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Abstract

Boiling systems are characterized by Critical Heat Flux (CHF), the maximum level of
applied heat flux beyond which the near-surface liquid is displaced by a thin vapor
film leading to a sharp rise in the surface temperature and heater failure. Operation
close to CHF is avoided because its behavior gets altered unpredictably as the surface
undergoes oxidation and/or particle deposition over time. Reliable mechanistic models
that can accurately predict dynamic changes to CHF do not exist. Furthermore, all
surface/fluid combinations exhibit different CHF's and are represented on boiling curves
with dimensional axes. The lack of a universal dimensionless quantity makes it difficult
to compare across boiling systems and is indicative of how poorly the physics governing

CHF is understood.

In this context, non-linear dynamical analysis of boiling systems may yield informa-
tion about conditions just prior to CHF. This idea is based on the fact that boiling
is a non-linear, complex dynamical system that is governed by mass, momentum and
energy transport in three subsystems, namely the bulk fluid, the heater surface, and
the heater-fluid interface. Previous studies have demonstrated that as a result of inter-
actions between these subsystems, local surface temperature, contact line length and
surface void fraction exhibit fluctuations on a wide range of time scales and are char-
acterized by scaling exponents. This is promising because such scaling laws can serve
as characteristic fingerprints of the state in which a system is operating and act as
a precursor to transition to a different state or an impending catastrophic event (like

CHF).

Building on the above-mentioned framework, this study investigated the statistics of

local temperature fluctuations on surfaces undergoing boiling using surface-deposited,

v



micro-scale Resistance Temperature Detectors (RTDs). Scale-free behavior of tempera-
ture fluctuations is established, and analysis of the Auto-Correlation Functions (ACF)
reveals the presence of long-term correlations of temperature fluctuations when oper-
ating close to dry-out. The time series are then characterized using the Hurst Expo-
nent, a measure of long-term memory of a time series, along the boiling curve. It is
demonstrated that the trend in evolution of Hurst Exponent along the boiling ccurve is
common across all experiments performed. Specifically, temperature fluctuations have
a high degree of persistence and exhibit short-term correlations at low heat flux and

have a lower degree of persistence and exhibit long-term correlations at high heat flux.

Next, surface-averaged temperature fluctuations of a platinum wire undergoing boiling
were investigated along similar lines. The observed values of CHF spanned one or-
der of magnitude. Scale-free behavior and long-term correlations through analysis of
ACF were observed again. It is shown that the evolution of the Hurst Exponent for
surface-averaged temperature fluctuations also follows the same trend as that for local

temperature fluctuations on plane surface experiments.

Finally, the above analysis was extended to publicly available data of heat flux fluctu-
ations on temperature-controlled surfaces undergoing boiling in micro-gravity. While
the specific values of the Hurst Exponent along the boiling curve were lower for the
micro-gravity data, the same trend as before is observed. From the spatial uniformity
of this behavior as well as its universality, it may be possible to determine the proximity
of a system to CHF using the Hurst Exponent, even as the surface undergoes changes

in surface condition due to fouling.
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Chapter 1

Introduction

1.1 Motivation & Objectives

Boiling is a highly efficient phase-change process that is capable of transferring large
amounts of thermal energy per unit area per unit time. As a result, boiling is used in
the thermal management of electronic chips, where extremely high heat fluxes must be
transported away from small surfaces while maintaining the peak surface temperature
below some threshold. Boiling is also used in the generation of electricity from nuclear
fuel, coal and natural gasE] in boilers operating on the Rankine cycle. Together, nuclear
fuel, coal and natural gas are projected to make up 74% of the U.S. electricity production

in 2025, respectively. [1]

All boiling systems are characterized by an upper bound on the heat flux called the
Critical Heat Flux (CHF). CHF is a level of applied heat flux beyond which the near-
surface liquid is displaced by a vapor film, restricting the liquid from access to the

surface. As a result, thermal energy begins to accumulate in the surface, causing a

In natural gas powered electric plants, a Rankine cycle is used as a bottoming cycle for the gas
engine to improve the overall thermal efficiency of the combined power cycle.
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Figure 1.1: Sensitive dependence of CHF on surface fouling and liquid salinity.

sharp rise in the surface temperature and ultimate failure. This phenomenon is known
as dry-out. The highest heat transfer coefficients (HTCs) are observed at heat fluxes
close to the CHF, making it desirable to operate any boiling system close to it. However,
obtaining reliable values of CHF for boiling systems is difficult because CHF's have a
sensitive dependence on surface and liquid characteristics. Surface fouling can change
the surface chemistry and/or geometry due to incremental changes over time in particle
deposition or surface oxidation and alter CHF (Figure while changes in liquid
salinity can also drastically reduce CHF (|1.1b)). This renders CHF unpredictable and as
a result, operation close to it is avoided. Operating at a lower heat flux is undesirable
because it places a lower bound on the surface area of a heat exchanger which increases
the initial cost of the plant (with a given power rating), and in electronics cooling, it

places an upper bound on the computational power of a chip with a given surface area.

Although many mechanistic models that predict CHF have been proposed over the last
70 years (Section , the conditions that bring about the onset of dry-out are not
well understood. The aforementioned models are mostly hydrodynamic and are based

on simplified assumptions of uniform and constant surface temperature and heat flux.
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They fail to capture the dynamic effects of surface fouling on CHF. These models also
propose different dry-out triggering mechanisms and are not universally applicable to
all boiling systems. In the absence of reliable predictions of CHF, power plant operators

rely on lookup tables [4] while relying on a factors of safety ranging up to 1.45 [5].

A solution to operation at higher heat fluxes and higher HTC has been to enhance
CHF through surface or fluid modification. Over the past two decades, novel ways of
enhancing CHF and HTC have been proposed which use micro/nano-scale structures,
microporous surface coatings, nanofluids and micro-channels (Section . These have
demonstrated the importance of surface chemistry and geometry in reducing contact
angle, increasing nucleation site density, enhancing wicking flow and facilitating liquid-
vapor pathways, thereby promoting rewetting of a dry spot on the heater surface and
delaying dry-out. Although enhancing CHF does allow for operation at higher heat
fluxes than before, it is also plagued by surface fouling and CHF remains difficult to
predict. Therefore, it is necessary to understand the effects of surface fouling on CHEF.
This may be achieved by performing lab experiments but due to the sensitive dependence
of CHF on surface chemistry and/or geometry (which are application-specific), the re-
sults of these experiments will have high uncertainties associated with them. Therefore,
it is essential that some predictive techniques are developed that can indicate changes

in the value of CHF based on the dynamic conditioning of the surface.

In this context, operation close to CHF requires some indicator of a surface’s proximity
to dry-out. Such an indicator should be capable of detecting an imminent, but not
incipient, dry-out and allow for control measures to be taken in time. It should also
be universal across all surfaces regardless of the extent of fouling. In recent years,
several studies have demonstrated that boiling is a chaotic and complex dynamical
system by examining fluctuations in surface temperature, contact line length and surface
void fraction [6-8]. From the study of non-linear, complex dynamical systems, it is

known that such systems undergo catastrophic changes with small changes in certain
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input parameters, akin to dry-out in boiling. Data series generated by such systems
have information embedded in them which can be used for short term forecasting of
a catastrophic event [9]. This suggests that in boiling, there should be a focus on the

aforementioned dynamical quantities to look for an indicator to presage dry-out.

Non-linear, complex dynamical systems are known to generate data series exhibiting
fluctuations on a wide range of time scales that follow scaling laws over several orders
of magnitude. These scaling relations cause the dynamics of the system to appear
self-similar (Section . In the last 20 years, scaling behavior in self-similar data
series has been reported in many natural time series generated by complex systems,
including geophysical, medical and physiological, astrophysical, and financial systems
[10H13]. Phase transitions in complex systems are often associated with changes in
their fractal dynamics, allowing for a detection of such transitions (or corresponding
states) by fractal analysis. While the fractal nature of boiling has been demonstrated by
studies, the use of this property in estimating the system’s proximity to CHF remains
unexplored. Particularly, self-similar data series exhibit long-term correlations which
can be quantified using a measure called Hurst Exponent (see Section for details).
This motivates the objective of the present study: to demonstrate the use of Hurst
Exponent calculated for time series generated in boiling system as an indicator of a

surface’s proximity to dry-out.

The goal of this study was to investigate local and surface-averaged temperature fluc-
tuations in boiling for long-term correlations and explore the use of Hurst Exponent, a
measure of long-range memory of a time series, as an indicator of a surface’s proximity
to dry-out. This will allow operation of all surfaces closer to CHF to achieve higher
HTCs. This study will also yield insights into conditions prior to dry-out across dif-
ferent surfaces, which have proven difficult to interrogate experimentally so far. Such
insights will prove useful in the future to design surfaces which can enhance CHF even

further. Additionally, the results of this study will improve understanding of safety
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margins in power plants, heat exchangers and cooling of micro-electronics and promote

understanding of the role of surface chemistry in delaying dryout.

1.2 Organization of this Work

This thesis is organized as follows:

e Chapter 2 provides a brief introduction to boiling fundamentals followed by the

literature study relevant to this study.

e Chapter 3 provides an overview of the experimental facilities used in this work.
It also includes details on data reduction of the raw measurements, calibration of

the various temperature sensors, and uncertainty analysis.

e Chapters 4 and 5 describe the results from the boiling experiments performed on

surfaces with embedded micro-scale RTDs and platinum wires, respectively.

e Chapter 6 extends the analysis outlined in the foregoing chapters to publicly
available data of experiments performed in microgravity aboard the International

Space Station.

e Chapter 7 summarizes the body of work with the main conclusions highlighted.

The avenues that should be explored in future work are also recommended.

e Appendix A outlines the calibration process of a Standard Platinum Resistance
Thermometer, the primary standard against which all other temperature sensors
were calibrated in this work. It also includes details on data reduction and uncer-

tainty analysis.

e Appendix B outlines the calibration process of type-T thermocouples used in this

work, along with details on data reduction and uncertainty analysis.
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e Appendix C outlines the steps taken and recipes used for the micro-fabrication of
surface-deposited, micro-scale Resistance Temperature Detectors (RTDs) used in

this work.



Chapter 2

Background

2.1 Fundamentals of Boiling

2.1.1 Pool Boiling

Pool boiling refers to the situation where a surface immersed in a quiescent pool of
liquid is heated to temperatures above the boiling point of the liquid and a majority of
the heat transfer from the surface to the liquid occurs due to the continuous nucleation

and departure of vapor bubbles (see Figure . During the formation of such vapor

T>T
w sa

t,

Figure 2.1: Schematic representing pool boiling on a heated surface.
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bubbles, large amounts of thermal energy is absorbed by the liquid from the surface in
the form of latent heat of vaporization to undergo phase change as the fluid temperature
is essentially held constant at the saturation temperature. Owing to the lower density
of the vapor being surrounded by higher density liquid, the vapor bubble detaches itself
from the heated surface due to buoyancy and departs, making way for fresh liquid to
take its place and continue this process of heat transfer and vapor removal. Due to its
multi-phase nature, it is a highly efficient heat transfer process where large amounts
of heat transfer can be driven by relatively small temperature differences between the

surface and the surrounding liqui(ﬂ7 as is evident in Figure

The term pool in pool boiling is used to specify the quiescent nature of the liquid which
may have finite values of local velocities but the volume-averaged velocity is zero. This
is in contrast to flow boiling wherein the liquid has a finite volume-averaged velocity.
Pool boiling may also be further classified into saturated and sub-cooled boiling to

refer to the average temperature of the liquid. As the names suggest, the average liquid

lcompared to other methods of heat transfer

| Water condensation,
1 Forced convection

Water boiling,
Forced convection

Water condensation,
Natural convection

I
1
1
I
I
1
1
:
| Water boiling,

! Natural convection
Water,

Forced convection

Water,
Natural convection

Air,
Forced convection

Natural convection

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Order of magnitutde for Heat Transfer Coefficient [W/m?2K]

Figure 2.2: Order of magnitude estimates of HTCs associated with different convective
techniques, adapted from , showing the effectiveness of phase-change heat transfer.
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temperature is at (or below) the saturation temperature of the fluid in saturated (or

sub-cooled) pool boiling.

2.1.2 The Boiling Curve

Quantitatively, pool boiling is represented on a boiling curve, a graph of the wall heat
flux (g,,, heat transfer rate per unit area) vs. the wall superheat, AT, = Ty, — Tyas.
A representative boiling curve for water on a smooth metallic surface is shown in Fig-
ure When no heat flux is dissipated by the surface, it is in thermal equilibrium with
the surrounding liquid, which may be at or below the saturation temperature. For this
discussion however, we will consider saturated pool boiling and hence, the surrounding

liquid is at Tgat.

As the surface begins to dissipate heat, the surface temperature increases beyond the
saturation temperature, that is, T, > Tyt = AT, > 0. At the lowest values of
heat flux dissipation, heat transfer occurs exclusively due to buoyancy-driven natural
convection and vapor bubbles are absent. This part of the boiling curve is known as
the free or natural convection regime. The absence of vapor bubbles is because the
wall superheat must exceed a threshold, known as activation superheat or bubble
incipience temperature, to provide the surface energy required to form a new liquid-

vapor interface for the vapor bubble. This activation superheat is given by

20T st (H)

AT,
Y pohiyr

v

(2.1)

where P, is the bulk liquid pressure, o is the surface tension of the liquid, p, is the vapor
density, hj, is the enthalpy of vaporization, and r is the radius of the vapor bubble at
nucleation. For water at atmospheric pressure, the activation superheat is typically in
the 1 — 5 K range for values of 6 um < r < 30 um. Such low values of activation

superheat are due to the presence of trapped air pockets in surface cavities; however,
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Figure 2.3: A representative pool boiling curve for pure water on a smooth metal surface.

the trapping of air by a cavity depends on many factors, including surface chemistry,
roughness, and the local temperature field, all of which affect the contact angle and
the shape of the cavity itself. The point on the boiling curve where bubble nucleation
starts is known as the Onset of Nucleate Boiling (ONB), and is followed by the nucleate

boiling regime.

Just beyond ONB, the boiling curve becomes steeper since phase change heat transfer is
capable of dissipating increasing amounts of heat flux with smaller increases in the wall
superheat. In the nucleate boiling regime, initially, the largest cavities with trapped
air or vapor are activated and bubbles nucleate at isolated locations (or nucleation
sites) on the surface. But as the heat flux and the wall superheat increase, cavities
of smaller mouth radii are also activated. At still higher heat fluxes, nucleation site

density increases, and eventually, the bubbles nucleate faster than they can escape from
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the surface individually. This results in bubbles coalescing and vapor now escapes the

surface in the form of slugs and columnsﬂ

Eventually, at a certain level of heat flux, known as the Critical Heat Flur (CHF), the
vapor forming at the surface is considerable and liquid resupply to the dry-spots under
the vapor is prevented, causing the dry-spots to grow irreversibly and the surface to be
enveloped by a thin vapor film. The sudden drop in the thermal conductivity of the
fluid in contact with the surface (k,/k; = 0.036 for water at Ty, = 100°C) leads to a
sharp and large jump in the wall temperature (of the order of 1000 K). Beyond CHF,
heat transfer occurs through the vapor film, and this regime is known as the film boiling

regime.

Once film boiling is established on a surface, reducing the heat flux below CHF does
not result in an immediate transition back to the nucleate boiling regime. Instead
the boiling curve exhibits hysteresis and follows the cooling curve marked by the blue
arrows in Figure 2.3l Due to the extremely high wall temperatures in the film boiling
regime, the vapor film is extremely stable. Any liquid that breaks through the vapor
film vaporizes quickly to reestablish the film. With continued decreasing heat flux,
this occurs until the Leidenfrost Point (labeled LP on the boiling curve) is reached.
If the heat flux is reduced below LP, the vapor film breaks down entirely and boiling

transitions back to the nucleate boiling regime.

The dashed portion of the boiling curve between CHF and LP is known as the transition
regime, named due to the transitional nature of the regime that oscillates unpredictably
between film and nucleate boiling. This part of the curve is only realized if the wall

temperature (and hence, wall superheat), and not the wall heat flux, is controlled.

2This regime is also known as the ”fully-developed” nucleate boiling regime.
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2.1.3 Bubble Ebullition Cycle

The continuous nucleation, growth and departure of vapor bubbles from a boiling surface
drives the majority of the heat transfer and forms a very efficient means of mass and
thermal energy dissipation resulting in some of the largest heat transfer coefficients
(HTCs) in convective heat transfer. Therefore, it is important to understand the lifecycle

of a typical vapor bubble on a boiling surface, also known as the bubble ebullition cycle.

Figure shows the various stages of a vapor bubble at a cavity of radius r. acting
as an active nucleation site on a surface undergoing saturated pool boiling. The bulk
liquid is at P, and T, = Tyat (POO). The cyclic process starts at ¢ = 0 (Figure )
when an existing vapor bubble departs, entraining with it superheated liquid from the
thermal boundary layer that existed near the wall, and is replaced by relatively cooler

liquid at T from the bulk.

This is followed by a period known as the waiting time, t < t,,, during which the super-
heated thermal boundary layer is restored by heat transfer from the wall (Figure )
Within this thermal boundary layer, the liquid exists in a superheated metastable state
at T'(y) > Tsat (POO) =T, with T'(y) varying between T}, next to the wall (y = 0) and
To < Ty at the edge of the thermal boundary layer (y = d;), as shown in Figure .
The thermal boundary layer thickness is of the order of 10 um for water undergoing
boiling at atmospheric pressure. Due to the no-slip boundary condition at the heated
wall, advection within the thermal boundary layer can be neglected. As a result, heat
transfer in the thermal boundary layer is modeled as one-dimensional transient conduc-
tion and the thermal boundary layer thickness increases with time as d; ~ /ayt, where
o, is the thermal diffusivity of the liquid at Ty,t. However, convection and turbulence

in the bulk fluid away from the wall limits the thickness of the thermal boundary layer.

At the end of the waiting time, ¢t = ¢,,, the residual vapor left behind inside the cavity
by the release of the preceding bubble begins to grow. Mikic and Rohsenow (1969) [15]
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postulated that for vapor inside the cavity to start growing, the temperature profile
within the thermal boundary layer should be such that if a hemispherical vapor bubble
of radius r. was to exist on the cavity with the same mouth radius, the temperature at
the top of the hemispherical bubble (at y = r.) should exceed the activation superheat

for a vapor bubble of radius r. given by

20Tt (Poo)

T(y = re) > Tsat + oohinTe

Based on this criteria and by using a one-dimensional transient conduction model, they

arrived at the following expression for waiting time:

7“3 1 Tsat — Too 20T 5at (Vv - Vl) -
ty = —< erfc™ (2.2)

4oy Ty — T ; (Tw - Too)hlvre

where v, and v, are the specific volumes of the liquid and vapor, respectively, and ¢ is
the thermal conductivity of the liquid. This expression for the waiting time, t,,, yields
time scales of the order of 10 ms for water at atmospheric pressure, which is in good
agreement with observations by Han and Griffith (1965), Ibrahim and Judd (1985), and
Gerardi et al. (2011) [16-18].

