s in Fig. 4.4b
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Figure 4.33: Evolution of the morphology of the void phase along the boiling curve beyond
critical heat flux for six operating conditions at a wall distance of y = 100 um at
the middle measurement position of the wall-mounted copper heater.
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and was observed for both heater geometries as evidenced by Fig. 4.27. Be-
cause the average size of void structures is still small and void frequencies are
at their peak, it is assumed that no significant residual void remains on the
heater surface after bubble departure.

(a) FDB (b) CHF(—)
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Figure 4.34: Phenomenological conceptualization of the development of void morphology
along the boiling curve. (-) and (+) in this figure denote the time before and just
after a certain point on the boiling curve. Profiles for @ and w;g not to scale.

CHF(-): More void is generated as heat flux increases. The sublayer as pos-
tulated in [10] forms, as evidenced by the steep increase of void frequency
below a wall distance of y ~ 200pm seen in Fig. 4.2 for the wall-mounted
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copper heater. This increase was observed similarly albeit less distinctly for
the single-rod copper-coated stainless steel heater as shown in Fig. 4.7. Close
to CHE the void structures on the heater surface begin to grow. Concurrently,
the dry time at the heater starts to increase significantly. Towards CHE dry
times at the heater surface, ligament sizes and ligament velocities grow at in-
creasing rates, which can be seen in Fig. 4.4c to Fig. 4.4e and in Fig. 4.5. The
formation of first reversible dry-spots, which remain attached to the heater
surface for a short period of time before being fully rewetted, is postulated to
OCCUL.

CHF: At CHE the qualitative morphology of the flow near the wall at CHF
is still unaffected by the onset of an exponential growth of void structures at
the wall. This is seen in Fig. 4.4c. No sudden change in flow topology can be
observed at CHE However, as seen in Fig. 4.4d, a similar average dry time per
void structure is reached for each measurement position along the direction
of flow of the wall-mounted copper heater. Upon reaching this dry time, less
heat is removed by the boiling process than provided by the heater. The effec-
tive heat transfer coefficient further decreases due to the increased formation
of irreversible dry-spots on the heater surface. This assumption is supported
by the rapid growth of void structures on the heater surface due to the rise in
heater temperature and increased coalescence seen in Fig. 4.4d. This effect
was equally observed for the single-rod copper-coated stainless steel heater,
as shown in Fig. 4.9.

CHF(+): The morphology of the flow close to the wall begins to change. The
velocity of void structures on the heater surface increases and the velocity
gradient at the wall becomes flatter. This can be seen by the gradual conver-
gence of void velocities in Fig. 4.5. Subsequently, the shear lift force pulling
void away from the heater surface becomes weaker. Significant boiling activ-
ity persists as more nucleation sites are activated by increasing wall temper-
atures. Quenching of reversible dry-spots is further inhibited by many small
bubbles in the surrounding of bigger void structures. This is supported by
consistently high void frequencies around critical heat flux at # = 0s in Fig.
4.4f and Fig. 4.9. Dry-spots grow in lateral direction and significant coales-
cence is expected to occur. Ligament sizes and dry times at the surface begin
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to increase exponentially, which further amplifies the process (Fig. 4.4d and
Fig. 4.4e and Fig. 4.9¢).

BOH: The formation of a continuous vapor film on the surface begins. Al-
though no contraction of the coalesced layer into the relevant sublayer was
observed as postulated in [10], void fraction at the wall increases. This is evi-
denced by a distinct peak in void fraction at all measurement positions along
the direction of flow after CHF in Fig. 4.4a, Fig. 4.9a and Fig. 4.33a. The ve-
locity gradient at the wall has vanished, as seen in Fig. 4.5 at ¢t ~ 4 s after CHF
and in Fig. 4.9d at ¢t ~ 5s after CHE Bubble departure becomes inhibited. It
is assumed that at this point, irreversible dry-spots merge on the heater sur-
face, which is supported by the peak in void ligament sizes and void fraction
at BOH observed for both heater configurations. This can be seen in Fig. 4.4d
and Fig. 4.33a for the wall-mounted copper heater and in Fig. 4.9a for the
single-rod copper-coated stainless steel heater. Heat transfer breaks down
(Fig. 4.4b) as the majority of active nucleation sites are covered by the coa-
lesced void structures and void frequency rapidly decreases, as seen in Fig.
4.4f and Fig. 4.9b.

