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Abstract

In the last decade, the focus of boiling research has shifted towards micro- and nanostructures. Both
structures improve the boiling process significantly compared to smooth surfaces. The interactions be-
tween fluid and surface, however, are very complex and not well understood. This impedes the devel-
opment of universally applicable correlations that incorporate the influence of those complex structures,
which would enable the construction of more efficient evaporators.

In this thesis, a new experimental setup is constructed to enable boiling experiments at a large pressure,
temperature, and heat flux range. FC-72, a refrigerant, and ethanol are chosen as boiling fluids. The
boiling process is analyzed on various length scales using two different heater modules. A copper heater
module is used to determine mean heat transfer coefficients and critical heat fluxes. An infrared trans-
parent heater module is utilized to examine local heat transfer phenomena beneath growing bubbles.
Two copper microneedle surfaces with a needle diameter of 1 um and different lengths of 10 and 20 um
are manufactured and characterized according to their roughness, their wetting, and wicking behavior.
Two uncoated copper surfaces with different roughness are produced for comparison.

The experimental data of the uncoated surfaces obtained with the new setup is validated by compar-
ing the data to correlations and data published by other researchers. The two microstructured surfaces
increase the heat transfer coefficients by a maximum factor of 2.8 compared to the smoother uncoated
surface. The critical heat fluxes obtained for the microstructured surfaces, on the other hand, are re-
duced. Possible reasons are identified and analyzed, narrowing down the causes. This enabled the
construction of an optimized, hierarchical surface, which shows higher critical heat fluxes than the un-
coated surfaces.

An increase in the heat transfer coefficient occurs at small system pressures, when using a smooth surface
and ethanol as boiling fluid compared to FC-72. This is likely due to the formation of an evaporating
microlayer, while the measurements using FC-72 show mostly contact line evaporation. These experi-
ments also successfully verify the applicability of correlations distinguishing contact line and microlayer

evaporation that were developed using generic non-isothermal dewetting experiments [127].




Zusammenfassung

Mikro- und Nanostrukturen werden seit einigen Jahren verstéarkt in der Siedeforschung untersucht. Da-
bei hat sich gezeigt, dass Mikro- und Nanostrukturen den Siedeprozess deutlich verbessern kénnen im
Vergleich mit einer glatten Oberfldche. Die Wechselwirkungen zwischen dem Fluid und diesen Oberfla-
chen sind jedoch sehr komplex und noch wenig verstanden. Dies erschwert die Entwicklung universell
einsetzbarer Korrelationen, die den Einfluss von Mikro- und Nanostrukturen beriicksichtigen und zur
Auslegung effektiverer Verdampfer genutzt werden konnen.

Im Rahmen dieser Dissertation wird ein neuer Versuchsaufbau konstruiert, mit dem Siedeexperimente
in einem grof3en Druck-, Temperatur- und Warmestromdichtenbereich moglich sind. Als Versuchsfluide
werden Ethanol und das Kéltemittel FC-72 eingesetzt. Unterschiedliche Heizeraufbauten ermoglichen
die Untersuchung des Blasensiedens auf verschiedenen Langenskalen. Mit Hilfe eines Kupferheizers kon-
nen die kritische Warmestromdichte und der mittlere Warmetibergangskoeffizient bestimmt werden. Ein
infrarot transparenter Heizer ermdglicht die Untersuchung der lokalen, unter einer wachsenden Blase
auftretenden Warmetransportvorgange. Zwei mikrostrukturierte Oberfldchen werden gefertigt, die aus
Kupfernadeln mit identischen Durchmessern von 1 um und unterschiedlichen Langen von 10 and 20 um
bestehen. Die Oberflachen werden anhand ihrer Rauheit, ihres Benetzungs- und ihres Imbibitionsver-
haltens charakterisiert, da die daraus gewonnenen Parameter zur Interpretation des Siedeverhaltens
wichtig sind. Als Vergleichsoberflichen dienen zuséatzlich zwei unbeschichtete Kupferoberflachen mit un-
terschiedlichen Rauheiten.

Die in dem neuen Versuchsaufbau gemessenen Ergebnisse der unbeschichteten Kupferoberflachen kon-
nen durch einen Vergleich mit den Ergebnissen anderer Forscher und mit Blasensiedekorrelationen va-
lidiert werden. Die beiden mikrostrukturierten Oberflichen kénnen den Warmeiibergangskoeffizienten
um den Faktor 2,8 im Vergleich mit der glatteren unbeschichteten Oberflache verbessern. Die kritischen
Waérmestromdichten der mikrostrukturierten Oberflachen sind hingegen kleiner als die Werte auf den
unbeschichteten Oberflachen. Die dafiir verantwortlichen Phanomene werden analysiert und diskutiert.
Anhand dieser Uberlegungen wird eine optimierte hierarchische Oberfliche gefertigt, deren kritische
Waérmestromdichten grofer sind als die der unbeschichteten Oberfléachen.

Beim Vergleich der beiden Versuchsfluide kann eine Verbesserung des Warmeiibergangskoeffizienten bei
niedrigen Systemdriicken mit Ethanol festgestellt werden. Dies konnte auf die Bildung eines effektiv ver-
dampfenden Diinnfilms zuriickzufiihren sein. Die Messungen mit FC-72 zeigen hingegen hauptsédchlich
Kontaktlinienverdampfung. Dariiber hinaus ist es moglich, die Anwendbarkeit fluidspezifischer Korrela-

tionen zur Diinnfilm- und Kontaktlinienverdampfung [127] auf das Blasensieden zu verifizieren.
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CHAPTER

Introduction

Most of us come into contact with nucleate boiling on a daily basis. It is a commonly observed physical
phenomenon easily created with a fluid, a container and a heat source; nonetheless, it is still not fully
understood. Boiling research was started in the early 1900s by Nukiyama, Jakob and Linke, and oth-
ers. In the 1940s and 50s the first empirical and semi-empirical correlations for nucleate boiling were
developed, enabling the dimensioning of boiling vessels. Since then, several important parameters were
identified and incorporated in state of the art correlations. However, large deviations between calcu-
lated and actual boiling performance are still common to this day. This is mostly because important
interactions between wall and fluid are not fully understood and an analytical description of the boiling

phenomena is still missing.

In recent years, new applications for nucleate boiling, like the cooling of microelectronics, require the
transfer of high heat fluxes at low wall temperatures. Thus, the focus of boiling research shifted towards
microstructures, nanostructures, and nanofluids. While enabling the transfer of significantly higher heat
fluxes compared to smooth surfaces, the interactions between those structured surfaces and fluids are
very complex. This results in large deviations between the correlations for micro and nanostructured
surfaces and experimental data. Thus, understanding the interactions between structured surfaces and
liquids and their influence on nucleate boiling is important. The surface structure, the wettability of the
fluid-surface combination, as well as the wickability of the fluid into the surface have to be determined,
as they have a huge impact on boiling behavior. Their characterization is vital for the understanding and
interpretation of the latter. In addition to measuring heat transfer coefficients and critical heat fluxes,
bubble diameters, bubble frequencies and nucleation site densities should be investigated. Together
with the dynamics of the three-phase contact line, these parameters provide important information for
the understanding of the nucleate boiling process on micro and nanostructures. In conclusion, multiscale
and multiphenomena investigations are necessary to analyze the influence of micro and nanostructured

surfaces on nucleate boiling.




This thesis investigates the influence of microstructured and hierarchically structured surfaces on nucle-
ate boiling. The bubble diameters and evaporation regimes in the region of the three-phase contact line
are analyzed, alongside the measurement of heat transfer coefficients and critical heat fluxes. Additional
measurements are performed to characterize the roughness, the wettability, and the wickability of the
fluid-surface combinations, all of which act in combination with the observed bubble dynamics as the
basis for the interpretation of the observed boiling behavior.

The thesis is structured into the following chapters:

* Chapter 1: Introduction
A short introduction on the topic of nucleate boiling is provided and the motivation for this thesis
is exemplified.

* Chapter 2: Fundamentals and State of the Art
Important influencing factors of nucleate boiling are presented in the context of the fundamentals
of the research field. Models describing the boiling process and the critical heat flux, as well as
the corresponding correlations are shown. Additionally, the influence of micropillars, nanowires,
and hierarchical structures on the boiling process are depicted, leading to the positing of the three
scientific questions governing this thesis.

* Chapter 3: Experimental Methods
This chapter presents the experimental setup and the boiling surfaces. These are characterized
regarding their roughness, wettability, and wickability in combination with the boiling fluids used
in this thesis.

* Chapter 4: Data Evaluation

This chapter shows the data evaluation and the corresponding uncertainties.

* Chapter 5: Experimental Results and Discussion
Firstly, this chapter presents the results using two uncoated copper surfaces. This provides a com-
parison for the microstructured surfaces. Afterwards, the results of a hierarchical structure are
presented, which was manufactured based on the findings of the microstructured surfaces. Finally,

the influence of the boiling fluid is examined on two different length scales.

* Chapter 6: Summary, Conclusion, and Outlook
The concluding chapter provides a summary of the thesis and an outlook concerning future inves-

tigations.

2 1 Introduction



CHAPTER

Fundamentals and State of the Art

In this chapter, an overview on the state of the art of nucleate boiling research is provided, as well as
a short summary of the necessary fundamentals. After a presentation of the fundamentals of nucleate
boiling and bubble nucleation, the chapter continues with a focus on influencing parameters. Afterwards,
commonly used correlations are discussed, before focusing on the influence of micro and nanostructures
on nucleate boiling. The chapter is concluded with a summary and the postulation of the scientific
questions that drive this thesis.

2.1 Fundamentals of pool boiling

This section provides a short overview on the fundamentals of pool boiling. A more detailed description
and explanation can be found in [6, 16, 140].

2.1.1 Boiling curve

The term boiling describes the phase change of a liquid into vapor if the vapor pressure of the liquid
is equal to the system pressure. This phenomenon, as described in the introduction, is often used as a
method of heat transfer. Similar to convective heat transfer and based on Fourier’s law, the transferred

heat flux can be calculated with a temperature difference, which is shown in Equation 2.1:

qg=a(T,—Tg.). (2.1

a is the heat transfer coefficient and the main parameter judging the efficiency of the boiling process. In
pool boiling, where heat is typically transferred from a solid wall into a fluid, the temperature difference,
the so-called "wall superheat", consists of the wall temperature T,, and the saturation temperature of the
fluid T,,. For pool boiling experiments, the relation between heat flux and wall superheat is typically




>
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Figure 2.1: Sketch of a boiling curve: Point (a) is still in the natural convection regime until the onset
of nucleate boiling is reached at (b). Between (c)/(g) and (d) is the nucleate boiling regime,
which ends at the critical heat flux, point (d). There, a transition into the film boiling regime
occurs, (e), for constant heat flux. For decreasing heat fluxes, the surface will stay in the film
boiling regime until point (f) is reached, the Leidenfrost point, before jumping back into the
nucleate boiling regime.

displayed in the boiling curve (Figure 2.1), which was first published by Nukiyama [109] and is named
after him. At low heat fluxes (a-b), heat is solely transferred by natural convection without phase change.
The heat transfer coefficient is significantly lower in this regime, which is seen by the smaller gradient
of the boiling curve. For rising heat flux at point (b), which is the onset of nucleate boiling, the first
bubbles nucleate, which leads to a jump in the wall superheat to point (c) for a constant heat flux
because the heat transfer coefficients are significantly larger in the nucleate boiling regime. A further
increase in heat flux results in an increase in the nucleation site density, bubble size, frequency, and
the once isolated bubbles start to coalesce, creating so-called "slugs and columns". A further increase in
heat flux eventually leads to burnout at the critical heat flux (d). At this heat flux, a part of the surface
is irreversibly covered by a vapor film. This film instantaneously spreads over the entire surface for a
constant heat flux and the wall superheat jumps to point (e) into the stable film boiling regime as the
heat transfer coefficient is significantly reduced due to the blanketing vapor film. When the heat flux is
reduced again, the system does not jump back from point (e) to (d), but stays in the film boiling regime
until point (f), the Leidenfrost point, is reached. Then, the vapor film breaks up and the wall superheat
jumps back into the nucleate boiling regime. The region between point (d) and (f), the transition boiling
regime, cannot be reached with a heat flux controlled heater, such as that used in this thesis. The letters
in red (d-g) show the section of the boiling curve that is covered by the experiments in this thesis.
Most of the experiments are performed for decreasing heat fluxes, which extends the nucleate boiling
regime from point (c) until point (g) as once activated nucleation sites stay active until lower heat fluxes.
The hysteresis (g-b-c) is caused by the difference in the superheat necessary to activate and sustain a
nucleation site. This circumstance is discussed in the following section.

4 2 Fundamentals and State of the Art



2.1.2 Nucleation

Heterogeneous nucleation is the observed and studied nucleation mode in boiling research. The nec-
essary superheats for homogeneous nucleation are only reached using very smooth, glassy walls. In
heterogeneous nucleation, the bubbles nucleate in so-called "nucleation sites", which are scratches and
cavities in the surface. Depending on the wetting behavior of the fluid-surface combination and the per-
centage of dissolved gases inside the liquid, those cavities have likely entrapped vapor or gas embryos.
Those embryos start growing, if the necessary superheat is reached. This superheat depends on the
thermodynamics of curved interfaces, the wetting behavior, and the geometry of the cavity. According to
thermodynamics, a vapor bubble with the radius Ry, needs the following minimal superheat compared to
the saturation temperature T, to exist [16]:

20T (3~ 3:)
Ah,Ry '

ATy, = (2.2)

In Equation 2.2 o is the surface tension at the liquid-vapor interface, p, and p; are the densities of vapor
and liquid, respectively, and Ah, is the specific enthalpy of vaporization. In case of a deep, narrow
cavity and average wettability of the surface, the cavity mouth radius R, is equal to the bubble radius
Ry, according to Lorenz [94]. The wall superheat necessary to keep a cavity with a mouth radius of R,

active is calculated by:

20T (3.~ )
A’I-'W,Sl_lp = Ah R °
14

(2.3)
cav

However, for perfectly wetting or degassed fluids, which are often used in pool boiling research, most
cavities will not have gas embryos. To activate those cavities, higher wall superheats are necessary,
compared to an already active cavity. There, a vapor embryo remains inside the cavity after the previous
bubble departed, which will start to grow forming the next bubble. This explains the difference in the

superheat needed to activate a nucleation site and to keep it active.

2.1.3 Bubble departure diameters and frequencies

Once the necessary superheat is reached, the vapor embryo will start to grow and the new formed
bubble will spread upon the surface until adhesion forces are smaller than repulsion forces. Then, the
contact line will advance until the bubble finally departures. Thus, the diameter of departing bubbles is
dependent on adhesion and repulsion forces. Good examples showing this relation, are the bubble sizes
at different gravitational levels captured during parabolic flight, as shown in Figure 2.2. It is obvious that
the bubble diameters are much larger under reduced gravity since gravity has a huge impact on buoyancy,
one of the repulsion forces. Buoyancy and surface tension forces were considered by Fritz to establish
his famous correlation [37]". Several other researchers have proposed correlations, considering different

! The final correlation is not displayed in this publication, but it is possible to deviate it from Abb.4 in [37]
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Figure 2.2: Images of nucleating bubbles at different gravitational acceleration levels obtained during the
70th ESA parabolic flight campaign [2].

forces into their force balance. A thorough overview of their approaches is provided by Carey [16]. In
recent years, the complexity of the models increased, incorporating additional forces and phenomena
into the equations [5, 24, 29, 165].

The bubble departure frequency is affected by the bubble departure diameter, the bubble growth rate,
and waiting time, which is the time period between departure of a bubble and the nucleation of a
subsequent bubble. Since even more parameters influence bubble frequency compared to diameter,
developing a model that predicts bubble frequencies accurately is much more difficult. Several models
are described by Carey [16].

2.1.4 Heat transfer by a single bubble

Figure 2.3: Sketch showing different heat transfer mechanisms adapted from Kim [67] and Stephan et al.
[139].

6 2 Fundamentals and State of the Art



During the bubble ebullition cycle, heat is constantly transferred from the wall into the fluid by different
heat transfer mechanisms. Adapted from Kim [67] and Stephan et al. [139], the next section and Figure
2.3 describe and demonstrate some of the proposed mechanisms. Depending on the bubble expansion
velocity, a liquid microlayer can be formed between bubble and wall. The evaporation of this microlayer
gy contributes to the bubble growth. Heat is also transferred at the three-phase contact line through
contact line evaporation §.. In case the microlayer is completely evaporated, or it did not form in the
first place, heat is transferred from the surface to the bubble by convection and conduction though an
adsorbed thin film, q,.. This adsorbed thin film does not evaporate, since the adhesion forces or the so-
called "disjoining pressure", respectively, between liquid and wall reduce the vapor pressure of the fluid
significantly. Additionally, superheated liquid in the boundary layer surrounding the bubble evaporates,
gy, and natural convection ¢, transports heat from the superheated boundary layer into the bulk of
the liquid. During bubble growth and departure, the bubble motion induces microconvection, q,,., and
once the bubble is fully departed, cooler liquid will be transported to the wall and the disturbed thermal
boundary layer will regrow through transient conduction ¢,.. The next sections discuss the contributions
of microlayer and contact line evaporation to the overall heat transfer in further detail.

2.1.4.1 Contact line heat transfer

In the 1970s, Wayner’s group studied evaporating menisci experimentally [153] and numerically
[116, 154] and developed a model, which was further advanced by Stephan and Hammer for nucle-
ate boiling (Figure 2.4) [138]. This microregion model was continuously enhanced by Kunkelmann
[76], Batzdorf [8] and Schlawitschek [126]. The model assumes that there is a non-evaporating, ad-
sorbed thin film beneath a growing bubble, as shown in Figure 2.4b. In the non-evaporating thin film
region, the disjoining pressure reduces the vapor pressure of the fluid preventing evaporation, as men-
tioned in the previous section. As the film thickness gradually increases in the microregion, the influence
of the disjoining pressure decreases and the thin film starts to evaporate. In the interline or microregion,
the model predicts high heat fluxes due to the efficient evaporation of this thin film, which is shown in

liquid flow
heated wall

(@) (b) (c)

Figure 2.4: Sketch showing a bubble growing on a heated wall (a), the microregion (b), and qualitative
heat flux (c) adapted from Stephan and Hammer [138].
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Figure 2.4c. The results of this model are in agreement with experimental results obtained using refriger-
ants like FC-72 [130] and FC-3284 [151] as boiling fluids. Especially, if the bubble expansion velocities
are small, for example at higher system pressures [135] or under low gravitational acceleration [130]
good agreement is observed. At higher bubble expansion or receding contact line velocities, respectively,
microlayer formation was observed for those fluids as well [33, 128, 135].

2.1.4.2 Microlayer heat transfer

In 1961, Hsu and Schmidt [51] and Moore and Mesler [106] observed wall temperature fluctuations
during nucleate boiling. Each traced the fluctuations back to the ebullition cycle. Hsu and Schmidt
assumed that the fluctuations are caused by bubble departure and the subsequent quenching of the wall.
Moore and Mesler, on the other hand, argued that it must be caused by an evaporating thin film below the
bubble. Through synchronous temperature and visual analysis of the bubble ebullition cycle, Hendricks
and Sharp [49] proved that the large decrease in wall temperature coincides with bubble nucleation
and, therefore, should be caused by microlayer evaporation. The experimental proof was adduced by
Sharp [131], who measured the shape and evolution of microlayers forming beneath growing bubbles
by interferometry. Sharp used water and methanol as boiling fluids and observed that the complete
evaporation of the microlayer depends on the input heat flux. He also saw a clear influence of the
surface on microlayer evaporation. Jawurek [54] did similar measurements using ethanol and methanol
as boiling fluids. He determined the microlayer shape to be wedge-like. In recent years, several groups
have measured the local temperature profile beneath growing bubbles by infrared thermography and
calculated the heat flux profile of an evaporating microlayer [59, 135, 142]. Advances were also made
by the group of Utaka [21, 147] determining the shape of the microlayer beneath a growing bubble.

Using generic non-isothermal dewetting experiments, Schweikert et al. [129] were able to determine
the critical dewetting velocity necessary to form a microlayer. They also measured the heat flux profile
caused by an evaporating microlayer and compared it to contact line evaporation [128]. They observed
that the heat flux transferred by microlayer evaporation is significantly higher compared to contact line
evaporation.

2.2 Influential parameters

In this section, the influence of several important parameters on nucleate boiling are presented, including

surface roughness, wettability, and system pressure.

2.2.1 Surface roughness

The influence of surface roughness on nucleate boiling heat transfer is a well-studied phenomenon.
In 1931, three years before Nukiyama published his famous work, Jakob and Fritz [53] observed an
increase in the heat transfer coefficient with increasing surface roughness. Similar results were obtained
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by Kurihara and Myers [78] and Berenson [9]. The heat transfer is enhanced due to cavities on the
rough surface. These cavities lead to a higher number of possible nucleation sites compared to a smooth
surface. Berenson measured an increase in the heat transfer coefficient by up to 600% due to surface
roughness. He also saw that the heat transfer coefficient does not increase monotonously with increasing
surface roughness. He assumed that thinner and smaller cavities on the surface are preferable nucleation
sites, since they cannot be wetted by the liquid easily compared to larger and wider cavities. For large
roughness values, the increase of the area in contact with the fluid can have a large impact on the heat
transfer. A positive effect on the bubble departure diameter and frequency was observed by McHale and
Garimella [98].

The surface roughness is commonly characterized by the roughness parameter Ra. However, this pa-
rameter does not offer any information on the cavity size distribution of the surface [99]. McHale
and Garimella used a filtered roughness parameter that only incorporates surface features whose length
scales are below a certain threshold. They used the contact diameter of the bubble base prior to detach-
ment as the threshold value. Other researchers [34, 160, 162] used fractal surface analysis to correlate
their data to a roughness parameter. Those studies show that there are more suitable parameters to ac-
count for the influence of roughness on nucleate boiling. However, the determination of those parameters

requires a considerable effort, meaning that they are impractical for industry.

2.2.2 Wettability

Like surface roughness, the influence of the wettability of a surface on nucleate boiling has been studied
by Jakob and Fritz in 1931 [53]. They observed different bubble dynamics depending on the wettability
of the surface. Studying the influence of wettability is very complicated because a change in fluid or
surface will also change several other parameters that have significant influence on the boiling process
as well. To avoid this problem, Bourdon et al. [14] used very smooth glass substrates and applied
hydrophobic monolayers onto them without changing their surface roughness. They observed that the
onset of nucleate boiling was at much lower wall superheats for a poorly wetting surface compared to a
highly wetting one. The heat transfer coefficients of the poorly wetting surface were also increased for
specific heat fluxes, but the critical heat fluxes were significantly reduced compared to a highly wetting
surface.

Takata et al. [141] and Zhang et al. [166] used a different approach. They manufactured a nanostructure
whose wettability could be changed by exposure to UV-light. They observed the same behavior for highly
and poorly wetting surfaces as Bourdon et al. [14]. The lower onset of nucleate boiling temperatures of
a poorly wetting surface are presumably caused by the higher number of vapor or gas embryos trapped
in the surface roughness because the liquid cannot wet those cavities, as shown in section 2.1.2. Phan
et al. [113] used different coatings to change static contact angles between 22° and 112°. They mea-
sured increasing bubble departure diameters, waiting times, critical heat fluxes, and decreasing bubble
departure frequencies for highly wetting surfaces. Additionally, they observed differences in the bubble
shape and growth, depending on the wettability. The bubbles do not detach easily from a poorly wetting
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surface coalescing into a film, which causes burnout at low heat fluxes. However, the influence of those
different coatings on the boiling process might not be limited to the change in wettability.

It is obvious that the wettability of fluid-surface combinations has a huge impact on the boiling phenom-
ena. Using the positive impacts of highly and poorly wetting surfaces on the boiling process, several
researchers [56, 132, 159] manufactured surfaces with poorly wetting spots on a highly wetting sur-
face. They could increase the heat transfer coefficient significantly compared to a homogeneous highly
wetting surface, while maintaining a similar critical heat flux. The poorly wetting spots act as favorable
nucleation sites, increasing the heat transfer coefficient at low heat fluxes. According to Jo et al. [56],
the waiting times of these poorly wetting spots are very low compared to a well wetting surface, which
increases the overall heat transfer because the heat flux transferred during waiting time is low. However,
since most of the surface is highly wetting, the critical heat flux is higher compared to a poorly wetting
surface.

Typically, the wettability of a fluid-surface combination is characterized by static contact angles measured
under atmospheric conditions. However, several researchers [31, 63, 83, 123] have observed a significant
increase of the static contact angles of a highly wetting fluid under superheated conditions. Additionally,
since the three-phase contact line is moving on the surface during bubble growth, the advancing and
receding contact angles measured under saturated superheated conditions should be used to characterize
the wettability and its impact on nucleate boiling.

2.2.3 System pressure

In saturated boiling, the system pressure and, therefore, the temperature influences the physical prop-
erties of the boiling fluid significantly. The physical properties of the fluid, in turn, govern the boiling
process. Several researchers [10, 11, 27, 42, 45, 97, 102] have studied the influence of system pressure
on nucleate boiling. They found that the boiling curves are shifted to the left to smaller wall superheats
with increasing pressure. This implies an increase in the heat transfer coefficient and a lower superheat
at the onset of nucleate boiling for higher system pressures. Kutateladze [79], Borishansky [13], and
Gorenflo [41] observed a maximum critical heat flux for a specific reduced pressure, which is the ratio
of system pressure to critical pressure. According to Gorenflo, this reduced pressure is approximately
P = Psys/Pc = 0.38 [140]. Additionally, an influence on nucleation site density [32], bubble departure
diameter [32, 135], bubble frequency [32, 135], and bubble growth rate [150] can be observed.

The influence of those three parameters (surface roughness, wettability, and system pressure) on the
boiling process is accounted for directly or indirectly by correlations for nucleate boiling.

2.3 Correlations for nucleate boiling

Most correlations for nucleate boiling focus either on the heat transfer coefficient or on the critical heat

flux. Knowledge of both parameters is vital for designing evaporators as the heat transfer coefficient is
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a measure of efficiency of the boiling process and the critical heat flux limits the maximum transferable
heat flux by the evaporator.

2.3.1 Correlations for the heat transfer coefficient

The correlations presented in this section were developed to predict the heat transfer coefficient of
uncoated smooth and rough surfaces, for various system pressures and fluids. However, there are notable
differences in heat transfer coefficients predicted by different correlations, as the experimental data used
to obtain those correlations are also scattered. The differences in the experimental data can be traced
back to imprecise surface characterizations, measurement uncertainties, non-condensable gases, purity
of the fluids, and other minor parameters. A deviation of up to 20 % between experimentally determined
and calculated heat transfer coefficients is, in the author’s opinion, nothing out of the ordinary.

There are multiple correlations available [13, 36, 79, 80, 84, 90, 103, 108, 117, 124, 137, 140] which
differ in their approach [16], such as analogy to convective heat transfer [36, 80, 124], corresponding
state [13, 79, 140], and dimensional analysis [117, 137]. One of the most famous and frequently used, is
the correlation of Rohsenow [124], which is based on an analogy to convective heat transfer. Rohsenow
assumed that nucleate boiling heat transfer is dominated by forced convection resulting from bubble
departure. Similar to convective heat transfer, he used the following Equation 2.4 as a basis for his
correlation:

Nu = C Re®Pr?. (2.4)

Besides the Prandtl number Pr, Rohsenow [124] used the bubble diameter, which is calculated using the
correlation of Fritz [37]', as the characteristic length of the Nusselt Nu and Reynolds number Re. The
final correlation includes, among others, three fitted parameters, the two exponents a, b, and the factor
Cy, as well as the specific heat capacity c,;, the dynamic viscosity 1, and the thermal conductivity A, of

the liquid:

p,l>

Cpl(Tw_Tsat)_C [ q o ]“(mcp,l)b (2.5)
Ah, Iman, Ngo—p) ] \ 4 )7 '

Based on the data used for fitting, Rohsenow recommended the values of a = 0.33, b = 1.7, and
Cy = 0.013, but stated that these do not have to be the true values. Different values for the parameters
have been proposed by other researchers like Vachon et al. [148], Pioro [114], and Priarone [118],
among others.