In the discussion that follows, the pressure and temperature within the bubble are
assumed to be uniform at P, and T, respectively, at all times. When the bubble embryo
first begins to grow inside the mouth of the cavity, T, and P, are nearly equal to the
wall superheat T}, and Piat (T w), respectively. Throughout the rest of the bubble growth
process, the capillary pressure difference across the liquid-vapor interface decreases as

the bubble radius increases, and P, drops towards P,,. Therefore, P, and T, always lie
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Figure 2.4: Bubble Ebullition Cycle.

in the following ranges:

As the bubble embryo emerges from the cavity, there is a sudden increase in the radius of
curvature of the vapor bubble. At this instant, the capillary pressure difference, AP =

P, — P, which is near the maximum value, triggers a rapid expansion of the bubble
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that is resisted primarily by the inertia of the surrounding liquid. During this early
stage of bubble growth, also known as the inertia-controlled growth stage, the bubble
radius grows mostly due to the large capillary pressure difference. This growth stage
lasts for a very short time (of the order of 10 ps) and there is an insignificant amount
of vapor that is added to the bubble due to evaporation at the liquid-vapor interface.
At the end of the initial growth stage, the bubble shape is hemispherical, as shown in
Figure , and a thin, wedge-shaped layer of liquid (known as the microlayer) gets
trapped under the bubble. It varies in thickness from nearly zero near the cavity to a

few pm at the edge of the hemispherical bubble [19].

In in the next stage of bubble growth, the vapor temperature (7,) and pressure (FP,)
have reduced significantly and are closer to their lower limits of T, and P,,, respectively.
The bubble now grows mostly from vapor addition to the bubble from two sources: evap-
oration of liquid at the hemispherical liquid-vapor interface where the thermal energy of
the superheated thermal boundary layer is used up as given by the latent heat of vapor-
ization, and evaporation in the microlayer region, which is sustained by heat transfer
from wall. This stage is known as the heat transfer-controlled or thermally-controlled
growth stage because the bubble growth is now limited by the rate at which thermal

energy can be conducted to the two aforementioned liquid-vapor interfaces.

During the thermally-controlled growth stage, the microlayer may partially or fully
evaporate and leave behind a transient dry-spot under the bubble where the local surface
temperature becomes elevated. Simultaneously, the thermal energy of the superheated
liquid surrounding the hemispherical interface of the bubble is also gradually depleted.
The pressure and liquid inertia forces become relatively small compared to the surface
tension, which increases with the increasing perimeter (contact line) of the dry-spot.

This tends to pull the bubble into a more spherical shape, as shown in Figure 2.44.

The thermally-controlled growth stage lasts for time of the order of 10 ms, which is
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the same as that of the waiting time, t,,. For comparison, the inertia-controlled growth
period occupies a very small fraction of the overall growth process and the entire period
during which the bubble grows through the two growth stages is known as the departure

time, t4. As a result, the departure frequency of a bubble at a nucleation site is given

by fq= 1/(tw+td).

Throughout the bubble growth process, the interfacial tension acting along the contact
line tends to hold the bubble in place on the surface. Meanwhile, buoyancy forces tend
to pull the bubble from the surface in the case of an upward facing horizontal heated
surface. The detaching buoyancy force becomes stronger as the bubble becomes larger
until eventually it becomes stronger than the retaining surface tension force and causes

the bubble to detach from the surface and depart, restarting the cyclic process.

Bubble Growth Radius

As mentioned in the previous section, bubble growth during the thermally-controlled
growth stage lasts much longer than the initial inertia-controlled growth stage. During
the thermally-controlled growth stage, bubble growth occurs due to evaporation of liquid
to vapor at the hemispherical interface and in the microlayer. Mikic and Rohsenow
(1969) [15] modeled bubble growth due to evaporation at the hemispherical vapor-liquid

interface to derive the following expression of the bubble radius as a function of time,

R(t):
£\ /2 £\ V2
SO ON)

Jay/Frat ( Tw —To
R(t) = -
™ Tw — Tsat
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where t,, is the waiting time given by Equation (2.2), «, is the thermal conductivity of

the liquid and Ja is the Jakob number given by

PiCp,l (Tw - Tsat)
Ja =
pvhlv

where ¢, is the specific heat capacity of the liquid.

van Stralen et al. (1975) [20] also derived an expression for the bubble radius as a
function of time, R(t), by considering bubble growth exclusively due to evaporation in

the microlayer region. Their expression for the bubble growth radius was
R(t) = 0.470 JaPr; /5 /aut

where Pr, is the Prandtl number of the liquid.

The two equations of bubble radius during the thermally-controlled growth stage given
above are mainly analytical and increasingly detailed models of bubble growth have
been proposed since (|21-25]). Within the scope of this background, it is merely noted
that both the bubble radius expressions are of the form R(t) ~ Jay/a,t. Experimental

data agrees very well with this R(t) ~ t'/2 dependence.

Bubble Departure Diameter

The bubble diameter at release, Dy, is primarily determined by the net effect of forces
(primarily, surface tension and buoyancy, for pool boiling on an upward facing, horizon-
tal, heated surface) acting on the bubble as it grows on the surface. When the liquid
adjacent to the surface has motion due to bubble growth and departure at a neighboring
nucleation site for instance, drag and lift forces may also come into effect and act to
detach the bubble from the surface. In addition to these forces, wall superheat and

contact angle, 6, also affect the departure diameter of the bubble, Dy.
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Over the past eighty years, bubble departure has been the subject of numerous studies.
The reader is referred to the work of Carey (2020) [26] for an excellent summary of the
results, where the expressions of the bubble departure diameter, Dy, are presented in

the form of the Bond number, Bo, which is defined as

g(p — pv) D3

o

Bo =

Bubble departure expressions are nominally of the form Bol/? = f (J a, 9) and suggest
a singular value of the bubble departure diameter as a function of the wall superheat

(Tw — Tyat) embedded in Ja.

Bubble Departure Frequency

The bubble departure frequency is dependent on the bubble departure diameter, Dy,
since both the rate of bubble growth and size required for release determine the release
frequency. Therefore, the size and characteristics of individual nucleation cavities affect
bubble growth and wait times resulting in different nucleation sites having different
departure frequencies. Carey (2020) [26] provides a summary of all the correlations,
but has stated that there is considerable discrepancy between models that are each
based on a very limited data set. The correlations summarized in Carey (2020) allow
for insight into the relationship of bubble frequency and diameter, but cannot provide

predictive capabilities.

2.1.4 Heat Transfer Mechanisms in Pool Boiling

During the life-cycle of the bubble, there are multiple mechanisms by which heat is
transferred away from the wall as shown in Figure This section briefly describes

the different mechanisms.

Natural convection (¢,c), as a heat transfer mechanism, constantly transfers heat
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from the locations on the heated surface where there are no nucleating bubbles. At

active nucleation sites, however, vapor bubbles gives rise to other mechanisms.

When a bubble departs a nucleation site, it leaves behind a dry spot which is rewetted
by the surrounding liquid, leading to transient conduction (g.). Due to transient
conduction, heat transfer from the surface results in the growth of a superheated liquid
layer until a time when a new bubble nucleates (t = t,,). During the thermally-controlled
bubble growth stage, the thermal energy in superheated liquid layer contributes to evap-
oration at the hemispherical vapor-liquid interface by providing the energy required for
latent heat of vaporization (superheated liquid evaporation, ¢g). Simultaneously,
the bubble also grows due to evaporation in the microlayer region which extracts ther-
mal energy from the surface in the form of microlayer evaporation (g). During its
growth and departure, the bubble also agitates the surrounding fluid which would oth-
erwise be quiescent, except for natural convection currents. This results in enhancement

of heat transfer due to fluid motion known as micro-convection (gmc)-

Within the microlayer, contact line heat transfer (g.)) occurs over a very small region
close to the three phase contact line. A thin liquid layer is adsorbed onto the surface
due to molecular adhesive forces and the thickness of the adsorbed layer increases with
the radius from the center of the bubble as shown in Figure [2.5h. Close to the contact
line, the liquid layer is thin and evaporation is prevented by molecular adhesive forces.
As the thickness of the layer increases, adhesive forces decrease rapidly (F, oc 6—%) but

conductive resistance begins to increase. There exists an optimum thickness where the

Vapor 9
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liquid layer Adsorbed layer Liquid a,
& > Ime T taa 4
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a. Heat transfer mechanisms during bubble growth. b. Heat transfer mechanisms during bubble departure.

Superheated
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Figure 2.5: Heat Transfer Mechanisms in Pool Boiling. [27]
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heat transfer is maximum. Stephan and Hammer (1994) [28] suggested that the radial

length over which this heat transfer is greater is less than 1 pm for a bubble of diameter

125 pm.

2.2 Mechanistic Models for CHF on a Plain Surface

Considerable debate exists as to what triggers dry-out. In one of the earliest attempts,

Kutateladze (1950) [29] derived a heat flux scale based on dimensional analysis.

He considered the roles of vapor inertia, surface tension and buoyancy to be important
at dry-out. In his model, fully developed nucleate boiling at the surface occurs in the

form of vapor jets with a velocity perpendicular to the surface, ug, given by
q//

Uy =
! pvhlv

where ¢” is the local heat flux, and p, and h;, are the vapor density and enthalpy of
vaporization, respectively. Dry-out is triggered when the kinetic energy of the escaping

vapor balances the opposing gravitational force acting on the suspended liquid as

potis ~ g(pr — pu)8*

where p; is the liquid density, g is the acceleration due to gravity, and 6* is the capillary
length given by

1/2
(o

= —
9(p1 — po)

in terms of the surface tension, o. Using the above equations, Kutateladze derived his
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Figure 2.6: Schematic of Zuber’s hydrodynamic instability model. (a) Vapor jet forma-
tion prior to dry-out. (b) Unit cell containing a single jet and surrounding liquid. (c)
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well-known CHF relation as

"
denr

Aohwlglpr— po) /A K

The value of K = 0.16 was recommended by Kutateladze for pool boiling on a large

horizontal flat surface after fitting experimental data to his CHF relation.

Building on Kutateladze’s work, Zuber (1958) [31] postulated that dry-out occurred due
to what is commonly known as the hydrodynamic instability theory. According to this
model, vapor jets of diameter D; = Ay /2 form on the surface due to the Rayleigh-Taylor
instability at distances A apart (Figure where A7 is the Rayleigh-Taylor unstable

wavelength. Using continuity, the following relationship between the vapor velocity (ug)
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and liquid resupply velocity (uf) was established:

Pl g
ul_pv 16 — 7

Uy

The velocity difference between the vapor jet and the resupplying liquid sets up the
Kelvin-Helmholtz instability at the interface, and growth of this instability causes merg-
ing of adjacent vapor jets. This causes formation of the vapor mushroom responsible
for preventing liquid from resupplying the heater surface. Zuber’s analysis yielded the

following expression for CHF":

qgm«" = 0-131mhlv [Ug(pl - pv)]1/4 (2.3)

This yields the same heat flux scale as Kutateladze, but with a different value of the
constant pre-factor. It agrees reasonably well with data over a wide range of system
pressure and yields a value of 110 W /cm? for water at atmospheric pressure. This model
suggests that dry-out is a far-field phenomena related to jet break-up away from the
surface and placed an upper bound on the value of CHF, commonly known as the CHF

hydrodynamic limit.

Haramura and Katto (1983) [32], inspired
from Gaertner’s (1965) [33] visualization re- Liquid
sults for vapor structures in pool boiling, con- Vapor Bubble

sidered the drying out of a liquid layer, called

Macro-  Vapor

macrolayer, underneath a large hovering va-

por bubble with many vapor stems emanating

across it as shown in Figure[2.7] In this model,
Figure 2.7: Schematic of Haramura and

dry-out is triggered when the macrolayer dries Katto’s macrolayer dryout model. [30]
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out before the large vapor bubble is able to de-

part. The thickness of the macrolayer is 6 = Agy/4 where Mg is the critical wavelength

of the Kelvin-Helmholtz instability. The following expression for CHF was established:

A\ 2 A, VI
_ 1— /’”—3/5
A) N A) G g+ )

where A, is the heater surface area occupied by vapor jets and A, is the total heater

5/16

Voohio[g(pr — po)]H*

¢, =0.721

surface area. This heat flux scale is the same as those of Zuber and Kutateladze.

Nikolayev and Beysens (1999) [34] identified the vapor recoil force due to the evaporation
of liquid molecules at the liquid-vapor bubble interface as contributing to the spread of
the dry-spot under a vapor bubble. As liquid changes into vapor at the liquid-vapor
interface, the interface gets pushed away from the center of the bubble to accommodate

the increased volume of the vapor. This recoil force per unit area, P, is given by

where 7 is the evaporated mass flux (evaporated mass per unit time per unit area). The
authors showed through simulations and experiments 35| 36] that the vapor recoil force
is especially strong in the microlayer where the evaporated mass flux is significant, due

to microlayer evaporation, which is related to the local heat transfer, ¢, as

q = nhyy

Concurrently, Kandlikar (2001) [37] considered the effect of contact angle by equating
the force exerted by the vapor recoil to the retaining surface tension force acting at an
angle to the surface that anchors the base of the bubble to the surface (Figure [2.8al).

He postulated that, at CHF, the vapor recoil force just exceeds the surface tension force
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Figure 2.8: (a) Forces due to surface tension, gravity and momentum acting on a bubble
parallel to the heater surface and (b) Effect of contact angle on CHF for water boiling
on a vertical plate; comparison of the static force balance model and Kutateladze’s
correlation with experimental data. [37]

and causes the bubble to stretch and cover the entire surface as a thin vapor film. He
derived the following relation for CHF:
1/2

1+ cosp 2

Gonr = | =15 — ;+Z(l+cosﬁ)cos¢ Voohislg(or — po)] /4

where [ is the contact angle and ¢ is the angle that the heater surface makes with the
horizontal. Although Kandlikar’s formulation involved a force balance without consid-
ering the hydrodynamics of the vapor jets and resupplying liquid, he arrived at a similar
expression to Zuber’s hydrodynamic model with a different pre-factor constant which
included the effect of the contact angle and heater orientation, and was able to explain
the lower CHF values exhibited by smooth surfaces with higher static contact angles
(Figure . Note that for perfectly wetting surfaces (8 = 0), the static force model

simplifies to Zuber’s hydrodynamic model.

Theofanous et al. (2002) [38] showed that CHF values can be made to vary from
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well below the CHF hydrodynamic limit to significantly higher values by changing the

surface nanomorphology. They conducted pool boiling experiments on smooth titanium
ﬁlmsﬂ deposited on borosilicate glass slides through nanofabrication techniques. They
progressively “aged” titanium films by heating them to 300-400 °C over 2 seconds,
which resulted in sub-micrometer scale islands of oxides forming on the films to varying
degrees, as revealed by Scanning Electron Microscope images. The “aged” heaters
exhibited higher CHF values, lower activation superheats, and higher nucleation site

densities than less-“aged” (or fresh) heaters.

Using infrared thermometry to measure the temperature field on the heater surface,
they also documented a non-uniform temperature distribution on the surface with hot-
spots where large temperature gradients exist. They conjectured that these reversible
hot-spots correspond to dry patches of the surface that were re-wetted and cooled by
the liquid film, and that dry-out was triggered by irreversible growth of these hot spots.
They argued that dry-out is governed by near-surface dynamics close to the moving three
phase contact line. This explained satisfactorily why surface characteristics play a role
in altering CHF. Theofanous and Dinh (2006) [39], in a follow-up study, proposed that
CHF occurs when the vapor recoil force due to the evaporating liquid in the microlayer,
which pushes the contact line away from the center of the hot spot, exceeds the surface
tension force responsible for resupplying liquid to the microlayer. They arrived at an

expression for CHF given by:

Qlnr =& Y2 ohwla(pr — po)] V4

where k is a surface dependent parameter that decreases with increasing surface wet-
tability. The authors did not comment on how to compute x however. Additionally,
despite evidence to the contrary, this model, like other hydrodynamic models, also as-

sumed a uniform wall heat flux and surface temperature.

3Surface roughness root mean square values of +4 nm measured using Atomic Force Microscopy.
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2.3 Roughness Effects on Pool Boiling CHF

The seminal work of Theofanous et al. (2002) showed that CHF could surpass
Zuber’s hydrodynamic limit if surfaces could be engineered to enhance liquid resupply
to a drying spot under a growing bubble. In the two decades since, this has been

demostrated in a variety of ways through surface structuring (See Figure [2.9)).
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Figure 2.9: Enhancements in pool boiling performances. Reproduced from Cho et al.

(2017) [40].

Many studies have documented enhancement of HTC and CHF values as a result of

micro- and nano-texturing [41-44], micro-porous surfaces 46|, nanofluids [47-49],
and micro-channels , El These enhancements in CHF and HTC of up to 200 %

with such surfaces have been attributed to higher nucleation site density and increased

4See Mori and Utaka for a comprehensive review.
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Figure 2.10: SEM images of representative textured surfaces for CHF enhancement. a)
Nanowires. b) Micropillars. ¢) Hierarchical structures. d) Sintered copper particles. e)
Wire meshes. f) Biphilic surfaces. Reproduced from Cho et al. (2017) [40].

surface tension driven flow due to small length scales on the surface. In particular,
the enhancement of CHF due to microporous surfaces has been shown to be the result
of liquid wicking towards a dry spot and surfaces that maximize wicking are
known to exhibit enhanced CHF [55]. Plawsky et al. (2008) provided an excellent
review of how nano- and micro-scale roughness can affect transport phenomena near the
contact line (thin film region) independent of surface tension. More recently, Dhillon
et al. (2015) were able to relate timescales associated with the heating of the
center of a dry-spot up to a critical temperature with the time associated with the
motion of the rewetting liquid front advancing over the distance of a bubble diameter.
They observed that for micro-pillar surfaces with varying pillar-to-pillar spacing, dry-out
occurred when the ratio of the heating timescale to the rewetting timescale approached
or fell below unity. Except for the case of arrays of equally-spaced micro-pillars, no

theoretical models exist for predicting CHF on textured surfaces. Nevertheless, this
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evidence encourages that from a fluid dynamics standpoint, a certain set of universal

conditions can be expected to be satisfied for any surface undergoing dry-out.

2.4 Non-Hydrodynamic and Non-Linear Features of Pool
Boiling

Surfaces that exhibit CHFs well beyond the hydrodynamic limit (Equation (2.3))) reveal
that CHF models only partially capture the physics governing dry-out. Tachibana et al.
(1967) [57] demonstrated that in certain cases, non-hydrodynamics aspects like surface
material and thickness of the heater also affect CHF. They also observed that surfaces
with affinity for water have comparatively higher CHFs and attribute this effect to the
interfacial properties of the heater surface. The authors, and, later, Unal et al. (1992),
investigated numerically the hypothesis that dry-out occurs when the temperature at
the center of a dry-spot exceeds the Leidenfrost temperature such that the liquid is
unable to contact the surface again and the dry-spot grew irreversibly. More recently,
Arik and Bar-Cohen (2003) [58] proposed correlations for CHF which show dependence
on the thermal activity parameter, S = J+/ppcrks, where § is the heater thickness, py, is
the surface density, ¢ is the surface specific heat capacity and kj, is the surface thermal
conductivity. These studies demonstrated that interfacial and bulk surface properties

also contribute to the dynamics at dry-out.