FDFB: The heater is covered by a wavy vapor film. Void fraction peaks at the
wall and the velocity gradient has inverted.

4.3.4.4 The Stability Limit of the Boiling Process

In recent years, a large consensus has been reached regarding the initiation
of the boiling crisis in pool boiling. As illustrated in Sec. 2.4.3, the formation
of irreversible dry-spots on the heater surface in conjunction with a rapid in-
crease in surface temperature and the subsequent lack of rewetting is consid-
ered to be the governing mechanism leading to the breakdown of heat trans-
fer in pool boiling. As argued above, the quantitative experimental data of
this study provides evidence that a dry-spot CHF mechanism is present in
subcooled flow boiling on heaters with technically relevant thickness as well.
Despite the solid quantitative experimental foundation, the general descrip-
tion of the dry-spot CHF process is of phenomenological nature and so far in
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general lacks a clear explanation of why dry-spots begin to form on the heater
surface [30]. The proposed refined CHF process at the wall in flow boiling as
introduced above is no exception. The cause for the occurrence of CHF re-
mains unclear. In the following, a common stability limit for the boiling pro-
cess is therefore identified.

Many studies on dry-spot phenomena were conducted using infrared ther-
mometry to measure the surface temperature and heat flux distribution of
very thin heaters. This approach disregards the effects of the thermal proper-
ties of the heater substrate. The majority of these studies found a single irre-
versible dry-spot to trigger the breakdown of heat transfer. However, with in-
creasing thickness of the heater, the supposition that the occurrence of a sin-
gle irreversible dry-spot causes the transition to film boiling looses its plausi-
bility [34]. Blum et al. [187] found that a dry-spot expansion is accompanied
by a temperature wave propagating in the heater substrate beneath the boil-
ing surface. For a copper heater with a wall thickness of 10 mm, an extension
of a single irreversible dry-spot of more than 8 mm would be required to trig-
ger a temperature wave high enough to prevent the rewetting of the surface.
This is approximately one order of magnitude bigger than the average void
ligament sizes at CHF observed in the present study, as shown in Fig. 4.29c.
The size of dry-spots necessary to trigger CHF diminishes when an ensemble
of dry-spots on the heater surface is considered [34]. However, Tab. 4.3 illus-
trates that no single critical parameter in the void data can be found, which
is the same at CHF for the two heater configurations. Therefore, the limiting
mechanism of the boiling process must lie in the transient thermal interac-
tion of the heater substrate with the two-phase mixture at the wall.

The Fourier number Fo = at /1% may be physically interpreted as the rate of
heat conduction to the rate of change of thermal energy inside a solid body
[36]. The rate of heat conduction can be expressed as Q = AI2AT /1. The rate
of change of thermal energy in the heater substrate may be expressed as E =
pl3c AT /t. The ratio of the rate of heat conduction to the rate of change of
thermal energy in the heater substrate can then be expressed by Eq. (4.11).
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4.3 Analysis

Fo provides a measure of the effectiveness of heat conduction inside the
heater substrate below the boiling surface, which mitigates local temperature
gradients, in relation to the concurrent heat storage in the heater substrate.
In the case of boiling, void ligaments of size J;;; interact with the heater sub-
strate at the boiling surface during a characteristic time ¢ = 1/ f;,. Using the
experimental fiber-optic microprobe data, an instantaneous Fourier number
at the heater surface can be defined according to Eq. (4.12).

a

= 2
flig llig

Fo (4.12)

Fig. 4.35 shows the evolution of the instantaneous Fourier number along the
boiling curve for both heater configurations.