Another important correlation, which can be found in the VDI-Wdrmeatlas [140], was developed by
Gorenflo:

a
— =F,F,F,, (2.6)
Ao

! The final correlation is not displayed in this publication, but it is possible to deviate it from Abb.4 in [37]
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This correlation uses a reference case, index 0, to calculate the desired heat transfer coefficient. Three
empirical factors, F,, F,, and F,, consider the influence of the heat flux, the system pressure, and
the wall on the heat transfer coefficient, respectively. The parameters with the index O correspond to
the reference case of a copper wall at ¢, = 20kWm?2, pro = 0.1, and Ray, = 0.4. The reference heat
transfer coefficient a, should be determined experimentally or calculated using the equations in the
VDI-Wdrmeatlas [140].

Besides correlations for the heat transfer coefficient, there are multiple correlations for determining the
critical heat flux that will be discussed in the next section.

2.3.2 Correlations for the critical heat flux

There are several different theories and, therefore, correlations for the critical heat flux. This includes
the premise that burnout is triggered by

* reaching a critical bubble packing on the surface [125],

* the evaporation of a liquid macrolayer formed beneath a large vapor bubble [47],

the lift-off of a liquid macrolayer due to vapor flow from the surface [38, 43],

the instability of hydrodynamic vapor jets leaving the surface [168],
* vapor recoil exceeding the holding forces of a bubble on the surface [62],
* the formation of an irreversible dry spot on the surface [149].

The last three theories will be discussed in detail, as they are the most relevant for this thesis, starting
with the correlation of Zuber [168]:

aglp—p) )"
denrz = KpyAh, [%] ) (2.7a)
Py
T k<X, (2.7b)
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Figure 2.5: Sketch showing the boiling surface and the liquid-vapor interface displaying the Rayleigh-
Taylor wavelength (Agr) and Helmholtz instability wavelength (Ay) according to Zuber's
model, adapted from Carey [16].

According to Carey [16], a similar equation was proposed by Kutateladze in 1948 based on an analogy to
flooding distillation columns. However, Zuber developed an analytical model to describe the critical heat
flux. His model is based on several assumptions, which are visible in Figure 2.5 [16]. Vapor leaves the
surface in columns, which are arranged in a chessboard pattern. The dimensions of a unit cell are equal
to the Rayleigh-Taylor wavelength A and the diameter of the vapor columns is half the wavelength.
Critical heat flux is reached if the vapor columns become Helmholtz unstable. Zuber assumed that the
Helmholtz instability wavelength Ay equals the Rayleigh-Taylor wavelength. However, according to
Lienhard and Dhir [91], Zuber did not have suitable experimental data to determine whether the critical
or the most susceptible Rayleigh-Taylor wavelength would be formed on the surface. This is expressed by
the inequation in Equation 2.7b. According to Lienhard and Dhir [91] the most susceptible wavelength
is formed on the surface, which results in a factor of K = {z = 0.149. A more detailed description and
derivation of the model is undertaken by Carey [16].

The correlation of Zuber is widely used and it fits a significant amount of data reasonably well; however,
it does not account for any influence of the boiling surface on the critical heat flux. It is well known that
the wettability of the surface has a huge impact on the critical heat flux, which is shown in section 2.2.2.
Kandlikar [62] included the wetting behavior into his correlation,

0.5
)[E+E(1+cos@rec)cos5] , (2.8)
n 4

0.25
Ug(pl_pv)] (1+Coserec

] = p,Ah
qcurx = Pv v|: p& 16
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which is based on a force balance for a growing bubble on the surface. The surface tension force and
the gravitational force keep the bubble horizontally in place. At the sides of the bubble, the momentum
change of the evaporating fluid, due to the density difference between liquid and vapor, induces a vapor
recoil force. If this force is larger than the surface tension force and gravitational force, the bubbles will
expand horizontally along the surface, which will result in vapor blanketing and burnout. Since burnout
is triggered by expanding vapor on the surface, the receding contact angle ©,.. is used to calculate
the surface tension force [62]. & accounts for the surface orientation, being 6 = 0 for a horizontal
surface. While this correlation incorporates the effect of wettability of the surface, the measurement of
the receding contact angle in a saturated atmosphere is complicated. This hinders the applicability of
this correlation.

According to van Ouwerkerk [149], Kirby and Westwater and Gaertner! established a connection be-
tween critical heat flux and dry spots on the surface. Van Ouwerkerk investigated the formation of dry
spots beneath growing bubbles using the difference in refraction indices between liquid and vapor. He
observed that dry spots are periodically formed beneath growing bubbles, which are rewetted after bub-
ble departure. The formation of those reversible dry spots already starts at a heat flux of 20 % of critical
heat flux. For increasing heat fluxes, he observed that the size and lifespan of reversible dry spots did not
change dramatically, but they occurred more frequently. Once the critical heat flux is reached, several
dry spots cannot be completely rewetted, which in turn start to grow and trigger burnout.

Similar observations were made by Theofanous et al. [144, 145], while examining the back of a boiling
surface with an infrared camera. They observed that hot spots became more numerous and their super-
heat increased from 5 - 10 to 50 - 60K for increasing heat fluxes. Contrary to the observations made
by van Ouwerkerk [149], Theofanous et al. also saw an increasing lifespan of those hotspots. Through
comparison to theoretical, adiabatic heat up rates of their surface, they deduced that the hotspots have to
be covered by vapor. Burnout is eventually triggered by multiple dry spots spreading across the surface
covering 10% of the boiling surface. The growth of dry spots seemed to be influenced and confined by

nearby nucleation sites, which results in a positive effect of nucleation site density on critical heat flux.

In a follow-up publication, Theofanous and Dinh [143] developed a correlation, which is based on the
findings in their previous publications. This correlation is formally similar to the correlation of Zuber
[168], but the derivations differ:

M]O'ZS | 2.9

deurr = K p,Ah, [ B
Py

The parameter K should be determined by simulating the contact line region [143]. However, to the

author’s knowledge, a value for K has not been provided by Theofanous and Dinh. An expression for K

was developed by Kim et al. [72]:

. . 0.5
K:(l_sm(a_n/z @) . (2.10)
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1 Unfortunately, the original sources could not be obtained
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According to Liang and Mudawar [89], Yagov also developed a correlation based on dry spots triggering
burnout in 1988'. In 2014, Yagov [158] published an updated correlation:

Ahil/SSog/up&?’/lmklﬂuogﬂ/55f(Pr)

deury,low = 0.5 o 3/10}_{79/1107"21/22 for p, <0.001, (2.11a)
" p,l sat
Prg/g 4/11
Pr)= , 2.11b
f(pr) (1 +2Pr025 + 0.6Pr19/24) (2.11b)
_ 0.2
dCHE,Y high = 0-06Ahv93'600'4 [M] for p,>0.03, (2.11¢)
™
. _ . 3 . 3 1/3
donry = (@2smyiow + Cpmymgn)  for 0.03<p, <0.001. (2.11d)

Depending on the system pressure, the critical heat flux is calculated using empirical equations, which
consider the physical properties of liquid and vapor, such as the kinematic viscosity of the liquid v; and
the specific gas constant of the fluid R.

2.4 Influence of micropillars and nanowires on nucleate boiling

In the last 20 years, the focus of boiling research has shifted towards micro and nanostructures. Com-
pared to a smooth surface, those structures enable a significant improvement of the critical heat flux
[22, 66, 70, 85, 92] as well as the heat transfer coefficient [25, 28, 61, 75, 85]. The surface modifications
range from nanoparticles, nanograss, and nanowires on the nanoscale to microchannels, micropillars,
and microporous surfaces, among others on the microscale. The influence of nanowires and micropillars
is especially interesting, since the structures are both of cylindrical shape. However, the length scale of
the cylinders is very different. First, an overview of the influence of nanowires is provided, followed by

an overview of surfaces with micropillars.

2.4.1 Nanowires

Typically, nanowires are either made of copper, silicon, or carbon and the experiments are usually per-
formed at atmospheric pressure using various boiling fluids. Several researchers have observed an in-
creased heat transfer coefficient [20, 65, 82, 133, 161] and critical heat flux [20, 65, 82, 133, 161]. This
enhancement is due to an increase in surface roughness [82, 161], wettability [20, 86, 133, 161], and
wickability [20, 65, 75, 86] of the nanowire surfaces. Additionally, bubble diameters [65, 82, 86] are
decreased and bubble departure frequencies increased [65, 82, 86].

! Unfortunately, the original source could not be obtained
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Nanowires increase the surface roughness and, therefore, the nucleation site density [75, 82, 86, 161].
This effect is enhanced by an increasing nanowire length [52, 65, 133] and diameter [75]. Longer
nanowires start to collapse, forming larger cavities, which act as favorable nucleation sites. However,
according to Im et al. [52] and Kumar et al. [75], there is an optimum nanowire length and diameter.
Longer or thicker nanowires increase the cavity density and size up to a point, as well as the capil-
lary flow. On the other hand, the flow resistance of liquid and vapor inside the nanostructure is also

increased.

Nanowires improve the wettability of a surface, as well. This enhanced wettability could be traced back
to the increased roughness. According to Wenzel [156], the contact angle of a fluid on a rough surface,
Oy,
O¢n:

is either reduced or increased depending on the contact angle of the same fluid on a smooth surface,

C0s O, =1 oSOy, (2.12)

Roughness factor r in Equation 2.12 is the ratio of the surface area in contact with liquid to the sur-
face area of a smooth surface with the same macroscopic dimensions. Additionally, the wickability of
nanowire surfaces has a significant impact, especially on critical heat flux. The capillary pressure caused
by small menisci in the nanostructure helps to rewet the surface, preventing burnout until higher heat
fluxes [75, 161].

Thiagarajan et al. [146] and Li et al. [86], however, observed lower critical heat fluxes using nanostruc-
tured surfaces compared to smooth surfaces. Thiagarajan et al. [146] assumed that their nanostructured
surface could not benefit from an enhancement in wettability because a highly wetting fluid HFE 7100
was used. However, this cannot be the sole reason, since Kumar et al. [75] and Im et al. [52] observed
an increase in critical heat flux working with similarly well wetting fluids like FC-72 or PF-5060. At
first, Li et al. [86] observed comparable critical heat fluxes to a smooth surface, which decreased during
further test runs. They proposed that oxidation and impurities are responsible for decreasing the critical
heat flux. For nanowire lengths exceeding 30 um, Lu et al. [95] observed lower heat transfer coefficients
for a specific heat flux, compared to a smooth surface. Unfortunately, they do not offer an explanation.
The increased flow resistance in the nanostructure, which is presumably responsible for lower critical
heat fluxes, might also cause decreasing heat transfer coefficients. On the other hand, Chen et al. [20]
used similarly long and thick silicon nanowires and water as boiling fluid, and observed an increase in
heat transfer coefficient.

2.4.2 Micropillars

Similar to experiments using nanowires, a surface with micropillars typically increases critical heat flux.
The reason for this enhancement is subject of much discussion. According to Chu et al. [22], the increase
in roughness factor r and the resulting higher wettability results in a longer total length of the three-
phase contact line. Following the critical heat flux mechanism described by Kandlikar [62], the resulting
increase in surface tension allows for higher evaporation rates and, therefore, higher critical heat fluxes.
Dhillon et al. [26], Kim et al. [66], Li et al. [87], and Yu et al. [163] assumed that the wickability
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of microstructures and the resulting additional liquid supply to the surface increase critical heat flux.
However, the effect triggering burnout is subject of debate. Dhillon et al. [26] proposed that burnout is
triggered by irreversible dry spots growing on the surface, and Kim et al. [66] assumed that it is triggered
by the complete evaporation of a liquid macrolayer below a large bubble. Li et al. [87] mentioned that
microstructures could decrease the Rayleigh-Taylor wavelength, which would in turn increase the critical
heat flux.

Chu et al. [22] observed higher critical heat fluxes on surfaces with smaller pillar diameters and pitches.
A similar behavior was reported by Dong et al. [28] and Yu et al. [163]. Yu et al. [163] and Dhillon et al.
[26] observed the existence of an optimum pillar diameter and pitch for critical heat flux enhancement
due to the simultaneously increasing capillary flow and flow resistance for smaller pillar diameters and
pitches.

The reasons for an increase in heat transfer coefficient are similarly a subject of debate. Moita et al. [104]
used surfaces with low roughness factors r, due to large pitches. They assumed that the enhanced bubble
dynamic is responsible for an improved boiling behavior. Dong et al. [28] and Li et al. [87] claimed that
the larger wetted area, is responsible for the increase in heat transfer coefficient. Furthermore, higher
nucleation site densities could be responsible for increased heat transfer coefficients, according to Ho et
al. [50] and Dong et al. [28]. The latter also observed smaller bubble departure diameters and higher
frequencies. On the other hand, Chu et al. [22] did not observe increased heat transfer coefficients for
specific heat fluxes. Additionally, they did not see a significant influence of the pillar size and pitch on
the heat transfer coefficient. Dong et al. [28] and Li et al. [87] reported that the heat transfer coefficient
increases for smaller micropillar diameters and pitches due to higher surface roughness [71], increased
nucleation site densities [28], and an increase in the wetted area [87]. A contrary observation was made

by Kim et al. [69], although their pillar geometries were similar to those of Dong et al. [28].

All in all it is clear, that the influence of nanowires and micropillars on the boiling process is still a subject
of debate. If surfaces with nanowires and micropillars are compared directly, the surfaces with nanowires
show slightly higher heat transfer coefficients compared to surfaces with micropillars [28, 87]. In case

of critical heat flux, however, it is the other way round [26, 87].

2.4.3 Hierarchical surface

In recent years, several researchers have been using hierarchical surfaces to enhance the boiling process
even further and to study the interactions between the different length scales. The hierarchical surfaces
can be divided into three groups, depending on their length scale:

e a combination of a microstructure and a nanostructure [23, 87, 105, 134, 155],
* a combination of a macrostructure and a microstructure [44, 157],

* a combination of a macrostructure and a nanostructure [18, 120].
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Starting off with the combination of a microstructure and a nanostructure, Li et al. [87] manufactured a
copper micropillar array and coated the surface with copper nanowires. They used water as boiling fluid
at atmospheric pressure. At low heat fluxes, the boiling behavior was similar to the boiling behavior of
a surface with micropillars. At higher heat fluxes, however, the hierarchical surfaces showed the highest
heat transfer coefficients and critical heat fluxes of the three surfaces (microstructured, nanostructured,
and hierarchical). This delayed heat transfer coefficient improvement is presumably caused by smaller
cavities in the nanostructure that need higher wall superheats to be activated. The higher critical heat
flux is explained by the enhanced capillary flow inside the hierarchical structure. The nanowires increase
the capillary flow and the flow resistance inside the structure due to their small dimensions. The down-
side of a higher flow resistance is counteracted by the larger spacing between the micropillars. Wen et
al. [155] used a similar surface consisting of copper nanowires, whose length were augmented to create
a micropillared surface made of nanowires. They also performed their experiments with water as boiling
fluid at atmospheric pressure. They observed a similar boiling behavior to Li et al., where the heat trans-
fer coefficient exceeds those of homogeneously coated nanowire surfaces at high heat fluxes. A similar
explanation is given for this phenomenon. Contrary to Li et al. [87], Wen et al. [155] assumed that
the separation of liquid and vapor pathways is responsible for the critical heat flux enhancement, since
the bubbles are mostly formed in the valleys besides the pillars. Chu et al. [23] and Moon et al. [105]
observed a similar boiling behavior on their surfaces. Shin et al. [134] manufactured a surface made
of copper nanowires with larger cavities (approx. 10 um), using water as boiling fluid at atmospheric
pressure. They observed higher heat transfer coefficients but lower critical heat fluxes compared to a
surface with homogeneously distributed nanowires. The increase in heat transfer coefficient is caused by
larger cavities acting as favorable nucleation sites. However, the critical heat flux decreases because the
surface of the larger cavities is not covered with nanowires, resulting in a missing capillary flow. This is

augmented by the larger cavities being favorable nucleation sites.

Ha and Graham [44] manufactured a porous surface made of sintered copper particles and created chan-
nels with various depths inside the microporous layer. They observed a significant enhancement of the
heat transfer coefficient and critical heat flux with increasing channel depth compared to the homoge-
neous microporous surface. The vapor bubbles can escape the microporous layer through the channels
preventing dry-out inside the layer, which, in turn, increases the heat transfer coefficient and prevents
burnout. If the channels are deeper, they affect the entire thickness of the microporous layer resulting in
a further enhancement of the boiling process. Witte [157] used surfaces with porous metallic cylinders
consisting of copper fibers. He observed a higher heat transfer coefficient compared to the ones obtained
using a homogenous porous surface made of the same copper fibers at low heat fluxes. He deduced that
vapor escapes and liquid enters the porous cylinders easier due to the cylinders finite diameter compared

to a homogeneous porous surface, which, in turn, increases the heat transfer coefficient.

Rahman and McCarthy [120] manufactured a copper surface covered periodically with a hydrophobic
nanostructure made of PTFE, followed by a copper nanostructure, a groove filled with epoxy, and the
same copper nanostructure again. This setup should ensure the separation of liquid flow to the sur-
face and capillary wicking inside the copper nanostructure, nucleation and vapor outflow at the PTFE
nanostructure. While the critical heat flux was higher for a surface without the PTFE nanostructure, the
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heat transfer coefficients of the described hierarchical surface were the highest. This can be explained
by favorable nucleation sites in the hydrophobic PTFE nanostructure, which increase heat transfer while
decreasing critical heat flux, because the nucleation sites are not spread homogeneously on the surface.
The employment of epoxy filled grooves leads to an overall improvement compared to a homogeneously
nanostructured surface caused by the separation of liquid inflow and vapor outflow. Chen and Li [18]
manufactured copper surfaces, where channels create square areas with different dimensions covered by
nanowires. They observed a slight increase in critical heat flux due to capillary wicking inside the nanos-
tructure compared to a surface with similar microgrooves. They also reported an increase in critical heat
flux with smaller square sizes. They assumed that this is due to smaller modulated wavelengths, which
prevent burnout, similar to the findings of Liter and Kaviany [92].

In conclusion, hierarchical surfaces have proven to improve the boiling process by combining beneficial
effects caused by surface structures on different length scales.

2.5 Summary and scientific questions of this thesis

It is clear that the influence of microstructures and nanostructures on nucleate boiling is still a subject
of active research. However, most of the experiments using microstructured or nanostructured surfaces
are performed using water as boiling fluid at atmospheric pressure. This limits the possibility of iden-
tifying and analyzing important parameters, like the interactions between surface and fluid. Although
the results obtained using surfaces with micropillars and nanowires are similar, several important phe-
nomena, such as the interaction of capillary wicking and flow resistance governing critical heat flux, are
dependent on the length scales of the structures.

Hierarchical structures benefit from those differences by adding another geometrical length scale, in-
creasing the overall boiling performance. However, to design such a surface, detailed knowledge of the
dominant phenomena on different length scales is necessary. This shows the necessity of investigating
the boiling process on different length scales.

Furthermore, it is clear that the influences of system pressure, surface roughness, and wettability are
considered by state of the art correlations. Although microlayer and contact line evaporation have a
significant impact on the overall heat transfer, their influence is not incorporated directly. This is mostly
because a regime map was not developed until recently [15].

Considering this summary, three scientific questions for this thesis are developed:

1. How is the boiling process affected by a microstructure, whose geometrical length scale is between
the well-studied micropillars and nanowires?

2. Isit possible to improve the boiling performance of said microstructure by adding a macrostructure,
creating a hierarchical structure?

3. Can an investigation of the boiling process on different length scales enable a better understanding
of the occurring boiling phenomena?
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In order to answer these questions, a new experimental setup has to be constructed. This experimental
setup should allow measurements using different fluids over a large range of system pressures and heat
fluxes to enable a thorough investigation of the microstructured surfaces. To analyze the boiling process
on different length scales, different heater modules and measuring devices are necessary.
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CHAPTER

Experimental Methods

This chapter explains the experimental setup and the necessary measurement equipment followed by
a characterization of the used boiling surfaces. The chapter then concludes with a description of the

experimental procedure.

3.1 Overview of the experimental setup

Answering the scientific questions formulated in the previous chapter requires the experimental setup to
meet certain requirements.

* Experimental investigation of nucleate boiling in a wide pressure and temperature range
with different fluids.

In order to meet the requirement, a pressure vessel made of stainless steel is necessary. A low leak-
age rate must be ensured as non-condensable gases have a significant impact on nucleate boiling.
Typically, three different classes of fluids are used for boiling investigations: refrigerants; water;
and other hydrocarbons whose physical properties and applications differ from one another. FC-72,
or perfluorohexane, is a refrigerant with a low specific enthalpy of vaporization and surface ten-
sion. Its boiling point (Tsat =56.6°C @ pgys =1 bar) enables experiments in a wide pressure range.
Additionally to FC-72, ethanol is chosen as the second boiling fluid, belonging to the hydrocarbon
class. Its physical properties are significantly different compared to FC-72 but its boiling point
(Tsat =78.1°C@ pgys =1 bar) is similar to enable measurements at the same system pressures.

* The boiling process should be analyzed on different length scales.

To analyze the boiling process on different length scales, distinct heater modules are necessary. A
heater module should enable measurements that are comparable to industrial scale applications.
Therefore, the heater surface area has to be large enough to avoid having an impact on the boiling
process. The heater focusing on a smaller length scale should be infrared transparent in order to
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analyze the local heat transfer phenomena beneath a growing bubble. The studied microstructures
should be applied onto both heater modules. Additionally, the influence of the surfaces on bubble
sizes and dynamics should be analyzed. Therefore, a high speed b&w camera, as well as optical ac-
cess to the boiling surface are necessary. A modular experimental setup should ease the installation
of different surfaces and heater modules, and enable necessary adaptions.

Based on these two requirements, the experimental setup was designed and constructed. The entire
setup is shown in Figure 3.1. The flowchart shows the main components of the setup: the boiling
cell and a heater module, which is situated inside; condenser; cameras; and, corresponding equipment
necessary for experiments. The single components will be described in greater detail in the following
sections starting with the boiling cell.

3.1.1 Boiling cell

The boiling cell without insulation is shown in Figure 3.2a. To satisfy the principle goal of flexibility,
a modular system with different flanges was designed, each of them having a different functionality.
This ensures easy alterations of the system in case a different function is desired. To ensure a high
leak tightness, the CF! sealing system was chosen, which belongs to the metal-metal sealing systems.
Besides the low leakage rate of CF sealing systems, it requires bulky components, to apply the necessary
stress onto the seal. Thus, they are able to withstand greater internal pressures. The manufacturers
of these components, however, guarantee safety up to an absolute pressure of 1.5bar, which is lower
than the desired 6bar. Therefore, the pressure safety had to be established with the help of the AD
2000 datasheets [1]. These datasheets provide guidelines for the safe construction of pressure vessels.
To prevent external auditors and annual tests, the experimental setup has to be categorized into the
A1l category, which limits the pressure and volume of the experimental setup. Thus, the flanges, seals,
screws, and their materials were constructed or chosen with the help of the AD 2000 datasheets. The
larger components were designed using the simulation tool of NX10, a CAD software by Siemens.

The base body of the boiling cell is a stainless steel cube with an edge length of 305 mm, shown in Figure
3.2b. Three holes with diameters of 200 mm, one in each space coordinate, create the volume of the
boiling cell. Additionally, further holes and channels are drilled into the sides of the cube, which are
covered by metal plates to create a double jacket around the cube. This double jacket is connected to
a thermostat (Unistat Tango by Huber Kdltemaschinenbau) and filled with silicone oil (M20.195/235.20
supplied by Huber Kdltemaschinenbau) in order to control the temperature of the boiling cell and, there-
fore, the temperature of the boiling fluid within. The openings on each side of the cube are covered with
stainless steel flanges, which serve different purposes.

Windows are embedded into two flanges covering opposite sides to observe the boiling process with
a b&w camera (MotionXtra N4 by IDT) and a backlight. Two different lenses are used to capture the
boiling phenomenon, depending on the heat flux. At low heat fluxes (q <40kw m'z) a microscope lens
(LMZ45T3 by Kowa) is used to observe the boiling process close to the surface. This data is used to

1 ConFlat

22 3 Experimental Methods



}N2JIO |10 BUODI|IS ——
}N2JIO [I0 BUODI|IS —
UNnduId piny Bullog ——

0002 [9pow >
Jeypwinnw
g9¢0-G90€Sd /81
A|ddns Jeamod \JL/ 9S1069X
BIOWED
NLSL-09€6Sd obue| peleul
Ajddns Jjeamod jeisiun
Jejsoway) _|_ (G0\/¥0
€L01-8IXd Waishs /60 A WV \ILALL N
uonisinboe juswainsesw N L/ A@
||||||||||||||||||| ﬁv N a|npow (20
_ﬂ % Jojeay Amm
: N BIXUOROW WAV
elowed mgq H_ =
! - /55N N 92IN0S
| > @ 1190 Buiioq A@ 146
el =
\JL/ \Jdd/
®|®
MOLD _ @/\@
m >
Jejsowsay) QD
N\ A\ 4
/ST yue}
/] > 3L/ Aseiixne
L] 2
A0\ Z adid | adid Aa
L Josuapuoo| |1esuspuoo &L
& & )
\JL/ \JL/
N N
dwnd wnnoea

B et

Figure 3.1: Flowchart of the experimental setup.
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Figure 3.2: Images of the boiling cell (a) and its base body (b) without insulation.

evaluate the bubble diameter. For heat fluxes greater than ¢ > 40kWm™ a Navitron 50 mm F1.3 lens
by D.O. Industries is used to distinguish the different boiling regimes, like isolated bubble regime or the

slugs and columns regime.

A pressure sensor (P-30 by WIKA) and an auxiliary cartridge heater are installed into two separate
horizontal flanges without windows. The pressure sensor is connected to the flange via a 500 mm long
pipe, which is filled completely by the boiling fluid. The length of the pipe is determined by a simplified
calculation, balancing the incoming and outgoing heat flux. The incoming heat flux is calculated using 1-
dimensional Fourier’s law in the pipe and fluid. The outgoing heat flux is approximated by a correlation
for natural convection on the outside of the pipe. This design ensures a temperature below 60 °C at the
pressure sensor as the measurement uncertainty of the pressure sensor would increase by at least 100 %
at elevated temperatures. During experiments, the temperature of the pipe close to the pressure sensor
never exceeded 40 °C.

Four resistance thermometers and one thermocouple measuring the liquid temperature in different lo-
cations inside the cell and a thermocouple measuring the vapor temperature are connected to the top
flange. The thermometers are connected to the measurement acquisition system (PXIe-1073 by National
Instruments) and the entire experimental setup is controlled by a LabVIEW program. Aside from the ther-
mometers, a pipe for filling the boiling cell and a pressure relief valve are connected to the top flange.
To prevent hot vapor from entering the laboratory, in case of overpressure, a pipe is coupled to the outlet
of the pressure relief valve. The opposite end of this pipe is submerged in an auxiliary tank (shown in
Figure 3.1) filled with water (301) and a porous metal cylinder is connected to the pipe, splitting the
vapor flow into smaller bubbles. These bubbles condense easily, which prevents a significant pressure
increase inside the tank and the laboratory, since the tank is open to the environment.

3.1.2 Condenser

Two pipes connect the boiling cell to the condenser, via the top flange. The larger vapor pipe is mounted
centrically on the top flange and the smaller liquid pipe is connected at a minimum distance of 80 mm
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from the center of the flange. This ensures that condensed, colder liquid does not disturb the boiling
process, since the heater surface is centered below the top flange. The diameters of the vapor pipe
(60.3mm x 3mm) and liquid pipe (12mm x 2mm) are chosen to ensure fluid velocities below 1 ms™
and 10ms?, respectively. The calculations were done using FC-72 as boiling fluid, since it has the lowest
specific enthalpy of vaporization of the boiling fluids used in this thesis and, thus, the highest mass and
volume flow for a specific heat flow. The condenser consists of two, 1 m long pipes with outer shells.
These outer shells are connected to another thermostat (Unistat 410w by Huber Kdltemaschinenbau),
which uses silicone oil (M40.165/220.10 supplied by Huber Kdltemaschinenbau) as working fluid.