Non-Uniform Surface Temperature Distribution

Hydrodynamic models implicitly assume that surface temperatures and wall heat fluxes
are uniform and are based on linear models of nucleation site activation wherein the
density of active nucleation sites can be obtained from a specified cavity size distribu-
tion of the surface and an activation-superheat relationship (Equation ) In reality,
studies using infrared thermometry ([38, 59]) have revealed highly non-uniform tem-

perature and heat flux distributions on heated surfaces with temperature gradients as
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Figure 2.11: IR thermometry images showing temperature gradients on heater surfaces.

large as 50 K over 3 mm (Figure . Such large gradients may drastically alter the
local surface chemistry due to dependence of surface tension and contact angle on tem-
perature, while the apparent contact angle is also known to increase due to evaporation
at the contact line . Non-uniform surface temperatures also cause non-uniform wall
heat fluxes since local hot spots act as instantaneous dry spots where heat transfer is

inhibited.

Intermittency of Nucleation Sites

Hydrodynamic models also assume that individual nucleation sites make equal contribu-
tions to the heat flux. In stark contrast, numerous experiments have documented obser-
vations of hysteresis, intermittent activity, and deactivation of nucleation sites under the
cooling influence of neighboring active sites () Studies point to non-linear inter-
actions between bubbles and the solid wall, and between neighboring bubbles through
hydrodynamic interactions as well as through wall conduction. Judd and Chopra (1993)
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[60] examined these interactions and reported that bubbles growing at nucleation site
are able to promote or hinder the formation of neighboring bubbles at adjacent nucle-
ation sites by depositing or displacing the neighboring vapor nuclei. They also showed
that coalescence resulted in a decrease in bubble frequency. Bonjour et al. (2000) [63]
pointed out that interactions between adjacent bubbles during coalescence reduced the
local wall temperature and in the case of a large number of such simultaneous inter-
actions, heat transfer was impaired or dry-out was triggered. Shoji (2002) [64] studied
bubble formation and departure frequency using a submerged orifice and observed that
the bubble departure frequency underwent a period doubling bifurcation as the air flow
rate was increased. The author remarked that in the relatively more complex systems

of boiling, bubble formation and departure would be more non-linear and complicated.

Broadband Distributions of Bubble Departure Diameters and Frequencies

Shoji and co-workers (2001-2004) [65-67] have documented the change in mean depar-
ture diameter at a particular nucleation site as a function of the distance to the nearest
active nucleation site, and suggested classification of these interactions into liquid-liquid,
liquid-solid and solid-solid interactions. Judd and Chopra (1993) [60] examined these in-
teractions and demonstrated that broad distributions in departure diameter and depar-
ture time can occur, approximated by Poisson and Gamma distributions, respectively.
These are a result of vapor seeding, trapping or absorption due to advancing/receding
contact lines and/or thermal de-activation of nearby nucleation sites. Simulations of
such mechanisms by Mallozzi et al. (2000) [68], and experimental observations of Mec-
Sharry et al. (2002) [69] yield broad distributions of departure diameters. Recently,
Jukanti and Srinivasan (2024) [70] have considered the role of bubble-bubble interac-
tions in the bubble growth process and have shown that assumptions of a fluctuating
pressure field and accompanying unsteady evaporation into a growing bubble can re-
sult in stochastic behavior in bubble departure events. Their calculations yielded a

range of bubble departure diameters at a single nucleation site that followed a Poisson
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distribution, similar to observations from earlier experiments.

Scale-free Behavior in Boiling

The broad range of bubble departure diameters and departure times arising from in-
teractions also result in highly unsteady temperature fields at nucleation sites, which
strongly depend on the temperature history at those sites as well as those at neighbor-
ing locations |71]. However, the statistics of these fluctuations have not received much
attention until recently. This unsteady aperiodic temperature field has been shown
to result in highly nonlinear behavior by several researchers. Several researchers have
documented scale-free, power-law behavior in the power spectra of temperature fluctu-
ations (Skokov et al. (2010) [72]) and acoustic emissions (Lloveras et al. (2012) [73]),
and dry spot area distribution on the heater surface (Charignon et al. (2015) [74], and
Sathyamurthi and co-workers (2008-2009) |7, 8]). These studies all suggest the lack of

a single departure frequency or bubble diameter.

More recently, Zhang et al. (2022) [75] performed a Direct Numerical Simulation (DNS)
study that modeled nucleation site interactions stochastically using Rayleigh and Pois-
son distributions and argued that dry-out occurs when the probability of interaction
between neighboring nucleation sites exceeded 98%. In a different study, Zhang et al.
(2023) [76] conjectured that the progression of the boiling system along the boiling
curve can be ascertained by considering the development of dry spots and modeling
this process using invasive percolation theory. Both of these independent studies model

nucleation site interactions as stochastic processes.

2.5 On the Study of Long-Term Correlations in Boiling

Sadasivan et al. (1995) [|77] first noted that for a complete and accurate picture of
boiling, modeling efforts should include elements that characterize the heater surface,

the fluid, and the heater-fluid interface, and the interactions between them, as shown
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Figure 2.12: Conjugate problem in pool boiling. [77]

in Figure Hydrodynamic models are based on the idea that some adverse event
occurs on the liquid side to eliminate the liquid supply and these models rely on a
static picture of the flow and extrapolate conditions at a single length scale (vapor
column, mushroom vapor stem, bubble diameter, microlayer, etc.) to the entire system.
However, there is overwhelming evidence to the contrary. Non-linear phenomena like
non-uniform surface temperature, intermittent nucleation site activity and interactions
with neighboring nucleation sites, and meniscus behavior renders the boiling process a

complex dynamical system that is extremely difficult to model accurately.

An alternative approach to studying complex systems is to study the statistics of data
series generated by such systems. Data series generated by complex systems are known
to exhibit fluctuations on a wide range of time scales and/or broad distributions of the
values. In both equilibrium and non-equilibrium situations, the natural fluctuations are
often found to follow scaling relations over several orders of magnitude. Such scaling laws
allow for a characterization of the data and the generating complex system by scaling
exponents, which can serve as characteristic fingerprints of the systems in comparisons

with other systems and with models.
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One characteristic of data series which exhibit fluctuations over a wide spectrum is that
the data series appear self-affine. In a general sense, self-affinity in a data series implies
that the data series appear similar at different scales of magnifications (or observations).
Mathematically, however, self-affinity of a data series requires that, given a series, x(t)
where 0 < ¢t < to, with known statistical moments, the time series x(at) where 0 <
t < tp/a has the same statistics as ax(t) for all values of a and some value of the
scaling exponent, H E| Self-affine time series and time series becoming self-affine upon
integration are commonly denoted as “fractals”, even though they are not fractal in
the strict sense. Here, the term “fractal” will be used in the more general sense which
include all data, where some scaling exponent, like H in the example above, can be

reasonably defined.

In the last 20 years, self-affine or fractal scaling behavior has been reported in many
natural time series generated by complex systems, including geophysical, medical, phys-
iological, astrophysical, and financial systems [10-13]. Phase transitions in complex
systems are often associated with changes in the dynamics of their self-affinity, allowing
for a detection of such transitions (or corresponding states) by fractal analysis. One ex-
ample for a successful application of this approach is the human cardiovascular system,
where the fractality of heartbeat interval time series was shown to reflect certain cardiac
impairments as well as sleep stages 78, [79]. While the fractal nature of boiling has been
demonstrated by investigators like Shoji (1995) [6] and Sathyamurthi (2008) [7], the use

of this property in estimating the system’s proximity to CHF remains unexplored.

Particularly, self-affine data exhibit long-range correlations in the sense that the auto-
correlation function of self-affine data series decline as a power-law. The Hurst exponent,
H, is a statistical measure that captures this decline. Previously, calculation of H has
been used to predict and prevent the order/disorder transition in engineering systems.

For example, in gas turbine combustors, at certain Reynolds numbers, the broadband

5Self-similarity is the particular case of self-affinity where a = 1.
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noise of turbulent combustion may lock-in to the natural frequency of the duct, produc-
ing thermo-acoustic instabilities (at few distinct frequencies). This is detrimental to the
operation of the combustor and results in frequent replacement of parts. At Reynolds
numbers where the system is stable but is not far from this lock-in frequency, an inter-
mittent pressure signal is produced. Using the Hurst exponent of pressure fluctuations
as a precursor, Nair and Sujith [80] were able to detect and turn off an impending insta-
bility. The present study is an adaptation of that analysis to temperature fluctuations

in pool boiling.

In Saini and Srinivasan (2021) [81] (see details in Chapter [f]), it was demonstrated that
local fluctuations of heat flux of discrete heaters in the Multi-heater Array Boiling Ex-
periment (MABE, [82]) showed long-term correlations which could be described using
the Hurst exponent. For each fixed wall temperature along the boiling curve, Hurst
exponents were calculated for the measured temporally intermittent heat flux fluctua-
tions, and it was shown that the behavior of the Hurst exponent was universal along the
boiling curve, independent of system pressure or subcooling. This universal behavior
resulted in values of H that were close to 1.0 at the onset of nucleation, decreasing
along the boiling curve towards a value close to 0.5 at dry-out, before increasing again
to larger values in the film boiling regime. More recently, analysis of the intermittent
time series of bubble departures in Jukanti and Srinivasan (2024) [70] suggested that
as the wall superheat is increased, bubble departure frequencies go from periodic to
a more chaotic, nearly random, behavior. This is expected to have implications for
the rise and fall of temperatures under the bubble, which may exhibit similar behavior
of transition to more chaotic fluctuations as nucleation site density and accompanying

bubble interactions increase.



Chapter 3

Experimental Facilities

3.1 Facility for Surface Pool Boiling Experiments

Figure [3.1] shows a schematic of the experimental facility used for surface pool boiling
experiments. The boiling chamber was a hollow cuboid vessel made of polycarbonate
and had a capacity of 350 mL. To heat and maintain the boiling fluid at its satura-
tion temperature, three flexible film heaters were attached to the inside walls of the
chamber. These heaters were 1-inch square film heaters which had nominal resistances
of 78.4 () and were rated for a maximum DC voltage of 28 V. The three chamber
heaters were connected in parallel and supplied by a DC Power Supply rated to supply
a maximum voltage and current of 35 V and 1.4 A, respectively. When operating at
its limit, the DC power supply was capable of dissipating 47 W through the flexible
film heaters, which was sufficient to maintain the boiling liquids used in experiments at
their saturation temperatures in the chamber. In addition to this, a reflux condenser
was used to condense the vapors generated from the boiling liquid and form a closed
flow loop. The condenser was supplied with water at 4 °C by an isothermal bath. A

type-T thermocouple (designated ”pool thermocouple” hereunto) was used to monitor

35
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Figure 3.1: (Right) Schematic of the Surface Pool Boiling Experiment Facility. The
insets show the boiling surface chip mounted on a PCB, wire bonds to make connections
from the PCB to the chip, and an image of a central RTD (serpentine coil) under a
Scanning Electron Microscope. (Left) The chip schematic (not to scale) shows the
locations of the corner RTDs on the chip, the dimension of the chip, and the lengths
and widths of the leads.

and measure the temperature of liquid in the chamber.

The boiling surfaces were fabricated using nano-fabrication processes in a clean-room
using a 600 pm-thick sapphire wafer as the substrate (for details of the process, refer to
Appendix. Each surface was a square chip with a side of 2 cm diced out of a sapphire
wafer at the end of the fabrication process. Platinum was deposited on the top side
of the wafer in the form of serpentine coils to form thin-film Resistance Temperature
Detectors (RTDs). One such RTD is shown in the leftmost inset of Figure Five
RTDs were deposited on every surface, one at the center and four at a distance of 6.025

mm from the corners, as shown in the chip schematic. The deposited platinum was
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Figure 3.2: Corner and Central RTD under a microscope. The length of the trace
between the serpentine coil and the 1-mm wide leads were larger for corner RTDs due
to design constraints of the PCB.

75-nm thick. The serpentine coils of the RTD were 3 pm-wide and were spread over a
square area of side 57 um. The leads from the edge of the chip to the RTDs were 1 mm-
wide to ensure that the leads contributed only a small fraction to the total resistance
of the RTDs. As a result, the leads contributed 4.3% and 8.8% to the total resistance

for the corner and central RTDs, respectively.

Figure [3.2] shows dark-field images of a corner and a central RTD under a microscope.
Due to the two leads of corner RTDs running parallel to each other, they had to be
placed farther apart due to constraints in the PCB design. This was not an issue
with the central RTD as the leads terminated at opposite edges of the square chips.
Therefore, the corner RTDs had longer traces connecting the serpentine coils to the
leads. This resulted in the nominal resistances of the corner and central RTDs being
1.4 kQ and 1.0 kQ, respectively, despite the overall lead resistance being higher for the
central RTDs.
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Figure 3.3: (Left) Printed Circuit Board (PCB) on which the chips were assembled.
The two rows of bond pads were connected to the RTD leads using wire bonds. The
long vertical bond pads were connected to the backside thin-film heater on the chip
using an electrically conductive silver-filled epoxy. (Right) A chip assembled on a PCB
along with pin headers to mount onto the boiling platform.

The square chips were assembled on Printed Circuit Boards (PCBSE shown in Fig-
ure The two rows of bond pads on the PCB (highlighted in yellow) were connected
to the RTDs on the topside of the chip using wire bonds. A 75 nm thick platinum film
was deposited on the backside of the chip to use as a resistance heater (hereafter referred
to as the ”"thin-film heater”). The pair of long vertical bond pads (highlighted in pink)
on the PCB were connected to the aforementioned thin-film heater using an electri-
cally conductive silver-filled epoxy. Pin headers were soldered to the two vertical rows
of connectors (highlighted in red) by means of which the electrical connections to the
thin-film heater (to supply power for boiling) and the RTDs (to measure fluctuations)
were made. The hole in the center of the PCB was provided to attach a thermocouple
to the backside of the chip (hereafter designated the ”backside thermocouple”) using a
thermally conductive epoxyﬂ After assembling the chip on PCB, an epoxy was used
for "edge beading” along the periphery of chip on the top of the PCB, and along the

!The PCBs were made from a composite material of woven fibreglass and epoxy resin. The commer-
cial name of the material is FR-4 and has a reported thermal conductivity of 0.29 - 0.35 W/m-K.

2The thermocouple was attached to the backside before every experiment, and not at the time of
the chip assembly on PCB.
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Figure 3.4: (Left) Blow-Up of the Boiling Platform. Space for the chip on PCB is shown
in red. (Right) Assembled Boiling Platform without the chip on PCB.

periphery of the hole on the bottom of the PCB. This was done to ensure that during
experiments, liquid did not seep into, and consequently boil in, the space between the

bottom of the chip and the PCB.

CAD rendering of the mounting platform is shown in Figure [3.4] All parts of the
platform were 3-D printed using Acrylonitrile Butadiene Styrene (ABS), a thermoplastic
that has a maximum operating temperature of 105 °C and a thermal conductivity of 0.1
W /m-K. The chip on PCB was placed between the bottom and top covers, which had
openings for the pin headers. The bottom cover had an indentation for the backside
thermocouple to fit so that the bottom of the sample could sit flush on it. The space
provided in the base was used to make electrical connections to the pin headers, and
also hold counterweights made of stainless steel to ensure that platform did not float in
the boiling fluid. The clip-on cover was used to hold all the parts of the boiling platform
together.
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3.1.1 Estimating Heat Losses from Boiling Platform

It was important that the power supplied to the thin-film heater was dissipated mostly
through boiling on the top chip surface and heat loss due to conduction through the
PCB or the boiling platform had to be minimized. Figure (top) shows a schematic
representation of the chip on PCB mounted on the boiling platform along with nominal
thicknesses (not to scale) of the different materials. The heat generated at the bottom of
the chip by the thin-film resistance (not shown) has two pathways. It is either conducted
through the chip to the top surface and then dissipated to the fluid by boiling, or it may
be conducted into the PCB through the thermal epoxy, from where it can be further
dissipated through the PCB or parts of the boiling platform before eventually being

dissipated into the fluid due to natural convection.

To estimate the power that is carried out through the second aforementioned path, a
thermal resistance network (shown in Figure (bottom)) may be used. The thermal
resistance network represents the two pathways of heat transfer from the bottom of
the chip at temperature 77 to the fluid at temperature, T,,. An implicit assumption
of using a thermal resistance network is that conduction within the solids occurs in
one direction only, which in the present case is assumed to be perpendicular to the
chip surface. Although conduction within the chip, PCB, and the boiling platform is
going to be three-dimensional, a one-dimensional model such as the thermal resistance
network will over-estimate the heat transfer due to conduction, which is preferred for

the purpose of heat loss calculations.

The thermal resistance associated with 1-D conduction through the various parts of the

mounting platform was calculated as

Rcond = 7
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Figure 3.5: (Top) 1-D view of the Boiling Platform. (Bottom) Thermal Resistance
Network used to estimate heat losses.

where L is the thickness of solid, k£ the thermal conductivity of the material, and A
is the surface area perpendicular to the direction of heat transfer. Table lists the
values of L, k, and A used for the different parts of the mounting platform and the

corresponding thermal resistance values.

In addition to the conductive thermal resistances, the thermal resistance associated with

convection to the boiling liquid through the various parts of the mounting platform was
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. Thermal Surface Thermal
Part . Thickness . . .
Description Variable (mm) Conductivity Area Resistance
(W/m-K) (m?) (K/W)

Chip Ry 0.6 25 4 x107* 0.06
Epoxy R3 0.1 30 8 x 1077 0.042
Top Cover Rs 4.5 0.1 1.4 x 1073 32.92
PCB Ry 2.54 0.35 1.2 x 1073 5.87
Bottom Ro 45 0.1 2.3 x 1073 19.85
Cover

Table 3.1: Conductive Thermal Resistance Calculations

calculated as

1

Rconv = m

where h is the convective heat transfer coefficient. In addition to the boiling from the
chip surface, there are three surfaces from which convective heat transfer occurs. The
first surface is on the PCB along the perimeter of the chip (between the edge of the chip
and the ABS top cover), the second surface is the ABS top cover, and the third surface
is the ABS bottom cover. For all three surfaces, the convective heat transfer coefficient
was determined using an appropriate Nusselt number correlation for natural convection
from horizontal plates. The empirical correlation applied to the first two surfaces on

the topside was for the upper surface of a hot plate from [83]:

Nu, = 0.54Ra)/*  (10* < Ray, < 107, Pr > 0.7)

Nu,, = 0.15Ra}’® (107 < Ray, < 10!, all Pr)
For the final surface, the empirical correlation used was for lower surface of a hot plate
from [84]:

Nug, = 0.52 Ra;/>  (10* < Ray, < 10°, Pr > 0.7)
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In the correlations above, Rar, is the Rayleigh number and was calculated as

9B(Ts — Too) L2

av

RaL =

c

where g = 9.81 m/s?, is the acceleration due to gravity, L. is the characteristic length
scale, (Ts — Too) is the temperature difference between the surface and the surrounding
fluid, and 8, a and v are the volumetric thermal expansion coefficient, thermal diffusivity
and kinematic viscosity of the boiling fluid, respectively. A value of (TS — TOO) =30K
was used based on observations of maximum temperature difference from experiments
carried out. L., the characteristic length scale for horizontal surfaces was calculated
as L. = As;/P, where A; and P were the surface area (one side) and perimeter of the
surface, respectively. Note that the two topside surfaces did not have a central region.