-o- G =500kgm—?s7! / ATy, =9K —— G =500kgm—2s7' / ATy, = 31K
-8- G =1000kgm?s7! /AT, =13K  —=— G =1000kgm—2s~' / ATy, = 24K
-4- G =1500kgm2s7! / ATy, =9K  —— G =1500kgm~2s7! / ATy, = 31K
-4- G =2000kgm=?s7! /ATy, =13K  -+- G =1800kgm2s™' / ATy, = 13K
-»- G=1000kgm?s7! /ATy, =13K —— G =1000kgm—2s~! / ATy, = 24K

» v v »v

1.5

Instantaneous Fourier number
[S—

0 3 =3
0.5 0.6 0.7 0.8 09 .1/ 11

Norm. wall superheat ATy, / ATgyp crr

Figure 4.35: Evolution of instantaneous Fourier numbers along the boiling curve for the two
heater configurations for all operating conditions. Red graphs denote experi-
mental data from the single-rod copper-coated stainless steel heater.

For all operating conditions and heater configurations, the Fourier number
at the surface follows a similar evolution. In the nucleate boiling regime af-
ter ONB, the Fourier number is large. This means that the rate of change
of thermal energy in the heater substrate is much smaller than the rate of
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heat conduction per average void structure. Subsequently, any heat stored in
the heater substrate during the interaction of a void structure with the sur-
face can be effectively distributed. As CHF is approached, Fourier numbers
rapidly decrease because void structures on the heater surface grow in size
due to increased coalescence. This poses an increasing heat transfer resis-
tance between the heater substrate and the two-phase flow at the surface of
the heater.

While the instantaneous Fourier numbers at the heater surface vary signifi-
cantly in the nucleate boiling regime, a universal value range of Fo ~ 0.05—
0.15is observed at CHF for all operating conditions and both heater configu-
rations. This finding implicates that the time scales of the boiling process and
their influence on transient heat conduction inside the heater substrate play
afundamentalrole in the initiation of the boiling crisis. The data suggests that
the boiling process for Novec 649 remains stable until the average thermal dif-
fusivity time 4 = ll?g/ a of the heater substrates becomes much larger than
the average void ligament interaction time #;; = 1/ fii; and the ratio of the
two reaches a value of f;,/ f4ir & 5% — 15 %. Upon reaching this value, local
temperature gradients as a result of nucleation events at the surface cannot
be distributed inside the theater substrate quickly enough anymore. The lo-
cally elevated heater temperature then prevents the rewetting of the residual
dry-spots and CHF is triggered.
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Chapter 5

Summary and Conclusion

In this study, synchronous and locally coupled measurements of heat flux,
surface temperature and local parameters of the void phase were presented
along the boiling curve for vertical subcooled flow boiling of the refrigerant
Novec 649. Two heaters of technically relevant thickness made of two differ-
ent heater materials but with identical surface characteristics were investi-
gated in a square flow channel: a wall-mounted copper heater and a single-
rod copper-coated stainless steel heater. This makes it possible to investigate
the influence of the thermal properties of the heater substrate on the boil-
ing process independently of nucleation site density and nucleation behav-
ior. Data on the morphology of the void phase was obtained along the boil-
ing curve beyond critical heat flux with miniaturized single-fiber and double-
fiber microprobes. A high-accuracy traversing mechanism was used to posi-
tion the fiber-optic microprobes relative to the surface of each heater.

Average boiling curves, void data profiles and time-resolved void data in
the immediate vicinity of the boiling surface were presented for both heater
configurations. Data was obtained from experiments with a mass flux of
1000kgm—s~1. Inlet subcooling was kept constant at 13K. Void profiles
were provided for three characteristic states along the boiling curve, which
are fully-developed boiling, CHF and fully-developed film boiling. Where
needed, additional experiments were conducted at other mass fluxes and
subcoolings to support the analysis of the data.

Three established mechanistic models for the prediction of CHF in flow boil-
ing were assessed with the experimental data: the bubble crowding model,
the sublayer dry-out model and the interfacial lift-off model. First, their uni-
versal prediction accuracy was tested with a comprehensive data set of criti-
cal heat flux values obtained with the wall-mounted copper heater. Second,
the validity of some of their core assumptions was assessed based on data
from measurements with the fiber-optic microprobes. Although some as-
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sumptions regarding the flow morphology at CHF seem reasonable, it was
shown that none of the models are able to predict CHF for the experimental
setup of this study.