A well-designed condenser is crucial for repeatable boiling experiments, since the condenser controls
the boiling process by setting the system pressure and, therefore, the temperature of the boiling fluid.
The condenser is designed to work with ethanol and FC-72, whose physical properties like thermal
conductivity and specific enthalpy of vaporization differ significantly. It should also be able to transfer
heat fluxes ranging from 10 to 1000 kW m for boiling fluid temperatures ranging from 30 to 180°C. It
should be noted that only commonly available pipe diameters were considered and since the diameter
of the pipe, leading to the condenser is 60.3 mm x 3 mm, the same diameter and thickness were chosen
for the condenser pipes themselves. The maximum pressure drop for the chosen pipe diameter was
calculated to be negligible.

Considering the large range of heat fluxes that need to be transferred and the different physical properties
of ethanol and FC-72, it was established that the higher heat transfer resistance had to be on the silicone
oil side. The temperature of the silicone oil flowing through the outer shells can be altered between
10 and 150°C and the flowrate between 5 and 501 min™'. The diameter and thickness of the shell were
chosen to be 76.1 mm x 3 mm, creating a gap between the condenser pipe and the outer shell of 4.9 mm.
The necessary condenser length of 1m for each pipe was calculated using a piecewise 2-dimensional

calculation. Further details can be found in section A.4 in the appendix.

3.1.3 Infrared transparent heater module

In order to investigate the boiling process on different length scales, two distinct heater modules are
designed. The larger heater module is used to determine the critical heat flux and the mean heat transfer
coefficient, which is the parameter judging the efficiency of the boiling process. Knowing the critical heat
flux is crucial for safety reasons, as the temperature jump associated with the transition to film boiling
can cause damage to the boiling surface. Additionally, the heat transfer coefficient typically increases
with increasing heat flux. Thus, a high critical heat flux allows for a more efficient boiling process.
The smaller infrared transparent heater module is used to investigate the local heat transfer beneath a
growing bubble and to distinguish between the two regimes of microlayer and contact line evaporation.
This knowledge is helpful for understanding the phenomena visible on the large heater module.

The infrared transparent heater module, visible in Figure 3.3, consists of the infrared transparent heater
itself and two flanges, a mounting flange and a distance flange (Figure 3.3a). The distance flange reduces
the risk of damage to the seal of the boiling cell because the direct connection to the boiling cell does
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Figure 3.3: Image (a) and CAD image (b) of the infrared transparent heater module.

not have to be opened in case a different boiling surface is studied. To change the boiling surface,
the heater and the mounting flange have to be removed while the distance flange stays connected to
the boiling cell. Additionally, this distance flange is used to get the infrared transparent heater closer
to the center of the boiling cell, enabling the observation of the boiling process via the windows in the
horizontal flanges of the boiling cell (Figure 3.2a). The mounting flange is a lot smaller than the distance
flange for easier installation, as shown in Figure 3.3b. The infrared transparent heater is pressed onto
the mounting flange by a ceramic filled polymer holder. The holder is designed to apply pressure on a
large area of the infrared transparent heater, reducing the risk of damage to the heater, while ensuring
an even deformation of the O-ring seal between heater and flange. Furthermore, the holder offers an
unobstructed view onto the boiling surface from the side windows of the boiling cell, while pressing
electrodes onto the infrared transparent heater. Those electrodes are attached to copper wires, which
are connected via feed throughs to a power supply (PS3065-03B by Elektro-Automatik) and multimeter
(model 2000 by Keithley).

The infrared transparent heater is visible in Figure 3.4a. It consists of a CaF, crystal (37 mm diameter
and 10mm height), a CrN layer for better emissivity and a Cr layer on top of the CrN, which are vis-
ible in Figure 3.4b. Both layers, each approximately 400 nm thick, are applied to the CaF, crystal by
physical vapor deposition. The Cr layer is used as a resistance heater, supplying the boiling heat flux.
As mentioned earlier, two electrodes are connected to the Cr layer on each side for power supply. To
reduce contact resistance, the electrodes consist of a copper sheet, a copper mesh, and indium foil, as
shown in Figure 3.4b. As it does not form an oxide layer, a thin layer of gold is sputtered onto the Cr
layer beneath the electrodes to minimize contact resistance further. This reduction in contact resistance
is necessary to minimize the amount of parasitic boiling in the contact area between electrode and Cr
layer. There are two reasons why parasitic boiling is prone to happen in this region. For one, the contact
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Figure 3.4: Image (a) and sketch (b) of the infrared transparent heater.
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Figure 3.5: Image (a) of the infrared camera mount and sketch (b) of the microscope lens temperature
control system.

area is usually the hottest part of the surface due to the aforementioned contact resistance for the cur-
rent to pass through, generating additional heat. The second reason is that gaps and cavities are formed
by pressing the electrode to the surface, which act as favorable nucleation sites. This parasitic boiling
reduces the possible heat flux range because the critical heat flux is reached in the contact area sooner,
since the liquid flow to the gap between the surface and the electrode is hindered by the bubbles and the
electrode itself.

The infrared transparent heater is positioned on top of an opening through the mounting flange, allowing
the observation of the backside of the CrN layer by the infrared camera. The infrared camera (X6901sc
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by FLIR) is attached to a special mount below the boiling cell, enabling a 3-dimensional local adjustment
of the camera, as shown in Figure 3.5a. Due to the small working distance of 50.8 mm of the microscope
lens, it has to be inserted into the hollow of the distance flange, which is visible in Figure 3.5b. A simple
cooling system utilizing compressed air is installed to prevent the lens from heating up. Controlling
the temperature of the microscope lens is important, since the infrared radiation of the lens can alter
the measurement results, in case the lens’ temperature differs from the calibration temperature. The
temperature between lens and insulation is monitored by a thermocouple.

3.1.4 Copper heater module

The large heater module, called copper heater module, is visible in Figure 3.6a. It consists of the copper
heater itself, a mounting flange, and a distance flange, which connects the mounting flange to the boiling
cell. The mounting flange of the copper heater module has three stakes to hold the copper heater and
feed throughs for five thermometers and two copper wires.

The copper heater itself consists of two parts, which are screwed together, as shown in Figure 3.6b.
The upper part is a copper cylinder (35 mm diameter and 35 mm height) thermally pressed into a PEEK
(Polyether-ether-ketone) cylinder for thermal insulation. There are four drilling holes for thermometers
inside the copper cylinder. One thermocouple is used to measure the temperature 2mm below the
boiling surface, two Pt100s are distanced 7 mm from each other in the middle of the copper cylinder and
one thermocouple is located at the bottom of the cylinder. This last thermocouple is installed for safety
reasons, since the PEEK insulation must not become hotter than 300 °C, which is the highest short term
operating temperature of PEEK. A 2-dimensional simulation in COMSOL Multiphysics showed that the
hottest temperatures inside the PEEK insulation would be in the area the thermocouple is placed in; that
is, above the copper disk at the bottom of the copper cylinder.

The lower part of the copper heater is also made of PEEK. It contains a spring, a flat ceramic heater,
and feed throughs for copper wires to connect the ceramic heater to the power supply (PS9360-151U
by Elektro-Automatik). If both parts of the copper heater are connected, the spring presses the ceramic
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Figure 3.6: Image (a) of the copper heater module and sketch (b) of the copper heater.
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heater against the copper cylinder ensuring thermal contact between both components at all times. This
design was chosen because conventional cartridge heaters are prone to thermal runaway, due to different
thermal expansion coefficients resulting in a lack of thermal contact. A thermocouple is used to monitor
the temperature at the bottom of the ceramic heater.

Contrary to most other pool boiling experiments, the entire heater is submerged in the liquid. The main
reason for this design is operational safety in case of elevated system pressures. The AD 2000 datasheets
used to design this setup prohibit the use of plastics as pressure bearing components. However, a plastic
insulation is necessary to prevent boiling in undesirable places, like the shell of the copper cylinder due
to the low thermal conductivity of most plastics.

3.2 Boiling surfaces

The six different boiling surfaces used in this thesis are shown in Table 3.1. There, the name, the
abbreviation, and a short description of the surfaces are presented. More detailed descriptions and
characterizations of the surfaces are given in the following sections.

It was shown in the sections 2.4.1 and 2.4.2 that, although their common geometrical shape is cylindri-
cal, micropillars and nanowires influence the boiling process differently due to their differing geometri-
cal length scales. In order to investigate this further, a microstructure whose geometrical length scale is
between the well-studied micropillars and nanowires was chosen for this thesis. The desired microstruc-
tures are manufactured by Nanowired, a spin-off company of TU-Darmstadt. The company keeps the
exact manufacturing process secret, but a brief overview can be given. After cleaning, a membrane is
glued to the surface. This membrane has holes with the desired diameters and center-to-center distances
of the finished microstructure. The membrane is used as a template and copper is electrochemically de-
posited through the membrane until the desired length of the microneedles is reached. The membrane

Table 3.1: Boiling surfaces used in this thesis.

name abbr.  description

smooth copper surface coated with 20 um long copper

long microstructured surface 20cu
needles

smooth copper surface coated with 10 um long copper

short microstructured surface 10cu
needles

smooth copper surface with alternating strips of 20 um
long copper needles and strips without needles

optimized, hierarchical surface Opt
technical copper surface Teu rough uncoated copper surface
smooth copper surface Scu smooth uncoated copper surface

smooth chromium surface of the infrared transparent

smooth chromium surface Scr
heater
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Figure 3.7: Image (a) and sketch (b) of the optimized, hierarchical boiling surface.
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Figure 3.8: Image (a) of the microstructured infrared transparent heater and measured surface tempera-
ture field (b) showing hotspots in the SiO, layer.

is then dissolved, leaving the copper microstructure on the surface. Using this manufacturing technique,
three microstructured surfaces were created.

20cu is the abbreviation for the long microstructured surface, the reference microstructured surface of
this thesis, since the surface is manufactured onto a copper heater and the length of the microneedles is
l[,q = 20 um. The diameter and center-to-center distance could not be varied systematically, as Nanowired
did not have suitable membranes. The short microstructured surface, 10cu, though, has a reduced needle
length of [ 4 = 10 um. Opt is an optimized, hierarchical surface on top of the copper heater, which is
visible in Figure 3.7a. The surface has a line pattern with a microstructure (I, = 20 um) and smooth
copper surface alternating. The microneedle strips are 0.48 mm + 0.02 mm thick and the smooth surface
strips are 0.26 mm £ 0.03 mm, as shown in Figure 3.7b.

To analyze the boiling process on a smaller length scale, a microstructured infrared transparent heater
was manufactured, which is visible in Figure 3.8a. The microstructure is identical to the long microstruc-
tured surface. However, the manufacturing process was a lot more complicated compared to that of the
copper heaters. For the copper heaters, the microstructure can be applied directly onto the surface. For
the infrared transparent heater, auxiliary layers are necessary. Since the infrared transparent heater is
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heated by Joule heating, an additional electrically isolating layer has to be applied between the Cr layer
and the copper microstructure. Otherwise, the high conductivity of copper would result in the current
passing through the microstructure. This isolating layer is made of SiO, and was applied by Julijan Cesar
of the Institute for Mikrowellentechnik und Photonik of TU-Darmstadt. In addition to the isolating layer,
a gold layer had to be deposited as adhesion agent, as shown in Figure 3.8a. This complicated new man-
ufacturing process, in addition to the frailty of the CaF, crystal, resulted in the successful manufacturing
of a single surface. On other heaters, the SiO, layer did not isolate perfectly or the crystal was destroyed
in the manufacturing process of the microstructured surface. Unfortunately, the Cr layer of this success-
fully manufactured heater was damaged during the manufacturing of the SiO, layer, which later resulted
in hot spots appearing on the surface during the experiments, which is shown in Figure 3.8b. There, a
section of the surface temperature field determined with the infrared camera for the microstructured
infrared transparent heater is presented. This particular section is situated below the SiO, layer and
spots are visible that have significantly higher temperatures compared to the rest of the surface. These
hot spots also caused the rupture of the CaF, crystal before bubbles could appear on the microstructured
surface. As such, no data could be obtained using this microstructured infrared transparent heater.

3.2.1 Structural characterization

It was shown in section 2.2.1 that the surface characteristics have a significant impact on the boiling
process [9, 78, 98]. The surface characteristics of the boiling surfaces are investigated using a scanning
electron microscope (SEM) and a confocal microscope. The confocal microscope measurements are
used to measure the mean roughness of the surfaces and the SEM measurements are used to confirm
the dimensional accuracy of the production process. Unfortunately, SEM measurements could not be
performed for the actual boiling surfaces because the heater geometry is too large. Thus, a smaller
copper cylinder was coated with the same microstructure (d,qy = 1 um, l,4 = 20 um) as the actual boiling
surface. The SEM images shown in Figure 3.9 were used to determine the diameter of the microneedles,
the center-to-center distance between the needles, and the roughness factor r. r is the ratio of the
surface area in contact with the fluid to the area of a smooth surface with the same dimensions [156].

Figure 3.9: SEM images of a microstructured surface (d,y = 1 um, [,y = 20 um).
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Table 3.2: Surface characteristics determined by SEM images.
20cu  10cu  Opt

needle diameter in pm 1.006 1.006 1.006
center-to-center distance in um 1.946 1.946 1.946
roughness factor r 17.59 9.29 11.76

Table 3.3: Mean roughness values of the boiling surfaces.
20cu 10cu Opt Tecu Scu Scr
Sainpm 1.56+£0.5 14+£0.08 6.5£0.35 0.50+£0.04 0.009+0.001 0.002=+0.0004
Spinum 10.8+£3.0 6.0+£0.52 23.7£4.1 2.55+0.47 0.10%£0.02 0.017 £0.008
Svinum 14.3+£0.8 58+057 16.1+£1.5 5.10+1.16 0.44+0.24 0.023 £0.008

The parameters for the other microstructured surfaces (20cu, 10cu, and Opt) are determined using the
measured parameters of this test surface, as shown in Table 3.2. The values determined from the SEM
images confirm the dimensional accuracy of the production process. The area covered by needles is
calculated to be 20.7 %, which is very close to the membrane porosity of 20%, and the diameter of
the copper needles is roughly 1 um, which is the desired value. As can be seen in Figure 3.9, most of
the copper needles are not standing upright but are slightly tilted to random directions. This is probably
resulting from the membrane pores or the drying process. All in all, the copper needles are homogenously
distributed among the surface, which is reason to believe that the actual boiling surfaces look similar to
the tested one. It is assumed that the given values in Table 3.2 are in the same order of magnitude as
the real ones, even though, the exact values of the actual boiling surfaces are unknown.

In addition to the geometrical parameters of the microstructures, the mean arithmetical roughness is a
typical parameter to describe a surface and its impact on boiling heat transfer, since it is a parameter
that is easy to measure and widespread in industry. Several researchers have shown a surface roughness
dependency of the boiling process, which resulted in correlations incorporating a roughness parameter.
A confocal microscope (usurf expert by Nanofocus) is used to measure the roughness parameters. Besides
the arithmetical mean area roughness (Sa), this device can evaluate the maximum peak height (Sp) and
valley depth (Sv) above and below the mean level, respectively. The results for the microstructured
surfaces are shown in Table 3.3.

The surface parameters of the long microstructured surface, 20cu, are expectedly higher compared to
the short microstructured surface, 10cu, due to the longer copper needles. Since the hierarchical surface,
Opt, is not homogeneous, the roughness parameters cannot be easily compared to the other surfaces. Sa
and Sp of the hierarchical surface are larger because the copper surface below the microstructured strips
and the remaining smooth copper surface have different heights, which results in larger values of Sa
und Sp. The height difference is caused by the manufacturing process of the surface. In order to prevent
deposition on the smooth surface area, it is coated with photoresist. When the membrane is placed on
the surface, there is a small gap with the height of the photoresist layers between the membrane and
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the precipitative copper surface. This area is then filled with copper, before the copper needles grow on
top of it, resulting in an additional height difference between the smooth surface and the peaks of the

microstructure.

The roughness values of three additional uncoated surfaces are also shown in Table 3.3. Tcu is the ab-
breviation for the technical copper surface, which emulates a copper surface found in evaporators. Scr
is the smooth chromium surface of the infrared transparent heater and Scu stands for smooth copper
surface. The latter surface was created because the surface roughness differs significantly between the
technical copper surface and the smooth chromium surface. This would have made a comparison of the
boiling results between the two surfaces difficult, since roughness has a large impact on the boiling pro-
cess. Thus, an additional smooth copper surface was created having a significantly lower mean surface
roughness compared to the technical copper surface. The uncertainties of the roughness parameters are
due to the uncertainty of the confocal microscope and the standard deviation of the measurements.

3.2.2 Wettability and wickability characterization

Besides the surface roughness, the wetting and wicking behavior of fluid-surface combinations have a
significant impact on the boiling process, as shown in the sections 2.2.2 and 2.4. The wetting and wicking
behavior are analyzed using contact angle and imbibition measurements. The static and dynamic contact
angles are determined using the drop shape analyzer DSA100 by Kriiss. The static and dynamic contact
angles for all the combinations of fluids (FC-72 and ethanol) and surfaces are smaller than 10° (visible
in Figure 3.10) and, therefore, not measureable without large measurement uncertainties.

The imbibition or wicking of fluids into structures is investigated using the experimental setup of Michael
Heinz, a colleague at the institute and collaboration partner in the CRC 1194. The collaborative research
center 1194 focuses on the interactions between transport and wetting processes and there are three
projects at the institute, besides the author’s !. The entire setup and the experimental procedure are

Figure 3.10: Image showing a contact angle measurement on the smooth copper surface Scu using
ethanol.

1 C02: Multiscale Investigations of Boiling of Complex Fluids on Complex Surfaces

3.2 Boiling surfaces 33



T T T T T T T T 4 T T T T T T T

M\ (a) ethanol ] R (b) FC-72
& |

{ \ — EtOH - - FC-72 20cu

1 |—EtOH- - FC-72 10cu
| \ ] |—EtoH- - FC-72 Teu
— EtOH- - FC-72 Scu

wetted equivalent radius / mm
o [l N w » 6] (o] ~ o]

wetted equivalent radius / mm

Y
a

0 20 40 60 80 100 120 140 0 5 10 15
time/s time/s

Figure 3.11: Evolution of the wetted equivalent radii of 2 ul drops of ethanol (a) and FC-72 (b) on four
different surfaces.
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Figure 3.12: Images showing maximum expansions of ethanol drops (indicated by the red lines in case of
poor contrast) on different surfaces.

explained in detail in [48], but a short overview will be given. The experimental setup allows drop impact
and wicking experiments in a controlled air atmosphere. A syringe pump and cannulas of different
diameters are used to generate drops of various volumes. A camera situated above the test subject
visualizes the wicking process from above, enabling the measurement of maximum spreading radii and
complete evaporation times, as well as imbibition velocities. The side camera is used to visualize the
contact line dynamic during the drop impact phase, spreading, and evaporation phase. The images are
evaluated using an algorithm described in [48]. The experiments are performed with 2 ul drops and
a distance between the cannula and surface that is smaller than the drop diameter. Thus, the kinetic
energy of the drops should be comparable.

The results of the measurements using ethanol (a) and FC-72 (b) are shown in Figure 3.11. The evolution
of wetted equivalent radii are calculated based on the wetted surface area over time on the long and
short microstructured surfaces 20cu, 10cu and the two uncoated surfaces Tcu and Scu. The curves
correspond to the data, which is evaluated by an algorithm. However, if the contrast between wall and
liquid is too low, the algorithm stops. Thus, the complete evaporation times are determined manually
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and are presented by the symbols in Figure 3.11. For the measurements using ethanol, a significant
difference can be seen in the spreading behavior on the smooth and technical copper surface. This is
probably due to the increased roughness of the technical surface. The liquid can imbibe into the larger
scratches and grooves, which results in the largest equivalent wetted radius and, therefore, the shortest
evaporation time of all surfaces. On the smooth copper surface the contact line pins shortly after the
drop impacts on the surface, which causes a significantly longer evaporation time. While ethanol imbibes
into the microstructures, which is visible in Figure 3.12, the maximum wetted area is surprisingly smaller
compared to the technical copper surface. A higher flow resistance to the wicking liquid might be causing
this difference. The experiments using FC-72 drops do not show additional spreading on the technical
copper surface. The wetted radius evolution is similar to the one of the smooth copper surface. The
lower surface tension resulting in a lower capillary force, in addition to the faster evaporation rate,
might cause the inability of the liquid to imbibe into the grooves of the technical copper surface. On
the microstructured surfaces, slightly larger wetted radii are observed, resulting in shorter evaporation

times.

In conclusion, the imbibition results would suggest significantly increased critical heat fluxes on the
two homogeneously microstructured surfaces and the technical copper surface compared to the smooth
copper surface, especially when using ethanol as boiling fluid. For FC-72, the critical heat fluxes of the
two uncoated surfaces should be comparable, as no imbibition into the grooves of the technical copper

surface is observable.

3.3 Experimental procedure

This section explains the experimental procedure of the conducted experiments. Since the procedure
differs depending on the heater module, they will be introduced separately.

After a change of the boiling surface or fluid, the latter is degassed for at least five hours. Inert gases
have a significant impact on nucleate boiling experiments and it is, therefore, necessary to remove them
beforehand. Otherwise, the inert gases that entered the system overnight are removed by evacuation.
Since the boiling cell has a high leak tightness of 2.5 x 10°mbarls™, an evacuation of the system
once per day is deemed sufficient. The pressure inside the setup increases by a maximum of Ap =
1.1 x 10™bar per day due to inert gases. Additionally, the amount of inert gases present inside the
boiling cell is monitored by a pressure sensor and the fluid temperature, which is used to calculate the
saturation pressure.

3.3.1 Experimental procedure using the copper heater module

A measurement campaign is typically a week long. After a change of surface and degassing of the fluid,
the experiments start with the lowest system pressure of 0.4bar. Experiments at system pressures of
0.4bar, 0.7bar, 1.0bar, 3.0bar, and 5.0bar are performed throughout the week. The experiments for

a specific system pressure are done throughout the day and measurements with an increased system
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pressure are carried out the next day. The daily measurement routine is completely automated once the
desired fluid temperature/system pressures, as well as heat fluxes, have been uploaded into the LabVIEW
program, which controls the setup. Typically, the heat flux is incrementally increased and measurements
are taken after the system reaches stationary state for each increment. Stationary state is reached once
the liquid and wall temperatures averaged over the last 10 seconds is less than 0.04K compared to the
average liquid and wall temperatures five minutes prior. The data is then saved for one minute with
a data collection rate of 30Hz. Afterwards, b&w images of the boiling phenomena are taken with a
framerate of 1000 Hz, followed by a further increase of heat flux. This process continues until the critical
heat flux is reached. However, the actual value is not measured. The highest heat fluxes shown in the
results are the last measured heat fluxes before burnout. After reaching burnout, the heat flux is set to
zero until the surface is no longer in the film boiling regime. Since reaching critical heat flux leads to
a rapid increase in the wall temperature, it is important to switch off the power supply to the heater
as soon as possible. For this purpose, the program compares the temperatures measured inside the
copper cylinder to the temperatures measured three seconds prior. If a single difference is larger than
2K, the power supply is stopped. Two additional safety switches are implemented in case this first one
malfunctions. If the copper temperature exceeds 250 °C or if the controlling program does not respond
anymore due to an error message, the power supply is turned off automatically. This ensures the safety
of the experiments and prevents the destruction of the surfaces. After the boiling regime transforms
back to nucleate boiling, the heat flux is increased close to the critical heat flux and then decreased
incrementally taking measurements along the way. Unless otherwise mentioned, the data shown in the
results are the measurements taken with decreasing heat fluxes, as they are not influenced by boiling
hysteresis.

3.3.2 Experimental procedure using the infrared transparent heater module

The measurement campaigns using the infrared transparent heater module are shorter compared to the
copper heater module because the experiments covering the three system pressures (0.4 bar, 0.7 bar, and
1.0bar) can be performed in a day. After degassing the liquid the day before, the temperature of the
boiling fluid is increased until the system pressure reaches the highest desired pressure. After reaching
steady state, the resistance of the transparent heater is measured, followed by a slow increase in the
heat flux of the heater. Burnout must not be reached with this heater because it would result in its
destruction. Due to the electrodes on the heater surface, burnout can occur at much lower heat fluxes
compared to the copper heater. As such, the heat flux is only increased until ¢ = 116kWm™ for the
experiments with ethanol and ¢ = 62kW m™ for FC-72. After reaching steady state, the infrared camera
and the b&w camera are triggered simultaneously. The heat flux is then decreased step by step, taking
measurements alongside until the part of the surface, which is observed by the infrared camera, is no
longer in the nucleate boiling regime. Then, the fluid temperature is reduced until the system reaches
the next desired system pressure and the procedure is repeated. The temperature inside the boiling cell

is monitored during the experiments.

To ensure minimum calibration error, the infrared camera must not be moved between calibration and

experiments. Furthermore, the temperature of the microscope lens should be the same and the intensity
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range during calibration must exceed the intensity range of the experiments. To comply with these re-
quirements, the infrared camera is calibrated alongside the experiments. The calibration process starts
at the highest temperature observed during test measurements at the highest desired system pressure
of 1.0bar. A second temperature level is chosen between the highest calibration temperature level and
highest experimental temperature level, which corresponds to a system pressure of 1.0 bar. After the cal-
ibration measurement at a system pressure of 1.0 bar, the heat flux is increased and the experiments are
conducted. The system pressure and, therefore, the temperature is then reduced to 0.7 bar. Following
the calibration and experimental measurements, the system pressure is reduced to 0.4 bar, where cali-
bration and experimental measurements are also taken. Contrary to experiments using the large copper
heater, no experiments at elevated pressures are performed as it is deemed unsafe due to the fragility of
the infrared transparent heater.
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CHAPTER

Data Evaluation

This chapter presents the data obtained by the b&w camera, the infrared transparent heater module and
the copper heater module. Additionally, the data processing, the calculation of derived values, and their
uncertainties are shown. Firstly, the data evaluation of the b&w images is presented, since b&w images
are evaluated for both heater modules. Afterwards, the data evaluation of the infrared transparent heater
module is followed by the data evaluation of the copper heater module.

4.1 Data evaluation for b&w imaging

As mentioned in section 3.1.1, a b&w camera is used to visualize the boiling process. Two different lenses
are used to either calculate the bubble diameters or visually differentiate between boiling regimes. No
further post processing except cropping of the image is necessary to do the latter.

(a) binarization and (b) removal of non-
classification analyzable bubbles

(d) calculation of
equivalent diameters

(c) filling of bubbles

® w»

Figure 4.1: The equivalent bubble diameters are determined through image processing: (a) binariza-
tion and classification (black pixels are vapor, white pixels are liquid), (b) removal of non-
analyzable bubbles, (c) filling of bubbles, and (d) calculation of equivalent diameters.
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To extract bubble diameters from images, additional post processing is performed in Matlab, which is
presented in Figure 4.1. Firstly, the image is binarized, as shown in Figure 4.1a. The bubbles appear dark
in the images, whereas the liquid is greyish; therefore, binarization is achieved using a specific grey scale
threshold. The center of larger bubbles can appear lighter due to less curvature and, therefore, weaker
refraction of light. This results in wrong classification, which is seen in Figure 4.1a, because black pixels
(1) are classed as vapor and white pixels (0) are classed as liquid.

Secondly, bubbles which should not be analyzed are discarded, as shown in Figure 4.1b. The reasons
why bubbles might be removed are coalescing bubbles, bubbles partially leaving the image, and bubbles
overlapping with each other. The incorporation of overlapping or coalescing bubbles would result in
a significant error of the mean bubble diameter. Five criteria are used to determine if the bubbles
should be removed or not. The first and second criteria are based on the size of the bubble. Reasons
for a bubble being too small after binarization could be a bad pixel or a contamination inside the liquid.
Multiple overlapping bubbles will be removed since the conglomeration is larger than a defined threshold
value. Bubbles being partially outside of the image are removed by the third criterion. The fourth
criterion checks the symmetry of the bubble. Significantly unsymmetrical bubbles could be caused by
either overlapping or coalescing bubbles. The fifth criterion addresses this issue as well, by checking
for inhomogeneous patterns inside the bubble. The algorithm checks if there are multiple white pixel
clusters, inside the supposed bubble. This might be the case, if multiple large bubbles are overlapping
with each other, since the bubble centers are wrongly classed as liquid (white pixels), which is explained
in the previous paragraph. Thirdly, after the removal of the unwanted bubbles, the centers of the bubbles
are set to unity, which corresponds to vapor, making the bubbles homogeneous, as shown in Figure
4.1c.