Therefore, the inner edge was also considered in the perimeter of the surfaces.

Table lists the values of A, L., Nuy, and h calculated for the three surfaces, and
the corresponding thermal resistance values using thermo-physical properties of Novec
7000 [85]. Also listed in Table is the heat transfer coefficient and the corresponding
thermal resistance associated with boiling from the chip surface. These values were

calculated using data from boiling experiments carried out in one of the boiling fluids,

Novec 7000 [85].

Heat
. Surface Characteristic | Nusselt Transfer Th.ermal
Variable Area ) Resistance
(m2) Length (mm) | Number | Coefficient (K /W)
(W/m?K)

Ry — — — 4200 0.60
Ry 5.0 x 10~% 2.5 15.96 478.91 4.18
Rg 13.7 x 1074 4.4 24.33 416.13 1.76
Rg 22.7 x 1074 118 19.84 125.82 3.51

Table 3.2: Convective Thermal Resistance Calculations. Refer to Figure for context.
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Having calculated the thermal resistances, the percentage of heat loss can be calculated
by simplifying the thermal resistance circuit. The thermal resistance to heat transfer
by boiling was calculated as Ry = R1 + Ro while the thermal resistance to heat loss
pathways was calculated as Rjoes = R3 + {1/R4 +1/(Rs+ Rg) +1/(R7+ Rs + Rg)}_l.
Finally, the percentage of heat loss can be estimated as

Qloss Riot - {I/Rboil + 1/Rloss}71

= = = 0.164 or 16.4%
Gtot Rloss Rloss

The majority of the heat loss occured due to convection from the PCB surface that was
left uncovered by the ABS top cover. This was done to accommodate the wire bonds
from the PCB to the chip and also allow for liquid resupply from beyond the edges of
the chip since the chip surface was below the level of the top surface of the top cover.
Nevertheless, it is worth mentioning again that these losses are estimated using a 1-D
conduction model, which assumed one-dimensional temperature gradients and underes-
timated the thermal resistances to heat loss pathways, and thereby, overestimating the

heat losses.

3.1.2 Electrical Circuit

As shown in Figure the platinum thin-film heaters on the backside of the chips
(Rm) were connected in series with a shunt resistor (Rg,) and an additional resistor
(R1). The thin-film heaters had a nominal resistance of 2 Q at room temperature and
were powered by a DC power supply that operated in constant voltage mode. The
resistance of the thin-film heater fluctuated when boiling occurred on the surface as
a result of temperature fluctuations across the surface. Adding the additional resistor
(R1) ensured that these resistance fluctuations (dR¢m) were only a small percentage of
the total load resistance (Rjpaq = R1 + Rim + Rsh) to the DC power supply. As a result
of this, the fluctuations in the current, I, through the circuit, due to the DC power
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supply operating in constant voltage mode and compensating for the fluctuations in the

thin-film resistance, d Ry, were also smaller, and were given by

dl dRim
1 a Rload

These current fluctuations were measured to be less than 0.01% during the experiments.

The 4.7 Q resistor was a power resistor packaged in a finned aluminum housing and
capable of dissipating 300 W. It was immersed in a beaker filled with silicone oil, that
was cooled by being placed in the isothermal bath circulating chilled water (at 4 °C)
to the reflux condenser. The resistance of the additional resistor was monitored during
the experiments and the change was less than 0.3% over the course of the experiments,

indicating that the resistance was constant despite self-heating.

The shunt resistor was used to measure the current flowing through the circuit. It
came packaged with an in-built fan and was rated for a maximum current of 20 A.
It had a resistance of 9.979 x1073 Q + 0.087%E| At maximum currents measured
during the experiment (~ 5.7 A), the self-heating of the shunt resistor was insignificant
(I?Rg, ~ 107! W) and therefore the resistance of the shunt resistor was assumed to

stay constant.

The power supplied to the thin-film heater was given by P = I?Ris. Due to the
fluctuations in both the resistance of the thin-film resistance and the current through
the circuit, the fluctuations in the power dissipated by the thin-film heater could be
estimated as
oP oP
dP = Wdl + detfh
= dP = 21 Ryp, dI + I? dRymy

3uncertainty with a 95% confidence interval.
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Plugging in dI = —I(dR¢m/Rioad), the equation above simplified to

dP Rim | dRim
= 1-2
P Rioaa | Rim

Without the power resistor, Rjoaq =~ Ry and dP/P ~ —dRm/Rim. Therefore, the
addition of the power resistor also dampened the power fluctuations. The maximum

power fluctuations were measured to be less than 0.3% during the experiments (see

Section [3.1.5.1] for details of this calculation).

3.1.3 Signal Conditioning of RTD Signals

To estimate the resistance of RTDs, a test current was passed through them and the
corresponding potential drop was measured at desired sampling speeds. The resistance
could then be calculated using Ohm’s law as Rgrp = AVip/Is, where I is the test
current. A test current of 100 nA generated by Texas Instruments REF200AU current
source [86] was used for this purpose. This value of test current was chosen to ensure
that self-heating of the RTDs was insignificant. For example, the nominal resistance of
the RTDs was ~ 1.5 kQ. Therefore, a 100 pA test current resulted in generation of
I? Ry = 15 uW of self-heating power, corresponding to a local heat flux of less than
0.5 W/cm?. This heat flux was only 4.3% of the lowest observed CHF values of 11.69
W /cm?. While a low value of the self-heating heat flux ensured that the test current did
not contribute significantly to increasing the local surface temperature, it also ensured
that the additional heat flux dissipation relative to surrounding locations during boiling
resulted in nucleation at the location of the RTDs, as was observed visually boiling

during experiments.

Figure shows a 1-second segment of voltage fluctuations (sampled at 1 kHz for 60
seconds and rescaled to have unit power) taken from an RTD on a surface undergoing

boiling, and the corresponding Power Spectral Density (PSD). As is evident, there were
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Figure 3.6: (Top) %—s segment of a rescaled RTD Signal from a surface undergoing

boiling. (Bottom) Power Spectral Density (PSD) of the RTD Signal showing peaks at
line noise and harmonics.

peaks that lined up exactly with 60 Hz and its harmonics (vertical lines shown in red)
that suggested the presence of significant line noise and its harmonics. This noise was
present despite care taken to reduce electromagnetic interference by shielding all wires,

and using appropriate bypass capacitors for all DC power sources involved.

To filter out the noise, the voltage signal from the RTDs was fed into instrumentation
amplifiers (in-amp). In-amps are differential amplifiers capable of rejecting common-
mode signals that appear simultaneously and in-phase on differential signals. Ideally,
a differential signal, such as a voltage drop across an RTD in the present case, that
is measured is simply AV =V, — V_, where V; and V_ are the high and low poten-
tials across the RTD. However, the actual differential signal measured by instruments
is AV = Ay (V+ — V,) + %Acm (VJr + V,), where Agq and A, are differential gain

and common-mode gain, respectively. This implies that common mode signals are not
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Figure 3.7: Using offset resistors to avoid saturating the instrumentation amplifier.

entirely rejected, and the requirement is that Aq is sufficiently larger than Acpy,.

The ability of a device to reject common-mode noise is quantified by Common-Mode
Rejection Ratio (CMRR), which is defined as CMRR (in dB) = 20logq (|Aa/Aem|)-
The in-amp used was AD8221 by Analog Devices, a gain (G = Vyu/Vin) programmable
in-amp whose CMRR. depended on the set value of G. It had a CMRR of 120 dB and
80 dB at G=100 and G=1, respectively. Therefore, the gain was set to 100 to achieve
the higher CMRR.

A G = 100 meant that care had to be taken to ensure that the output from the amplifier
did not saturate since the maximum/minimum output of the amplifier was limited by
the voltage (+V;) supplied to the power supply pins. For instance, for Vs = +15 V
that the in-amp was operated at, the output was limited to —15 V <V x < 15V, and
therefore, the input to the in-amp was limited to —0.15 V < Vin( = Vout/G) <0.15 V.

Since the nominal resistances of the corner and central RTDs at room temperature
were 1.4 and 1.0 kQ, respectively, and the test current used was 100 pA, the nominal

potential drops across the RTDs were 0.14 V and 0.10 V, respectively. These were
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too close to the upper limit of 0.15 V on Vi,. Therefore, offset resistors were used as
shown in Figure to reduce the potential drops across the RTDs before being fed to
the input of the in-amps. The resistance of the offset resistorsﬂ was assumed to stay
constant because the powers dissipated were of the order of 10 uW and self-heating
was negligible. A single REF200, a dual-current source, was used to provide both test
currents for a single RT'D-offset resistor pair. As a result of this arrangement, V;, and

Vout were given by

Vin = Is (RRTD - Roﬂ) (31)

Vour = G I (RRTD - Roff) (32)

where G = 100, I, = 100 pA, and Rgrp and Rog were the resistances of the RTDs and
offset resistors, respectively. At room temperature, the input to and the output from
the in-amps was close to 0 V and as a result, the in-amps never saturated even when

the resistance of the RTDs increased during the experiments.

Figure[3.8|demonstrates the effect of using the in-amp. The voltage fluctuations from an
RTD on a surface undergoing similar boiling conditions to that of Figure was fed to
the in-amp. As is evident from the PSD, the peaks corresponding to line harmonics were
significantly attenuated, by about two orders-of-magnitude, resulting in the fluctuations

which started to resemble a sawtooth wave.

3.1.4 Calibration of the RTDs

Before being used in an experiment, the RTDs on every surface were calibrated in an
isothermal bath filled with De-Ionised (DI) water. Starting from room temperature
(~ 22 °C), the isothermal bath was set to successively higher reference temperatures

of 30, 38, 46, 54, 60, and 68 °C and the corresponding potential drop across the RTDs

4The offset resistors used had resistance values of 1.4 kQ and 1.0 kQ for the corner and central
RTDs, respectively.
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Figure 3.8: An RTD Signal from a surface undergoing boiling was fed into an In-Amp.
(Top) A %—s segment of an RTD Signal rescaled to have unit power, and (Bottom) PSD
showing that the peaks corresponding to line noise and harmonics were attenuated by
about two orders of magnitude.

measured. This way, a total of 7 data points were obtained to get a calibration curve.

At every set temperature, sufficient time was given for the isothermal bath and RTDs
to reach steady state before measurements were taken. A type-T thermocouple was
placed in the isothermal bath to measure the pool temperatures where were used as the
reference temperatures. Once steady state was reached, voltage measurements from the
two (pool and backside) thermocouples and every working RTD were taken sequentially.
This sequential measurement was repeated 100 times, for a maximum number of 700
measurements when all 5 RTDs on a surface were working at each reference temperature,
and was done over a period of roughly 3 minutes. Additionally, the measurements were

taken at the highest accuracy configuration of the digital multimeter (which included the
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maximum permissible integration timeﬂ and the maximum settling timeﬁ when switching

measurement channels) for every measurement.

3.1.4.1 Data Reduction and Uncertainty Analysis

The sample size of measurements from every sensor taken during calibration was N =
100. The sample mean was used to represent the true value of the measurement from
the sensor and the sample standard deviation was used to calculate the measurement

uncertainty with 95% confidence as

S

Ugs% = Lospn-1——=
vIN

(3.3)

where s was the sample standard deviation, N = 100 was the sample size, and tg50, y_1 =
1.984 was the two-sided value for student’s t distribution for 95% confident with N —1 =

99 degrees of freedom.

The sample means and standard deviations of the measured EMFs from the pool and
backside thermocouples were converted into temperature values and their correspond-
ing uncertainty using the type-T thermocouple calibration curve (see Appendix B for
details). The pool thermocouple measurements were taken as a sanity check to ensure
that the backside thermocouple measured close to the same temperature as the pool
thermocouple, and the differences in the temperatures were checked for statistical signif-
icance. Only measurements from the backside thermocouple were taken as the reference

temperatures for the RTD calibration curves.

The voltage measurements from the RTDs were first converted into the corresponding

5The maximum integration time setting available on the digital multimeter was ﬁ
over 5 power line cycles.

SThe settling time was how long the digital multimeter waited to start taking a measurement after
a new channel was connected to.

S or averaging
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resistances using Equation (3.2)) as

Run = 2 4 R 3.4
RTD — GIS —'I_ off ( . )
where the sample mean of the voltage measurements was taken as Vou, G = 100,

I, = 100 pA, and R.g was the value of the offset resistor used. The offset resistances
were measured beforehand and the corresponding uncertainty with 95% confidence es-
timated using Equation . The uncertainty in the values of the offset resistors and
the potential drop across RTDs were propagated using Equation to estimate the

uncertainty in the RTD resistance as

Vo= | [22] + (v (3.5)

The uncertainty in the RTD resistances (Rgrp) calculated this way were of the order of

0.1%, and hence considered negligible.

Figure shows the resistance values as a function of temperature from a represen-
tative calibration rurﬂ for all 5 RTDs. As is evident, the resistance values for all RTDs
varied significantly at room temperature. This was due to the non-uniform deposition
of platinum across the surface during the micro-fabrication process of the RTDs (see
Appendix (C] for details). However, the values increased linearly with temperature as

expected.

Since the RTDs had different resistance values, the RTDs were designated colors (as
names) to distinguish them from each other. The 4 corner RTDs were designated the

colors yellow, blue, grey and red while the central RTD was designated green. In

"These calibration curves are for a Parylene-C coated chip used in a boiling experiment with Novec-
7100.
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(a) Resistance as a function of temperature for (b) Non-dimensional resistance as a function of
RTDs. temperature change.

Figure 3.9: Representative calibration curves. (a) Resistance as a function of tempera-
ture for RTDs. (b) Calibration curve replotted using Equation with Ty = 54 °C.
The slope of the curve represents the linear temperature coefficient of resistivity (TCR)
of platinum.

all figures that follow, curves for the different RTDs will be plotted using the color

designated to them, wherever applicable.

In Figure note that the slope of the green central RTD is visibly different from
the slope of the other RTDs. This is due to the different traces of the serpentine coil
and the leads as was shown in Figure [3:2] Since the RTDs are made of platinum, the
calibration curves were made to collapse on one another by first writing the resistance

of a platinum resistor using the linearized form of Callendar-Van Dusen equation asﬁ
Ry = Ro(1+a - (T = T))

where « is the linear temperature coefficient of resistivity (TCR) and Ry is a reference

value of the RTD at some reference temperature, Ty. The above equation was then

8The Callendar-Van Duses equation for 0°C < T < 661°C is R = Rq (1 + a(T — Tg) + B(T — To)2>.

For small temperature ranges however, 5 = 0 may be assumed.



54

rearranged to non-dimensionalize the resistance as

=1l+a- (T-T) (3.6)

Since « is a material property of platinum, all calibration curves collapsed onto a single
curve as shown in Figure [3.9b] which was plotted by using the resistance values of the

RTDs at Ty = 54 °C as Ry.

The uncertainty in the non-dimensional resistances were calculated by propagating the

uncertainty in the offset resistors and the RTD resistance used as the reference value

using Equation (3.6]) as

2 2

Ulnuurin) = (3.7)

where Ry and Uy, were the RTD resistance at the chosen reference temperature Ty and
the corresponding uncertainty, respectively. The uncertainties in the non-dimensional
resistances (Rgrp/Rp) calculated this way were of the order of 0.1%, and hence consid-

ered negligible.

Equation was used to estimate the value of TCR by performing a linear regression
on the transformed calibration data points (Figure . Note that using one of the
calibration data points as the reference values (Tp and Rp) meant the loss of one cali-
bration data point since the linear fits had to pass through the transformed data point
(AT = 0 °C and Rgrrp/Ro = 1). Therefore, the value of TCR was estimated as the
slope of the best linear fit with a y-intercept of 1 and passing through the remaining

calibration data points using the method of least squares.

Figure shows representative TCR values of RTDs from calibration of three different
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Figure 3.10: Variation of TCR values across RTDs and chips.

chips and the reported TCR value of pure platinum, a = 3.92 x 1073 °C~!. The large
deviation from the reported TCR of pure platinum can be attributed to two factors.
First, the reported TCR was defined using the resistance values at 0 °C and 100 °C,
in contrast to the present study in which TCR was calculated with Ty = 54 °C and
by using a linear fit to 6 data points using the method of least squares. Second, the
thickness of the deposited platinum film (75 nm) and the annealing time during the
micro-fabrication surface (see details in Appendix also contributed to the value of

TCR. TCR values as low as 2.8 x 1073 °C~! for 100 nm-thick platinum RTDs have been

reported .

It should also be noted that the variation in TCR values across the RTDs on the same
chip was small, while the variation was larger across RTDs on different chips. This was
attributed to the variation in the platinum deposition thickness across different wafers.
As will be noted in Appendix [C] chips were diced from sapphire wafers. RTDs on chips
from different wafers were likely to have larger variation in the deposition thickness of
the platinum film (and hence TCR values) than RTDs from the same chip. The three

chips represented in Figure [3.10| were in fact diced from three separate wafers.

To calculate the uncertainty in the estimated value of TCR, the standard error of the
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slope, s, derived from the method of least squares, was used as

Ua,gs% = Tossen—2 Sm

where v = 7 was the number of calibration data points, and tsy,_, = 2.571 was the
two-sided value for student’s t distribution for 95% confident with v — 2 = 5 degrees of
freedom. The loss of two degrees of freedom was due to using one of the calibration data
points for the reference values, and using the remaining points to estimate the slope.
The uncertainties in the estimate of TCR values calculated this way were of the order

of 1%.

Once the values of Ry, Ty, and « were known after calibration, future voltage measure-

ments from the RTDs were converted into temperatures as

Vvout
RRTD = Gifs + Hof
(3.8)
T T 1 RRTD

And the associated uncertainty in the values of Ty, Ry, Rgrrp, and a were propagated

using Equation (3.8)) to estimate the uncertainty in temperature as

9 1 / RrrD 2 RrTD 2 1 ?
Ur = (UTO) + ? Ro — 11U, + TR%URO + TROURRTD (39)

3.1.5 Experimental Procedure

After calibrating the RTDs on a chip in the isothermal bath filled with DI water, the
chips were cleaned in a two-step process to remove any surface contaminants that might

have been picked up during the calibration process. First, the chips were washed with
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Figure 3.11: Process Flow of Surface Boiling Experiments.

acetone, isopropyl alcohol, and DI water (in that order) and blow-dried using nitrogen.
Then, the chips were further cleaned using oxygen plasma in a chamber for 30 minutes.
Finally, they were mounted on the boiling platform in the chamber for the boiling

experiment, and the chamber was filled with the boiling fluid.

To bring the boiling fluid up to saturation temperature and degas the chamber, the
chamber heaters were turned on for two hours. During this time, power was also supplied
to the thin film heater on the backside of the chip to dissipate 0.5 W/cm? of heat flux

and degas the boiling surface, removing any trapped air.