It was found that the models lack the ability to account for important features
of the boiling process and critical heat flux. For example, the thermal inter-
action between residual dry-spots and the heater surface as well as the wet-
ting properties of the fluid are disregarded in these models, because of their
focus on the macrolayer above the boiling surface. Next-generation mecha-
nistic CHF models for the application in multi-phase CFD codes, based on
more recent experimental data, attempt to circumvent these shortcomings.
Subsequently, two next-generation modeling approaches were investigated
in more detail. Their quantitative prediction accuracy could not be assessed,
because no set of equations, which would allow for the reprogramming of the
models, has been published yet. However, some parts of their physical foun-
dation could be validated with the experimental data of this study. The key
improvement of these approaches is the modeling of the interaction between
nucleated void structures and the heater material. This was identified as key
to the successful modeling of nucleate boiling at high heat fluxes. To substan-
tiate the experimental foundation for the development and validation of cur-
rent and future boiling models, data on the void morphology at the surface of
heaters made of different materials is needed. Therefore, a detailed compar-
ison and analysis of the experimental data from both heater configurations
was conducted.

By comparing the data, it was shown that void fraction, void ligament fre-
quency and void ligament size follow a similar evolution along the boiling
curve for both heater configurations. It was argued that the contribution of
the boiling process to overall heat transfer must therefore be nearly identical
for the two heater configurations. Therefore, any difference in overall heat
flux arguably arises from differences in the heat transfer due to single-phase
liquid convection. It was also observed that the stability limit of the boiling
process differs greatly depending on the heater substrate. No common value
for any two-phase flow parameter could be identified, for which CHF is trig-
gered for both heater configurations.

The experimental data was subsequently analyzed with respect to the follow-
ing questions:
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1. Is there a set of universal governing parameters, which can be used to
accurately correlate the entire boiling curve?

2. Are there similarities between the observed void behavior during the
critical heat flux transient and existing literature?

3. Is there a universal criterion at the stability limit of the boiling process,
which triggers the breakdown of heat transfer?

Regarding the existence of a set of governing parameters for correlating boil-
ing heat transfer, it was found that the boiling curve up to CHF can be corre-
lated with high accuracy using the interfacial contact line density. This quan-
tity was directly measured in the immediate vicinity of the boiling surface
with fiber-optic microprobes. The finding supports the hypothesis from lit-
erature that boiling models based on the description of interfacial movement
on the boiling surface are conceptually superior to models based on other
two-phase flow parameters like for example void fraction on or close to the
heater surface.

Regarding the similarities between the observed void behavior during the
CHF transient and existing literature, it was shown that void behavior at the
wall follows a similar evolution during the critical heat flux transient for a
wide range of operating parameters. Several recurrent patterns were identi-
fied for both heater configurations. An exponential increase in bubble sizes
and dry times in the immediate vicinity of the boiling surface was measured
close to CHE A gradual but fundamental change in flow topology occurred
during the transition to film boiling. Approaching CHE the void phase close
to the heater surface is subjected to increased acceleration. It was concluded
that this leads to the reversion of the direction of the shear lift force acting
on the void structures close to the wall. It was argued that absolute void frac-
tion close to the heater surface is presumably not the causative limiting factor
for the boiling process. These findings were compared to the current under-
standing of the dynamics of dry-spot formation on the heater surface at CHF
for pool boiling and a previously developed phenomenological concept for
the CHF process in flow boiling. The previously published concept for the
CHF process was partly confirmed and partly refuted by the experimental
data of this study. Similarities were found between the data of this study and
the reported behavior of dry-spots at CHF in literature. It is concluded that
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a dry-spot mechanism at CHF also appears viable for flow boiling. A phe-
nomenological extension of the dry-spot CHF mechanism to vertical sub-
cooled flow boiling was developed.

Regarding the existence of a universal criterion describing the breakdown of
heat transfer, instantaneous Fourier numbers were calculated along the boil-
ing curve based on measurement data from fiber-optic microprobes. A uni-
versal value range for the instantaneous Fourier number on the heater sur-
face of 0.05—0.15 was found at CHF for a range of mass fluxes and subcool-
ings.