Fourthly, the center of a bubble is calculated and its area is assessed. This area is used to calculate an
equivalent bubble diameter, which is presented in Figure 4.1d. For a typical experiment the number of
evaluated bubbles is larger than a hundred, therefore, a mean diameter is calculated for each experiment.
A conversion factor, which is described in the next section, is used to translate the diameters from pixels

into millimeter.

The thresholds determining the binarization and the bubble removal are set manually before evaluat-
ing each experiment. A computer generated set of threshold values is not viable, due to significant

differences in boiling behavior depending on fluid, system pressure, and heat flux.

Measurement uncertainties and uncertainties of derived values

The measurement uncertainties and the uncertainties of the derived values presented in the following
sections are standard deviations. In some cases, where the actual distribution is unknown, a rectangular
distribution is chosen, which is indicated by R, and in the other cases a Gaussian distribution (G) is
assumed [55]. The error propagation is calculated using the Gaussian error propagation.

The bubble diameter error results from different individual errors. One error is due to low contrast in
the images, which is shown in Figure 4.2. Another error occurs due to an imprecise translation between
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Figure 4.2: B&w image and a zoomed in part of the latter image, showing a bubble and the lack of
contrast.

pixels and millimeter. Furthermore, an error occurs due to wrong classification or incorrect bubble size

calculation of the algorithm.

Concerning the error due to low contrast, Figure 4.2 shows a b&w image and a zoomed in image of one
bubble. It is observable that the greyscale gradient between bubble and liquid extends over four pixels.
Since the binarization of the image would result in a bubble boundary inside this gradient, the error of
the diameter due to the lack of contrast is four pixels, which is approximately Ady, .on g = +0.12mm.

Concerning the error due to an imprecise translation between pixels and millimeter, the conversion
factor between pixel and millimeter can be calculated using three different reference geometries, as
shown in Figure 4.3. A thermometer could be used as a reference that is inside the depth of focus of
the lens (Figure 4.3a). The holder of the infrared transparent heater module (Figure 4.3b) or the heated
area of the copper heater module (Figure 4.3c) could be also used as references. Since the images
are obtained during the experiments, the error stems from a lack of contrast similar to the first error
and faulty assumptions of the geometric dimensions of the reference geometries. For measurements
using the reference thermometer, this error is Ady, pm thermr = £0.052dy, ym therm (Figure 4.3a), which is
larger than the error caused by using the holder of the infrared transparent heater module as reference
Ady, pm crr = £0.029dy, o, o, (Figure 4.3b). If the heated area of the copper heater module is used to
determine the conversion factor, the error is Adj, , ¢y r = £0.04dy, ¢ (Figure 4.3c).

Another error is due to classification and faulty bubble size calculations of the Matlab script. This error is

estimated by comparing the mean bubble diameters evaluated by the script compared to a manual eval-
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(a) thermometer

Adb,pm,therm,R =x52%

(b) ir transparent heater module (c) copper heater module

Adb,pm,Cr,R =+ 29 % Adb,pm,Cu,R = 1.4 %

Figure 4.3: B&w images of the two heater modules showing the geometrical dimensions of the reference
geometries used to calculate the conversion factor between pixel and millimeter ((a) reference
thermometer, (b) holder of the infrared transparent heater module, and (c) heated area of
the copper heater module). Additionally, the percental bubble diameter errors are depicted
resulting from inaccuracies in determining the conversion factor.

uation. Five different experiments were compared and the resulting mean error is Ady, 5 ¢ = £0.06d}, 5.
The combined uncertainty of the mean bubble diameter is calculated accordingly:

Ady = [AdZ 5+ Ad

b,cont,R b,pm,R

+ Ad]f,al,G. (4.1)

As an example, for bubbles with a mean diameter of d;, = 1.05mm that are evaluated using the heated
area of the copper heater, the error is Ad, = +£0.136 mm.

4.2 Data evaluation for the infrared transparent heater module

As mentioned previously, the infrared camera is used to investigate the local wall temperatures of the
infrared transparent heater. The infrared camera does not measure temperature directly; rather, it mea-
sures the photon count per pixel. This means the intensity signal has to be converted into a temperature
signal, which is achieved by calibrating the infrared camera. A pixel-wise in situ calibration is chosen
because the accuracy of the resulting temperature signal is much higher, compared to a global calibration
according to Sielaff [135]. Assuming that the heater surface has fluid temperature during the calibration
measurements, the measured intensity data is fitted by a polynomial to the fluid temperature data mea-
sured during calibration. This is done for every pixel individually. In the polynomial, which is based on
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Figure 4.4: Evaluated section of the infrared transparent crystal with boundary conditions.

the Stefan-Boltzmann equation, the temperature is proportional to the intensity ¥ to the power of 0.25
[135]:

T=D[(¥+B)**+C], (4.2)

B, C, and D are the calibration coefficients, whose physical interpretation can be found in [33].

As previously discussed, the local heat fluxes can be calculated using the local temperature data. The
local heat fluxes are determined using a simulation in COMSOL Multiphysics. In order to save compu-
tation time, only a section of the entire heater is simulated. Depending on the bubble sizes a 2 x 2, 4 x
4, or 6 x 6mm? section, each 10 mm thick is generated in COMSOL Multiphysics. Figure 4.4 shows a 4
x 4mm? section with the corresponding boundary conditions. The side and the bottom boundaries are
adiabatic. This assumption is discussed in the following measurement uncertainty section (Figure 4.11).
The top boundary is the local temperature field obtained from the intensity data. As the temperature
data consists of a matrix with discrete temperatures corresponding to individual pixels, the tempera-
ture field has to be smoothened by a linear interpolation for the simulation. The two sputtered Cr and
CrN layers are both excluded from the simulation since the thermal capacities and conductivities of the
layers are negligible due to the small thickness of the layers (approximately 400 nm each). The initial
temperature is the average temperature over the first 10 ms of the corresponding analyzed data set. The
thermal boundary layer inside the evaluated section will form in the first time steps of the simulation.
This results in large heat fluxes at the beginning of the simulation and, thus, the results of the first 50 ms
are discarded from further evaluation steps.
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Figure 4.5: 3-dimensional mesh and its dimensions  Figure 4.6: Sketch of the four-point measuring de-
used for local heat flux calculations in vice with the parameters necessary to
COMSOL Multiphysics. calculate .

The mesh, shown in Figure 4.5, consists of an unstructured tetrahedral mesh. The mesh size on top is
10 to 20 um, which is smaller than the pixel size of 25 um. The mesh size at the sides is between 50 and
80 um. The bottom mesh size is between 40 and 550 um with a high elemental growth rate of 1.4. The
results calculated in COMSOL Multiphysics are transferred into Matlab and converted into 3-dimensional
(x,y, t) arrays similar to the input temperature data. Since the Cr and CrN layers were not implemented
in the simulations, the input heat flux, which is generated in the Cr and CrN layers due to their electrical
resistance, is not included in the numerically calculated heat flux ¢,,,,,- The overall local heat flux is then
calculated by Equation 4.3:

qlc = qel + Qnum' (43)

The heat flux generated by Joule heating ¢, requires the resistance density ¢ of the Cr and CrN layer to
be calculated:

do = ¢ I2. (4.4)

The resistance density of the Cr and CrN layers is calculated using a four-point measuring device, which
is shown in Figure 4.6. The resistance density is calculated using the measured current I, voltage U, Cr
layer width [, and distance between the two edges s of the resistance measuring device:

U
=— 4.5
Y =17, (4.5)

Since the resistance of the Cr and CrN layers is dependent on the temperature, it is assessed for five
different temperatures up to 120°C and a quadratic equation is fitted to the measurement points. The
different temperatures of the infrared transparent heater are achieved by placing the latter in an oven.
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Figure 4.7: B&w images with (a) and without the diffuser for three consecutive time steps (b), (c), and
(d) showing the smooth chromium surface and schlieren caused by the superheated liquid.

Besides temperature and local heat flux, the bubble expansion velocity is the third parameter, which is
determined based on the measured intensity data. As shown in section 2.1.4.1, the bubble expansion
velocity is one of the deciding parameters governing the microlayer formation. To determine the bubble
expansion velocity, the position of the macroscopic contact line has to be known. Unfortunately, its
position cannot be measured using b&w images, since the heater surface is not visible, which can be seen
in Figure 4.7. Figure 4.7a shows a b&w image captured with a diffuser, which is used for homogeneous
illumination of the heater surface. The boiling fluid and the heater surface can be distinguished and
no fluidic inhomogeneity is visible. The latter is revealed if the diffuser is removed, as shown in Figure
4.7b. During the measurements, a thermal boundary layer is formed, whose refraction index differs from
the surrounding cooler liquid due to its elevated temperature. This causes schlieren, which make the
precise localization of the contact line in the b&w images impossible, as seen in Figure 4.7b, ¢, and d.
There, b&w images without the diffuser for three consecutive time steps are shown. As the bubble is still
submerged in the thermal boundary layer, a distortion of the latter might be visible in Figure 4.7c, while
no bubble related disturbance is observable in Figure 4.7b. In the following time step (Figure 4.7d) the
bubble and the surrounding superheated liquid layer are visible, the contact line of the bubble, though,
is still submerged inside the thermal boundary layer.

Thus, the bubble expansion velocity is determined using the local heat flux data, as shown in Figure
4.8. The bubble expansion velocity is determined via the temporal extent of the microlayer, shortly after
bubble nucleation. As seen in Figure 4.8a, the heat fluxes transferred by the microlayer and the contact
line are higher compared to the rest of the surface. It is assumed that the microlayer beneath the bubble
causes an increased heat flux over its entire length and the microlayer extent visible in the local heat
flux field corresponds to the bubble extent close to the surface. Via a heat flux threshold, the bubble
extent close to the surface is determined, as shown in Figure 4.8b and c. For the first three bubbles,
the threshold is manually iterated to fit the visually detected bubble extent as good as possible, which is
shown in Figure 4.8c. If a satisfying threshold is found, the data set is analyzed.

4.2 Data evaluation for the infrared transparent heater module 45



— 5 Classificationusinga _ o establishing the bubble
heat flux threshold
x10° WTSZ mmextent x10° qu;

heat flux data

10 10
S 5
0 0
4 mm 00 _ 4 mm
contact line microlayer ~—_ __=-" -
iteration of the
(@) (b) heat flux threshold ~ (©)

Figure 4.8: Heat flux threshold iteration: (a) heat flux field showing the bubble footprint, contact line
and microlayer, of a growing ethanol bubble, (b) classification of the bubble extent, (c) heat
flux field and calculated bubble extent (red line) on the surface.

Measurement uncertainties and uncertainties of derived values

Uncertainties of the intensity and wall temperature

The measurement uncertainty of the intensity of the infrared measurements is due to noise of the detec-
tor chip of the infrared camera. While the examined wall temperature is constant, a random intensity
fluctuation is visible. The maximum standard deviation of all pixels of a specific calibration file is calcu-
lated to evaluate the measurement uncertainty caused by the intensity fluctuations. After the evaluation
of each calibration file, the mean value of the maximum standard deviations is calculated to obtain an
average value AV, = +20.88 counts for the intensity error due to noise, over the entire calibrated in-
tensity range. The uncertainty of the intensity causes an error in the calculated temperature data. By
calculating the product between the measurement uncertainty of intensity and the mean gradient of the
polynomials used for calibration, the temperature error due to the intensity noise is ATy g = +0.2K.

The assumption that the temperature of the boiling surface is equal to the temperature and intensity
measured at the back of the CrN layer causes an error in the temperature data. However, since the Cr
and CrN layers are very thin (400nm each), the error is assumed to be negligible. Additionally, due to
a lack of ideal conditions during calibration, the measurement uncertainty of the thermometers used for
calibrating the intensity data, and deviations from the fitted polynomial cause errors in the temperature
data. During calibration, it is important that the temperatures of the infrared camera, its microscope
lens, and its surroundings do not change, as temperature differences result in intensity variations, while
the observed object has the same temperature. A cooling system is implemented as the microscope
lens is surrounded by heated walls, which is shown in Figure 3.5b. With the aid of this system, the
temperature of the lens only varies by 2K, while the temperature of the observed object changes in
total by 70K. The impact of this discrepancy is, however, hard to quantify. The error is assumed to be
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around AT g = £0.02T,,. The temperature error of the thermometers used for calibration is ATy, g =
+0.079K. To account for deviations between the fitted polynomials and calibration data, the intensity
data sets obtained during calibration are calibrated themselves and the resulting temperature values are
compared to the reference temperatures. The mean deviation is AT,z = #0.04K. The total error is
then calculated by a quadratic summation of the single errors:

+ AT?

2
+ AT poly "

therm,G

(4.6)

AT, = \/AT\I%,G + ATkzeR

As an example, the temperature error is AT,, = +1.42K for a wall temperature of T,, = 70 °C.

Uncertainty of the local heat flux

The uncertainty of the local heat flux can be attributed to uncertainties of the temperature boundary
condition, the assumption of adiabatic boundary conditions on the remaining surfaces, the mesh size,
numerical errors, and errors due to the starting condition. Since the heat flux on the surface is calculated
using the temporal changes of the wall temperature, only the error due to intensity noise has to be taken

unfiltered temperature data filtered temperature data
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Figure 4.9: Comparison between simulated heat flux data using filtered and unfiltered temperature data
and the temperature data themselves showing a calibration case.
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Figure 4.10: Comparison between simulated heat flux data using filtered and unfiltered temperature
data showing a bubble footprint at two specific time steps.

into consideration. However, in the scope of this thesis it is impossible to calculate the resulting heat
flux uncertainty analytically based on the temperature noise. Thus, the heat flux noise is analyzed
independently.

In order to reduce the error, the input temperature data is filtered using a Gaussian filter. Figure 4.9
shows an unfiltered temperature data set and the corresponding filtered temperature data set of a cali-
bration measurement (isothermal) alongside the calculated local heat fluxes. The Gaussian filter reduces
the observed noise in the local heat flux data by an order of magnitude. Although the noise is reduced
significantly, the mean temperature and heat flux difference between the two shown temperature and
heat flux data sets are negligible, with 0.0002K and 90.94 W m™2, respectively.

In case a heated measurement is evaluated similar to the aforementioned calibration measurement,
Figure 4.10 shows that the heat flux profile below a bubble does not seem to be influenced by the filter
gravely. The difference in mean heat fluxes between the presented images is very small, as expected
(12Wm™). Thus, it is assumed that the Gaussian filter does not influence the temperature and heat
flux data negatively. The reduction in input temperature noise, however, reduces the resulting heat flux
noise by a factor of 10, which reduces the mean uncertainty of the heat flux due to noise to Agy. ;an g =
+21.50kWm™2.
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Figure 4.11: Local temperature data of the entire field of view of the infrared camera and red and blue
rectangles indicating areas, which are used for simulations.

Figure 4.11 shows a temperature field, which is evaluated based on the intensity data in the field of view
of the infrared camera. It is obvious that the temperature field is not homogeneous, which is due to the
inhomogeneous distribution of nucleation sites on the surface. Due to a more efficient heat transfer at the
nucleation sites, the temperature is lower in comparison to the rest of the surface. To save computation
time, only a small area (4 x 4mm?) around a bubble is used to calculate local heat fluxes, which is
indicated by the red rectangle in Figure 4.11. The inhomogeneous temperature field suggests heat
fluxes, which are transferred inside the CaF, crystal through the boundaries of the simulated volume.
However, as shown in Figure 4.4, adiabatic boundary conditions are applied to all boundaries except for
the top boundary, which uses the temporal temperature field. This causes an additional error in the heat
flux data, which is evaluated by an additional simulation. For this simulation, a larger area of 8 x 8 mm?,
indicated by the blue rectangle in Figure 4.11, is used and the results are compared to the ones of the 4

x 4mm? simulation.

Figure 4.12 shows the results of the 4 x 4 (a) and 8 x 8 mm? simulations (b). For comparison, only a 4 x
4mm? section of the 8 x 8 mm? simulation is presented. It is obvious that the heat flux profiles do not dif-
fer dramatically either quantitatively or qualitatively. The difference in the mean heat flux is 777 Wm™.
The results of the 8 x 8mm? simulation, however, show larger and smaller maximum and minimum
heat fluxes compared to the 4 x 4mm? results. The minimum and maximum heat flux values differ by
26.4kWm™ and 61.0kW m™2, respectively. However, only 2 out of 25600 pixels are smaller and 2 are
larger, respectively, than the minimum and maximum values of the 4 x 4 mm? simulation. Therefore, it is
assumed that those differences are due to numerical errors, as there is no physical explanation for those
differences. Such numerical errors could be caused by e.g. interpolation between the discrete temper-

ature nodes of the temporal boundary condition by COMSOL Multiphysics. In conclusion, although the
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Figure 4.12: 4 x 4mm? sections of the heat flux fields calculated using a 4 x 4mm? area (a) and an 8 x
8 mm? area (b) for the simulations.

local temperature distribution is notably inhomogeneous in this data set (Figure 4.11), the mean heat
flux error due to the adiabatic boundary conditions is significantly smaller than the error due to the ran-
dom temperature noise. Although the mean heat flux error caused by the adiabatic boundary conditions
is negligible, larger deviations of the maximum and minimum heat fluxes of a few pixels are observable.
The deviations are significant for each pixel; however, large deviations are limited to a few pixels. Since
the maximum or minimum heat fluxes are not used in this thesis and their influence on the average heat
flux below a bubble is negligible, the influence of this numerical error is deemed insignificant. Thus, the
errors due to the adiabatic boundary conditions are negligible.

Additional numerical errors are analyzed by calculating the mean heat flux of the data sets. Since there
is no heat source included in the simulations and the mean temperature of the heater should not change
due to the measurements being performed at steady state, the mean heat fluxes should be zero. A
deviation can be attributed to numerical errors. The standard deviation of the mean heat flux deviations
iS AQie pumg = £908.41 W m™ for all datasets.

The influence of the mesh size on the calculated heat fluxes is analyzed by a mesh study. The results
of the mesh study are shown in Table 4.1 and Figure 4.13. The heat flux fields in Figure 4.13 visually
indicate that no improvement of the qualitative results could be achieved for smaller mesh sizes than
medium (Table 4.1). However, quantitatively, no clear trend is visible in Table 4.1. The mean heat fluxes
of the entire data set and the mean heat fluxes of an exemplary frame do not show a clear trend. It is
unknown, why a clear trend is missing. It might be possible that the used mesh sizes are too similar.
However, the mesh size chosen for evaluation should not be larger than the medium sized mesh in
Table 4.1, as the heat flux fields showed qualitative differences for larger mesh sizes as shown in Figure
4.13. Using even smaller mesh sizes is also not recommendable, as the computation time (20 days for
a data set) for the finest mesh size is already impractical. Additionally, the pixel size of the infrared
camera and, therefore, the distance between the temperature nodes of the temporal boundary condition
is 25 um, which is significantly larger compared to the finest mesh size. Using an even finer mesh size
should not significantly increase the quality of the simulation results. It is assumed that the differences
between the heat fluxes in Table 4.1 are partially due to errors caused by the data transfer between the
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Figure 4.13: Heat flux fields of an exemplary frame for different mesh sizes.

Table 4.1: Results of the mesh study.

largest large medium used mesh size fine finest
number of elements 331k 416k 663k 1,244 k 3,459k 6,662k
max. element size top surface in pm 70 45 25 15 15 7
d,, entire data set in kW m™ 3.45 344  3.55 3.47 3.64 3.52
d,, exemplary frame! in kW m 153 143 14.9 19.5 15.0 18.5

Matlab script and COMSOL Multiphysics, as discussed above, since the results are reproducible using
the same mesh size. Quantifying these numerical errors is not possible because the real heat flux value
is unknown. Nevertheless, it can be concluded that the used mesh size does not lead to significant
qualitative and quantitative deviations compared to finer mesh sizes.

The starting condition of the heat flux simulation can also lead to errors of the calculated heat flux.
Typically, the mean wall temperature of the first 10 frames (10ms) is used as the initial temperature.
However, a difference in the mean heat flux of the 200th frame of 1.4kWm™ is observable, if the heat
fluxes are calculated using the mean wall temperature of the 200th until the 210th frame or the mean
wall temperature of the first 10 frames as initial conditions. However, the assessment of the error due to
the initial condition is not possible because the true value cannot be defined. Thus, it is not calculated
in this thesis. The reader, however, should keep this deviation in mind, when the results of the infrared
transparent heater module are discussed. The uncertainties of the local numerically determined heat

1 Corresponds to the exemplary frame shown in Figure 4.13.

4.2 Data evaluation for the infrared transparent heater module 51



flux Ag,.m are, therefore, dominated by the random heat flux noise caused by the intensity noise of the
detector chip ¢ ran g:

. — -2 22 _ -2
Adpum = /DG a6 + AT = 21.52kWm', 4.7)

Compared to the mean heat flux ranges observed for the measurements using ethanol (approx.
2.1x10°kWm™?) and FC-72 (approx. 3.7 x 102kWm™?), this error is small (£1% and +5.7%,
respectively).

The uncertainty of the heat flux Aq,; is due to an uncertainty of the resistance density of the Cr and CrN
layers and the uncertainty of the current. The current supplied to the heater is measured by a multimeter
(model 2000 by Keithley). According to the datasheet [64], the uncertainty is Aly = £1.45 X 103A,
which is negligible. Similarly, the uncertainties of the current and voltage used to calculate the resistance
of the Cr and CrN layers are negligible. As described in section 4.2, the resistance of the heater was
measured at five different temperatures. To increase the temperature of the heater, it was placed in an
oven. For the resistance measurement, the heater had to be removed from the latter. Thus, the exact
temperature of the heater during the measurement is unknown. The temperatures are assumed to be
in a five Kelvin range to the oven’s temperatures. The area used to calculate the resistance density has
an uncertainty of AAg g = £2.89 x 10°mm?. This results in an overall uncertainty of the resistance
density of Apg = £0.1¢. The uncertainty of the heat flux is calculated using Equation 4.8:

AGy = Agg I2. (4.8)

Compared to the mean heat flux ranges observed for the measurements using ethanol (approx.
2.1 x 10°kWm?) and FC-72 (approx. 3.7 x 102kWm2), this error is +3.8% and £10.8%, respec-
tively. The uncertainties of the local heat flux Ag,. are calculated using the following equation:

Age = 1/ AG2, + A2 (4.9)

Compared to the mean heat flux ranges observed for the measurements using ethanol and FC-72, which
are shown above, this error is £3.9% and £12.2 %, respectively.

Uncertainty of the bubble expansion velocity

There are several uncertainties influencing the bubble expansion velocity, which cannot be quantified.
The defined heat flux threshold, which is necessary for the determination of the expansion velocity, could
lead to a deviation in the latter, however, Figure 4.14 shows a reasonable agreement between the visually
observable bubble extents and the calculated ones (red circle). More importantly, the exact nucleation
event cannot be determined due to the finite frame rate of the infrared camera. Thus, the expansion
velocity shortly after nucleation, which causes the formation of a microlayer, can only be approximated.
It is assumed that the velocities measured in this thesis are determined once a microlayer is already
formed. The presence of a microlayer, however, presumably increases the expansion velocity shortly

52 4 Data Evaluation



4 mm
x10% Wm™
15

10

0

0 0 4 mm

0 4 mm 0

Figure 4.14: Local heat flux fields and bubble extents (red circles) of a growing bubble.

after nucleation, under the assumption of a small receding contact angle, due to high evaporation rates
of the microlayer. Thus, it is assumed that the actual expansion velocity that causes the formation of
a microlayer is lower compared to the measured bubble expansion velocity in this thesis. However,
quantifying this error is not possible, as the true bubble expansion velocity is unknown.

4.3 Data evaluation for the copper heater module

As previously mentioned, the copper heater module is used to investigate the boiling process on a large
length scale. One key parameter judging the boiling process is the mean heat transfer coefficient. It is
calculated using the input heat flux and the wall and saturation temperature of the fluid. The heat flux

7‘
W . =
| ==N|
[ ,\ ‘
U+ u- ceramic
heater

Figure 4.15: Sketch of the copper heater showing important measured parameters.
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can be obtained using two different approaches. For the first approach, the heat flux is calculated using
the current I and voltage U supplied to the ceramic heater, which is shown in Equation 4.10:

Ul

T = —, 4.10
qel Acu ( )

where Ac, = 9.621 x 10 m? is the cross-section area of the copper cylinder close to the surface.

The second approach utilizes the measured temperatures of two Pt100s (TR0O2, TR03), which are s, =
7mm apart from each other inside the copper cylinder, to determine the heat flux:

. A
Qtherm = — (TOB - TOZ) . (411)
Scu

Acy is the thermal conductivity of copper, which is temperature dependent. The following equation is
found for the thermal conductivity of copper! [73]:

Acy =8.99 x 10°T2—0.137T+425.24 in Wm™' K. (4.12)

A temperature dependency of T %> would be physically correct [101]. However, this general dependency
is valid in a wide temperature range, covering low temperatures where the thermal conductivity rises

drastically. To fit the relevant data points more effectively, a quadratic equation was chosen.

Both approaches assume that the temperature profile in the copper cylinder is 1-dimensional, which
is examined using a simulation in COMSOL Multiphysics. Figure 4.16 shows a sketch of the copper
heater on the left hand side and the results of a simulation on the right hand side. Indicated by the
red rectangles, only the simulation results of the relevant part of the copper heater are presented. The
simulation shows the isotherms inside the copper cylinder and part of the PEEK body for a heat flux of
4o = 860kWm™ at the boiling surface, which is the highest heat flux employed in the experiments. The
temperature difference between each isotherm is 1 K. In addition to the isotherms, the locations of the
thermometers inside the copper cylinder are indicated. The results show that the temperature profile
inside the copper cylinder should be homogeneous in the areas of the temperature measurements. In the
simulation, a heat transfer coefficient of a,,; = 60 kW m?2K! is used on top of the copper cylinder, which
corresponds to the measured heat transfer coefficients. A heat transfer coefficient of a,,, = 4kWm2 K
is used at the interface between PEEK body and liquid, assuming natural and forced convection as no
nucleate boiling is observed on the PEEK body in the experiments.

However, besides the homogeneous temperature profile, the uncertainties of the heat fluxes calculated
via the two Pt100s inside the cylinder are always larger than those calculated via the electrical power.
This is shown in the following section. This is why the heat fluxes in this thesis are determined by the
electrical power of the ceramic heater.

! Cu-OFE, an oxygen-free, pure copper, which is used in this thesis
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Figure 4.16: Sketch and simulation result of the copper heater showing isotherms inside the copper cylin-
der for a heat flux of ., = 860 kW m™.

Since the fluid is pure and degassed, the mean temperature of the four resistance thermometers located
inside the liquid is used as the saturation temperature of the fluid. The wall temperature is calculated
by an extrapolation of the temperature measurement T,; of the thermocouple located s,, = 2mm below
the surface (TRO1 in Figure 4.15) and the heat flux calculated by Equation 4.10. The wall temperature
is determined for all surfaces equally, independent of the surface structure:

qelsw

3 13
P (4.13)

T, =Ty —

The mean heat transfer coefficient is then determined using the calculated heat flux, the wall and satu-
ration temperature Tg,,:
qel
., = —=. (4.14)

" Tw - Tsat
The vapor volume flow, which is used to compare the results of the two boiling fluids, is calculated by
the following equation:

V _ qelACu

= . 4.15
Y Ah,p, (4-19)

Measurement uncertainties and uncertainties of derived values

The measured parameters with relevant uncertainties are current, voltage, temperature, and pressure.
The pressure sensor used to verify a pure saturated state of the fluid has an error of Apy = 15mbar.
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According to the power supply’s datasheet [30], the errors of the current and voltage measurements
are Al = £0.017A and AUy = £0.208V, respectively. As mentioned in section 3.3.1, measurements
are taken for one minute with a collection rate of 30Hz at steady state. For further evaluation, the
mean values of the measured temperatures, current, and voltage are calculated, for each one-minute-
long measurement. The standard deviation of these mean values are negligible for current Al o =
+3.24 x 10 A, voltage AU, g = +1.89 x 107V, and temperature AT, ; = £2.96 x 10°K.