After degassing the chamber for two hours, experiments were started. Figure [3.11
outlines the process flow of the experiment. The power dissipated by the chip surface

was increased in steps by increasing the voltage output from the DC Power Supply
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powering the thin-film heater. The voltage output was varied until the desired power
was achieved (See Section for details). Once the desired power was achieved,
high-accuracy, slow-speed measurements (at a sampling rate of 12 Hz) were taken to
calculate the current through the circuit, the power dissipated by the chip and the
temperature measured by the backside thermocouple. If CHF was detected from any of
the measurements, the experiment was stoppedﬂ Otherwise, high-speed measurements
were taken from working RTDs next. 60,000 readings were taken (at a sampling rate of
1 kHz for 1 minute) from each RTD before moving onto the next. After measurements
were taken from all working RTDs, the power to the thin-film heater was increased

again, and the entire process repeated until CHF occurred.

3.1.5.1 Calculating Power Dissipation

To calculate the power dissipated by the thin-film heater, voltage drop measurements
were taken as shown in Figure In addition to these three potential drop measure-
ments, the EMFs from the pool and backside thermocouple were also recorded. These
measurements were repeated sequentially 100 times for a total of 500 measurements at
the highest accuracy setting of the digital multimeter. Therefore, the sample size of
measurements was N = 100, and the sample mean was assumed to be the true value
of measurement. The sample standard deviation was used to calculated the associated

uncertainty using Equation (3.3)).

The sample means and standard deviations of the measured EMFs from the pool and
backside thermocouples were converted into temperature values and their correspond-
ing uncertainty using the type-T thermocouple calibration curve (see Appendix |B| for
details). The pool thermocouple measurements were used to confirm that the boiling

fluid was maintained at saturation temperature, Ty ;. The temperature measured by

9Most of the times, this was detected when the current dropped to zero as the chip surface cracked
when CHF occurred. Rarely, the chip surface did not crack and the temperature measured by the
backside thermocouple increased drastically.
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Figure 3.12: Potential drop measurements taken to measure the power dissipated by
the thin-film heater. Rje,qs was the resistance of the leads used to connect the thin-film
heaters on the backside of the chips to the rest of the circuit. R; and Ry, were the
additional and shunt resistors, respectively.

the backside thermocouple was only used as a marker to detect CHF, and was not
used as an accurate measurement of the surface temperature, Ty,. Instead, the sur-
face temperature was estimated from the average of the RTD measurements converted
into temperatures (see Section for details). Then, the excess temperature of the

surface was calculated as
ATW =Ty — Tsat

The current flowing through the circuit was measured using the potential drop across

the shunt resistor as

AVyy,
B Rsh

where Ry, = 9.979x1072 Q + 0.087% within a 95% confidence interval. The uncertainty

in the current was estimated by propagating the uncertainty in the voltage measurement
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and the shunt resistance as

Ua,\ > AV, 2
Ur = —VU
I Rsh + th Rgp

The uncertainty in the current measurement was also taken as a measure of the fluctu-

ations in the current through the circuit and was of the order of 0.01% as noted earlier.

The thin-film heater resistance was then calculated as

AVim
Ji - Rleads

Rim =

where Rjeags Was the resistance of the leads used to connect the thin-film heaters to
the rest of the circuit. It was important to consider Rje.qs because only the potential
drop across Rjeags + Rifm could be measured due to the construction of the setup, and
Rieags was measured to be 0.202 Q £0.16%, which was ~ 10% of the nominal value of
Rim = 2 Q at room temperature. The associated uncertainty in Rip, was calculated by

propagating the uncertainty in AVig, I, and Rjeaqs as

UAthh ? AVth ? 2
URtfh = I + TUI + URleads

The power dissipated by the chip was calculated as

P, = I? R

6And the associated uncertainty was calculated by propagating the uncertainty in the

current and the thin-film heater ressitance as

Up,, = \/ (IR U;)* + (I2Upy,)”
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The uncertainty in the power was also taken as a measure of the fluctuations in the
power dissipated by the wire and was less than 0.3% as noted earlier. Finally, the heat

flux was calculated as ¢” = Py, /A and the associated uncertainty was

UPtfh
A

Uq// =

where A = 4 cm? was the surface area of the chip.

The potential drop across the additional resistor was also measured and used to monitor
the resistance of the additional resistor as Ry = AV;/I. As noted in Section Ry
was a power resistor packaged in a finned aluminum housing and was immersed in a
beaker filled with silicone oil. The beaker was cooled by being placed in a isothermal
bath that maintained water at 4 °C. As a result, the change in R; was found to be of

the order of 0.1 % from the start to the end of experiments.

3.1.5.2 Stepping up power

The power for the thin film heater was sourced from a DC power supply that was
operated to provide a constant (user-defined) set voltage. However, it was desired to
achieve set values of power (or heat flux) dissipation. Therefore, the set voltage had to
be calculated from the desired power. Since the thin-film heater was connected in series
with the additional resistor (R;) and the shunt resistor (Rg,) as shown in Figure
the relationship between the set voltage (Vier) and the required potential drop (A Vi set)
across the thin-film heater to achieve the required power dissipation (Pset) was calculated

as

A‘/tfh,set =V Pset Rtfh (310)

(3.11)
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Figure 3.13: Process flow to change Vet until desired power was achieved.

where Riot = R1 + Ren + Rieads + Rim was the total resistance to the DC power supply.

Since the thin-film heater was made of platinum, its resistance increased as the chip sur-

face heated up. This increasing resistance of the thin-film heater had to be compensated

for when calculating Vget. Figure shows the process followed to step up the power

supplied to the chip surface and compensate for the increasing resistance of the thin-film

heater. After setting the first calculated voltage Vit on the power supply, the system

idled for 3 minutes to allow the chip surface to reach steady state. During this waiting

time however, voltage measurements from the RTDs that were taken at the previous
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voltage setting were transferred from the memory buffer of the digital multimeter to the
computer. This data transfer took about 1.5 minutes when all RTDs were working and

300,000 readings (= 60,000 readings/RTD x 5 RTDs) had to be transferred.

After the waiting time, measurements of AVy, AVy,, AVim and the backside thermocou-
ple EMF were taken sequentially and repeated 40 times for a total of 160 measurements
over a period of 20 seconds. The sample means were taken as the true value of the
measurements. The current through the circuit and the power dissipated by the chip
surface were calculated as explained in Section Measurements from the backside
thermocouple were taken to detect a drastic increase in temperature due to CHF, in
which case the experiment was ended. The experiment was also ended if the calculated

current through the circuit dropped to 0 Amps, indicating a cracked chip surface.

If however, the calculated power dissipation was greater than 99% of the desired power,
Pset, the experiment proceeded to the next step. Otherwise, a correction factor, C; was

calculated based on the calculated and desired power as
Cit1 = Ci + (Pet — Pim)  where Co =0

Then, the next value of Vit was calculated as

Rtot
Rym

Vet = \/(Ptfh + Ciy1) Rem

Since the thin-film heater resistance monotonically increased with the power dissipated,
the first calculated value of Vi always resulted in a Py < Pset, and subsequent cor-
rections to Vgt resulted in P, approaching Pyt from lower values. Once the desired
power was achieved, the correction factor was reset to 0 and the experiment proceeded

to high-speed measurements of RTDs.
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3.1.5.3 High Speed Measurements

High-speed measurements from the RTDs were taken at 1 kHz for 1 minute one RTD
at a time, i.e. 60,000 measurements were taken from a single RTD before moving onto
the next one. Sequentially repeating a single measurement from every RTD 60,000
times was not possible because the minimum settling time associated with switching
measurement channels during multiplexing was too high to achieve a sampling rate of

1 kHz.

The high-speed measurements were temporarily stored in the buffer memory of the dig-
ital multimeter. The buffer memory had a capacity for 450,000 measurements, with
additional measurements overwriting the stored measurements. Therefore, at every
power level, the measurements were transferred to permanent memory after measure-
ments from all working RTDs were taken and the DC power supply was set to the first
voltage setting for the next desired power. This was done during the 3 minutes long
waiting time allowed for the thin-film heater to reach steady state. On average, 300,000

readings took about 1.5 minutes to be transferred from the buffer memory.

3.1.6 Digital Filtering and Post-Processing

As noted in Section [3.1.3] the power spectral density of the voltage measurements showed
that line noise and its harmonics were attenuated by up to two orders of magnitude due
to using the in-amps to reject common mode noise. Despite this, the peaks corre-
sponding to line noise and its harmonics still existed. These were entirely removed in

post-processing by a digital filtering process outlined below.

In the digital filtering process, 1 Hz windows about 60 Hz and harmonics were scanned
for a local peak in the power spectra. Two such windows around 60 Hz and 120 Hz are
shown in Figure for the RTD Signal used in Figure A Gaussian fit (c'e*a:z:2 +b)

was then applied to the power spectra (orange dashed line) using the method of least
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Figure 3.14: Digital filtering process: Power Spectra showing 1 Hz windows around
line noise (60 Hz) and harmonics (only 120 Hz shown here) were scanned for peaks
and Gaussian fits (c cemaw? 4 b) were applied using method of least squares (dashed
orange line). Only frequencies where the amplitudes exceeded a threshold of b + 101/4
V2 were modified. The amplitudes of frequencies that were modified before and after
attenuation are shown in red and green, respectively.

squares. To minimize altering the original signal, only the amplitudes at frequencies
where the Gaussian fit exceeded a threshold of b+10'/* were attenuated. In Figure
the amplitudes of frequencies that were modified before and after attenuation are shown
in red and green, respectively. The Fourier transform with the modified amplitudes was
inverted to recover the filtered signal in the time domain. Figure[3.15]shows 1-s segments
of the original and filtered time series and the PSDs before and after the digital filtering
process. As is evident from the PSD on the right, the peaks corresponding to line
noise and its harmonics were entirely removed. Additionally, the 1-s segment shows the
filtered signal almost entirely overlapping the original signal, confirming that the digital

filtering process made minimal changes to the original signal.

The digitally filtered voltage fluctuations from the RTDs were converted to temperatures
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Figure 3.15: Effect of digital filtering on an RTD Signal from a surface undergoing
boiling. (Top) A 1-s interval of an RTD signal before (red) and after (green) digital

filtering.

(Bottom) PSDs of the RTD signals before (left) and after (right) digital

filtering demonstrating that effect of the digital filtering process in removing the peaks
corresponding to line noise and harmonics.
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fluctuations (red) from an RTD on a surface undergoing boiling, and the corresponding
digitally filtered output (green). (Bottom) Digitally filtered RTD signal converted into
temperature fluctuations using Equation .
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using Equation ({3.8]), restated here for convenience:

R V:)ut
R.TD_Gil—s—{_ off
T T 1 RRTD
T R T

Figure shows a representative %—s segment of voltage fluctuations from an RTD that

was digitally filtered and then converted to its corresponding temperature fluctuations
using Equation (3.8) and the RTD’s calibration curve. The associated uncertainty in
the temperature conversion was calculated using Equation (3.5) and Equation (3.9),

restated here for convenience:

2

Uk = [(];VI; + (UR03> i

’ 2 1leU2 RRTDU2 1 ?
T—(To)ﬁL@TO* a+TR3Ro+aTzOHm

where Uy, = 0.5 mV or 5 x 107* V, half the measurement resolutionﬂ This was

because every voltage reading represented an instantaneous resistance of the RTD as
a result of boiling around the RTD, and as is the case for single measurements, the
associated uncertainty is half the resolution of measurement. With the uncertainty
in the values of the offset resistances (Uy,) being of the order of 1073 Q, G' = 100,
and I, = 10~* Amps, the uncertainty in the RTD resistance (Uy,, ) was ~ 0.5 Q. This
uncertainty was propagated to calculate the uncertainty in temperature conversion (Uy;),

which was of the order of 0.1 °C.

0For a sampling rate of 1 kHz, the stated resolution of the DMM was 4% digits, which corresponded
to a resolution of 1 mV for the 10 V range used to measure the voltages
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Figure 3.17: Comparing average surface temperature estimates using (left) the backside
thermocouple measurements and (right) the high-speed RTD measurements by plotting
boiling curves from two experiments with the same surfaces and boiling fluid.

As mentioned in Section the surface temperature was taken as the average of
all RTD measurements. When all RTDs worked, the measurements were taken over
a period of 5 minutes from RTDs spread across the boiling surface. Therefore, it was
a better estimate of the surface temperature (averaged in time and space) than the
temperature measured by the backside thermocouple. Figure[3.17]shows separate boiling
curves plotted using the backside thermocouple measurements and the average of RTD
temperatures for two boiling experiments with the same surface and boiling ﬁuidEL
The closer resemblance of the boiling curves when using the average RTD temperatures
suggested that the RTD measurements were a more reliable estimate of the average
surface temperature. Despite care taken when attaching the backside thermocouple
to the backside of the chip on PCB using a thermally conductive epoxy, there was
the possibility that during curing of the epoxy, it would flow between the thermocouple

bead and the backside surface of the chip causing the thermocouple bead to lose contact

" These two runs were for Parylene-C coated surfaces in Novec 7100 as the boiling fluid. See Chapter
for details.
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with the surface and as a result, give temperature readings between the chip surface
temperature and the boiling fluid at its saturation temperature. Regardless, the RTDs
could still be calibrated using the backside thermocouple because during calibrations,
the chip was allowed to reach a steady state and be in thermal equilibrium with the

surrounding fluid, resulting in uniform temperatures.

Therefore, the average surface temperature was estimated as the average of all the

high-speed RTD measurements. The associated uncertainty was estimated as

where N was the number of RTD measurements and U,; was the uncertainty associated
with the RTD temperature as calculated by Equation (3.9). Due to the extremely large
number of RTD measurements (N = 300,000 when all RTDs worked), the associated

uncertainty was of the order of 1 mK.
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Figure 3.18: Schematic of the Wire Pool Boiling Experiment Facility. The inset shows
an image taken by a high-speed camera while boiling occurred on a wire connected
between electrodes.

3.2 Facility for Wire Pool Boiling Experiments

Figure shows a schematic of the experimental facility used for wire pool boiling
experiments. The boiling chamber was the same as before, a hollow cuboid vessel
made of polycarbonate with a volumetric capacity of 350 mL. To heat and maintain
the boiling fluid at its saturation temperature however, two i—inch diameter cartridge
heaters were used instead of the wall-mounted flexible film heaters as before. These
heaters were 2 inches long and had nominal resistances of 57.6 Q. The two cartridge
heaters were connected in parallel and powered by a DC Power Supply rated to supply
a maximum voltage and current of 35 V and 1.4 A, respectively. When operating at its

limit, the DC power supply was capable of dissipating 42.5 W through the two cartridge

heaters, which was sufficient to maintain the boiling liquids used in experiments at their
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saturation temperatures in the chamber. In addition to this, a reflux condenser was used
to condense the vapors generated from the boiling liquid and form a closed flow loop.
The condenser was supplied with water at 4 °C by an isothermal bath. A type-T
thermocouple (designated ”pool thermocouple”) was used to monitor and measure the

temperature of liquid in the chamber.

Boiling occurred on a 0.1-mm diameter platinum wire that was powered by a DC power
supply and connected in series with a 0.01 Q shunt resistor (Rg,) and an additional 4.7
Q resistor (Ry). The platinum wire was held between two grabber test clips that acted
as terminals and extended through the removable top cover of the boiling chamber. The
distance between the two terminals and hence the length of the wire (Lyiye) was 23+0.5
mm. The wire was replaced for each experiment and had a nominal resistance of ~ 0.33
Q at room temperature. Adding the additional 4.7 Q) resistor (R;) ensured that these
resistance fluctuations (dRp;) were only a small percentage of the total load resistance
(Rioad = R1+ Rpt + Rgn) to the DC power supply. As a result of this, the fluctuations in
the current, I, through the circuit, due to the DC power supply operating in constant
voltage mode and compensating for the fluctuations in the thin-film resistance, dR,

were also smaller, and were given by

dl  dRy
I a Rload

These current fluctuations were measured to be less than 0.1% during the experiments

(see Section [3.2.2.1| for details of this calculation).

The 4.7 Q resistor (R;) was a power resistor packaged in a finned aluminum housing
and capable of dissipating 300 W. It was immersed in a beaker filled with silicone oil,
that was cooled by being placed in the isothermal bath circulating chilled water (at 4

°C) to the reflux condenser.
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The shunt resistor (Rg,) was used to measure the current flowing through the circuit.
It came packaged with an in-built fan and was rated for a maximum current of 20 A.
It had a resistance of 9.979 x1073 Q + 0.087%[? At maximum currents measured
during the experiment (~ 4.5 A), the self-heating of the shunt resistor was insignificant
(I?Rg, ~ 1071 W) and therefore the resistance of the shunt resistor was assumed to

stay constant.

The power supplied to the platinum wire was given by P, = [ QRpt. Due to the
fluctuations in both the resistance of the wire and the current through the circuit,
the fluctuations in the power dissipated through the wire could be estimated as
0Py 0Pyt
dPyy = de + Wpthpt
= dPpy = 21 Ry dI + I* d Ry

Plugging in dI = —I(dRpt/Rioad), the equation above simplified to

P [, B | R
B pt B Rload Rpt

Without the power resistor, Rjoaq = Rpt and dPpyi/ Pyt = —dRpi/Rpt. Therefore, the
addition of the power resistor also dampened the power fluctuations. The maximum

power fluctuations were measured to be less than 0.3% during the experiments (see

Section [3.2.2.1] for details of this calculation).

3.2.1 Calibration of Wires

The platinum wires for the experiments were taken from a single 300-gm spool. To

characterize the entire spool, 10 lengths of wire were calibrated in an isothermal bath

12uncertainty with a 95% confidence interval.
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filled with DI water. Starting from room temperature (~ 22 °C), the isothermal bath

was set to successively higher reference temperatures of 30, 38, 46, 54, 60, and 68 °C and
the resistances of the wires were measured using the four-wire resistance measurement
method for a total of 7 calibration data points. Due to the small resistance values of
the lengths of platinum wires, which were comparable to the resistance of lead wires,
it was important to use the four-wire resistance measurement method rather than the
standard two-wire resistance measurement method for accurate measurement of the wire

resistances.

At every set temperature, sufficient time was given for the isothermal bath and the
platinum wires to reach steady state before measurements were taken. A type-T ther-
mocouple was placed in the isothermal bath to measure the pool temperatures, which
were used as reference temperatures. Once steady state was reached, voltage measure-
ments from the thermocouple and four-wire resistance measurements of the platinum
wire were taken sequentially. The sequential measurements were repeated 100 times at
each reference temperature and were taken at the highest accuracy configuration of the
digital multimeter (which included the maximum permissible integration timﬁ and the

maximum settling timﬂ when switching measurement channels).