It is concluded that CHF therefore is the result of the complex interaction of
the two-phase mixture with the boiling surface and the concurrent transient
thermal response of the heater substrate. Void structures at the heater sur-
face continuously interact with the heater substrate along the boiling curve
in a way which eventually causes CHE Critical heat flux is the outcome of the
local feedback between the transient thermal response of the heater substrate
and an ensemble of larger residual void structures on the heater surface. It is
triggered when the thermal diffusivity time of the substrate becomes much
larger than the average void interaction time with the heater surface. Hence,
both the evolution of the two-phase flow at the wall, as well as the transient
thermal response of heater substrate have to be modeled along the boiling
curve to achieve a universal and predictive boiling model.
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Appendix A

Physical Properties of Novec 649 in Com-
parison to Water

Table A.1: Main fluid parameters at saturation conditions for 1.15bar of Novec 649 in com-

parison to water.

Quantity Novec649  Water Unit

Taat 325.9 376.8 K

Ahevap  86.9 2247.1 kK kgt

Cpl 1121.45 4221.28 Jkg 'K
—1 —1

Cog 908.9 2092.1 Jkg 'K

o1 1504.78 955.77 kgm™3

Pg 14.21 0.67 kgm™3

o 10.8 72.8 mNm™!

N 2.834x1077 2.646x1077 m?s!

Al 0.054 0.682 WmK!

Torit 441.81 647.10 K

Perit 1.88 22.12 MPa
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Appendix B

Boiling Curves Wall-Mounted Copper
Heater
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Boiling Curves Wall-Mounted Copper Heater
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Figure B.1: Average boiling curves for six combinations of operating parameters.
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Appendix C

Void Profiles Wall-Mounted Copper Heater
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Void Profiles Wall-Mounted Copper Heater

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

(a) Void fraction

TTTTTIT T T T TTTTT, T

—e— FDB

ata, s «+w.. CHF

E——— s

e e v g
|

- -« - FDFB

\
()
Ll Lol J(rﬁ,:
102 103 10*
T — T
—eo— FDB
«+ .. CHF
| - <~ FDFB |
N
Ll L 1111111 gy eded
102 103 10
TTTTTIT T T T T e = g
AL, LA A —eo— FDB
o\ol%#fn.:s:o:m
| - = - FDFB ||
fl-.lnz
)
[ . .
ot
1
Ll L Yeraayy) |
102 103 10*

Wall distance in pm

13K.

ﬁig inHz

inHz

flig

ﬁig inHz

(b) Void frequency

TTTTTIT T

T T
T T TTTTT]

T

2000

—eo— FDB
<.« CHF [

s e e g
|

10*

TTTTTIT T T T TTTTT, T

T

2000

—eo— FDB
<.« CHF |

s e e g
|

T

1000

TITT =0 et eveed .

o

102 102

104

TTTTTIT T T T TTTTT, T

T

2000

—e— FDB
«.wa.. CHF |

s e e g
|

102 103
Wall distance in pm

104

Ujg inms™! Ujg in ms

Ujg inms

3

Q Ll L
102 103 10*

w T TTTIIT T

2 ||~~~ FDEB B

O Ll L
102 103 10*

mw T TTTIIT T

O Ll

(c) Ligament velocity

T TTTTIT T
—e— FDB
<vom.. CHF

T T TTIT0] T T T TTTTTT

e
Lol

L] L

LT TTTTT] T T T TTTTTT

—e— FDB
<e.m.. CHF

L] L

LT TTTTT] T T T TTTTTT

—e— FDB
.-h.. CHF

(|
102 103 104
Wall distance in pym

Ll

ljg in mm

ljg in mm

hjg in mm

(d) Ligament size

TTTTTT T T T T I
—e— FDB

. «v.m+. CHF

Ll

IEEEi Lo L

102 103 104

Aﬁ,:; T T T 111171 T ,Aﬁ:,g
—eo— FDB

<+« CHF

L} |

L] Ll

102 103 10
TTTTTIT T T T g
—e— FDB
««a++ CHF
- = - FDFB ||
A
b,.bfb. bb..}
I L] Ll

102 103 10*
Wall distance in pm

Figure C.1: Void profiles at the upper, middle and lower measurement position (top to bottom) for G =500kgm2?s~! and AT, =
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Void Profiles Wall-Mounted Copper Heater
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