Uncertainty of the temperature

The Pt100s and thermocouples employed in the boiling cell and condenser, as well as the corresponding
data acquisition system, are calibrated prior to the experiments using a reference Pt100 in the tem-
perature range of 20 and 130°C. This reference Pt100 is calibrated in-house, resulting in an error of
ATy g = £0.063 K. Polynomials are utilized to fit the measurement data of the Pt100s and thermocou-
ples to the data of the reference Pt100. The maximum deviation between the fitted polynomials to the
reference temperatures is AT,y jowr = £0.046 K. The thermometers inside the copper heater are addi-
tionally calibrated in the temperature range of 130 and 300 °C using a reference thermocouple whose
measurement error is ATy, g = £0.07K. The maximum deviation between the fitted polynomials and
the reference temperatures is AT}y high g = £0.22K.

An additional uncertainty occurs due to the setup of the copper heater module. As seen in Figure 4.15,
the measurement tips of the thermometers TRO1, TRO2 and TRO3 are located inside the copper cylin-
der. This requires their removal and reinstallation when the boiling surface is changed. Although, the
diameter differences between the thermometers and their corresponding drill holes are very small, this
reinstallation process could result in slightly different positions of the thermometers. This results in an
additional temperature uncertainty of ATy, g = £0.17 K. Furthermore, temperature measurement un-
certainties occur due to sedimentation on the boiling surface for the experiments using ethanol as boiling
fluid. During the design of the experimental setup, great care was taken to ensure that all employed ma-
terials are chemically resistant to ethanol. The sediments prove that this is not the case. However, the
origin of the sediments remains unknown. To evaluate this additional error, test measurements were
performed beforehand. The error due to sedimentation is determined by a weeklong test measurement
t0 AT,eqp = £0.58K.

In addition to the temperature error, the uncertainty of the wall temperature is dependent on the uncer-
tainty of the heat flux, the manufacturing error of the thermocouple’s distance to the surface, and the
uncertainties of the physical properties of copper. The uncertainty of the physical properties, indepen-
dent of the material, is assumed to be £5%. The manufacturing error is As,, g = 0.1 mm. The wall
temperature uncertainty is calculated using Equation 4.16:

2 Sw 2 qel 2 qelsz 2
AT, =1\|(ATy) +(_)L_Aq61) +(— Asw) + Ay | - (4.16)
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This results in mean wall temperature errors of approximately AT, goy = £0.68K and AT, pc7p =
+0.31K for the measurements with ethanol and FC-72, respectively.

Uncertainty of the heat flux, heat transfer coefficient, and vapor volume flow

The uncertainty of the heat flux Aq, calculated using the electrical power supply to the ceramic heater
consists of two errors:

Ay = \/(Aqel,Cu)Z + (Aqel,PEEK)Z' (4.17)

Adg ¢y is determined with the measurement uncertainties of voltage, current, and the manufacturing er-
ror of the copper cylinder. A, pgrx is caused by heat loss through the insulating PEEK body surrounding
the copper cylinder. Overall, the heat flux error is approximately Aq, = £4% (. for all measurements
with a heat flux higher than ¢, = 35kWm™. The error increases to £10% for the measurements at the
lowest heat flux of approximately ¢, = 2kWm™.

The error due to manufacturing and measurement uncertainties is calculated by the following equation,

, I 2 vy 2 Ul 2
Aqel,Cu = IA_AUR + IA_AIR + _IQT AACu,R , (4.18)
Cu Cu Cu

assuming that the manufacturing error of the copper cylinder diameter is Ad¢, g = 0.2 mm. This results

in an error of the cross-section area of AAg, g = +11 mm?.
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Figure 4.17: Sketch (a) and simulation result (b) of the copper heater dissipating a heat flow of Q, =
830 W, which corresponds to a heat flux of g, = 860kW m at the boiling surface (surface
1). Surface 2 corresponds to the area of the PEEK body in contact with the fluid.

copper
PEEK

Pa—

4

gas
ceramic |
heater e
v

spring !

(a) (b)

4.3 Data evaluation for the copper heater module 57



The error due to heat loss through the PEEK body is determined by a simulation in COMSOL Multiphysics.
Figure 4.17 shows a sketch (a) and simulation result (b) of the copper heater. A heat flow of Q,, = 830 W
is supplied by the ceramic heater, which corresponds to a heat flux of 860 kW m at the boiling surface
indicated by a 1 in Figure 4.17a. {,; = 860kWm™ is the highest heat flux used in the experiments
in this thesis. The boundaries are treated as Cauchy boundary conditions, meaning that heat transfer
coefficients were dictated. The heat transfer coefficient at surface 1, a,,; = 60kWm?2K?!, corresponds
to the heat transfer coefficients observed during the experiments at similar heat fluxes. The heat transfer
coefficient at surface 2 (PEEK insulation) is a,, = 4kWm2K, which is significantly lower, since heat
transfer on the PEEK body is dominated by natural convection. To analyze the heat flux loss through
the PEEK insulation (surface 2 in Figure 4.17a), the heat flow dissipated through surface 1 is compared
to surface 2. The maximum heat flux loss through the PEEK insulation obtained by this method is
erprex = £3.7% - qq.

The alternative method of calculating the heat flux via the two resistance thermometers inside the copper
cylinder (Figure 4.15) results in heat flux uncertainties between +4.5 and £340%, depending on the
wall superheat. Thus, the heat fluxes shown in the results are calculated via the electrical power supplied

to the ceramic heater.

The error of the mean heat transfer coefficient is due to temperature measurement uncertainties and the

error of the heat flux, which is shown in Equation 4.19:

1 2 el ’ el ’
Aa. = (—Aq 1) + (——CAT ) +| ————=AT. . (4.19)
" 4 TW - Tsat ¢ (Tw - Tsat)2 v (Tw - Tsat)2 o

Depending on the heat flux, fluid, surface, and system pressure, this error is between £4 and +£28 % of

the calculated mean heat transfer coefficient.

The error of the vapor volume flow is due to the error of the cross-section area of the copper cylinder
(AACu =11 mmz), the uncertainties of the physical properties (£5 % of the corresponding values), and
the error of the heat flux:

. A 2 2 Acu )
AV = (AAqel) +(LAACU) +2(0.05qd—c‘1). (4.20)
Ahupv Ahypv Ahvpv

Depending on the heat flux, fluid, surface, and system pressure, this error is between +4 and +£12%
of the vapor volume flow. In addition, the vapor volume flow is calculated under the assumption that
the entire electrical heat flux is used for the evaporation of liquid. However, the exact amount of heat
dissipated by natural and forced convection is not possible to determine. Thus, an exact value for this
error cannot be given. For the corresponding diagrams, the reader should keep in mind that the vapor
volume flows presented in this thesis are higher than the actual values.
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Figure 4.18: Sketch showing the chances of burnout happening during a measurement.

The exact value of the critical heat flux is impossible to determine in the scope of this thesis. Burnout
is a slightly random event and it is assumed that the possibility of its occurrence in a certain time
period rises significantly once a certain heat flux is reached, as shown in Figure 4.18. As mentioned in
section 3.3.1, the first measurement point is taken at a slightly lower heat flux than the observed critical
heat flux. However, it was observed during experiments that burnout sometimes happened at this first
measurement point, after the measurements were already taken and the system was kept at the first
measurement point (t > 25min). In this case, the first measurement point would be situated in the heat
flux range showing the gradient in the possibility curve in Figure 4.18. Therefore, it is assumed that
the critical heat flux is in a heat flux range, with the upper limit being the heat flux where burnout was

observed and the lower limit being the second measurement point, where burnout was never observed.
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CHAPTER

Experimental Results and Discussion

In this chapter, the experimental results are presented and the scientific questions of this thesis are an-
swered. Since the experimental setup was constructed for this thesis, in the first step it is analyzed
whether the experimental results obtained with this new setup are comparable to literature data or
state of the art correlations. After establishing the validity of the experiments, the boiling process
of the uncoated copper surfaces is analyzed, followed by the results of the homogeneously coated
microstructured surfaces (20cu and 10cu). The first scientific question—How is the boiling process
affected by a microstructure, whose geometrical length scale is between the well-studied micropillars
and nanowires?—is answered and the necessity for an additional optimization of the microstructured
surfaces is displayed in this section. This leads to the answer of the second scientific question—Is it
possible to improve the boiling performance of said microstructure by adding a macrostructure, creating
a hierarchical structure?—in the following section, where the results of the optimized, hierarchical sur-
face are shown. Afterwards, the influence of the boiling fluid is discussed and a significant parameter,
the evaporation mode at the three-phase contact line, is analyzed in further detail, using the infrared
transparent heater. The third scientific question—Can an investigation of the boiling process on different
length scales enable a better understanding of the occurring boiling phenomena?—is answered in this

last section, as well.

5.1 Results of the uncoated copper surfaces

Firstly, the validity of the experimental setup is verified using the smooth copper surface. The results
obtained using the latter are compared to literature data and the Rohsenow correlation (Equation 2.5)
[124].
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5.1.1 Verifying the validity of the experimental results

Figure 5.1 shows the Nukiyama curves for the smooth copper surface Scu at various system pressures.
The results of ethanol as boiling fluid are visible in Figure 5.1a and the ones of FC-72 in Figure 5.1b. As
mentioned before, the results are obtained for decreasing heat fluxes. Additionally, measured data by
Dong et al. [28] and Rainey et al. [122] are presented in the figures, for reference. The data of Dong et
al. and Rainey et al. at 1.0 bar fit the experimental data at higher heat fluxes well. Under the assumption
that the boiling process does not change dramatically between 0.3 bar and 0.4 bar, the same is true for
the data at 0.4 bar using FC-72. The larger deviations at lower heat fluxes and the comparison to further
literature data will be addressed in section A.2 in the appendix.

In addition to literature data, the experimental results are compared to the well-known Rohsenow cor-
relation (Equation 2.5) [124]. In Figure 5.2, the Nukiyama curves for the smooth copper surface Scu,

various system pressures, and fluids ((a) ethanol, (b) FC-72) are compared to Rohsenow’s correlation. In
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Figure 5.1: Nukiyama curves for the smooth copper surface Scu at various system pressures obtained with
ethanol (a) and FC-72 (b) as well as literature data.
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Figure 5.2: Nukiyama curves for the smooth copper surface Scu at various system pressures obtained with
ethanol (a) and FC-72 (b) in comparison to the Rohsenow correlation [124].
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said correlation, the factor Cy accounts for the influence of fluid-surface combinations. This parameter
was fitted onto the experimental data resulting in Cg oy = 0.0095 and Cgpc7, = 0.0038. For FC-72,
the value of C is very close to the one reported by Priarone [118] Cgtpyiarone = 0.003 93. For ethanol, no
suitable data for C could be found. The value reported by Pioro [114] C pjor, = 0.000 79 was evaluated
for the heat flux range of 2.1 and 26 kW m2, which is significantly smaller compared to the heat flux data
presented here, ranging up to 800 kW m2. In the experimental Nukiyama curves, bends are visible at low
heat fluxes resulting from the increasing importance of natural convection at low heat fluxes, since parts
of the surface are no longer in the nucleate boiling regime, which is shown in Figure A.1 in the appendix.
For results obtained with ethanol as boiling fluid, those bends are at heat fluxes of approximately 20 to
40kWm™, depending on the system pressure. The large discrepancy between the fitted Cst pron Vvalue
and the one reported by Pioro is probably due to the regime change at low heat fluxes present in the
experimental data. Nevertheless, the fitted C .oy value is close to the universally recommended value
of Cqf rohsenow = 0.013 [16].

The exponents a of the Rohsenow correlation were set to the recommended value [124] of 0.33 for
both fluids, while the exponent b was set to the recommended value of 1.7 for FC-72. For ethanol, an
exponent of b = 1, the recommended value for water [148], fits the data better than using a value of
1.7. The mean deviations between the experimental data and the correlations are approximately 17 %
and 10.5 % for ethanol and FC-72, respectively. However, as mentioned before, there is a change in the
boiling regime at lower heat fluxes. If only fully developed nucleate boiling is considered, the mean
deviations drop to approximately 12% for ethanol and 8.3 % for FC-72. The values of the exponents a
and b are not fixed values [124], but were established by Rohsenow’s available correlating data. Other
researchers [114, 118, 148] report different values for the exponents. If the values of a, b, and C are
determined by fitting the presented heat flux data, the sets of parameters are ag,oy = 0.16, bg,oy = 0.6,
and Cypop = 0.023 for ethanol, and apc.75 = 0.2, bpc7o = 1.49, and Cyspc.72 = 0.0064 for FC-72. For
fully developed nucleate boiling, the mean deviations decrease to 3.5 % for ethanol and 5.5 % for FC-72,

respectively.

In conclusion, the heat transfer data of the smooth copper surface obtained by this novel experimental
setup are comparable to available literature data. Also, the results can be approximated by a well-known
correlation with the typical accuracy ( < 20% [16, 114, 115, 148]) of correlations for nucleate boiling.
Thus, it is established that the results obtained with this setup are not impacted by larger systematic
errors, caused by inert gases, contaminations, etc. Additionally, further differences in the data obtained
with different boiling surfaces compared to the smooth copper surface can be attributed directly to the

impact of the boiling surface on nucleate boiling.

5.1.2 Boiling performance of the uncoated copper surfaces

In this section, most of the results are presented for the technical copper surface, as the findings for
the technical copper surface and the smooth copper surface are very similar. In case there are significant
differences, the results of both surfaces are presented, otherwise the results of the smooth copper surface
are shown in the appendix. The results of the technical copper surface using FC-72 at a system pressure
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of 5.0 bar are obtained for increasing heat fluxes. However, the Nukiyama curves for the technical copper
surface using FC-72 are very similar, whether they are obtained with increasing or decreasing heat fluxes,
as shown in Figure A.2 in the appendix.

5.1.2.1 Nukiyama curves and heat transfer coefficients

Figure 5.3 shows the Nukiyama curves for the technical copper surface Tcu at various system pressures.
The results for ethanol are presented in Figure 5.3a, while the ones for FC-72 are visible in Figure 5.3b.
Similar to the results of the smooth copper surface, the wall superheat decreases and the critical heat
flux increases as system pressure increases. This decrease of wall superheat increases the heat transfer
coefficient for a specific heat flux, which is shown in Figure 5.4. The results obtained for the technical
copper surface Tcu using ethanol are presented in Figure 5.4a and the ones using FC-72 are shown in
Figure 5.4b. The results of the smooth copper surface Scu show the same phenomena and are presented
in Figure A.3 in the appendix.
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Figure 5.3: Nukiyama curves for the technical copper surface Tcu at various system pressures obtained
with ethanol (a) and FC-72 (b).

v 50— 1 & T & T 1 N L T T~ T T T T 1

= (a) ethanol |I-|A _ “"E a0 (0) FC-72 . %I _

= 40 - 2 A ;

=~ A ~

= & ® EtOH o FC-720.4bar | = 30 i -

© 307 S | ® EtOH 0 FC-720.7bar | & | A |

£ {|v EtOH v FC-72 1.0 bar | £

2 504 ® o, | # EtOH © FC-723.0bar | & 204 A .

© R || A EtOH A FC-725.0bar | © il

G % % 10 gdo

2 10+ ¥ . g 1094 & ﬂﬁu ]

£ | a g ¥y o ]

g 0 ﬁ . § 0~ $#¥ |

< I ! I ! I ! I ! I ! = I ! I ! I ! I ! I ! I !
0 200 400 600 800 0 50 100 150 200 250

heat flux / kW m™ heat flux / kW m™

Figure 5.4: Heat transfer coefficients for specific heat fluxes obtained for the technical copper surface
Tcu using ethanol (a) and FC-72 (b) at various system pressures.
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Figure 5.5: Mean bubble diameters at various system pressures obtained for the technical Tcu and
smooth copper surface Scu using ethanol and FC-72 as boiling fluids.

One of the main reasons for the increase in heat transfer coefficient with higher system pressure for a
specific heat flux is the increased nucleation site density. Based on Equation 2.3, the superheat necessary
to activate a certain cavity size decreases with increasing pressure, leading to lower wall superheats for
a given surface. Corresponding to the increased nucleation site densities, bubble diameters decrease
with increasing pressure, which is shown in Figure 5.5 and is well documented in literature [4, 19,
39, 135, 136]. Smaller bubble diameters result in an increase in total three-phase contact line length
for a specific heat flux, experimental parameters, and evaluated time period compared to diametrically
larger bubbles. Due to thin liquid films being present in the vicinity of the three-phase contact line,
high heat fluxes can be transferred [96, 130, 138, 142]. This could lead to lower wall superheats and
in turn to higher heat transfer coefficients. Additionally, it is assumed that smaller bubbles also cause
increased flow turbulence close to the wall, due to more rapid departure events, which further increases
the heat transfer coefficient. The growth and departure of bubbles induce liquid motion due to the
density difference between liquid and vapor. In case of small bubbles nucleating close to each other, it is
assumed that this liquid motion is more turbulent, which increases heat transfer.

Besides the increased heat transfer coefficients for specific heat fluxes, the maximum heat transfer coef-
ficients increase at higher system pressures, which corresponds to higher critical heat fluxes. At higher
heat fluxes and, thus, higher wall superheats, additional nucleation sites can be activated. Addition-
ally, as the bubble departure frequency increases, both phenomena cause an increasing heat transfer
coefficient, until shortly before critical heat flux is reached.

For further evaluation, the experimental results are compared to the well-known Gorenflo correlation
(Equations 2.6) [140]. The reference heat transfer coefficients of the correlation are experimental values
at 30 and 80 kW m™ for FC-72 and ethanol, respectively, both at 1.0bar. Figure 5.6 shows the ratios of
heat transfer coefficients to the aforementioned references for specific heat fluxes and reduced pressures
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Figure 5.6: Ratio of heat transfer coefficient to reference heat transfer coefficient for specific heat fluxes
at reduced pressures obtained for the technical copper surface Tcu using ethanol (a) and
FC-72 (b) compared to Gorenflo’s correlation [ 140].

(p, = p/p.)". The figure presents the data of the technical copper surface Tcu for both fluids. For ethanol
and FC-72, the correlation fits the experimental data at lower reduced pressures well. However, the ratio
of heat transfer coefficients at the highest reduced pressure is lower compared to the correlation for both
fluids. The data of the smooth copper surface Scu can be found in Figure A.4 in the appendix. For both
fluids, the results of the smooth copper surface show a similar trend to the results of the technical copper
surface (Figure 5.6). At lower reduced pressures, the correlation mostly fits the experimental data for
both fluids. However, at high reduced pressures the heat transfer coefficient ratios are significantly lower,
when compared to the correlation.

5.1.2.2 Critical heat fluxes

Besides the heat transfer coefficient, the critical heat flux is the second important parameter judging
the boiling performance of a surface. As mentioned before, the critical heat flux increases with ris-
ing system pressure. This increase in critical heat flux could be due to a lower vapor volume flow
created on top of the boiling surface. At py,pon = 0.4bar, the vapor volume flow shortly before
critical heat flux is Vgopsea = 0.531™ (at dgiop e = 325.16 kW m™), while at pgypon = 5.0bar, the
volume flow decreases to VEtOH,Scu =0.151s! (at droH,scu = 825.67 kW m'z). For FC-72, the values are
Vic.7a.sea = 0.2015 (at dpc. seq = 108.07kWm2) and Vig 75 seu = 0.0415 (at dpe.seq = 186.36 kWm'2),
respectively. However, the vapor volume flow cannot be the only influencing parameter, or otherwise the
critical heat fluxes would be even higher at increased system pressures. According to the hydrodynamic
model of Zuber (Equations 2.7) [168], the unstable Helmholtz velocity and the Rayleigh-Taylor wave-
length both decrease for increasing pressure, due to physical property changes of the fluid. Compared to
the correlation of Zuber, the experimentally determined critical heat fluxes for the smooth copper surface
Scu are smaller using ethanol as boiling fluid, which is shown in Figure 5.7a. The results obtained using
FC-72 fit the correlation within the measurement uncertainties, as shown in Figure 5.7b.

1 p.is the critical pressure of the corresponding fluid
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Figure 5.7: Critical heat fluxes for the smooth copper surface Scu at various system pressures using
ethanol (a) and FC-72 (b) compared to the correlations of Zuber [168], Kandlikar [62], and
Yagov [158].

Along with the correlation of Zuber, the correlations of Yagov (Equations 2.11) [158] and Kandlikar
(Equation 2.8) [62] are compared to the experimental data as well. The latter incorporates the receding
contact angle. This value, however, is not measureable with the necessary accuracy in this experimental
setup. Thus, the correlation of Kandlikar has to be fitted onto the experimental data resulting in a
receding contact angle of ©,. s, = 65° for both fluids. This receding contact angle might disagree
with the contact angle measurements under ambient conditions, where both fluids wetted all copper
surfaces well, as mentioned in section 3.2.2. However, contact angles can increase drastically under
rapid evaporating conditions [123]. The correlation of Yagov assumes that burnout is triggered by
formation and growth of dry spots beneath growing bubbles, which cannot be rewetted completely after
bubble departure. The correlation predicts slightly lower critical heat fluxes compared to the other
correlations and the experimental data for both fluids. The correlation of Theofanous and Dinh [143],
which is described in section 2.3.2, does not fit the results of the copper surfaces well, hence it is not
included in the corresponding figures. Although, the correlation is formally similar to the correlation
of Zuber, the value of the parameter K differs, which is responsible for the discrepancy between the
correlation and the experimental results.

Figure 5.8 shows the experimentally determined critical heat fluxes for the technical copper surface Tcu
using ethanol (a) and FC-72 (b) as boiling fluids, compared to the correlations of Zuber [168], Kandlikar
[62], and Yagov [158]. The results obtained with ethanol as boiling fluid show a similar trend compared
to the smooth copper surface. The experimentally determined critical heat fluxes are smaller than the
correlation of Zuber but larger than the correlation of Yagov. The same receding contact angle is used
to fit the correlation of Kandlikar, ©,¢ sey/eurron = 65°, as is used for the smooth copper surface. For
FC-72, the results are significantly larger than the correlation of Yagov and comparable to the correlation
of Zuber at system pressures below unity. Consequently, a smaller receding contact angle is used to fit
the correlation of Kandlikar to the experimental data, ©,e. ey rc.72 = 43°, which is significantly lower
compared to the receding contact angle of the smooth copper surface @, scyrc.72 = 65°. While it could
be possible that the receding contact angle is much lower on the technical copper surface, the more likely
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Figure 5.8: Critical heat fluxes for the technical copper surface Tcu at various system pressures using
ethanol (a) and FC-72 (b) compared to the correlations of Zuber [168], Kandlikar [62], and
Yagov [158].

explanation for the enhanced critical heat fluxes is the higher surface roughness of the technical copper
surface. Although it is still a subject of debate, several researchers [7, 68] have linked their critical heat
flux enhancements to surface roughness.

Based on the imbibition experiments in section 3.2.2, higher critical heat fluxes using ethanol were
predicted for the technical copper surface compared to the smooth copper surface. The critical heat fluxes
for FC-72 should be similar for the technical and the smooth copper surface. The opposite behavior is
now observed in boiling experiments. This begs the question, whether the results of an isothermal

imbibition experiment performed under atmospheric conditions are transferable to nucleate boiling.

5.1.2.3 Influence of surface roughness

To determine if the enhanced critical heat fluxes observed for the technical copper surface are due to a
reduced receding contact angle or the higher surface roughness compared to the smooth copper surface,
the results of the technical copper surface are compared to a correlation developed by Kim et al. [68].
Their correlation is based on Kandlikar’s and incorporates surface roughness parameters, as shown in
Equation 5.1:

0. 1+c058

Geur = KAR,p2° [og (p1—py) e

2 4L cos®. Ra 1°°
[— - % (1+cos®,..) + = ] . (5.1
i

(1 +cosO,.)Sm

The factor K is set to unity, since it was introduced by Kim et al. to accommodate for differences in
critical heat flux of their smooth surface compared to those of other researchers. Since the critical heat
fluxes of the smooth copper surface presented in this thesis are comparable to several correlations, the
inclusion of this adjustment parameter is deemed unnecessary. The fitted receding contact angle of the
smooth copper surface ©,.. s, rc72 = 65° is used in the correlation instead of the contact angle of the
technical copper surface, since the enhancement of the critical heat flux of the technical copper surface is
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Figure 5.9: Critical heat fluxes for the technical copper surface Tcu at various system pressures obtained
with FC-72 compared to Zuber's [168] and Kim's [68] correlations.

believed to result from the difference in roughness and not a difference in contact angle. A small mistake
is undoubtedly made, since the contact angles on the technical copper surface should be smaller than
the ones on the smooth copper surface, according to Wenzel [156]. However, since the receding contact
angles are not measured but fitted, the additional error is deemed negligible. The roughness parameter
Sa of the technical copper surface is used instead of the line roughness parameter Ra. According to
Kim et al., Sm in Equation 5.1 is the mean spacing of the surface roughness. Since the technical copper
surface lacks the oriented roughness of the surfaces presented by Kim et al. in their publication, the
measured peak density Spd = 38.1 um is employed as Sm.

In Figure 5.9, the critical heat fluxes measured using FC-72 for the technical copper surface Tcu at various
system pressures are compared to the correlations of Zuber [168], which serves as a reference, and Kim
et al. [68]. The correlation of Kim et al. fits the measured critical heat fluxes relatively well for the
same empirical parameter L = 87.8, despite the fact that the surface roughness of the technical copper
surface is not oriented, which made the determination of Sm difficult. Perhaps the peak density Spd is
the equivalent parameter to Sm, when dealing with isotropic surface roughness. However, this has to be
investigated with additional surfaces before a recommendation can be given.

Besides critical heat flux, the roughness difference of the two uncoated copper surfaces presumably also
influences the wall superheat and, therefore, the heat transfer coefficient, which is visible in Figure 5.10.
Independent of the system pressure, the wall superheats measured using FC-72 as boiling fluid of the
technical copper surface Tcu are lower compared to corresponding superheats of the smooth copper
surface Scu (Figure 5.10a). This in turn results in higher heat transfer coefficients, as shown in Figure
5.10b. The difference is likely due to increased nucleation site densities on the technical copper surface,
which is shown in Figure 5.11. This figure shows b&w images of the boiling process at a specific heat
flux of g, = 20kW m™ and various system pressures on the technical copper surface Tcu and the smooth
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Figure 5.10: Comparison between the results obtained for the technical copper surface Tcu and the
smooth copper surface Scu with FC-72 as boiling fluid at various system pressures. On the
left hand side the Nukiyama curves are presented (a), while on the right hand side the heat
transfer coefficients are shown (b).

copper surface Scu. At 0.4bar, no visible difference can be noticed, but at higher pressures the bubble
densities seem to be higher on the technical copper surface compared to the smooth copper surface.
However, similar to the critical heat fluxes, this difference is only visible if FC-72 is used as boiling fluid.
The corresponding figures using ethanol are presented in Figure A.5 in the appendix.

Assuming that the increased nucleation site densities are caused by additional cavities due to the higher
roughness of the technical copper surface, the question remains why the measurements using ethanol are
not similarly affected. A similar behavior was also observed by Jones et al. [58], using water and FC-72.
This could be caused by the fact that the activated cavity size at a certain superheat is lower for FC-72
compared to ethanol (RGN’FC_72 = 1.5nm, and R,y gon = 2.6nm at 1.0bar and 10K superheat) (deter-
mined by Equation 2.3). Of course, this cavity radius is significantly smaller than the observable grooves,
which cause the higher roughness value of the technical copper surface. However, small cavities could be
formed in said grooves. Additionally, those values are based on thermodynamic equilibrium. However,
processes happening during bubble growth are seldom in thermodynamic equilibrium. The actual wall
superheats are significantly larger than the necessary superheats, which in turn, leads to the small cavity
sizes [6]. In addition, the fluids were degassed and are well wetting, which might lead to discrepancies
when using Equation 2.3 to calculate the cavity sizes, as discussed in section 2.1.2. Nevertheless, the
different critical cavity radii could give an idea why a different behavior is observed for the two fluids. A

decisive answer, however, cannot be given.

All in all, the experimental results of the two uncoated copper surfaces show a decrease in wall superheat
and, therefore, an increase in heat transfer coefficient with increasing system pressure for both fluids.
This pressure dependency is described reasonably well by well-known correlations, especially for the
technical copper surface at lower system pressures. The critical heat fluxes observed for the two surfaces
are comparable to values predicted by the correlations of Zuber and Yagov, with the exception of critical
heat fluxes obtained for the technical copper surface and FC-72 at high system pressures. Presumably,
due to the higher surface roughness, the critical heat flux increases. Similar to critical heat flux, higher
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Figure 5.11: Images showing the boiling phenomenon at a heat flux of 20kWm™, at various system
pressures obtained for the two uncoated copper surfaces, Scu and Tcu, using FC-72 as boiling
fluid.

heat transfer coefficients are observed for the technical copper surface compared to the smooth copper
surface if FC-72 is used as boiling fluid, which is presumably due to higher nucleation site densities.
The reason for the different boiling behavior using ethanol and FC-72 remains unknown. It is possible
that additional nucleation sites present on the technical copper surface could be activated more easily, if
FC-72 is used.