3.2.1.1 Data Reduction and Analysis

The sample size of measurements from the thermocouple and platinum wire during
calibration was N = 100. The sample mean was used to represent the true value of the

measurements and the sample standard deviation was used to calculate the measurement

1 .
i3 S Or averaging

13The maximum integration time setting available on the digital multimeter was
over 5 power line cycles.
!4The settling time was how long the digital multimeter waited to start taking a measurement after

a new channel was connected to.
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uncertainty with 95% confidence using Equation (3.3]), restated here for convenience:

S

UQ%% = tospn1
9- 95%, \/N

where s was the sample standard deviation, N = 100 was the sample size, and to50, v 1 =
1.984 was the two-sided value for student’s t distribution for 95% confident with N —1 =

99 degrees of freedom.

The sample means and standard deviations of the thermocouple EMFs from the pool
were converted into temperature values and their corresponding uncertainty using the
type-T thermocouple calibration curve (see Appendix [B| for details). The pool ther-
mocouple measurements were taken as the reference temperatures for the calibration

curves.

Figure shows the wire resistance as a function of the reference temperature from
one of the calibration runs. The resistance of a platinum wire can be related to the

temperature of the wire using the Callendar-Van Duses equation as
R=FRo(1+a(T - Ty) + B(T - T)°)

where Ry is a reference value of the wire at some reference temperature, Tg, « is the linear
temperature coefficient of resistivity (TCR). Over small temperature ranges however,
it may be assumed that § = 0 and the linearized form of the Callendar-Van Duses

equation can be written as

Ry = Ro(1+a- (T - Ty))
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Figure 3.19: A representative calibration curve. (a) Resistance as a function of tem-
perature for a platinum wire from one of the calibration runs. (b) Calibration curve
replotted using with Ty = 25.29 °C. The slope of the curve represents the linear tem-
perature coefficient of resistivity (TCR) of the platinum wire.

The above equation can then be rearranged to non-dimensionalize the resistance as

Figure [3.19b] shows the transformed calibration curve where the first calibration data
point (in red) was used as Ty and Ry. The TCR was then estimated by calculating
the slope using linear regression. Note that using one of the calibration data points as
the reference values meant that any linear fit had to pass through (AT = 0 °C and
Ryt /Ry = 1) by definition. Thus, that calibration data point could not be used in linear
regression and this resulted in the loss of one degree of freedom. The value of TCR had
to be estimated as the slope of the best linear fit with a y-intercept of 1 and passing
through the remaining calibration data points. This was done using the method of least

squares and the standard error of slope (s,,) obtained from the method was used to



76

0.005

——— Pure Pt
——— Average TCR
—-= @30

0.004|

0.003

0.002

TCR (°C™1)

0.001

0.000

Runl Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Run 10

Figure 3.20: TCR values estimated from 10 calibration runs.

calculate the uncertainty in the estimate of TCR as

Ua,%% = tosr—2 Sm

where v = 7 was the number of calibration data points, and ts, , = 2.571 was the
two-sided value for student’s t distribution for 95% confident with v — 2 = 5 degrees
of freedom. The loss of an additional degrees of freedom resulted from estimating
slope from the remaining data points. The uncertainty in the estimate of TCR values

calculated this way were of the order of 1%.

Figure shows the estimated values of TCR from the 10 calibration runs and the
reported TCR value of pure platinum (o = 3.92 x 1073 °C~1). The deviation in the
estimated TCR values was attributed to the use of resistance values at 7' = 0 °C and
100 °C to calculate the reported TCR. This contrasts to the present study in which the
TCR was calculated with Ty ~ 24 °C and by performing a linear fit to 6 data points

using the method of least squares.

The mean value of TCR and the associated uncertainty with 95% confidence interval
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from the 10 calibration runs was 3.613 x 1072 °C~! £4.59%. These values were assumed
to represent the true value of the TCR for any length of wire taken from the original
spool. As mentioned earlier, a new length of platinum wire was used for every experi-
ment. At the start of all experiments, the resistance of the wire and the corresponding
temperature was measured to be used as the reference values (Ty and Ry) so that all

wire resistances from that experiment could be converted to wire temperatures using

1/ Ry
Tyw=Tp+—| ——1 3.12
pt 0+ a RO ( )

And the associated uncertainty in the wire temperature was calculated as

1 [ Ry > [ Ry ? 1 2
U, = | (Un) +{ —| = 1)U p + [ —5Un, | +|—U (3.13)
T B Oz2 Ro @ OzRg Ro OéRo Bt '

3.2.2 Experimental Procedure

Before running the experiments, the boiling fluid inside the chamber was brought up
to saturation temperature and the chamber degassed for two hours using the chamber
heaters. During this time, power was also supplied to the platinum wire to dissipate
0.5 W/cm? of heat flux and degas the surface, removing any trapped air. A type-
T thermocouple (designated ”pool thermocouple” hereunto) was used to monitor the

temperature of the boiling fluid.

After degassing the chamber for two hours, experiments were started. Figure [3.21
outlines the process flow of the experiment. The first task was to measure the wire
resistance at the saturation temperature of the boiling fluid to use as reference resistance
and temperature (Rp and Tp), which would then allow for converting wire resistance
measurements using Equation . A small test current of ~ 0.1 Amps was made

to pass through the wire using the DC power supply. The heat flux dissipated for the
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Figure 3.21: Process Flow of Wire Boiling Experiments.

test current was ~ 0.05 W/cm? and hence, self-heating of the wire was minimal and it
was assumed that the temperature of the wire was the same as the temperature of the
boiling fluid at its saturation temperature. The potential drops across the shunt and the
wire, and the pool thermocouple EMF was then measured sequentially, and the three
measurements repeated 40 times for a total of 120 measurements. These measurements
were made with the digital multimeter configured for highest accuracy measurements
and the sample means of the measurements were assumed to represent the true values

with the associated uncertainties calculated using Equation (3.3)).
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The sample mean and standard deviation of the pool thermocouple EMFs were con-
verted into a temperature value and its associated uncertainty using the type-T ther-
mocouple calibration curve (see Appendix [Bf for details). These values were taken as
the reference temperature, Ty, and the uncertainty in the reference temperature, Uy,

for the wire.

The test current, I; through the wire and its associated uncertainty were first estimated
using the potential drop across the shunt resistor (AVy,) and its associated uncertainty

as

2 2
U Uav,, AVgn -
I= + | 52 Un
Rgn Rgh "
where Rg, and Up, are the shunt resistance and its associated uncertainty.

The wire resistance, which was assumed to be the reference resistance, Ry, for the wire,

was finally calculated as

AV
Rpt( = Ro) = Ji - Rleads

where Rjeaqs was the resistance of the leads used to connect the wire to the rest of the
circuit (see Figure . It was important to consider Rjeaqs because only the potential
drop across Rjeads + fpt could be measured due to the construction of the setup, and
Rleads was measured to be 2.48 x 1072 Q +2.37%, which was ~ 7.5% of the nominal

value of Ry (= 0.33 Q) at room temperature. The associated uncertainty in Ry was
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1 sh Rleads pt

Figure 3.22: Potential drop measurements taken to measure the power dissipated by
the platinum wire. Rje.qs Was the resistance of the leads used to connect the platinum
wire to the rest of the circuit. R; and Rg, were the additional and shunt resistors,
respectively.

calculated by propagating the uncertainty in AV, I, and Rieaqs as

Us\>  [AVi \° 2
UVRPt = Ji + TUI + URleads

With the reference temperature and resistance calculated, the power dissipated by the

wire was increased by increasing the voltage output from the DC Power Supply powering
the platinum wire. High-accuracy, slow-speed measurements (at a sampling rate of 12
Hz) of the potential drop across the shunt, potential drop across the wire and the pool
thermocouple EMF were recorded to calculate the average heat flux dissipated by the
wire (see Section for details). The voltage output from the DC Power Supply
was varied until a (user-defined) desired power was achieved (see Section for
details), followed by 60,000 measurements (at a sampling rate of 1 kHz for 1 minute) of
the potential drop across the platinum wire. Then, the power to the wire was increased

to the next desired power, and the entire process was repeated until CHF occurred.
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3.2.2.1 Calculating Power Dissipation

To calculate the power dissipated by the wire, voltage drop measurements were taken
as shown in Figure In addition to the potential drops across the shunt (AVg,)
and the wire (AV}), the EMFs from the pool thermocouple were also recorded. These
measurements were repeated sequentially 40 times for a total of 120 measurements at
the highest accuracy setting of the digital multimeter. Therefore, the sample size of
measurements was N = 40, and the sample mean was assumed to be the true value
of measurement. The sample standard deviation was used to calculate the associated

uncertainty using Equation ([3.3)).

The sample means and standard deviations of the measured EMF's from the pool ther-
mocouples were converted into temperature values and their corresponding uncertainty
using the type-T thermocouple calibration curve (see Appendix |B|for details). The pool
thermocouple measurements were used to confirm that the boiling fluid was maintained

at saturation temperature, Tg,t.

The current flowing through the circuit was measured using the potential drop across

the shunt resistor as

AVyy
I p—
Rsh

(3.14)

where Ry, = 9.979x1072 Q + 0.087% within a 95% confidence interval. The uncertainty
in the current was estimated by propagating the uncertainty in the voltage measurement

and the shunt resistance as

. Usi\ AVa ?
I = Rsh + Rif,h Ran
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The uncertainty in the current measurement was also taken as a measure of the fluctu-
ations in the current through the circuit and was of the order of 0.1% as noted earlier.
The wire resistance was then calculated as

AV

Rpt = T - Rleads (3.15)

where Rjeaqs was the resistance of the leads used to connect the wire to the rest of the
circuit. The associated uncertainty in R, was calculated by propagating the uncertainty

in AVpt, I, and Ryeads as

The power dissipated by the chip was calculated as
Py = I* Ry

The power calculated thus was used for power adjustment purposes (see Section
to achieve user-defined power dissipation. These measurements were not used to calcu-
late the average temperature of the wire, or the power dissipated by the wire for the
boiling curve. Instead, the high-speed measurements of voltage fluctuations across the

wire were used for this purpose (see Section |3.2.3)).

The uncertainty associated with the power dissipated was calculated by propagating

the uncertainty in the current and the wire resistance as

Un, =\ IR0 + (12 Uy, )?

The uncertainty in the power was also taken as a measure of the fluctuations in the

power dissipated by the wire and was less than 0.3% as noted earlier.
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Finally, the heat flux was calculated as ¢” = Ppu¢/Awire. The surface area of the wire

Awire and its associated uncertainty were calculated as

Ayire = TDwire Lyire

Ua = T Dywire UL

wire wire

where Dyire (= 0.01 cm) was the diameter of the wire, and Lyie (= 2.3 c¢cm) and

Ur,.. (= 0.05 cm) were the length of the wire and the associated uncertainty with

wire

a 95% confidence interval, respectively. Finally, the uncertainty in the heat flux was

Up,. \* Py 2
Y=\ A ) H L, P

3.2.2.2 Stepping up power

calculated as

The power for the platinum wire was sourced from a DC power supply that was operated
to provide a constant (user-defined) set voltage. However, it was desired to achieve set
values of power (or heat flux) dissipation from the wire. Therefore, the set voltage had
to be calculated from the desired power. Since the wire was connected in series with
the additional resistor (R;) and the shunt resistor (Rg,) as shown in Figure the
relationship between the set voltage (Viet) and the required potential drop (AViet)

across the wire to achieve the required power dissipation (Pset) was calculated as

A‘/pt,set =V Pyet Rpt (316)

Rtot
‘/;et - Ath,set Rf (317)
pt

where Riot = Ri + Reh + Ricads + Rpt was the total resistance to the DC power supply.
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Figure 3.23: Process flow to change Vet until desired power was achieved.

Since the wire was made of platinum, its resistance increased with the power dissipation
as the wire heated up. This increasing resistance of the wire had to be compensated
for when calculating Vget. Figure [3.23| shows the process followed to step up the power
supplied to the wire and compensate for its increasing resistance. After setting the first
calculated voltage Vgt on the power supply, the system idled for 3 minutes to allow the
wire to reach steady state. Then, measurements of AVj, AVgy,, and AV, were taken
sequentially and repeated 40 times for a total of 120 measurements over a period of 15

seconds. The sample means were taken as the true value of the measurements. The
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current through the circuit and the power dissipated by the wire were calculated as
outlined in Section [3.2.2.1, If the power dissipated was greater than 99% of the desired
power, Pset, the experiment proceeded to the next step. Otherwise, a correction factor,

C; was calculated based on the calculated and desired power as
Ci+1 =C;+ (Pset — Ppt) where Cy =0

Then, the next value of Vit was calculated as

Rtot

Ve = \/ (P + Cia) Ron. 7~
p

Since the wire resistance monotonically increased with the power dissipated, the first
calculated value of Ve always resulted in a B,y < Piet, and subsequent corrections
to Vet resulted in Py approaching P from lower values. Once the desired power
was achieved, the correction factor was reset to 0 and the experiment proceeded to

high-speed measurements of the potential drop across the wire.

3.2.2.3 High Speed Measurements

High-speed measurements of the voltage fluctuations across the wire were taken at 1 kHz
for 1 minute for a total of 60,000 readings at every power level. After the measurements
were complete, the transfer of readings from the digital multimeter to a computer took
about 20 seconds, following which the power level was increased to the next desired

power.

The digital multimeter was capable of 4% digits accuracy at 1 kHz. Since the range of
measurements was 10 V, this meant that the least significant digit or the resolution of

the measurements was 1 mV.

Each of the 60,000 readings represented the potential drop across the wire that had
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a space-averaged instantaneous resistance as a result of boiling affecting the tempera-
tures along the entire length. Since the uncertainty for a single measurement is half
the resolution of measurement, the uncertainty associated with the high-speed voltage

measurements (Uay,,) was 0.5 mV or 5 x 1074 V.

3.2.3 Post-Processing

The high-speed voltage fluctuations from the wire (AV}) were converted to correspond-

ing temperatures using Equation (3.14]), Equation (3.15)), and Equation (3.12)), summa-

rized here for convenience:

AVgp
1= Ao
AV

I

1/ Ry
Tow=To+—| —=——1
pt 0+a RO

where o = 3.613 x 1073 °C~! from the calibration runs (see Section for details),

Ry =

- Rleads

and Ty and Ry were measured at the start of each experiment. For the calculation of the
current, the sample mean of high accuracy measurements of AVg, recorded before high-
speed voltage fluctuation measurements was used assuming that the current through
the circuit remained constant at every power level. This assumption was valid since it
was observed (as detailed in Section that current fluctuations were less than
0.1%.

Figure shows 1-s segments of voltage fluctuations across a wire undergoing boiling
in 0.1% silica-nanofluid solution at a low and a high heat flux, and the correspond-
ing wire resistance and temperature fluctuations calculated using the equations above.
Figure shows the PSDs of the temperature fluctuations that are broadband and

unlike fluctuations from the surface experiments, do not exhibit peaks corresponding to
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Figure 3.24: (Top) Converting voltage fluctuations into temperatures, and (bottom)
PSDs of the temperature fluctuations.

line noise and harmonics.

The uncertainty in estimation of the wire temperatures was calculated by propagating

the uncertainties in the shunt voltage measurement (Uay,, ~ 0.01 V), shunt resistance

value (Ug, = 8.68 x 107% Q), leads resistance value (Ug,_,, = 5.88 x 1074 Q), reference
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temperature and resistance (Ur, ~ 1073 °C and Uy, ~ 107% Q), and TCR (U, =

3.96 x 107° °C~1) as

Us, \° [AVp  \° 2
() () ) e
1/R 2 R 2 1 2
2 pt pt
U, = | (Un) +{(12<R0_1>Ua} + (aR(%URO> + (aJ%OURm)

As was noted in Section [3.2.2.3] the uncertainty in a single measurement of the potential

drop across the wire (Uay,,) was 5 x 107% V, half the measurement resolution. The

maximum uncertainty in temperature conversion (Ur, ) calculated was ~ 1 °C.

To plot the boiling curve, the wire temperature fluctuations were averaged to repre-

sent the time-averaged wire temperature (Tp¢) at every power level. The associated

uncertainty was estimated as

where N was the number of measurements and U;, ; was the uncertainty associated
with the wire temperatures as calculated by Equation (3.18). Due to the extremely
large number of temperature measurements (N = 60,000), the associated uncertainty

was of the order of 1 mK.
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The excess temperatures and the associated uncertainty were calculated as

AT = Tipt — Tsat

UATPL = \/(UTTc)Q + (UTsat)2

where Tg, and Urp,, were the saturation temperature of the fluid and the associated
uncertainty, respectively. These were estimated by the temperature measurements from

the pool thermocouple since the boiling fluid was maintained at saturation temperature.

Similarly, the wire resistance fluctuations were averaged to represent the time-averaged
wire resistance (Rpt) and used to calculate the average power dissipated and heat flux
as PT)t =1 QRipt and ¢’ = ?/Awire, respectively. The uncertainty in the average wire

resistance was calculated as

where N was the number of measurements and Uy, was the uncertainty associated
with the wire resistance fluctuations as calculated by Equation (3.18). The uncertainty

in the average wire resistance was propagated using the following set of equations:

U = \/ (2 BpU))? + (12 Ug)?

UK 2 prt 2
Ve =\ A ) L, P

where Ur was the uncertainty in current, and Ayire = T Dywire Lwire a0d U4, = T Dyire UL

wire

were the surface area of the wire and the associated uncertainty. The uncertainty in the
average heat flux was calculated to be of the order 1%. Figure shows repeatability
in the boiling curves from wire experiments performed in 0.1% silica-nanofluid solution

plotted using the equations outlined above.
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Figure 3.25: Boiling curves for two wire experiments performed in 0.1% silica-nanofluid
solution.



Chapter 4

Results: Surface Pool Boiling

Experiments

4.1 Experimental Runs

Table lists the set of experiments performed using different surface-fluid combina-
tions along with the observed values of CHF. Although sapphire subtrates were used to
microfabricate all surfaces, the name designated to any surface refers to the final layer
deposited during the microfabrication process as outlined in Appendix [C| The choice
of the final layers on the surfaces (SiO2, Amorphous Silicon or A-Si, Nickle or Ni, and
Parylene-C) was based on the reported contact angle of water on the chosen layers,
which spanned ~ 0° for SiOs and ~ 90° for Parylene-C. This variation in contact angle
was expected to produce CHF values that spanned one order of magnitude. However,
the higher power dissipation requirements to achieve dry-out in DI water and the higher
temperatures involved made it unfeasible to carry out experiments in DI water for even

the lowest expected CHF values of ~ 40 W/cm? in Parylene-C. Therefore, Novec 7000

91
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S.No. | Boiling Fluid | Surface Identifier | 152 ?Ot Cl) atm CH(;‘b(S%‘ZiQ)
1 Si09 Si09-N70-1 14.14
2 SiOq Si09-N70-2 12.90
3| Novee 7000 A-Si A-Si-N70 34 13.82
4 Ni Ni-N70 15.16
5 SiO9 Si0O9-NT1 12.97
6 A-Si A-Si-N71 11.69
7 Novec 7100 Ni Ni-NT71 61 13.57
8 Parylene-C P-NT71-1 17.06
9 Parylene-C P-N71-2 17.32

Table 4.1: List of surface pool boiling experiments performed. The identifier is for
referencing the experimental run in the results that follow.

and Novec 710(f[ were chosen as alternative boiling fluids. These fluids were dielectric,
nonpolar hydrofluoroethers with zero ozone depletion potential that were designed to
replace fluorinated hydrocarbons as refrigerants. Due to the volatile nature of the fluids,
contact angle measurements using the sessile drop technique was made difficult because
the drops evaporated far too quickly to yield any measurements. Therefore, contact

angle measurements were not performed for these fluids.