5.2 Results of the homogeneously structured surfaces

As mentioned earlier, all the experiments were performed with decreasing heat fluxes starting close to
critical heat flux, with the exception of the data of the technical copper surface with FC-72 and a system
pressure of 5.0 bar. The reason for this procedure is explained in the following section.

5.2.1 Boiling performance for increasing heat fluxes

A more detailed description and analysis is presented in the author’s paper dedicated to this topic [167].
During pilot tests, it was observed that the surface of the long microstructured heater was not fully
activated until shortly before critical heat flux. This phenomenon was also discovered for the technical
copper surface. Both boiling surfaces pass through the following boiling regimes with increasing heat
flux:

(1) natural convection regime

(2) partially activated isolated bubble regime
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(3) fully activated isolated bubble regime
(4) slugs and columns regime
(5) film boiling regime

However, the extent of each individual regime differs depending on the surface, which is shown in Fig-
ure 5.12. There, images are presented of the boiling phenomenon taking place on the technical copper
surface Tcu and the long microstructured surface 20cu at various heat fluxes and a system pressure
of pys = 1.75bar. At the lowest heat flux of ¢ = 20 kWm2 both surfaces are in the partially acti-
vated isolated bubble regime (2), visible by the surfaces not being completely covered with nucleation
sites. The technical copper surface transitions into the fully activated isolated bubble regime (3) at
g = 50kWm™ and transitions into the slugs and columns regime (4) at ¢ = 110kW m™. In contrast, the
long microstructured surface stays in the partially activated isolated bubble regime and transitions either
straight into the slugs and columns regime (4), which is shown in Figure 5.12(4) or exhibits a short fully
activated isolated bubble regime before transitioning into the slugs and columns regime. This distinct
behavior is also visible in the Nukiyama curves of the two different surfaces.

Figure 5.13 shows double logarithmic Nukiyama curves at various system pressures using FC-72 as boil-
ing fluid. The results of the technical copper surface Tcu are presented in Figure 5.13a, while the results
of the long microstructured surface 20cu are visible in Figure 5.13b. Furthermore, the extents of the par-
tially activated isolated bubble regime are indicated by red solid lines. In contrast to the technical copper
surface, the extents of the different regimes cannot be identified so easily for the long microstructured
surface. For the technical copper surface, the partially activated isolated bubble regime (2) is clearly

() () ) (4)

Teu

Figure 5.12: Images showing the boiling phenomenon at various heat fluxes on the technical copper sur-
face Tcu and the long microstructured surface 20cu at a system pressure of py,, = 1.75bar us-
ing FC-72 as boiling fluid. The surfaces transition from (2) the partially activated isolated bub-
ble regime via (3) the fully activated isolated bubble regime into (4) the slugs and columns
regime.
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Figure 5.13: Nukiyama curves for the technical copper surface Tcu (a) and the long microstructured sur-
face 20cu (b) at various system pressures obtained with FC-72 with corresponding boiling
regimes. The solid red lines indicate the regime boundaries of the partially activated isolated
bubble regime.

visible, since the wall superheat does not increase significantly in this regime. With increasing heat flux,
additional nucleation sites are activated, while the superheat stays nearly constant. Once the entire
surface is activated, the wall superheat starts to increase with rising heat fluxes. Besides the different
extents of the boiling regimes, the differing pressure dependencies of the two surfaces are also shown in
Figure 5.13. The results of the technical copper surface show a clear pressure dependency, similar to the
results of decreasing heat fluxes, which are visible in Figure 5.3. The results of the long microstructured
surface, however, show no distinct pressure dependency, which is in opposition to the results presented
in Figure 5.14 for decreasing heat fluxes. The lack of pressure dependency is not caused by the presenta-
tion of the data in a double logarithmic diagram, since the linear diagrams show a similar trend, which
are presented in Figure A.6 in the appendix. The presumed reason is the superposition of the effects
causing the pressure dependency and the partially activated isolated bubble regime. Such an overlap
of effects should be avoided, since it complicates the identification of parameters, which cause specific
changes in the boiling process. This problem is avoided by starting at high heat fluxes slightly below
critical heat flux, where the entire surface is activated and reducing the heat flux in a stepwise manner.
The once activated nucleation sites stay active until much lower superheats, suppressing the partially

activated isolated bubble regime.

5.2.2 Boiling performance of the homogeneously structured surfaces

This section focuses on the first scientific question of this thesis—How is the boiling process affected by a
microstructure, whose geometrical length scale is between the well-studied micropillars and nanowires?
To address this question, the boiling performance of the two homogeneously structured surfaces 20cu
and 10cu are analyzed and compared to the phenomena observed on the two uncoated surfaces. In case
the boiling behavior of both microstructured surfaces is very similar, the results of the short microstruc-
tured surface are shown in the following section, while the results of the long microstructured surface

are presented in the appendix.
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5.2.2.1 Nukiyama curves

In Figures 5.14 and 5.15 Nukiyama curves for the long and short microstructured surfaces, 20cu and
10cu, respectively, are presented. The results of the ethanol measurements are visible on the left (a),
while the results using FC-72 are shown on the right (b). Similar to the results of the uncoated cop-
per surfaces, critical heat flux increases with higher system pressure. In addition, the wall superheat
decreases with increasing system pressure, with the exception of the measurements for the long mi-
crostructured surface using ethanol (Figure 5.14a). For ethanol, the wall superheat increases between
1.0bar and 3.0bar and reduces again at a system pressure of 5.0bar. Additionally, the shapes of the
Nukiyama curves change from a "sigmoid-shape" to a "power-law-shape" at higher pressures. The exper-
iments using FC-72 show this "power-law-shape" as the typical shape of boiling curves over the entire
pressure range. The results of the short microstructured surface using ethanol show a less pronounced
change in shape of the boiling curve at 5.0 bar, which is accompanied by a less significant decrease in

wall superheat.
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Figure 5.14: Nukiyama curves for the long microstructured surface 20cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b).
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Figure 5.15: Nukiyama curves for the short microstructured surface 10cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b).
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Figure 5.16: Nukiyama curves at various system pressures using ethanol for the long microstructured sur-
face 20cu (a) and short microstructured surface 10cu (b).
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Figure 5.17: Mean bubble diameters at various system pressures using ethanol and FC-72 obtained for the
technical Tcu, the smooth Scu, the long microstructured 20cu, and the short microstructured
surface 10cu.

To establish whether this change in boiling behavior for the two surfaces is gradual or sudden, additional
experiments between 1.0bar and 3.0bar (20cu) and 1.0bar and 5.0bar (10cu) were performed using
ethanol (Figure 5.16). These experiments indicate that the change from a "sigmoid-shape" to a "power-
law-shape" of the boiling curve happens between 2.5 bar and 3.0 bar for the long microstructured surface
20cu (Figure 5.16a) and between 4.0 bar and 5.0 bar for the short microstructured surface 10cu (Figure
5.16b). A reason for this change in the boiling behavior might be the existence of a critical bubble size
to wire length ratio. At higher system pressures, the bubble diameters are smaller, which is shown for
the uncoated and the homogeneously structured surfaces in Figure 5.17. Considering the smaller needle
length of 10cu, this would result in a change in boiling curve shape at higher system pressures compared
to the long microstructured surface, which is observed in the experiments. The absence of a change in
the Nukiyama curves of FC-72 could be explained by the smaller bubble diameters. This theory, however,
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Figure 5.18: Nukiyama curves for the short microstructured surface 10cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b) in comparison to Rohsenow’s correlation [124].

cannot be proven because the exact interactions between the growing bubbles and the needles cannot
be visualized in the scope of this thesis.

To establish, how this change in the boiling behavior affects the comparability to a correlation, the
boiling curves of the microstructured surfaces are compared to the correlation of Rohsenow (Equation
2.5) [124]. The results of the long microstructured surface 20cu are presented in Figure A.7 in the
appendix. Figure 5.18 shows the Nukiyama curves for the short microstructured surface 10cu at various
system pressures in comparison to Rohsenow’s correlation [124]. The results for ethanol are shown in
Figure 5.18a, while the ones using FC-72 are visible in Figure 5.18b. The experimental data, obtained
with the short microstructured surface using FC-72, are in good agreement with Rohsenow’s correlation.
The deviations are between 5 and 14 % using the parameter set of apc.75 = 0.33, bpcso = 1.7, and
Cstrc72 = 0.0015. The deviations for the long microstructured surface are larger with 17 and 24 %.
At least for the short microstructured surface, this suggests that the changes in wall superheat with
increasing pressure are due to temperature and pressure dependencies of the physical properties of the
fluid, and not interactions between the surface structure and nucleating bubbles.

However, the experimental data obtained with ethanol and both homogeneously microstructured sur-
faces does not fit the correlation very well. Besides the different shapes of the boiling curves, the devia-
tions between the experimental results and the correlation are large as well, with 20 to 25 % for the short
microstructured surface and 23 to 40 % for the long microstructured surface. These large deviations are
mainly caused by the changes in boiling curve shape discussed in the previous paragraph. The parameter
set for the Rohsenow correlation of the short microstructured surface are ag, oy = 0.33, bgoy = 1, and
Cst rron = 0.004.

Compared to the smooth copper surface, the same parameters .oy pc.72 and bgop pc.7o are used. How-
ever, the value of C oy is significantly smaller (Csf’EtOH’locu = 0.004, Cytpion.scu = 0.0095). The same is
true for the experiments with FC-72 (Csf’FC_n,lOcu =0.0015 and Cgpc 72,500 = 0.0038).
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5.2.2.2 Heat transfer coefficients

The difference in the fitted parameters observed above is presumably caused by the significantly smaller
wall superheats obtained by measurements using the homogeneously structured surfaces compared to
the smooth surface. In turn, this results in higher heat transfer coefficients at specific heat fluxes, which
is shown in Figure 5.19. There, the heat transfer coefficients for specific heat fluxes for the short mi-
crostructured surface 10cu at various system pressures using ethanol (a) and FC-72 (b) are presented.
For comparison, the results of the smooth copper surface Scu at system pressures of 0.4 and 5.0 bar are
shown as well. Similar to the results of the smooth copper surface, the heat transfer coefficients increase
for increasing heat flux and system pressure. At a specific system pressure and heat flux, the heat transfer
coefficients measured for the short microstructured surface are significantly higher, than the heat trans-
fer coefficients of the smooth copper surface. This is presumably caused by the higher surface roughness,
the larger area in contact with the fluid, and the smaller bubble diameters for a specific system pressure,
which is shown in Figure 5.17. The identification of the exact contribution of each parameter is not
possible. However, it is clear that the increased surface area does not directly correlate with the heat
transfer coefficient, since the overall heat transfer improvement is in the best-case scenario 2.8, while the
area is increased by a factor of 9.3. The results of the long microstructured surface 20cu are presented

in Figure A.8 in the appendix.

The Tables 5.1 and 5.2 show the heat transfer coefficient enhancement ratios at specific heat fluxes
and various system pressures using ethanol and FC-72 as boiling fluids, respectively. The enhancement
ratios, which compare the heat transfer coefficients of the microstructured surfaces 20cu and 10cu to
the smooth copper surface Scu, reach 2.8 for both fluids. At lower system pressures, the enhancement
ratios of the long microstructured surface are slightly larger compared to the short microstructured
surface and vice versa at higher system pressures. When comparing the enhancement ratios of the two
microstructured surfaces to the technical copper surface Tcu using FC-72 as boiling fluid, they are smaller
because the technical copper surface’s roughness enhances the boiling process, as discussed in section
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Figure 5.19: Heat transfer coefficients for specific heat fluxes obtained for the short microstructured sur-
face 10cu and smooth copper surface Scu using ethanol (a) and FC-72 (b) at various system
pressures.
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Table 5.1: Heat transfer coefficient enhancement ratios at a specific heat flux and various system pres-
sures using ethanol as boiling fluid.

alOcu/aScu alOcu/aTcu aZOcu/aScu aZOcu/aTcu

e = 220kWm™

0.4 bar 2.20 2.00 2.43 2.20
1.0bar 2.48 2.42 2.81 2.50
5.0bar 1.93 1.96 1.72 1.75

Table 5.2: Heat transfer coefficient enhancement ratios at specific heat fluxes and various system pres-
sures using FC-72 as boiling fluid.

alOcu/aScu alOcu/aTcu a20cu/aScu aZOcu/aTcu

4o = 92kWm™

0.4 bar 2.75 1.78 2.77 1.80
1.0bar 2.59 1.75 2.33 1.58
g = 130kWm™2

5.0bar 2.26 1.40 1.54 0.96

5.1.2.3. Overall, the enhancement ratios are larger at lower system pressures, which correlates to the
larger reduction in bubble diameter, shown in Figure 5.17.

Focusing on the pressure dependency of the heat transfer coefficients of the two homogeneously struc-
tured surfaces, the experimental data is compared to Gorenflo’s correlation (Equations 2.6) [140]. The
reference heat transfer coefficients necessary for the correlation are experimental values at 30 and
80kWm™ for FC-72 and ethanol, respectively, both at 1.0bar. Figure 5.20 shows the ratios of the
experimentally determined heat transfer coefficients to the mentioned references at different reduced
pressures. The results of the long microstructured surface 20cu are presented in Figure A.9 in the ap-
pendix. For both surfaces, it is observable that the pressure dependency of the heat transfer coefficients
is significantly lower than the dependency predicted by the correlation. At higher reduced pressures, the
deviations between the results of the microstructured surfaces and the correlation are larger compared
to deviations of the uncoated surfaces, for both fluids respectively. In addition, deviations at lower sys-
tem pressures and higher heat fluxes are observable as well for the microstructured surfaces. Besides
the reduced pressure dependency of the measured heat transfer coefficients, the roughness of the mi-
crostructured surfaces could be another important factor resulting in deviations between the measured
data and the correlation. In Gorenflo’s correlation, the roughness of a surface is accounted for by its
mean arithmetic roughness. However, it is assumed that the correlation considers the surface roughness
to be caused by scratches and grooves. While having similar arithmetic surface roughness, this surface
structure is very different compared to the microstructures investigated in this thesis. The impact of
microstructures on the boiling process is not limited to the roughness value, but other effects like liquid
imbibition into the structures could have a significant impact [110].
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Figure 5.20: Ratios of heat transfer coefficient to reference heat transfer coefficient for specific heat
fluxes at reduced pressures obtained for the short microstructured surface 10cu using
ethanol (left) and FC-72 (right) compared to Gorenflo’s correlation [140].

The correlations of Gorenflo and Rohsenow were established for smooth and rough uncoated surfaces.
They are only partially suited to predict the boiling process for a microstructured surface. Therefore, the
experimental data is compared to two correlations developed for a nanostructured surface [88] and a
surface with micropillars [50]. Unfortunately, a correlation could not be found that was developed using
a microstructure with higher geometrical similarities to the two homogeneously structured surfaces. Li et
al. [88] did experiments using nickel surfaces with different surface treatments, ranging from chemical
enhancement of the wettability to nanostructuring with nano cones. They used water as boiling fluid
at atmospheric pressure and established the following correlation (Equations 5.2), which is based on
Rohsenow’s correlation [124]:

AR . = 0.33
AT,,, =0.013=72 038 | T pr, (5.2a)
1 Ahymy \ g (p1—py)
0.02
5.45 A
Csf:rv1—cos®[1+ 5 ]( prcw) , ©=max(©,15°). (5.2b)
(Ra—3.5)"+2.61 APiCy)

Ho et al. [50] did measurements using FC-72 at atmospheric pressure with different micropillared
surfaces made of AlSi10Mg. They also based their correlation (Equations 5.3) on Rohsenow’s correlation:

Ah el 5 "
AT, = ”cf[ = ] pr3>, (5.3a)
ey LA \ g(oi—py)
Cy = 3.21 x 107 00469 (5.3b)
n=1.2163r7009743, (5.3¢0)
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Figure 5.21: Nukiyama curves for the short microstructured surface 10cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b) in comparison to the correlation of Li et al. [88].
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Figure 5.22: Nukiyama curves for the short microstructured surface 10cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b) in comparison to the correlation of Ho et al. [50].

Figures 5.21 and 5.22 show Nukiyama curves comparing the results of the short microstructured surface
10cu to the correlations of Li et al. (Equations 5.2) [88] and Ho et al. (Equations 5.3) [50] at various
system pressure. The results using ethanol are shown on the left (a) and the ones using FC-72 on the
right (b). Obviously, the experimental results fit neither correlation well. If FC-72 is used as boiling
fluid, the mean deviations are smaller. However, they are still between 16 and 33 % for the correlation
of Li et al. and between 74 and 81 % for the correlation of Ho et al. The large deviations between the
experimental results and the correlations could be due to the large roughness factor of r = 9.29, the ratio
of the wetted surface area to the surface area of a smooth surface with the same dimensions. This is a
theoretical value, since the real value could not be analyzed in the scope of this thesis. The real value is
likely smaller than the theoretical one, because the microneedles are slightly tilted and they form small
agglomerations. Still, even if the real value is slightly smaller, it is presumably still significantly larger
than the ones of the surfaces of Li et al. (approximately r = 1.2) and Ho et al. (r = 1.25 to r = 3.74).
Besides the larger roughness factors, the microstructural geometry of the two homogeneously structured
surfaces differs from the surfaces used by Li et al. and Ho et al., which can have a significant impact on

the boiling process [71].
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Figure 5.23: Nukiyama curves for the long microstructured surface 20cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b) in comparison to the correlation of Li et al. [88].
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Figure 5.24: Nukiyama curves for the long microstructured surface 20cu at various system pressures ob-
tained with ethanol (a) and FC-72 (b) in comparison to the correlation of Ho et al. [50].

Figures 5.23 and 5.24 show Nukiyama curves comparing the results of the long microstructured surface
20cu with the correlations of Li et al. (Equations 5.2) [88] and Ho et al. (Equations 5.3) [50] at
various system pressures using ethanol (a) and FC-72 (b) as boiling fluids, respectively. Remarkably, the
experimental results obtained for the long microstructured surface using FC-72 fit the correlation of Li et
al. reasonably well (Figure 5.23b). However, the results measured with ethanol do not fit the correlation
atall. AsLietal. [88] used water as boiling fluid and the physical properties of water and ethanol are less
different compared to FC-72, it is assumed that an overlap of two effects is responsible for the good fit
between correlation and results obtained with FC-72. Similar to the results of the short microstructured
surface, the Nukiyama curves for the long microstructured surface do not fit the correlation of Ho et al.
[50].

All in all, the homogeneously structured surfaces used in this thesis enhance the heat transfer coefficient
significantly and correlations developed for smooth or structured surfaces do not fit the experimental
data very well, especially if no fitted parameters are used in the correlations. This is because important
parameters have not been identified yet and, therefore, cannot be accounted for in these correlations.
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Additionally, the lack of measurements with microstructures at lower and higher system pressures than

atmospheric pressure, reported in literature, results in the inability of correlations to account for pressure
dependencies.

5.2.2.3 Critical heat fluxes

Figure 5.25 shows the critical heat fluxes for the short microstructured surface 10cu at various system
pressures compared to the correlations of Zuber (Equations 2.7) [168], Kandlikar (Equation 2.8) [62]
and Yagov (Equations 2.11) [158]. Additionally, the critical heat fluxes obtained for the smooth copper
surface Scu are presented for comparison. The results using ethanol as boiling fluid are visible on
the left and the ones with FC-72 on the right. Compared to the measurements of the smooth copper
surface and the correlation of Zuber, the critical heat fluxes obtained using the short microstructured
surface are smaller for most system pressures, especially for the measurements using ethanol. For FC-
72, the differences are slightly smaller and the values fit the correlation of Yagov and Kandlikar well
for a receding contact angle of ©,. 9.y rc.72 = 71°. The critical heat fluxes using ethanol do not fit the
correlation of Yagov at small system pressures and a receding contact angle of ©.1gcyron = 77° is
necessary to fit the correlation of Kandlikar. Those fitted receding contact angles are significantly larger
than those obtained for the smooth copper surface (@rec,Sm = 65°) and the technical copper surface using
ethanol and especially FC-72 (erec,Tcu,FC—72 = 43°). A similar trend is visible for the long microstructured
surface, whose results are presented in Figure A.10 in the appendix.

The higher receding contact angles could be explained by two scenarios. On the one hand, Kandlikar’s
correlation might not incorporate the unknown microstructure-related phenomenon, which causes the
reduced critical heat fluxes of the homogeneously structured surfaces. On the other hand, the receding
contact angles actually increase, this, however, disagrees with two wetting phenomena. In case the sys-
tem is in Wenzel state [156], where the fluid imbibes into the surface structure, the wetting behavior
present on the smooth surface should be enhanced by additional roughness. This would result in reduced
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Figure 5.25: Critical heat fluxes for the short microstructured surface 10cu at various system pressures
obtained with ethanol (a) and FC-72 (b) compared to correlations of Zuber [168], Kandlikar
[62], Yagov [158], and the experimental results of the smooth copper surface Scu.
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static contact angles compared to the smooth surface. Additionally, during the contact angle and imbibi-
tion experiments, described in section 3.2.2, the two homogeneously structured surfaces showed perfect
wetting behavior and Wenzel state for both fluids. In addition, it is well-known that microstructuring
has a significant impact on the receding contact angles [35, 164]. Typically, the receding contact angle
decreases with increasing roughness [93, 100, 164]. However, there is a study showing the opposite be-
havior for high surface roughness [152]. In case the system is in Wenzel state, it is, therefore, very likely
that the receding contact angles on the homogeneously structured surfaces are smaller than the ones on
the uncoated surfaces. However, it could be possible that the wetting behavior of the microstructures
changes from Wenzel to Cassie-Baxter state [17], where the fluid cannot imbibe into the surface struc-
ture, due to evaporation. In addition to the increasing contact angles under non-isothermal conditions
[123], the microstructure could be completely filled with vapor shortly before burnout because of the
densely packed microneedles. Being in Cassie-Baxter state should increase the receding contact angles
compared to the uncoated surfaces, which remain in Wenzel state. Moon et al. [105] observed a change
in the wetting behavior from Cassie-Baxter, which was present during drop impingement experiments,
to Wenzel during boiling experiments on a surface with micropillars. A publication observing a change
in the opposite direction could not be found by the author, however, a change from Wenzel state to
Cassie-Baxter state should be possible, depending on the microstructure. In conclusion, it is not possible
to determine whether or not the receding contact angle increases, since it is not possible to measure, and

arguments can be made for both scenarios.

Additionally, there is the possibility that the presented correlations do not factor in the unknown
microstructure-related phenomenon, which causes the lower critical heat fluxes, because they were es-
tablished for smooth surfaces. Correlations predicting critical heat fluxes of microstructured surfaces can
be separated into different groups. One group assume that vapor recoil triggers burnout based on the
correlation of Kandlikar. Typically, those correlations include critical heat flux increasing effects caused
by the microstructures. Chu et al. [22] assume that the surface tension force holding the bubble at the
surface increases due to the longer effective contact line length caused by microstructures. Ahn et al.
[3] assume that the dispersed liquid inside the microstructure causes an increase in critical heat flux.
However, liquid spreading was also observed in the imbibition experiments, described in section 3.2.2.
Nevertheless, the critical heat fluxes obtained with the homogeneously structured surfaces are smaller
compared to the smooth copper surface, where no imbibition takes place, and whose evaporation rates
are, therefore, significantly reduced. This leads to the conclusion that another phenomenon dictates the

critical heat fluxes of the homogeneously structured surfaces.

Quan et al. [119] assume that a reduction in the Rayleigh-Taylor wavelength causes higher critical
heat fluxes. Similar to Quan et al., several other studies [92, 111] report that a modified Rayleigh-
Taylor wavelength might be responsible for the increased critical heat fluxes. This in turn would predict
a larger Rayleigh-Taylor wavelength on the two homogeneously structured surfaces compared to the
smooth copper surface.

Dhillon et al. [26] and Nguyen et al. [107] assume that an increased rewetting velocity prevents
the formation of irreversible dry spots, which increases the critical heat flux. Since the microneedles
presumably increase the flow resistance, a reduced dewetting velocity might be possible.
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In conclusion, the mechanism causing the smaller critical heat fluxes of the two homogeneously struc-
tured surfaces cannot be identified, since several important parameters such as the receding contact
angles, the wetting regime (Wenzel/Cassie-Baxter), or the rewetting velocities cannot be measured or
identified.

Since the heat transfer coefficients increase with higher heat fluxes, the reduced critical heat fluxes
also cause reduced heat transfer coefficients at maximum heat fluxes below CHE, compared to the two
uncoated copper surfaces. This reduction, which is more prominent for higher system pressures, is visible
in the Tables 5.3 and 5.4, showing the heat transfer coefficient enhancement ratios at maximum heat
fluxes.

All in all, the two homogeneously structured surfaces have altered the boiling process drastically. The
different needle length affects the measurements using ethanol, while having an insignificant influence
on the measurements using FC-72. The influence of the system pressure on the boiling process is not as
pronounced as for the two uncoated copper surfaces. Compared to the smooth copper surface, the two
homogeneously structured surfaces could enhance the heat transfer coefficients up to a factor of 2.8 for
both fluids. Compared to the technical copper surface, the two homogeneously structured surfaces could
enhance the heat transfer coefficients up to a factor of 1.8 for FC-72 and 2.5 for ethanol, respectively. The
enhancement ratios at maximum heat fluxes are, for the most part, lower than the enhancement ratios
for a specific heat flux. This is because the critical heat fluxes of the two homogeneously structured
surfaces are lower compared to the uncoated copper surfaces. Those findings answer the first scientific
question—How is the boiling process affected by a microstructure, whose geometrical length scale is

between the well-studied micropillars and nanowires?

Table 5.3: Heat transfer coefficient enhancement ratios at maximum heat fluxes below CHF and various
system pressures using ethanol as boiling fluid.

Omax 100/ Fmax,scu . Fmax,10cu/ FmaxTeu  Fmax20cu/ Fmaxseu  Fmax,20cu/ Fmax,Teu
0.4bar 2.08 1.46 2.11 1.48
1.0bar 1.89 1.66 1.92 1.68
5.0bar 2.32 1.95 1.67 1.40

Table 5.4: Heat transfer coefficient enhancement ratios at maximum heat fluxes below CHF and various
system pressures using FC-72 as boiling fluid.

amax,lOcu/ ®max,Scu amax,lOcu/ Amax, Teu amax,ZOcu/ ®max,Scu amax,ZOcu/ Amax, Teu
0.4 bar 2.46 1.48 2.81 1.69
1.0bar 1.98 1.37 1.99 1.27
5.0bar 2.34 1.08 1.64 0.79
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5.3 Results of the optimized surface

This leads to the second scientific question—Is it possible to improve the boiling performance of said
microstructure by adding a macrostructure, creating a hierarchical structure? Since the primary goal
is to increase critical heat flux, the desired hierarchical structure should increase the liquid flow into
the microstructure, create different fluid inflow and outflow paths, and decrease the Rayleigh-Taylor
wavelength. This is achieved by creating areas of lower boiling performance in between areas of higher
boiling performance, similar to the surfaces of Rahman et al. [121]. The secondary goal is to increase
heat transfer coefficients further. The optimized, hierarchical surface created to achieve these goals is
described in section 3.2. The boiling performance of this optimized surface will be discussed in the

following section.