Figure shows the values of CHF's observed in the experiments. Some surface-fluid
combinations were tested for repeatability. It is noted that the largest VariatiOI:E] was
observed for SiO4 in Novec 7100 at 9.2%. Such large variations in boiling heat transfer
experiments are commonplace. The highest values of CHF (~ 17 W /cm?) was observed

for Parylene-C in Novec 7100.

Figure [4.2] compares the CHF values for similar surfaces across the two boiling fluids.
For SiO9, A-Si, and Ni surfaces, the CHF value was slightly reduced in Novec 7100.
This is in accordance with Zuber’s expression for CHF (Equation (2.3))) for Novec 7000
and Novec 7100, which estimates the CHF values at 18.82 W/cm? and 16.35 W/cm?

'"Purchased from 3M.
2The variation was the difference in the observed CHF values as a percentage of the average value.
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Figure 4.1: Observed CHF values for surface pool boiling experiments.

for the two fluids, respectively.

Figure shows the boiling curves for experiments carried out in Novec 7000 (left)

7.5

CHF (W/cm?)

5.0

2.5

0.0

[ Novec 7000

I Novec 7100

A-Si Ni Parylene-C

Sio2

Figure 4.2: Comparison of CHF values for surfaces across the two boiling fluids. Exper-
iments of SiO9 in Novec 7000, A-Si in Novec 7100, and Parylene-C in Novec 7100 were
tested for repeatability.
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Figure 4.3: Boiling curves for surface experiments performed in Novec 7000 (left) and
Novec 7100 (right). Also shown are the CHF values for the two fluids calculated using

Zuber’s expression (Equation (2.3)). The arrows represent the last data point before
dry-out when heat flux is increased.

and Novec 7100 (right). While the boiling curves for SiO2, A-Si, and Ni do not appear
significantly different, the boiling curves for the Parylene-C surfaces in Novec 7100
exhibit a delayed onset of nucleate boiling along with markedly higher wall superheats

(AT,) in the nucleate boiling regime.

In reporting the experimental data in the foregoing sections, the heat flux along the
boiling curve from an experiment is non-dimensionalized as

q

*

q:

qcnr

where gcpr was the last heat flux before dry-out occurred in the experiment.

4.2 Statistical Distributions

The statistics of temperature fluctuations are first analyzed to determine whether the
time series are stationary or non-stationary. In the most general sense, a time series is

said to be stationary if the statistical moments (such as the mean, standard deviation,



95

etc.) of the time series stay constant regardless of the moment in time when the time
series is sampled. Since the statistical moments also define the distribution density of
values of the time series, stationarity implies that the distribution density stays constant

too.

In practice, since there is often only one realization of a time series, stationarity requires
that shorter segments of the time series also exhibit the same statistics as the parent
time series. However, there exists a minimum segment size below which the definition

of stationarity may be violated. For instance, if a time series captures some periodic

0 a 1.4r - l @ Average of Segment Means
1.2}
0.3 '
o | g H Hiiiil
0 1.0 Q9O } 0000000000
& 0.2} i i s
o1l AL 0.8 | ||
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o Q < 2.51| ¢ :
AN : 3 :
~ o
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10T 102 10° 107
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Figure 4.4: (Top-left) Probability density distribution of the white noise series with a
Gaussian PDF overlaid. Variation in the mean (top-right), standard deviation (bottom-
left) and kurtosis (bottom-right) as a function of segment size.
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process with time period T over a long period ¢t > T, segments of the time series
spanning periods less than T will not exhibit the same statistics. Therefore, when
testing for stationarity, care should be taken that the smallest segments of the time
series considered span time scales larger than the largest time scale of the system.
This idea is illustrated in Figure which shows the probability density distribution
of a synthetically generated white noisdﬂ time series, and the variation in the means,
standard deviations (o = ,ué/ 2) and kurtosises (j4/p3) as a function of segment size.
The white noise series of size N = 60,000 was synthetically generated by randomly
sampling a Gaussian distribution with population mean and standard deviation values
of unity. For any given segment size w, the time series was split into N,, = int(N/w)
number of non-overlapping segments of size w starting from the beginning and another
N,, non-overlapping segments of size w starting from the end of the time series, for a
total of 21V, segmentsﬂ For each segment, the statistical moments (mean, standard
deviation and kurtosis) were calculated such that for any moment, there were 2N,
values from the 2N,, segments. Finally, the average values of the moments were then
plotted for the segment size w being considered, along with the root-mean-square error

(RMSE) in the calculation of the average moment from the moments of the individual

segments as error bars.

/2 or o), and kurtosis (p4/p3) of the

It is evident that the mean, standard deviation (u;
white noise time series all converge to the values expected for a Gaussian distribution?]
The rate of convergence, however, is slower for higher order moments. The average
mean value for even the smallest segment size (w = 8) is 1.0 even though the RMSE in
the estimation from segment means is very large. The average standard deviation and

average kurtosis of the segments start at low values for the smallest segment sizes but

increase and converge to their respective values by segment sizes of 80 points and 600

3White noise is stationary.

4This way neither data at the end or the beginning were neglected.

5The white noise was sampled from a Gaussian distribution of population mean and standard devi-
ation values of unity. Additionally, the kurtosis of a Gaussian distribution is 3.
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Figure 4.5: A continuous Probability Density Function (PDF) was estimated using
Kernel Density Estimation.

points, respectively (vertical line labeled ¢« in Figurel4.4)). This is also expected as larger
deviations (x — T) contribute more to higher-order central moments (u,, ~ (z —%)™),
and since their probability of occurrence is low, larger segment sizes are required to

ensure an appropriate number of the large deviations required for convergence.

4.2.1 PDFs of RTD Temperature Fluctuations

To obtain an estimate of the Probability Density Function of temperature fluctuations
from an RTD, a discrete probability density distribution was first constructed, as shown
in Figure Then, the PDF was estimated using Kernel Density Estimation (KDE)
[88], which uses weighted Gaussian kernels to estimate a continuous PDF for the given
discrete distribution density. In Figure the solid line is the estimated PDF from
KDE and fits very well with the discrete distribution density. Also plotted is the a Gaus-
sian distribution (dashed line) with the same population mean and standard deviation

as with the temperature fluctuations.

Since the underlying distribution density and the estimated PDF appear Gaussian, the
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S.No | Exp. Identifier | RTD | ¢* = q/qcur
1 Ni-N71 Green 0.42
2 Si0O9-NT1 Red 0.67
3 Si02-NT71 Red 0.71
4 P-NT71-1 Grey 0.11

Table 4.2: List of time series for which the KS test returned a p-value > 0.05 implying
that the PDF was the same as the Gaussian distribution.

time series was tested for the likelihood of being drawn from a Gaussian distribution
using the implementation of the Kolmogorov-Smirnov (KS) test [89] in the program-
ming language Python. The KS test compares the continuous density function of the
underlying data to that of a Gaussian distribution with the null hypothesis that the
data is distributed according to a Gaussian distribution. If the p-value output by the
test is less than 0.0Eﬁ, the null hypothesis is rejected, i.e. the data was not sampled from
the Gaussian distribution. For the time series shown in Figure [4.5] a p-value of near
zero implied that the underlying distribution density is not Gaussian despite appearing

SO.

The KS test was applied to all 642 time series that were acquired from the experiments.
Only 4 time series (0.62% of the total number of time series acquired) returned a p-value

greater than 0.05 and are listed in Table

Figure [4.6] shows the PDFs of temperature fluctuations from a randomly chosen RTD
for all experiments spanning a range of non-dimensional heat flux values (¢* = ¢/qcur)
from ~ 0.25 to 1.0. The general observation is that at lower heat fluxes (¢* < 0.7), the
fluctuations have a relatively narrow amplitude. As ¢* increases, however, the PDF's
spread out and tend to become positively skewed (see red lines corresponding to ¢* =
1.0), implying that larger excursions from the mean towards higher temperatures are
observed as the system approaches CHF. This likely reflects the longer periods of time

the surface stays dry and hence, at higher temperatures. This pattern, however, is not

SA p-value of 0.05 corresponds to a confidence level of 95%.
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followed by the temperature fluctuations of the Red RTD from the boiling experiment of

Parylene-C in Novec 7100 (red line in the bottom-center plot labeled P-N71-1), which
shows the reverse trend of spread out PDFs at low ¢* becoming narrower and higher
at high ¢*. Also, the PDFs of the Blue RTD from the repeat run of Parylene-C in
Novec 7100 (bottom-center plot labeled P-N71-2) spread out as ¢* increases but stay

symmetric and do not positively skew.

Figure[£.7]shows the PDFs of all working RTDs from the first experiment of Parylene-C
in Novec 7100 (P-N71-1). For all RTDs, the PDFs become narrowest and highest at
q* ~ 0.86. The PDFs of Yellow, Green and Grey RTDs at higher ¢* also seem more

Yellow RTD Green RTD
1.25
— g*=0.25
— q*=0.49 1.0}
1.00¢ — g*=0.72
0.8t
w 0.75¢
E 0.6
0.50¢t
0.4
0.25¢ 0.2+
0.00 _'2 _'1 0 1 > 0.0
Grey RTD Red RTD
1.25¢ — q*=025]| 1 25}
— q*=0.49
L — q*=0.72
1.00 " =0.86 1.00
0.75 — g*=1.00
[T . F L
) 0.75
o
0.50¢t 0.50¢t
0.25¢} 0.25¢}
0.00 _'2 _'1 0 1 > 0.00 _'2 0 2
Tpt — Tpt (°C) Tpt — Tpt (°C)

Figure 4.7: PDF's from all working RTDs from the boiling experiment of Parylene-C in
Novec 7100 - Run 1.
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symmetric than the PDF's at lower ¢*. It should be noted that the boiling curve for the

Parylene-C experiments in Novec 7100 presented the highest observable CHF's and the
highest average wall superheat in the nucleate boiling regime (see Figure .

4.2.2 Variation of Statistical Moments with Segment Size

Figures and M show the variation in mean, standard deviation (,ué/ 2 = o), and
kurtosis (p4/p3) with segment size for non-dimensional heat flux values of ~ 0.5, 0.75,
and 1.0. The choice of which experimental runs and RTDs are to be analyzed was
arbitrary in both figures. Note that segment size refers to the duration (in s) that a
segment spanned. Since the RTDs were sampled at 1000 Hz, a segment of 1000 data

points, for instance, spanned 1 s.

As can be seen, the average of the segment means did not vary from the mean of the
entire time series for even the smallest span of 8 ms considered for any ¢*. The standard
deviation and kurtosis, however, eventually converge, taking shorter segment sizes as
q* increases. This was a general trend that was observed approximately across all
experiments and could be explained by an increase in bubble frequencies at higher heat

fluxes. As bubble frequencies increase, increasingly shorter segment sizes are required

to capture enough fluctuations to mimic the statistics of the entire time series.

Also note the overshoot in the kurtosis for ¢* ~ 0.5 around segment sizes of 0.1 — 1.0 s
in both Figures and that was absent in the statistics of white noise (Figure .
The initial increase in the kurtosis with the segment size is similar to that of white
noise and is a result of more appropriately sized segments (which reflect the time series
better) being considered. Once the highest average value is achieved at the mid-range
segment sizes of 0.1 — 1.0 s, however, the large excursions from the mean (x — ), which
contribute more to higher order moments (p, ~ (x —Z)™), do not scale with span to
maintain the higher average values. This occurs because at the relative low heat flux

of ¢* = 0.5, large excursions from the mean are not as common as those at higher heat
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fluxes.

It should also be noted that the increase in convergence time with the order of the
moment (for the same time series) is not universal. In the statistics of white noise, the
convergence time (dashed lines labelled ¢y in Figure for standard deviation was an
order of magnitude faster than the same for kurtosis. In all of the RTD temperature
fluctuations shown in Figures [4.8] and however, the convergence time for kurtosis is

comparable to convergence time for standard deviation.

4.2.3 Variation of Statistical Moments with ¢*

Figureshows the evolution of the standard deviation (,ué/ 2= o), skewness (us/ ug/ 2),
and kurtosis (p4/p3) with the non-dimensional heat flux (¢* = q/qcur). To avoid clutter,
two measures are taken. Firstly, the experiments carried out in Novec 7000 and Novec
7100 are presented separately in the left and the right columns of the figure, respectively.
Secondly, for each experiment at a given ¢*, the mean of the statistical moments from

all working RTDs is presented.

The standard deviations for all experiments collapse remarkably well for the experiments
carried out in Novec 7000 while there is considerable spread for the experiments in Novec
7100. At low ¢* values, the experiments with Parylene-C surfaces, which were also noted
for the higher wall superheats cases and symmetric PDF cases earlier, stand out from the
rest. At higher ¢* values, the curve for A-Si in Novec 7100 (A-Si-N71) also diverges from
the other curve with higher values of standard deviation. As will be explained through
Power Spectral Density (PSD) figures in the next section, this could be attributed to
noise in the fluctuations which were conspicuously absent at lower ¢* values for the same

experiment.

The skewness, which represents the asymmetry for Gaussian-like distrbutions was noted

to be positive at higher ¢* values when discussing PDFs. That fact is borne out in the
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Figure 4.10: Evolution of statistical central moments of orders 2, 3 and 4 (standard
deviation, skewness, and kurtosis, respectively) along the boiling curve. To avoid clut-
ter, the mean of the statistical moments from all working RTDs is presented for each
experiment at any given ¢*.

values of skewness which are larger than 0 at higher ¢* values. The postive skewness at
higher ¢* values is attributed to large, positive excursions from the mean, which were
more frequent at high heat fluxes as the surface conditions proceed towards dry-out.
Again, the only significant outlier is the experiment of A-Si in Novec 7100 (A-Si-N71),

which drops to a minimum skewness of ~ —0.8 before reversing course and becoming



106

positively skewed like the other curves.

Finally, the kurtoses, which represents distributions with heavy-tails relative to those
of the Gaussian distribution, behave erratically with no clear trend. A value larger (or
smaller) than 3.0 implies that the tail of the distribution is heavier (or lighter) than that
of the Gaussian distribution. This means that the likelihood of large excursions (positive
or negative) from the mean is more likely for the distribution under consideration than
expected from a Gaussian distribution. It is interesting to note that experiments with
SiO2 in either fluid exhibited kurtosis values that are significantly larger than 3.0 but

it is uncertain why this occurred.

4.3 Frequency Spectrum Analysis

Figure shows representative 2-s segments of RTD fluctuations and their corre-
sponding Power Spectral Densities (PSDs) at moderate and high ¢* values of ~ 0.5 and
~ 0.85. For ¢* = 0.48, the 2-s segment shows multiple cycles of the typical, sawtooth-
like rise and fall of temperatures under a nucleating bubble, as has been reported in
studies like Kenning (1996) [62]. It should be noted, however, that the rise and fall are
aperiodic and intermittent, which is reflected in the corresponding PSD by the absence
of a dominant frequency. The 2-s segment for ¢* = 0.84 also shows the sawtooth-like
waves, but with a more noise-like behavior along the entire segment. This is reflected
in values of the PSDs at f > 60 Hz, which are higher for ¢* = 0.84, and the slope of
drop-off of the PSD is also more gradual (PSD ~ f~!19) than for the case of ¢* = 0.48
(PSD ~ f=123),

Figure shows another instance of 2-s segments of RTD fluctuations and their corre-
sponding PSDs at moderate and high ¢* values of ~ 0.5 and ~ 0.8. For ¢* = 0.48, note
that the PSD flattens, relatively speakinﬂ for frequencies greater than 60 Hz. This

"For ¢* = 0.48 at f > 60 Hz, the PSD is shown to scale first as %53 and then as f°%°. This is
because the slopes were determined using a algorithm which detected changes in slope, and as the PSD
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Figure 4.11: Representative Power Spectral Densities. The temperature fluctuations
were taken from the Green RTD in a boiling experiment of SiOs surface in Novec 7100.
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Figure 4.12: A separate set of PSDs showing PSD curve flattening out at the highest
frequencies. The temperature fluctuations were taken from the Gray RTD in first boiling
experiment of the Parylene-C surface in Novec 7100.

flattened, it detected two different slopes. As is visually evident, however, the slope is near zero (the
average of the two slopes detected by the algorithm).
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Figure 4.13: The evolution of the scaling exponent of PSD vs. frequency (PSD ~ f™)
in the range 6 Hz < f < 60 Hz. The evolution curve is for the repeat boiling experiment
of SiOq surface in Novec 7000 (SiO2-N70-2).

effect is especially pronounced in the PSD for ¢* = 0.49.

The scale-free nature of the temperature fluctuations is evident from the PSDs presented
above. Scale-free behavior in quanties measured during boiling has also been observed by
Skokov et al. (2010) [72] and Lloveras et al. (2012) [73]. In the absence of characteristic
scales, the dynamics of the system may be characterized by the drops in the PSDs
instead. Figure shows the drop of the power law exponent for the repeat boiling
experiment of SiO2 in Novec 7000 (SiO2-N70-2) for all the RTDs. The drop-off exponent
was estimated by considering only the PSD in the range of 6 Hz < f < 60 Hz (spanning
a decade). This was because in some experiments (see Figure , the PSD flattened
(or started to) at f > 60 Hz. This also had the desired effect of neglecting line noise and
harmonics, which affected only the frequencies at 60 Hz or higher, if and when present.
Also plotted in Figure is an average curve corresponding to the average values of

the exponents from the working RTDs at each ¢*.

Figure [£.14] compares the average curves from all experiments, with the curves for
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Figure 4.14: The evolution of the scaling exponent of PSD vs frequency (PSD ~ f™)
in the range 6 Hz < f < 60 Hz for all surface experiments. For each experiment, the
curve represent the average values of the exponents from all working RTDs.

experiments in Novec 7000 and Novec 7100 plotted separately to avoid clutter. The
average curves for experiments in Novec 7000 first drop to values below -2.0 after which
they start increasing. Note that the first few points in all experiments corresponded to
the natural convection regime with no bubble nucleation. After the Onset of Nucleate
Boiling (ONB, at ¢* ~ 0.1), the drop-off exponents increase until a maximum value is
achieved at moderate ¢*(~ 0.5). Beyond this point, the drop-off exponents decrease

again and converge to a value of ~ -1.0 at dry-out. The curves for Novec 7000 also

appear to collapse.

The average curves for experiments in Novec 7100 are more spread out and do not
collapse so well as they do for experiments in Novec 7000. Also, the dropoff exponents
appear to follow a general trend of monotonic increase from ONB to dry-out. However,
there are two similarities in the average curves across the fluids. Firstly, the dropoff
exponents initially decrease to lower values before the ONB at ¢* ~ 0.1. Secondly, the

dropoff exponents all converge to a value of -1.0 at dry-out.

Finally, Figure shows 2-s segments of RTD fluctuations and their corresponding
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Figure 4.15: The PSDs show the presence of noise in temperature fluctuations at high
q* = 0.79 relative to a moderate ¢* = 0.45 for the boiling experiment of A-Si in Novec
7100 (A-Si-N71).