5.3.1 Nukiyama curves

Figures 5.26, 5.27, and 5.28 show Nukiyama curves for the five copper surfaces used in this thesis at
system pressures of 0.4bar, 1.0bar, and 5.0 bar. The experimental results using ethanol (a) as boiling
fluid are presented on the left and the results using FC-72 (b) are shown on the right. The results for the
system pressures of 0.7 bar and 3.0bar are presented in Figures A.11 and A.12 in the appendix. For the
most part, the two homogeneously structured surfaces 20cu and 10cu show the lowest wall superheats,
corresponding to their high heat transfer coefficients. In addition, the low critical heat fluxes discussed in
the last section are visible. The optimized, hierarchical surface Opt shows slightly higher wall superheats
compared to the homogeneously structured surfaces, but lower wall superheats compared to the two
uncoated surfaces Scu and Tcu, with the exception of the experiment with FC-72 at 5.0 bar. The critical
heat fluxes for the optimized surface are higher compared to the other surfaces for all system pressures,
which means that the first goal of the optimization is achieved. The possible reasons for this increased
critical heat flux are discussed in the next section.
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Figure 5.26: Nukiyama curves at 0.4 bar system pressure for the five different surfaces using ethanol (a)
and FC-72 (b).
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Figure 5.27: Nukiyama curves at 1.0 bar system pressure for the five different surfaces using ethanol (a)
and FC-72 (b).
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Figure 5.28: Nukiyama curves at 5.0 bar system pressure for the five different surfaces using ethanol (a)
and FC-72 (b).

5.3.2 Critical heat fluxes

Upon closer inspection of the boiling phenomenon on the optimized, hierarchical surface Opt at low heat
fluxes in Figure 5.29a, the bubbles seem to nucleate inside the darker, microstructured strips. However,
the bubbles rise mostly above the brighter, smooth copper strips. This might suggest a separation of
vapor outflow and liquid inflow, which is presented in Figure 5.29b. The images presented in this figure,
however, are only taken at low heat fluxes. It is assumed that the behavior should stay the same for high
heat fluxes. Proving this is difficult, since there are too many bubbles rising from the surface, thereby
blocking the view on the surface, at high heat fluxes. The separation of vapor outflow and liquid inflow
could be a reason for the increased critical heat fluxes. Additionally, the microstructure is interrupted,
which could enable an easier rewetting, since the liquid can enter the microstructure from the sides and
the top. This would delay the formation of an irreversible dry spot to higher heat fluxes. In addition, it
would prevent the microstructure from being completely enveloped by vapor, impeding the Cassie-Baxter

state of wetting.
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Figure 5.29: B&w images (a) and sketch (b) showing the boiling phenomenon at low heat fluxes on the
optimized surface Opt.

Table 5.5: Enhancement ratios of the maximum heat fluxes below CHF and non-dimensional bubble di-
ameters at various system pressures using ethanol as boiling fluid.

CHFOpt/CHF20cu CHFOpt/CHFlocu db,Opt/P

0.4bar 1.45 1.31 2.42
0.7 bar 1.40 1.41 1.64
1.0bar 1.85 1.53 1.17
3.0bar 1.27 1.28 0.72
5.0bar 1.15 1.17 0.56

Table 5.6: Enhancement ratios of the maximum heat fluxes below CHF and non-dimensional bubble di-
ameters at various system pressures using FC-72 as boiling fluid.

CHFOpt/CHFZO(:u CHFOpt/CHFlocu db,Opt/P

0.4 bar 1.38 1.59 0.81
0.7 bar 1.57 1.57 0.63
1.0bar 1.57 1.57 0.58
3.0bar 1.77 1.57 0.54
5.0bar 1.76 1.76 0.40

The Tables 5.5 and 5.6 contain enhancement ratios of the maximum heat fluxes below CHF of the
optimized surface Opt compared to the ones of the two homogeneously structured surfaces 10cu and
20cu for both fluids. The enhancement ratios reach a maximum value of approximately 1.8 for both
fluids. In addition to the enhancement ratios, a non-dimensional bubble diameter is shown. dj, o is the
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Figure 5.30: Sketch and image (a) illustrating the distance P and a qualitative sketch (b) of the enhance-
ment ratio of the maximum heat flux below CHF as a function of the non-dimensional bubble
diameter compared to the results of Rahman et al. [121].

mean bubble diameter measured for the optimized surface at low heat fluxes and P is the center-to-center
distance between the smooth copper strips, which is shown in Figure 5.30a.

In Figure 5.30b, a qualitative sketch of the enhancement ratio of the maximum heat flux below CHF as
a function of the non-dimension bubble diameter (db’opt/P) is shown for both fluids. The experimental
results are compared to the ones of Rahman et al. [121], whose surfaces inspired the structure of
the optimized, hierarchical surface. Qualitatively, the experimental results obtained using ethanol fit
the results of Rahman et al. well. Quantitatively, the ratios of enhancement are comparable as well.
However, the experimental results using FC-72 show a different behavior. An increasing enhancement
ratio towards smaller non-dimensional bubble diameters (db,opt /P < 1) is visible in Figure 5.30b, while
the results using ethanol and the ones of Rahman et al. show a decrease in enhancement ratio. This
might suggest a dependency of the enhancement ratio on additional parameters other than the non-
dimensional bubble diameter.

5.3.3 Heat transfer coefficients

Besides the enhancement of critical heat flux, Rahman et al. [121] observed a significant increase in
heat transfer coefficients. Tables 5.7 and 5.8 show the heat transfer coefficient enhancement ratios of
the optimized surface Opt at maximum heat fluxes (shortly below the critical heat fluxes, respectively)
at various system pressures. In most cases, the heat transfer coefficient is increased by the optimized
surface in comparison to the homogeneously structured surfaces 20cu and 10cu, however, the quanti-
tative enhancement is a lot lower compared to Rahman et al. [121]. Additionally, if the heat transfer
coefficients are compared for specific heat fluxes, it is obvious that, corresponding to the average wall
superheats, the heat transfer coefficients of the optimized surface are in most cases smaller than the ones
of the homogeneously structured surfaces, which is visible in Figures 5.31, 5.32, and 5.33.

In those figures, the heat transfer coefficients of the five different copper surfaces are presented at system
pressures of pg, = 0.4bar, py,, = 1.0bar, and py,, = 5.0bar. The results obtained using ethanol (a) are
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Table 5.7: Heat transfer coefficient enhancement ratios at maximum heat fluxes below CHF and various
system pressures using ethanol as boiling fluid.

amax,Opt/ amax,ZOcu amax,Opt/ amax,lOcu amax,Opt/ amax,Tcu amax,Opt/ amax,Scu

0.4 bar 1.05 1.07 1.56 2.22
1.0bar 1.27 1.29 2.14 2.45
5.0bar 1.23 0.89 1.73 2.05

Table 5.8: Heat transfer coefficient enhancement ratios at maximum heat fluxes below CHF and various
system pressures using FC-72 as boiling fluid.

amax,Opt/ amax,ZOcu amax,Opt/ amax,lOcu amax,Opt/ amax,Tcu amax,Opt/ amax,Scu

0.4 bar 1.06 1.21 1.80 2.98
1.0bar 1.08 1.01 1.38 2.15
5.0bar 1.29 0.91 0.98 2.12
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Figure 5.31: Heat transfer coefficients for specific heat fluxes obtained for the five different surfaces
using ethanol (a) and FC-72 (b) at a system pressure of 0.4 bar.
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Figure 5.32: Heat transfer coefficients for specific heat fluxes obtained for the five different surfaces
using ethanol (a) and FC-72 (b) at a system pressure of 1.0 bar.
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Figure 5.33: Heat transfer coefficients for specific heat fluxes obtained for the five different surfaces
using ethanol (a) and FC-72 (b) at a system pressure of 5.0 bar.

presented on the left and the ones using FC-72 (b) on the right, while the results at py,, = 0.7bar
and py,, = 3.0bar are presented in Figures A.13 and A.14 in the appendix. Although the heat transfer
coefficients at specific heat fluxes for the optimized surface Opt are mostly smaller compared to the
two homogeneously structured surfaces 20cu and 10cu, they are larger than those obtained with the
uncoated copper surfaces Scu and Tcu, with the exception of the measurements at py,, = 3.0bar and
Psys = 5.0bar using FC-72. However, the highest heat transfer coefficients are mostly obtained for the
optimized surface, independent of the boiling fluid. In addition to the experimental results, heat transfer
coefficients (20_Scu) based on the results of the long microstructured surface and the smooth copper
surface are presented in the Figures 5.31, 5.32, and 5.33 as well. These heat transfer coefficients are
calculated using the heat transfer coefficients of both surfaces multiplied by their corresponding portion
of the optimized surface, which consists of approximately 65% 20cu and 35% Scu. Then those values
are added, creating the presented heat transfer coefficients 20 Scu. Unfortunately, for the experiments
using ethanol at 3.0 bar and 5.0 bar, the heat transfer coefficients of the optimized surface are larger than
those of the long microstructured surface, due to the changing boiling behavior, which is discussed in
section 5.2.2.1. However, with the exception of those results, the differences between the heat transfer
coefficients of the optimized surface and the calculated ones (20 Scu) are smaller than the measurement
uncertainties. This suggests two important conclusions.

Firstly, the boiling process of the optimized surface is dominated by the microstructured part of the
surface, which coincides well with the measurements of the mean bubble diameters, shown in Figure
5.34. There, the mean bubble diameters of the five different surfaces are visible at various system
pressures and for both fluids. It is obvious that the mean bubble diameters on the optimized surface are
comparable to the ones of the two homogeneously structured surfaces.

Secondly, the improvement of the maximum heat transfer coefficients by the optimized surface is mainly
due to the increased critical heat fluxes, and the fact that the heat transfer coefficient increases steadily
with increasing heat flux. This is visible for example in Figure 5.32. An additional enhancement due to
the separation of liquid inflow and vapor outflow is not visible, contrary to the findings of Rahman et al.
[120, 121]. The difference in surface structure or boiling fluid might explain these divergent results.
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Figure 5.34: Mean bubble diameters at various system pressures obtained for the five different copper
surfaces using ethanol and FC-72 as boiling fluids.

All in all, the measurements with the optimized surface prove that the boiling process of the homo-
geneously microstructured surfaces could be enhanced by adding a macrostructure, thereby creating a
hierarchical structure. The critical heat fluxes were enhanced substantially, up to a factor of 1.8, in com-
parison to the homogeneously structured surfaces. Furthermore, the maximum heat transfer coefficients
increased up to a factor of 1.3, in comparison to the homogeneously structured surfaces. However, this
increase is mainly due to the already higher critical heat fluxes and an additional improvement due to
the hierarchical structure could not be realized. The reason for this lack of improvement compared to
literature data remains unknown. An analysis of the boiling behavior on a smaller length scale could
help solving this problem. Nevertheless, those findings answer the second scientific question—Is it pos-
sible to improve the boiling performance of said microstructure by adding a macrostructure, creating a
hierarchical structure?

5.4 Investigation on the influence of the boiling fluid on two different length scales

As mentioned in section 3.2, the construction of a microstructured infrared transparent heater has failed.
However, it is visible in the sections 5.1.2.3, 5.2.2.1, and 5.3.2 that boiling fluids have a significant impact
on the boiling behavior, which interacts and overlaps with the influence of the microstructures. To further
analyze the influence of the boiling fluid, the phenomenon is studied on two different length scales. To
avoid additional interactions with the surface, the measurements, which focus on the fluids’ influence on

nucleate boiling, are performed with smooth surfaces.

In the first section, the results of the smooth copper surface are presented. In the following section, it is
established whether the results of the smooth chromium surface on the infrared transparent heater are
comparable to those of the smooth copper surface, before presenting the results of the smooth chromium

surface in the last section.
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5.4.1 Smooth copper surface

Figure 5.35 shows Nukiyama curves (a) and heat transfer coefficients for specific heat fluxes (b), at
various system pressures for the smooth copper surface Scu using both boiling fluids. It is apparent
that the measurements with FC-72 show lower wall superheats and, therefore, higher heat transfer
coefficients for a specific heat flux compared to the measurements with ethanol. However, critical heat
fluxes are much lower than those obtained with ethanol. Those differences are caused by the different
physical properties of the two fluids, such as, enthalpy of vaporization and liquid and vapor densities.

Figure 5.36 shows heat transfer coefficients of the smooth copper surface for specific vapor volume flows
at various system pressures, using both fluids. It is remarkable that the differences in heat transfer
coefficient between both fluids are very small at the same vapor volume flow and system pressure. A
similar behavior is visible for the other copper surfaces as well. Their results are presented in Figures
A.15, A.16, A.17, and A.18 in the appendix. The differences measured for the other surfaces are larger,
but still within the measurement uncertainties, with the exception of the technical copper surface. This
circumstance is discussed in section 5.1.2.3. The negligible difference in the heat transfer coefficient
for both fluids should be analyzed further, using additional surfaces and fluids. If those surfaces and
fluids show a similar trend, then this relation between the fluids could be used to enhance existing

correlations.

The small difference between the heat transfer coefficients for the same vapor volume flows could
imply that the improvement due to the slightly smaller bubble diameters obtained with FC-72 is
quantitatively similar to the improvement due to higher physical properties like specific heat capacity
(cpipon = 2.40kJkg K™ and ¢, pc7o = 1.04kJkg? K @ 20°C) and thermal conductivity of ethanol
(Agon = 0.16 Wm™' K and A ez = 0.06 WmK! @ 20°C). However, at low system pressures, the
difference in bubble diameter and, therefore, nucleation site density is larger between the two fluids
compared to the difference at high system pressures, as shown in Figure 5.5. This might be somewhat
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Figure 5.35: Nukiyama curves (a) and heat transfer coefficients for specific heat fluxes (b) of the smooth
copper surface Scu at various system pressures using both boiling fluids.
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Figure 5.36: Heat transfer coefficients for specific vapor volume flows of the smooth copper surface Scu
at various system pressures using both fluids.

balanced by the larger difference in physical properties at low system pressures. Additionally, another ef-

fect could improve the heat transfer coefficients of ethanol, especially at lower system pressures. Ethanol
is known to show microlayer evaporation [54], while FC-72 shows mostly contact line evaporation [135]
at ambient pressure. However, as shown by Sielaff [135] this behavior could change depending on the

system pressure. Therefore, in order to interpret the boiling behavior of the smooth copper surface, it is

necessary to understand the different evaporation regimes and their transition point depending on the
system pressure. This will be addressed in the following sections.

5.4.2 Comparison between the smooth copper surface and the smooth chromium surface
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Figure 5.37: Nukiyama curves for the smooth copper surface Scu and the smooth chromium surface Scr
at system pressures of 0.4 bar and 1.0 bar using ethanol (a) and FC-72 (b).
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Figure 5.38: B&w images of the boiling phenomenon present on the smooth chromium surface Scr and
the smooth copper surface Scu at different heat fluxes using ethanol (a) and FC-72 (b).

Figure 5.37 shows the Nukiyama curves for the smooth copper surface Scu and the smooth chromium
surface Scr at system pressures of 0.4 bar and 1.0 bar. The experimental results using ethanol as boiling
fluid are presented in Figure 5.37a, while the results using FC-72 are shown in Figure 5.37b. It is
obvious that the wall superheats of the smooth chromium surface are significantly larger for both fluids
than those of the smooth copper surface. While there are bubbles nucleating on the surface, it is assumed
that most of the chromium surface is still in the natural convection regime, which dominates the boiling
behavior, causing larger wall superheats. This assumption is supported by the results of an additional
measurement using FC-72 with increasing heat fluxes. Up to a heat flux of 30kWm™, no bubbles were
present on the surface and the Nukiyama curve obtained with increasing heat fluxes fits the trend of
the Nukiyama curves obtained with decreasing heat fluxes. The lowest heat fluxes for the decreasing
heat flux measurements correspond to the last visible bubbles on the surface. In addition, the lower
nucleation site density of the smooth chromium surface is apparent in Figure 5.38. There, the nucleation
site densities visible in both images are approximately similar for both fluids. However, the heat flux
necessary to maintain this density is significantly higher for the smooth chromium surface Scr, compared
to the smooth copper surface Scu. This is probably due to the lower roughness of the chromium surface,
which reduces the number of potential nucleation sites. Additionally, the heater material (Cu and CaF,)
has an influence on the boiling process. In regards to the entire surface, the boiling behavior on the
smooth chromium surface cannot be compared to the smooth copper surface.

Figure 5.39 shows mean bubble diameters for the technical copper surface Tcu, the smooth copper sur-
face Scu and the smooth chromium surface Scr at various system pressures, using both fluids. Within the
measurement uncertainties, the mean bubble departure diameters measured on the smooth chromium
surface are comparable to the ones obtained with the two uncoated copper surfaces. Thus, it is assumed
that the processes, which govern the bubble ebullition cycle, should be comparable between the three
surfaces. Therefore, further investigations using the smooth chromium surface should focus on single
bubbles.

94 5 Experimental Results and Discussion



I I T I I
£ 50 T ]
£ 2.0 8 E
§ - === -
5] v
E 15- E _
5 E & 3 ® EtOH o FC-72 Tcu
2 ? ® EtOH © FC-72 Scu
3 101 ~ § 4 | v EtOH w FC-72 Scr
T .
< ¥
(0] ==
€ 054 -
0.0 T T T T T T T T
0.2 0.4 0.6 0.8 1.0

system pressure / bar

Figure 5.39: Mean bubble diameters at various system pressures obtained for the technical copper sur-
face Tcu, the smooth copper surface Scu, and the smooth chromium surface Scr using
ethanol and FC-72 as boiling fluids.

5.4.3 Investigation of single bubbles

Figure 5.40 shows temperature and corresponding heat flux fields beneath a growing bubble at different
time steps after nucleation, using ethanol and FC-72 at a system pressure of 0.4bar. It is observable
that there are many differences in the temperature and heat flux fields. For one, the bubble size with
ethanol as boiling fluid is significantly larger than for FC-72, as expected. For both fluids, the temper-
ature and heat flux fields show an annulus shape, which is caused by the high evaporation rates at the
three-phase contact line and the low heat transfer rates through the adsorbed layer beneath the bub-
ble. The temperature drop caused by the high evaporation rates near the three-phase contact line is
different for both fluids; this is due to the significant difference in the specific enthalpy of vaporization
(AR, gon = 926.16kJ kg and Ah, ey = 94.37kJkg? @ 20°C). The results obtained using ethanol
show a varying shape of the annulus depending on the contact line movement. For an advancing contact
line, the shape looks similar to the results obtained using FC-72. This shape is presumably caused by
contact line evaporation. For a receding contact line, the area of the annulus is much larger. Addition-
ally, there is a clear temperature and heat flux gradient visible. This shape is presumably caused by an
evaporating microlayer with the contact line visible at its end.

To investigate if a microlayer was actually formed, the heat flux profiles, which are based on the intensity
data of the infrared camera, are compared to the images of the synchronously operating b&w camera. If
the apparent contact line positions in the b&w images match the extents of the circular shape in the heat
flux data, it can be assumed that a microlayer is formed and convection effects can be ruled out. Figure
5.41 shows b&w images and heat flux fields of a growing bubble at various time steps after nucleation
using ethanol as boiling fluid at a system pressure of 0.4bar. It is observable that the extents of the
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Figure 5.40: Temperature and heat flux fields beneath a growing bubble using ethanol and FC-72 at
various time steps after nucleation and a system pressure of 0.4 bar.

bubble visible in the b&w images do not coincide with the heat flux fields. The data obtained with
FC-72 shows the same inequality, which is presented in Figure A.19 in the appendix. This is mainly
caused by the lack of optical access to the boiling surface, due to the different refraction indices of the
superheated and the surrounding liquid, which is discussed in section 4.2. However, the bubble extents
in the b&w images are larger compared to the annuli of the heat flux fields during bubble expansion
on the surface. Thus, convection effects caused by the growing bubble cannot be responsible for the
heat flux annuli and, therefore, are ruled out. Thus, it is assumed that the annuli are indeed caused by
microlayer evaporation.

To investigate the microlayer further, the thickness of the microlayer is calculated using a simple 1-
dimensional model reported by Giustini et al. [40]. In their model, they propose an additional heat
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Figure 5.41: B&w images and heat flux fields of a growing bubble at various time steps after nucleation
and a system pressure of 0.4bar using ethanol as boiling fluid. The heat flux scale varies
from time step to time step.

transfer resistance ﬁvap at the boundary inside the bubble, which is shown in Figure 5.42. Additionally,
they propose that convection inside the microlayer is negligible, since the Peclet number is smaller than
unity. In case a no-slip boundary condition is used at the wall, simulations show that the velocity inside
the microlayer is indeed very small [46]. Under the assumption that the temperature difference is
negligibly small between the observed temperature at the bottom of the chromium nitride layer and the
temperature on top to the chromium layer, the microlayer thickness can be calculated by the following

T,—T 1
y = [ W st :|Al. (5.4)
qic aevap

Equation 5.4:
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Figure 5.42: Sketch of the temperature gradient in the infrared transparent heater, the microlayer, and
the bubble according to Giustini et al. [40].
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Figure 5.43: Heat flux fields and calculated microlayer thickness evolutions at y = 3 mm (indicated by the
red line) using ethanol as boiling fluid at different time steps after nucleation and a system

pressure of 0.4 bar.
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qic and T,, are the calculated local heat flux and temperature data, respectively. Since ay,, is not
measureable, it is used as a fitting parameter, to ensure a microlayer thickness of zero at the contact
line. The resulting microlayer profiles are shown in Figure 5.43. There, heat flux fields are presented,
which are obtained using ethanol as boiling fluid at a system pressure of 0.4 bar and different time steps
after nucleation. The red lines in the heat flux fields indicate the segments, whose near-wall bubble
shapes are calculated. The microlayer is the area below the boundary between liquid and vapor until
the curvature increases drastically in the macroregion. Shortly after nucleation, the microlayer has a
linear shape, which turns into a root shape once the microlayer starts evaporating (as expected), since
thinner films evaporate faster. The microlayer thickness decreases over time and a hollow at the end of
the microlayer becomes visible, which is in agreement with the measured microlayer profiles of Utaka
et al. [147]. According to Schweikert [127], this hollow is created by the reducing bubble expansion
velocity, which creates a thinner microlayer before the maximum expansion of the bubble is reached.
The hollow increases over time, due to thermocapillary convection, since the surface tension is smaller

in the hollow.

Besides the experimental results at a system pressure of 0.4 bar, microlayer profiles were calculated for
the experiments at 0.7 bar and 1.0 bar, which are shown in Figures A.20 and A.21 in the appendix. The
calculated microlayer thicknesses are in agreement with the ones reported by Utaka et al. [147]. It is
observable that the microlayer thickness and length decreases with increasing system pressure. This is
also observable in the heat flux profiles, which are caused by microlayer and contact line evaporation, in
Figure 5.44. It shows heat flux fields and heat flux profiles, which correspond to the colored lines in the
heat flux fields, at different time steps after nucleation using ethanol as boiling fluid. The results at sys-
tem pressures of 0.4 bar, 0.7 bar, and 1.0 bar are presented. However, the results at 0.4 bar are discussed
first. At 4ms, the heat flux profile corresponding to the red line shows two peaks, surrounded outwards
by a slowly decreasing area of increased heat flux. This profile is presumably caused by microlayer evap-
oration. The peak heat fluxes occur at the three-phase contact line, since the microlayer is thinnest in
this region, which results in high evaporation rates. The heat flux then decreases with increasing film
thickness. The heat flux profiles obtained in this thesis match the heat flux profiles measured by some re-
searchers [142] but differ, compared to other researchers [59]. The measurements of Schweikert [127]
indicate that this might by caused by different wall materials. Depending on the physical properties of
the material, the thermal boundary layer developing inside the wall is responsible for the different heat

flux profiles.

At 14 ms, the thickness of the microlayer decreased significantly. This smaller and thinner microlayer
increases the heat flux, which is visible in the left peak of the red heat flux profile. Compared to the heat
flux peak at 4 ms, the peak broadened due to a larger extent of a thin microlayer, while the overall extent
of the microlayer decreased. However, if the microlayer is evaporated completely, the peak at the contact
line is decreased significantly compared to a peak with a still present microlayer, which is observable in
the green heat flux profile. The same phenomenon is also observable at 17 ms in the red heat flux profile.
The difference in maximum heat flux at the contact line, depending on the presence of a microlayer, is
reported by Schweikert et al. [128]. After 22 ms, the microlayer is evaporated completely, and smaller
peaks caused by contact line evaporation are visible. In cases where the contact lines are advancing, the
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Figure 5.44: Heat flux fields and corresponding heat flux profiles using ethanol as boiling fluid at differ-
ent time steps after nucleation and system pressures of 0.4 bar, 0.7 bar, and 1.0 bar.

associated peaks increase again, which is caused by cooler liquid being transported towards the wall,

according to Kunkelmann et al. [77]. This is observable at 25 ms after bubble nucleation.

Similar evolutions of the heat flux profiles are visible in the experimental results at 0.7 bar and 1.0 bar
as well. However, the microlayer thickness and width, as well as the bubble diameter, decrease with
increasing system pressure due to lower dewetting [81] or higher bubble expansion velocities at higher
system pressures, respectively, as shown in Table 5.9.

Similar to the results at 0.4bar, if there is a microlayer present, then the heat flux profiles at higher
system pressures show a higher maximum heat flux peak at the contact line. This might be caused by the
spatial resolution of the infrared camera, which is 25 um. In case of contact line evaporation, high heat
fluxes are transferred in the microregion, according to Stephan and Hammer [138]. This microregion
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Table 5.9: Bubble expansion velocities shortly after nucleation for the experiments using ethanol at vari-
ous system pressures.

system pressure 0.4bar 0.7 bar 1.0bar
Up exp 1N ms! 0.63+0.08 0.42+0.05 0.35+0.08

contact line,
microregion

N

microlayer

> °C
126 125
123 115
121 107
-> >
25 um 25 um
Tm,25pm,1ms =123 °C Tm,25pm,1ms =108 °C

Figure 5.45: Simulation results visualizing the possible consequences of the spatial resolution of the in-
frared camera. Different temperature drops are observable, which are caused by contact
line evaporation and microlayer evaporation.

is only 0.5 um wide [126] and, therefore, significantly smaller compared to the spatial resolution of the
infrared camera. In case of microlayer evaporation, the area which is covered by a very thin microlayer
is much larger compared to the microregion of contact line evaporation, as seen in the experiments
conducted at 0.4 bar. If the maximum local heat fluxes are comparable in both cases, the larger extent

of a thin microlayer results in a lower intensity and, therefore, higher temperature drop.

Figure 5.45 shows the results of a simulation, used to visualize the possible differences in microlayer
and contact line evaporation. In both cases, the same section of the infrared transparent heater with
a homogeneous temperature of 127°C is cooled by a heat flux of 10MWm™. In case of contact line
evaporation, this heat flux is applied over the width of 0.5 um and in case of microlayer evaporation
over 20 um. After 1 ms, the mean temperature drop over 25 um, the spatial resolution of the infrared
camera, is significantly higher for microlayer evaporation, as expected. This higher temperature drop
then leads to a higher calculated heat flux, although the maximum local heat flux is the same in both

cases.

This simulation does not describe the phenomena of contact line evaporation or microlayer evaporation,
but it does visualize the possible consequences of the spatial resolution of the infrared camera. The
different maximum heat fluxes at the contact line depending on the presence of a microlayer are helpful
to decide whether a microlayer is formed or not. This is especially helpful if the microlayer is short,
which is observable in the experimental results using ethanol at a system pressure of 1.0 bar and FC-72
at 0.4 bar, as demonstrated in Figure 5.46.
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Figure 5.46: Heat flux fields and corresponding heat flux profiles using FC-72 as boiling fluid at different
time steps after nucleation and system pressures of 0.4 bar, 0.7 bar, and 1.0 bar.
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Table 5.10: Bubble expansion velocities shortly after nucleation for the experiments using both boiling
fluids at various system pressures.

FC-72very FC-72 average

EtOH EtOH EtOH large bubble  sized bubbles

0.4bar 0.7bar 1.0bar

FC-72 FC-72
0.7bar 1.0bar

0.4bar 0.4bar
. 0.63+ 0.42+ 0.35+ 0.09+ 0.07+
-1 ) .20+0.
Up,exp 1M TS 0.08 0.05 0.08 0.50 0.20+0.16 0.06 0.05
microlayer
yes yes yes yes no no no

evap. observed

There, the heat flux fields and profiles, which correspond to the red lines in the heat flux fields, are
presented at different time steps after bubble nucleation using FC-72 as boiling fluid. The results at
system pressures of 0.4bar, 0.7 bar and 1.0 bar are presented; however, for a system pressure of 0.4 bar,
the results for a very large bubble and an average sized bubble are shown. The heat flux fields and
profiles for those two cases differ significantly. The heat flux fields and profiles of the very large bubble
are similar to the results obtained at 1.0 bar using ethanol, suggesting microlayer evaporation. The heat
flux fields and profiles of average sized bubble, on the other hand, show increasing heat fluxes for an
advancing contact line, but no significant evolution of the heat flux peaks during bubble expansion.
Kunkelmann et al. [77] described a similar behavior, which is attributed to contact line evaporation. The
same behavior is visible for the results obtained with FC-72 at system pressures of 0.7 bar and 1.0 bar.

According to Blake and Ruschak [12] for an isothermal system and Schweikert et al. [129] for a non-
isothermal system, one of the deciding parameters whether microlayer formation occurs is the dewetting
velocity. Table 5.10 shows dewetting velocities, which correspond to bubble expansion velocities for the
experiments presented in Figures 5.44 and 5.46. The expansion velocity of the very large bubble using
FC-72 does not have a standard deviation, since it was the only one of its size to be measured. Microlayer
formation was observed for the ethanol measurements, independent of the system pressure, and for the
very large bubble using FC-72 at 0.4 bar. Using FC-72, small and average sized bubbles at 0.4 bar and
the measurements at higher system pressures showed sole contact line evaporation. It is obvious that
the bubble expansion velocities of the experiments showing microlayer formation are significantly larger
compared to the ones without a microlayer. This supports the assumption of microlayer evaporation for
the experiments using ethanol.

Kai Schweikert, a colleague in the CRC 1194, performed generic, non-isothermal dewetting experiments
[127]. He measured the critical dewetting velocity as a function of the fluid properties and the wall
superheat. He developed fluid specific correlations, which determine whether microlayer formation
occurs based on the capillary number and the Jakob number. The experimental results obtained in this
thesis are compared to the correlations of Schweikert, to establish whether the relationships found in the
generic experiments of Schweikert can be applied to nucleate boiling.

Figure 5.47 shows experimentally determined capillary numbers and Jakob numbers at various system
pressures, compared to the correlation of Schweikert [127]. The results using ethanol as boiling fluid are
shown in Figure 5.47a, while the results using FC-72 are shown in Figure 5.47b. The capillary number
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Figure 5.47: Capillary numbers and Jakob numbers obtained in experiments using the smooth chromium
surface Scr at various system pressures using ethanol (a) and FC-72 (b) as boiling fluids. The
experimental results are compared to the fluid specific correlations of Schweikert [127].

Ca, shown in Equation 5.5, is calculated using the bubble expansion velocity uy, .y,, the dynamic viscosity
of the liquid and the surface tension at saturation temperature.

T) u
Ca= % (5.5)
c (Tw_ T, )
q=PAw s (5.6)

Ah

v

The Jakob number Ja, shown in Equation 5.6, is calculated using the mean wall temperature at the
nucleation site shortly before the next bubble nucleates. Since this temperature cannot be determined
accurately, an uncertainty of AT,, = 3K is chosen.

All in all, the calculated capillary and Jakob numbers are located in their corresponding evaporation
regime, according to the fluid specific correlations of Schweikert. For a specific Jakob number, the cor-
relation determines microlayer formation for capillary numbers larger than the critical capillary number,
which is presented by the yellow polynomials in Figure 5.47. The calculated capillary number at a system
pressure of 1.0bar is slightly lower, compared to the correlation polynomial. However, the correlations
were established for lower capillary numbers Ca < 3 x 10 and Jakob numbers Ja < 0.03. Thus, some
deviations due to extrapolation are likely. Additionally, the microlayer length at 1.0bar is already very
small, and the transition from microlayer evaporation to sole contact line evaporation will probably hap-
pen at a slightly higher system pressure than 1.0bar. Nevertheless, this comparison indicates that the
results of the generic experiments of Schweikert can be applied to nucleate boiling.

In conclusion, two different evaporation regimes could be identified. The experiments using ethanol
at system pressures of 0.4 bar, 0.7bar, and 1.0 bar show microlayer evaporation, while the experiments
using FC-72 show mostly contact line evaporation. These findings are in agreement with the correlations

of Schweikert. These correlations, and the observations at 1.0bar using ethanol, suggest that there

104 5 Experimental Results and Discussion



is a regime change shortly above 1.0bar. This could explain the higher heat transfer coefficients at
lower system pressures observed for ethanol, which is discussed in section 5.4.1. At system pressures
of 0.4bar and 5.0bar, the heat transfer coefficients of ethanol and FC-72 are comparable for the same
vapor volume flow. However, the differences in nucleation site density could be higher at lower system
pressures due to the larger differences in bubble diameter between the two fluids, which is observable in
Figure 5.34. Thus, there has to be an additional phenomenon increasing the heat transfer coefficients of
the ethanol measurements at low system pressures. This phenomenon might be microlayer evaporation,
which results in enhanced heat transfer due to the high local heat fluxes transferred by the microlayer.
This shows the importance of a multiscale approach when investigating nucleate boiling, since many
important phenomena, which influence the boiling process on a larger length scale, can only be identified
by investigations on a smaller length scale. Those findings answer the third scientific question—Can
an investigation of the boiling process on different length scales enable a better understanding of the
occurring boiling phenomena?
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CHAPTER

Summary, Conclusion, and Outlook

In the scope of this thesis, the influence of microstructured surfaces and different fluids on the boil-
ing process was investigated. While microstructures and nanostructures have proven to enhance heat
transfer coefficient and critical heat flux significantly, as shown in section 2.4, the interactions between
solid and fluid are numerous and not well understood. This prevents the development of universally
applicable correlations, which include the influences of complex structures on the boiling process. Thus,
it is important to analyze several parameters influencing the boiling process, besides just measuring the
heat transfer coefficients and critical heat fluxes. Those parameters being surface roughness, wettability
and wickability of the fluid-surface combination, bubble dynamics, nucleation site densities, as well as

dynamics of the three-phase contact line.

To perform a multiscale and multiphenomena investigation on the influence of microstructures on nu-
cleate boiling, a new experimental setup was built. Special care had to be taken to ensure saturated
conditions and safety of operation, due to experiments being performed in a large range of system pres-
sures and, therefore, temperatures. In order to investigate the boiling process on different length scales,
two heater modules were constructed. The first heater is made of copper and is used to measure heat
transfer coefficients, as well as critical heat fluxes, thereby judging the efficiency of the boiling pro-
cess. The second heater consists of an infrared transparent crystal with two metallic layers sputtered
on top of it for heating and to ensure high emissivity. By observing the back of the metallic layers,
the local intensity field during nucleate boiling can be captured using a high speed infrared camera.
This local intensity is converted into temperatures through calibration and then into local heat fluxes
by a 3-dimensional simulation using COMSOL Multiphysics. This local heat flux data is used to identify
the evaporation regime beneath a growing bubble, as well as the initial bubble expansion velocity. In
addition to the infrared camera, a b&w camera is used to determine the bubble departure diameters.

To thoroughly investigate the influence of microstructures on nucleate boiling, ethanol and FC-72, a
refrigerant, were used as boiling fluids and six different surfaces were studied. Two homogeneously mi-
crostructured surfaces were manufactured, made of copper needles with diameters of 1 um and lengths
of 10 um and 20 um, respectively. Additionally, a hierarchical structure consisting of 0.48 mm wide strips,
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made of the same microneedles with lengths of 20 um, alternating with 0.26 mm wide smooth copper
strips, was constructed. Two uncoated copper surfaces with different surface roughness were manu-
factured for comparison. To study the boiling process on a smaller length scale, a smooth chromium
surface on top of the infrared transparent crystal was used. The roughnesses of those different surfaces
were evaluated using a confocal microscope. Contact angle measurements have shown that the boiling
fluids wet all surfaces used in this investigation, perfectly. To determine the wicking behavior of the
microstructured surfaces, experiments using the setup of a colleague in the CRC 1194, Michael Heinz,

were performed.

First, the results obtained using the smooth copper surface are compared to literature data and to the
correlation of Rohsenow [124], validating the new experimental setup. This ensures that the phenomena
visible during nucleate boiling can be traced back to the surface’s impact, excluding unwanted factors,
like e.g. inert gases. The experiments using the uncoated copper surfaces show increased critical heat
fluxes and decreased wall superheats at higher system pressures. This pressure dependency is described
reasonably well by the correlations of Rohsenow [124] and Gorenflo [140]. The critical heat fluxes ob-
served on the two uncoated surfaces for ethanol and FC-72 are similar to the values predicted by the
correlations of Zuber [168] and Yagov [158]. However, the critical heat fluxes obtained for the technical
copper surface using FC-72 as boiling fluid are an exception, as they are larger compared to both cor-
relations. This discrepancy is attributed to the roughness of the technical copper surface. A correlation
incorporating the influence of surface roughness fits the data reasonably well. Similar to the critical heat
fluxes, the heat transfer coefficients of the technical copper surface are higher than those of the smooth
copper surface, if FC-72 is used as boiling fluid. This enhancement is due to higher nucleation site den-
sities, which are observable in b&w images. Using ethanol as boiling fluid, no significant difference in
boiling behavior is observed between the two surfaces. This could imply that the cavities present on the
technical copper surface cannot be activated easily if ethanol is used as boiling fluid, whereas activation

happens if FC-72 is used.

In case of increasing heat flux measurements, an additional boiling regime, the so-called partially ac-
tivated isolated bubble regime, is observed on the technical copper surface. This regime is defined by
a stationary wall superheat for increasing heat fluxes, since the added heat is solely used to activate
additional nucleation sites. This regime is especially pronounced for the long microstructured surface.
No pressure dependency of the boiling process is observed on the long microstructured surface, since
the effects causing the partially activated isolated bubble regime, as well as the pressure dependency,
could be superimposed. Thus, the measurements in this thesis are performed for decreasing heat fluxes.
The results of the two homogeneously microstructured surfaces show that the different needle length
affects the measurements using ethanol, while having insignificant influence on the experimental results
using FC-72. Compared to the results of the uncoated copper surfaces and the correlation of Gorenflo,
a similar, but less pronounced influence of the system pressure is observed. For a specific heat flux, the
two homogeneously microstructured surfaces enhance the heat transfer coefficient up to a factor of 2.8
for both fluids, compared to the smooth copper surface. This enhancement is due to smaller bubble
departure diameters and presumably higher nucleation site densities. The critical heat fluxes of the two
homogeneously microstructured surfaces are lower than those of the uncoated copper surfaces. Unfortu-
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nately, the reason for this decrease could not be identified. Nevertheless, the presented findings answer
the first scientific question—How is the boiling process affected by a microstructure, whose geometrical
length scale is between the well-studied micropillars and nanowires?

In an attempt to enhance the critical heat fluxes of the two homogeneously microstructured surfaces, a
hierarchical surface was manufactured, by interrupting the microstructured surface with smooth copper
strips. The goal of this enhancement is to increase the liquid flow into the microstructure, create dif-
ferent fluid inflow and outflow paths, and decrease the Rayleigh-Taylor wavelength. Consequently, the
critical heat fluxes of the hierarchical surface are enhanced by a maximum factor of 1.8, compared to
the homogeneously microstructured surfaces. Additionally, the maximum heat transfer coefficients are
enhanced up to a factor of 1.3 and 3, compared to the homogeneously microstructured surfaces and the
smooth copper surface, respectively. This answers the second scientific question—Is it possible to im-
prove the boiling performance of said microstructure by adding a macrostructure, creating a hierarchical

structure?

Besides microstructured and hierarchical surfaces, different boiling fluids have a significant impact on
the boiling process. This influence can interact and overlap with the influence of the surface structure. In
order to understand the influence of the boiling fluid, measurements with the smooth copper surface are
performed. The results suggest the existence of a phenomenon enhancing heat transfer coefficients at
low system pressures, if ethanol is used as boiling fluid. Experiments with the smooth chromium surface
suggest that this phenomenon might be microlayer evaporation, which transforms to sole contact line
evaporation, presumably at system pressures slightly higher than 1.0bar. According to Schweikert et
al. [128], the cumulative heat transferred by an evaporating microlayer is larger compared to contact
line evaporation, which is in agreement with the observations of this thesis. In turn, this could enhance
the heat transfer coefficients of the ethanol measurements at low system pressures. In comparison,
the measurements using FC-72 show mostly contact line evaporation, with the exception of a large
bubble at a system pressure of 0.4 bar. These findings show that phenomena, which influence the boiling
process on a large length scale, can only be identified on a smaller length scale. This answers the third
scientific question—Can an investigation of the boiling process on different length scales enable a better

understanding of the occurring boiling phenomena?

The occurrence of different evaporation regimes, contact line evaporation and microlayer evaporation,
are in agreement with correlations of Schweikert [127], which are based on generic, non-isothermal
dewetting experiments. This agreement suggests the transferability of the phenomena observed in the

generic experiments to nucleate boiling.

Unfortunately, several phenomena could not be explained, due to unknown processes inside the mi-
crostructure. Thus, in the future, further efforts should be made to apply the microstructure onto an
infrared transparent heater. This would enable insights into the processes occurring inside the mi-
crostructure. Additionally, there are several parameters, which could not be measured, like the nu-
cleation site density, the bubble frequency, or the receding contact angle under non-isothermal and

saturated conditions. These parameters could provide hints for understanding the boiling phenomena
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observed in this thesis. Unfortunately, these parameters could not be measured in the scope of this the-
sis. Besides the additional parameters, experiments using water as boiling fluid could provide further
insights, since the wettability of the microstructures by water is significantly worse, compared to the
fluids used in this thesis. Additional changes to the experimental setup are necessary to facilitate exper-
iments using water due to its corrosive nature, which could not be realized. Besides answering the open
questions of this thesis, further experiments with various boiling fluids should be performed, linking the
bubble expansion velocity to experimental parameters such as system pressure and heat flux. This would
enable the optimization or development of novel correlations, since effects of the evaporation regimes
are not currently considered directly in state of the art correlations.
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CHAPTER

Appendix

A.1 Experimental results

ethanol 0.4 bar 1.0 bar 5.0 bar

according to the Nukiyama curves:
still significant influence of natural convection

FC-72 0.4 bar / 1.0 bar 5.0 bar

Figure A.1: Images showing the boiling phenomenon at a heat flux of 20kWm™? and various system
pressures obtained for the smooth copper surface Scu, using ethanol and FC-72 as boiling
fluids.
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pressures.

S B, S e — —— — .
Symbols: Exp. data
6 1 (@ ethanol / Curves: Gorenflo corr. [140]
] || = — EtOH 30 kw m?
5 ® — EtOH 80 kW m?
2 / {| v — EtOH 140 kW m?
= 4 EtOH 220 kW m™
= 4 A 4
S / A — EtOH 340 kW m?
3 / &
I 1l a-- Fc727kwm?
v v {l o-- FC-7230 kW m?
14 ® v-- FC-7270 kW m”
1 u 1 FC-72 90 kW m?
o F
0.02 004 006 008 0.0
p/p, /-

— T T T T T
< (b) FC-72 ot
J o- ‘ S - v
R4 Lo
v -
0-© O -t o
o7 - i
oo o o
— 77
0.05 0.10 0.15 0.20 0.25
p/p, /-

Figure A.9: Ratios of heat transfer coefficient to reference heat transfer coefficient for specific heat fluxes
obtained for the long microstructured surface 20cu using ethanol (a) and FC-72 (b) at reduced

pressures compared to Gorenflo’s correlation [140].

134

A Appendix



8004 (a) ethanol

600

400

critical heat flux / kW m™

m EtOH o FC-72 20cu
Zuber correlation [168]:
—EtOH - - FC-72

Kandlikar correlation [62]:

—EtOH - - FC-72
Yagov correlation [158]:
EtOH - - FC-72

A EtOH A FC-72 Scu

0 T T T T T T T T
1 2 3 4
system pressure / bar

critical heat flux / kw m?

200

=

[6)]

o
|

100

a1
o
|
|

|

T T T 1 1
1 2 3 4 5

system pressure / bar

Figure A.10: Critical heat fluxes for the long microstructured surface 20cu at various system pressures
using ethanol (a) and FC-72 (b) compared to correlations of Zuber [168], Kandlikar [62],
Yagov [158], and the experimental results of the smooth copper surface Scu.

] T T T T T T T T T T
(a) ethanol I_:
400 23] ]
€ 1 v
300 me
2 me Vv m EtOH o FC-72 20cu
> T %}i{ ® EtOH o FC-72 10cu
2 200 ° v EtOH v FC-72 Opt
] me EtOH ¢ FC-72 Tcu
_g:-’ T | LI 4
100 B
» v
4 (J
0 T T T T T T T T T T
0 5 10 15 20 25

wall superheat / K

heat flux / KW m™

T T T T T T
200+ (b) FC-72 il
J v J
150 v
J oo J
100 ﬂﬂ L
J o v J
‘on
50 _—#_V; S
] a ¥ ]
e
0
T T T T T T
0 5 10 15

wall superheat / K

Figure A.11: Nukiyama curves at 0.7 bar system pressure for four different surfaces using ethanol (a) and

FC-72 (b).
800 T I T I T I I
(a) ethanol v
N ] v
'c 600 = .
o ¥ =
E | |.§| v LEI
X 400 —
£ o kel
8 y v
< 200 b ¥
o |+
] o m
0 T T T T T T
0 5 10 15 20

wall superheat / K

m EtOH o FC-72 20cu
® EtOH o FC-72 10cu
v EtOH v FC-72 Opt

EtOH ¢ FC-72 Tcu

heat flux / kW m™

4 T T T T T T
2504 (b) FC-72 v
200 > B
150 @o o Vv

_ o ij _
100 o} 3

)l o} kb v )l

50 o joifd
] o o©v ]
04 f=b L
T T T T T T

wall superheat / K

Figure A.12: Nukiyama curves at 3.0 bar system pressure for four different surfaces using ethanol (a) and

FC-72 (b).

A.1 Experimental results

135



heat flux / kW m?

25 IT —T T T T T T

«_ 354 (a)ethanol

1S J @) = v |
v

E 30 T e

= 7] m. N ]

= 25

ISR v

2 20 [

Q A n

8 15 ©

5 o] ix

b 10 =

C -

S 5 oV

g ol

e T T T T T T T

0 100 200 300 400

® EtOH o FC-72 20cu
® EtOH o FC-72 10cu
v EtOH v FC-72 Opt

EtOH ¢ FC-72 Tcu

U T T T T T T T T

X 20

N (b) FC-72

S -

o

< 15 o% v

o E M

£ 10

o 9 v

o

3 x ¥

2 5 v

g ¥

g ¥

e 0 T T T T T T T
50 100 150 200

heat flux / kW m
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Figure A.14: Heat transfer coefficients for specific heat fluxes obtained for four different surfaces using
ethanol (a) and FC-72 (b) at a system pressure of 3.0 bar.
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Figure A.16: Heat transfer coefficients for specific vapor volume flows at various system pressures for the
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Figure A.19: B&w images and heat flux fields of a growing bubble at various time steps after bubble
nucleation and a system pressure of 0.4 bar using FC-72 as boiling fluid . The heat flux scale
varies from time step to time step.
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Figure A.20: Heat flux fields and calculated microlayer thickness evolutions at y = 2 mm (indicated by the
red line) using ethanol as boiling fluid at different time steps after nucleation and a system

pressure of 0.7 bar.
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Figure A.21: Heat flux fields and calculated microlayer thickness evolutions at y = 1.15mm (indicated
by the red line) using ethanol as boiling fluid at different time steps after nucleation and a
system pressure of 1.0 bar.
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A.2 Comparison to literature data
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Figure A.22: Nukiyama curves for the technical copper surface Tcu (a) and the smooth copper surface Scu
(b) at various system pressures using ethanol as boiling fluid compared to literature data.
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Figure A.23: Nukiyama curves for the technical copper surface (Tcu) and the smooth copper surface (Scu)
at various system pressures using FC-72 as boiling fluid compared to literature data.

In Figures A.22 and A.23, Nukiyama curves are presented at various system pressures for the technical
copper surface Tcu and the smooth copper surface Scu using ethanol and FC-72 as boiling fluids. Ad-
ditionally, literature data is shown of Dong et al. [28], Kalani and Kandlikar [61], Parker and El-Genk
[112], Rainey et al. [122], and Shen et al. [132]. It is obvious, while some literature data sets match
the results obtained in this thesis, others do not. Several factors could cause these deviations and the
scattering of the literature data. In many publications, the roughness of the smooth surface is unknown.
However, roughness can have a large impact on the boiling process, which is visible in section 5.1.2.3
and in Figure A.23. The results obtained using the technical copper surface show significantly smaller
wall superheats compared to the results of the smooth copper surface. Although their roughness values
are different, the technical copper surface could still be considered smooth, since it is uncoated and
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polished by emery paper of a small grain size'. Besides the roughness of the surface, the purity of the
boiling fluid has a significant impact. Especially the amount of inert gases dissolved in the liquid can
change the boiling behavior drastically. However, most researchers do not provide a leakage rate of
their experimental setup, which makes it impossible to determine, whether the boiling fluid is degassed.
Additionally, other characteristics of the experimental setup could have an influence as well, since the
quantitative impact of many error sources cannot be determined. All those factors are responsible for
the scattered nucleate boiling data.

A.3 Material properties

Table A.1: Temperature dependent equations used to calculate the physical properties of ethanol as sug-
gested by the VDI-Wéirmeatlas [60]. The temperature has to be inserted in Kelvin und the
pressure in Pascal.

property symbol value

; {61.48exp[513.9/T( — 8.33801L + 0.08719L'° —
P 330578125 —0.2598615)]} bar

vapor pressure

{276 + 748.619L°%% — 412.3645L%° + 776.4385L —

lig. density?
- density Pl 436.6754L%°} kgm™
vap. density® py  {p/180.4645T} kgm™

{92740.712(14.68765L1/°—15.271191%/°+26.062304L —
20.049661L% + 15.816495L°)} Jkg™

spec. enthalpy of vapor-

o Ah
ization? v

{180.4645(0.5036/L +22.442—36.7832L +160.3732L2—

lig. heat ity?
1q. heat capacity Pl 466.4327L3 +396.028L4)} Jkg ! K1

{0.251 — 3.16 x 10T + 2.04 x 107T? — 2.57 x

lig. thermal conductivity A 10710 T3} Wmlk

{3.8 x 107 exp (6.16824[(740.289—T) /(T —90.765)]"/>—
0.0012[(740.289 — T)/(T —90.765)]*%)} Pas

surface tension? o {0_06374L2‘46625—3.21891(1—L)+1‘91455(1—L)2—0.10017(1—L)3 } Nm

lig. dyn. viscosity m

approximately 12 pm grain size

To reduce the length of the equation, the factor L = (1 —T/513.9) is used, with the temperature T in Kelvin.

Using a virial expansion instead results in a mean density difference of 5% to the ideal gas law, which is similar to the
assumed overall uncertainty of the physical properties. Therefore, it is estimated that the ideal gas law is useable without
significant errors.
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Table A.2: Physical properties of FC-72 adapted from [57, 135].

sat. sat. [liquid vapor heat capacity enthalpy of |surface ther. cond. dyn. visc.
pressure temp. [density  density  (cp) evaporation |tension x 107 [x 107 x 10
Jatm  /°C |/kgm® /kgm® /Jkg'K'  /Jkg®! /Nm'* /Wm'K?  /Pas
0.085 0| 1755.29 1.371 1011.01 99181.7 1.334 5.877 9.496
5| 1737.54 1.802 1018.73 98000 1.288 5.818 8.742
0.144 10| 1719.78 2.234 1026.45 96818.2 1.241 5.76 8
15| 1705.66 2.859 1034.17 95593.4 1.195 5.702 7.43
0.232 20 1691.54 3.484 1041.89 94368.5 1.15 5.643 6.868
25| 1680.33 4.357 1049.61 93094.4 1.104 5.585 6.437
0.361 30( 1669.12 5.231 1057.34 91820.3 1.059 5.526 6.011
35| 1659.4 6.41 1065.06 90497 1.015 5.468 5.68
0.54 40| 1649.68 7.589 1072.78 89173.6 0.9708 5.41 5.353
45 1640.58 9.136 1080.5 87788.8 0.9271 5.351 5.091
0.785 50( 1631.48 10.683 1088.22 86403.9 0.8838 5.293 4.831
55| 1622.58 12.738 1095.94 84969.8 0.8409 5.234 4.608
1 56.6/] 1619.73 13.396 1098.41 84510.9 0.8273 5.216 4,537
1.109 60( 1613.67 14.793 1103.66 83535.7 0.7985 5.176 4.388
65 1603.46 17.516 1111.39 82046.2 0.7565 5.118 4,183
1.529 70| 1593.25 20.238 1119.11 80556.6 0.715 5.059 3.982
75| 1581.12 23.721 1126.83 79024.1 0.6739 5.001 3.799
2.062 80 1568.99 27.203 1134.55 77491.5 0.6334 4.942 3.618
85( 1554.08 31.59 1142.27 75928.1 0.5933 4.884 3.432
2.726 90 1539.16 35.976 1149.99 74364.7 0.5538 4.826 3.249
95( 1520.13 41.486 1157.71 72782.9 0.5149 4.767 3.195
3.541 100f 1501.1 46.996 1165.44 71201 0.4766 4.709 3.14
105 1477.05 53.811 1173.16 69446.9 0.4388 4.65 3.084
4529 110| 145299 60.625 1180.88 67692.7 0.4018 4.592 3.028
115 14235 69.061 1188.6 65993.9 0.3654 4.534 2.963
5.713 120 1394.01 77.496 1196.32 64295.1 0.3297 4.475 2.898
125 1357.46  88.023 1204.04 62214.8 0.2947 4.417 2.82
7.117 130[ 1320.9 98.55 1211.77 60134.4 0.2606 4.358 2.742
135 1276.84 112.068 1219.49 57641.6 0.2274 4.3 2.649
8.771 140| 1232.78 125.586 1227.21 55148.8 0.1952 4.242 2.557
145 1180.24 143.815 1234.93 52059 0.1639 4,183 2.447
10.71 150| 1127.69 162.044 1242.65 48969.2 0.1339 4.125 2.337
155 1065.47 188.631 1250.37 45048.5 0.1051 4.066 2.207
12.96 160 1003.25 215.217 1258.09 41127.7 0.0779 4.008 2.077
165 930.49 259.178 1265.82 35692.9 0.0525 3.95 1.926
15.58 170 857.72 303.138 1273.54 30258 0.0294 3.891 1.775
175 714.06 485.117 1281.26 12459.2 0.0097 3.833 1.477
18.17 178.5 613.5 612.502 1286.66 0 0 3.792 1.269
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Table A.3: Physical properties of copper at T = 20°C according to [73].
property symbol value

density P 8900kgm™
thermal conductivity A 393Wm'K!
spec. heat capacity c 390Jkg 'K

Table A.4: Physical properties of CaF, at T = 20°C according to [74].
property symbol value

density o 3180kgm™
thermal conductivity A 9.71WmK!
spec. heat capacity c 854 Jkg K

A.4 Condenser

The necessary condenser length was calculated using a piecewise 2-dimensional calculation, as seen in
Figure A.24. The step size is Al = 0.1 mm and the calculation is stopped once the entire vapor mass flow
is condensed. The heat transfer phenomena of the boiling fluid side are calculated using a correlation
for local film condensation with co-current vapor flow, which is published in the VDI-Wdrmeatlas [60].
The heat transfer through the wall is calculated using 1-dimensional Fourier’s law. The heat transfer
on the silicone oil side is calculated using a correlation for forced convection through an annulus. The
silicone oil temperature is assumed constant over the condenser length. It is calculated by averaging the

MSO
i i liquid boiling vaporous
SECORC O fluid boiling fluid

film condensation

with co-current
vapor flow

Al

forced convection Mcond
through an annulus

Mso M, + Mcond M, - I\./Icond

Figure A.24: Sketch of a calculated condenser section.
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temperature of the arriving silicone oil and the temperature of the departing silicone oil, which is based
on the arrival temperature and the overall removed heat flow. The outside of the shell is assumed to
be adiabatic. In order to find the perfect length for the condenser, two extreme cases are evaluated for
boiling heat fluxes between 10 and 1000 kW m2 using the copper heater:

» water boiling at 30 °C with varying silicone oil temperatures and flowrates,
* FC-72 boiling at 180 °C with varying silicone oil temperatures and flowrates.

A condenser with a total length of 2m is able to transfer most of the heat fluxes in those two cases. As
the physical properties of ethanol are situated between the properties of water and FC-72, the condenser
is able to work with ethanol as well. Due to a limited size of the experiment, the condenser consists of
two pipes each 1 m long.
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