PSDs at moderate and high ¢* values of ~ 0.5 and ~ 0.8 for the boiling experiment
of A-Si in Novec 7100 (A-Si-N71). As was noted in Section the variation in the
statistical moments with ¢* for A-Si-N71 were outliers. The 2-segment segment and the
corresponding PSD at ¢* = 0.45 show a low level of noise present (small peaks in the
PSD for f > 60 Hz). At g. = 0.79, however, the PSD for f > 60 Hz shows a significantly
increased level of noise, and this is also reflected in the 2-s segment. The likelihood of
these peaks corresponding to a boiling phenomena are low since they were not observed
in any of the other experiments. Since these peaks presented themselves at frequencies
other than 60 Hz or its harmonics, it was not filtered out during the digital filtering

process.
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4.4 Autocorrelation Function Analysis

For further insight into the statistics of fluctuations, and to check for the presence of
long-term temporal correlations, the Auto-Correlation Function (ACF) is analyzed. The

auto-correlation function, ACF (k) for a given lag k > 0, is defined as

1
ACF(k) = —

1 N—k
o2 jfjjzgizj(mi—'f)($r+k“j)
i=1
where (z;, ¢ = 1,..., N) is the i-th observation in a time series of N equidisitant mea-
surements, T is the mean of the time series, and o is the standard deviation of the time

series.

ACF (k) is a measure of how well a time series is correlated with a delayed copy of itself
with lag k. The range of ACF(k) is —1 < ACF(k) < 1. Since a time series is perfectly
correlated with itself, ACF(k = 0) = 1 is trivial.

Si0,-N71, Green RTD
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Figure 4.16: Decay of ACF (k) for RTD temperature fluctuations at moderate and high
q* values. The temperature fluctuations were taken from the Green RTD in the boiling
experiment of SiOy in Novec 7100 (SiO2-NT71).
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The decay of ACF (k) with k characterizes whether a time series has any long- or short-

range correlations. In a white noise time series, where any observation is entirely uncor-
related with all future observations, even in its immediate vicinity, ACF (k) ~ 0 for all
k > 0. For time series with short-term correlations, either ACF (k) drops to zero after a
certain lag, or it eventually has an exponential decay (ACF (k) ~ exp (—k)). This occurs
because the correlation between a pair of values in the time series at separation of k
apart decreases rapidly as k increases. For a time series with long-term correlations,
however, the correlations persist even as k increases and, therefore, ACF (k) declines as
a power-law (ACF(k) ~ k77, 0 < v < 1), which is a slower decay than an exponential

decay.

Figure illustrates the representative decay of ACF(k) for RTD temperature fluc-
tuations at a moderate and a high ¢*. It is evident that temperature fluctuations for
¢* = 0.40 and 0.96 decay exponentially (~ exp(—k)) and as a power-law (~ k~7),

respectively.

Figure shows the change in the nature of ACF(k) decay across five values of ¢* ~
0.25, 0.4, 0.7, 0.85, and 1.0 for all experiments. The choice of which RTD to consider for
any experiment was arbitrary. The general trend across all experiments is that at low
q* values of 0.25 and 0.4, ACF(k) decays exponentially, indicating that the temperature
fluctuations are short-term correlated. At moderate and high values of ¢*, ACF(k)

decays as a power-law, indicating long-term correlations in the time series.

Note the scatter in the curves for ¢* = 0.83 and 1.0 for A-Si-N71, ¢* = 0.69 for Ni-N71,
and ¢* = 0.89 for P-N71-2. By examining the PSDs of those particular time series
(Figure [4.18), the scatter in the ACFs is attributed to noise at frequencies other than
60 Hz, and its harmonics. It is unlikely that the peaks in the PSDs correspond to some
cylic process during boiling because of its intermittent presence in a few temperature

fluctuations only. Despite multiple measures taken to reject noise at all levels, some
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Figure 4.18: PSDs of temperature fluctuations that show scatter in ACF(k) vs. k plots
in Figure @ Significant noise is present at various frequencies.

temperature fluctuations still showed significant peaks. Notwithstanding the few noisy
temperature fluctuations, the change in the decay of ACF(k) of temperature fluctuations
suggests that long-term correlations are present in temperature fluctuations at high heat
fluxes close to dry-out. In the next section, characterizing these long-term correlations

while rejecting the noise in temperature fluctuations (when present) is discussed.

4.5 Hurst Exponent Analysis

As was noted in the last section, the computation of ACF (k) is sensitive to noise present

in the temperature fluctuations. The ACF (k) also strongly fluctuates around zero when
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the lags, k, are large. Therefore, it is unreliable to make deductions from ACF (k) about

long-term correlations if they are weakly present. Instead, long-term correlations are

characterized using the Hurst Exponent, H.

The Hurst Exponent, H, is a measure of the extent of long-range dependence in a time
series. Its interpretation may best be understood by examining how it is estimated

using a method called Detrended Fluctuation Analysis (DFA).

4.5.1 Interpretation and Estimation of the Hurst Exponent

To calculate H given a time series x;, i = 1,..., N, the series is first mean-adjusted to

remove a constant trend as
Ty =i — X

The mean-adjusted time series is then integrated to get a partial sum series, y;, ¢ =

1,...,N as

i
Yi = g X5
Jj=1

Mean-adjusting the time series has the effect of transforming the values of the time series
into positive or negative values relative to the mean, such that they either increase or
decrease the partial sum, when integrated. A time series that has positive ACK(k) for
small lags, k, is more likely (i.e. with a high statistical probability) to have positive or
negative values clustered together, which would cause the partial sum to stray away from
the origin. On the other hand, a time series that has negative ACF(k) for small lags k
would cause the partial sum series to revert to the mean (or origin for a mean-adjusted

time series).

For an uncorrelated time series, however, where ACF (k) ~ 0 for all £ > 0, like for
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Figure 4.19: Distribution of the x1o (left), x100 (center), and x1900 (right) for 10,000
realizations of random walk. The mean of the distribution does not change but the
distribution spreads out and the standard deviation scales as il/2.

white noise, the likelihood of a positive or negative value following any other value is
equal. Integrating a mean-adjusted white noise series to get the partial sum series has
the effect of creating a random walk series. The i-th element of the random walk series

represents the location of a random walker relative to the origin after i steps.

Since the random walk series is created as the partial sum series of mean-adjusted
white noise, the expected value of a random walk series at any step i is 0, E(y;) = 0,
i = 1,...,N, as adding ¢ randomly, positive or negative numbers should result in 0.
This result in trivial but is illustrated in Figure which shows distributions of z1g,
100, and x19gg for 10,000 realizations of random walk. The distributions are Gaussian
centered around 0, but the standard deviations of the distributions increase (note the
increase in the scaling of the x-axis) as ¢ increases. In fact, o1000/0100 = 0100/010 =
10'/2. This scaling law is a well-known property of random walks and implies that
the standard deviation of the distribution of values of a one-dimensional random walk

process after i steps scales as /2,

The scaling law also implies non-stationarity. If a single realization of random walk

series of length IV, which has a standard deviation of oy, is segmented into an arbitrary
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number of smaller segments of length w, the distribution of the standard deviations of
the smaller segments will center around oy (w/N)'/2. In general, the standard deviation
depends on the length of time series such that one can write o ~ ¢1/2, where t is the time
of observation. The estimation of the Hurst Exponent found by using the Detrending

Fluctuation Analysis (DFA) method is based on this scaling law of a random walk.

In DFA, the partial sum series y;,7 = 1,..., N is split into N,, = int(N/w) non-
overlapping segments of size w starting from the beginning and another N, non-
overlapping segments of size w starting from the end of the time series, for a total
of 2N, segment&ﬂ In order to remove any local trends in the segments due to non-
stationarities, a local linear fit 7; is made to each segment y; and the structure function,

F2, for a given segment size w, is calculated as

1 2Ny 1 w , 1/2
2 _
Fo= o > (wz (5 — 75) )

Based on the definition above, the structure function is the average value (across all
2N,, segments) of the root-mean-square-error of the partial sums about the local linear
fit. The Hurst Exponent, H, is estimated as the slope of the linear regime on a double-

logarithmic plot of F2 for each span sizes w.

Figure [£.20] shows the scaling of the structure function against the segment size, w, for
a synthetically generated sine wave (periodic signal) and for white noise, and for RTD
temperature fluctuations at ¢* = 0.48 and 1.0 from the boiling experiment of SiOs in
Novec 7100. The structure function of the periodic signal stays constant. This is because
the partial sum series of a periodic signal will also be periodic, and, even though the
sum, Y. (yi — yi)Q, increases as w increases, the increase is by the same factor such
that the value of the structure function stays constant. Therefore, a periodic signal is

characterized by H = 0.

8This way, neither data at the end or the beginning were neglected.
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Figure 4.20: Comparison in scaling of Structure Functions, F2, with segment size, w,

for a synthetically generated sine wave (periodic signal) and white noise, and RTD
temperature fluctuations at ¢* ~ 0.5 and 1.0 from one of the RTDs of the boiling
experiment of a SiO2 surface in Novec 7100 (SiO2-NT71).

The structure function of random walk scales as w'/2 for the reason discussed before-
hand, hence, H = 0.5. Therefore, H = 0.5 indicates that the original time series is
uncorrelated. The range of 0 < H < 0.5 corresponds to long-term anti-correlations
and implies that the original time series has a propensity to revert to the mean, with
the strength of mean reversion being higher as H approaches 0. In the original series
x;, positive fluctuations (about the mean) are likely (i.e., with high statistical proba-
bility) to be followed by negative fluctuations. Time series with H < 0.5 are called

anti-persistent.

A value of H > 0.5 implies long-term positive correlations. As discussed before, for a
positively correlated series, positive or negative fluctuations (about the mean) are likely
to cluster together such that the partial sum series spends more time straying away
from the mean than does a random walk series. Therefore, time series with H > 0.5 are

called persistent. The higher the value of H, the more persistent is the time series.
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It should be noted that while H > 0.5 implies persistence and positive or negative
fluctuations clustering together, the reverse is not true. For instance, for a periodic
signal like a pure sine wave sampled at a rate faster than its time period, positive
and negative fluctuations cluster together, but H = 0 for the reason explained earlier.

Therefore, persistence should only be deduced from the estimation of H.

4.5.2 Crossover in Scaling of Structure Functions and Range of Seg-

ment Sizes in Evaluation of H

Short-term correlated time series are characterized by a finite characteristic correlation
decay time, t«, beyond which all correlations are destroyed. This leads to a crossover in
the scaling behavior of the structure functions of the partial sum series. While H > 0.5
is observed (indicating correlations) over a range of segment sizes, w, the asymptotic
behavior (for large segment sizes w) is always characterized by H — 0.5, since all
correlations have decayed. There may also exist time series with both short-term and
long-term correlations since crossovers in the scaling behavior of time series may also be
caused by different regulation mechanisms (that generate the time series) on fast and
slow time scales. Therefore, one has to be careful in choosing the range of segment sizes

w over which H is estimated.

Small deviations in the structure function scaling from the scaling law occurs for small
segment sizes, w. These deviations are intrinsic to the DFA method, as the scaling
behavior is approached only asymptotically. The deviations limit the capability of DFA
to determine the correct correlation behavior in very short records and in the regime of
small w. If the regime of small w is used in the fitting procedure to determine H, it will
result in an overestimation. In addition to this, noise present in the RTD temperature
fluctuations at high frequencies (peaks in the PSD at f > 60 Hz) also affect the scaling

behavior since it is periodic and causes an underestimation of H’} The effect of small

9This is because for purely periodic signals, H = 0
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Figure 4.21: (Left) PSD of temperature fluctuations from the Green RTD in the boiling
experiment of A-Si in Novec 7100 (A-Si-N71) which shows significant peaks at f = 60
Hz corresponding to noise. (Right) Deviations in the scaling of the structure function
at small w < 27 ms = 128 ms.

segment size, w, and noise in RTD temperature fluctuations in overestimating and
underestimating H, respectively, are shown in Figure The temperature fluctuation
chosen was from the boiling experiment of A-Si in Novec 7100 (A-Si-N71) for ¢* = 1.0,
which had a very significant level of noise at f 2 60 Hz, as can be seen in the PSD on

the left. Note that in the figure on the right, the structure function, F?2, first scales

g q0-89 0.38

a until w = 2% ms = 16 ms, then as w until w = 2% ms = 64 ms before it

converges to scaling as w" 72 for (27 ms = 128 ms < w < 2'3 ms = 8.192 s). The initial

0-89 is attributed to the small segment size resulting in overestimation

steep increase at w
of H. The slow increase as w38 in the range 16 ms < w < 128 ms is attributed to the
periodic noise, the earliest, most significant peak of which is observed at f =~ 55 Hz in
the PSD. A frequency of 55 Hz corresponds to a time period of 1/f = 18 ms, which
coincides with the point where the scaling exponent changes from 0.89 to 0.38. It is

0.72

not until w = 128 ms that F2 begins scaling as w up to the largest segment size of

w = 8.129 s.
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Figure 4.22: (Left) Decay of ACF(k) in temperature fluctuations from the Green RTD
in the boiling experiment of SiOy in Novec 7100 (SiO2-N71) which suggests short-term
correlations are destroyed around k &~ 1 s. (Right) Deviations in the scaling of the
structure function at large w > 2.048 s.

At the higher end of segment sizes, the results of DFA become statistically unreliable
for segment sizes, w, larger than one-fourth the length of the time series. For instance,
for w = N/4, there are only four segments of the time series over which the structure
function is calculated. This results in a bad estimation in F2 for large w and is evident
in the scatter present in Figure for w > 2'2 ms = 4.096 s. For this reason, the

segment sizes were limited to w = N/4.

Since correlations are destroyed for short-term correlated time series beyond a crossover
time, the structure function scaling changes to H — 0.5 for large w. This can be seen
in Figure The exponential decay of ACF (k) suggests that all correlations are
destroyed for k = 1 s. Subsequently, the scaling of the structure function changes from

w10 to w96 beyond w = 211 ms = 2.048 s.

Note that at both small and large w, the change in the scaling law occurs gradually over
a short span of w such that the effects are delayed. Based on the observations above, H

was estimated as the scaling exponent of F2 over the range of w in 128 ms< w < 2.048
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s. The choice of the lower bound of 128 ms was informed by the intermittent presence
of noise around f 2 60 Hz in a few of the temperature fluctuations, while the upper
bound of 2.048 s was selected based on Figure which showed that the earliest
time beyond which short-term correlations were destroyed was 1 s for the short-term
correlated time series at low and moderate ¢* values in the boiling experiment of a SiOq

surface in Novec 7100 (SiO2-NT71).

A final note regarding the error in estimation of H by DFA: The accuracy of H deter-
mined by DFA was studied as a function of the length IV of the time series by Bashan
et al. (2008) [90]. They synthetically generated series with known values of H using a
process called Fourier Fﬂterinﬂ and compared values of H estimated from DFA to the
known values. Their results showed that statistical standard errors in estimation of H
(one standard deviation) were approximately 0.1 for N = 500, 0.05 for N = 3,000, and
reach 0.03 for NV = 10,000. Since N = 60,000 for the RTD temperature fluctuations,

the error in estimation of H is less than 0.03.

4.5.3 Results of Hurst Exponent Analysis

The evolution of H as a function of ¢* is shown in Figure for all surface experiments
performed. For all the working RTDs in every experiment, H was calculated as the
scaling exponent of F2 with w (F2 ~ w'?) in the range of 128 ms < w < 2.048 s. Also
shown is the mean value of H at every ¢*. The steady decrease in H from values of 1.6
to ~ 0.8 suggests that as the surface conditions proceeded toward dry-out, the degree
of persistence of temperature fluctuations is reduced. At ¢* > 0.75 the evolution of H

plateaued and hovered around 0.8 in most experiments.

Figure plots the mean value curves of H from all the experiments on two plots for
comparison. The general trend is that H > 1.0 for low ¢*, implying a high degree of

persistence in the time series, and at high ¢*, H converges to a value of 0.8 at dry-out.

Refer to Kantelhardt (2008) [91] for more information on Fourier Filtering.
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Figure 4.24: Comparison of evolution of H with ¢* for all surface experiments performed.
H was calculated as the scaling exponent of F2 with w (F2 ~ w®) in the range of 128
ms < w < 2.048 s.

The H evolution curve for the experiment of A-Si in Novec 7100 (A-Si-N71) does not

collapse so well as do the other curves. This is most likely due to the significant level

of noise in the fluctuations but it nevertheless follows the general trend of convergence

at dry-out. Figure (middle-right) shows that while the Green RTD followed the

trend displayed in other experiments, despite the noise, the curves of the other two

RTDs weighted the mean value curve to higher values. Regardless, the convergence at

q* = 1.0 suggests that the estimation of H by DFA is capable of working reasonably

well with noisy data.

4.5.4 Relationship of Hurst Exponent to Autocorrelation Decay

When a persistent time series (H > 0.5) is long-term correlated such that ACF(k) ~

k™7, H satisfies the following relationship:

2H=2—7

0b<H<1

(4.1)
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where 0 < v < 11is the exponent of the rate of decay of ACF (k). The above relation is not

valid when H > 1 as that implies v < 0, i.e., ACF(k) increases with k. DFA estimates
the value of H to characterize the self-affinity of the data, and not the autocorrelation
decay. Therefore, when H > 1, the interpretation is that the data have a high degree

of persistence in the range of w over which H is calculated.

As H — 0.5, Equation (4.1) implies that v — 1. Therefore, for power-law correlations
decaying faster than 1/k, we have H = 1/2 for large w values, as when data are

uncorrelated.

To summarize, H > 0.5 implies persistence of time series and 0.5 < H < 0.1 implies

long-term correlations in addition to persistence.



Chapter 5

Results - Wire Pool Boiling

Experiments

5.1 Experimental Runs

To obtain a wide range of CHF values, wire pool boiling experiments were performed
in various fluids. Table lists the set of experiments performed, the corresponding
fluid used and its saturation temperature at atmospheric pressure, the observed value
of CHF from the experiment, and an identifier assigned to the experimental run for

reference in the results that follow.

As can be seen in Figure the observed values of CHF's spanned a wide range of
values. The two nanofluid solutions that exhibited the highest CHF values were 0.01%
and 0.1% silica nanoparticles in DI water. Experimental results from tests in each fluid

were compared for repeatability of results at least once.

It should be noted here that the observed value of CHF for DI water (~ 46.5 W /cm?) was
well below 110 W/cm?, the value predicted by Zuber’s hydrodynamic model. However,

126



127

e . . Tt at 1 atm | Observed CHF
S.No. | Boiling Fluid Identifier (°C) (W /em?)

1 N70-Run 1 15.85

2 Novec 7000 N70-Run 2 34 16.85

3 N70-Run 3 18.92

4 N71-Run 1 19.49

5 Novec 7100 N71-Run 2 01 14.06

6 DIW-Run 1 45.81

7 DI Water DIW-Run 2 100 4754

8 0.01% Silica- | 0.01%NF-Run 1 100 107.52

9 Nanofluid 0.01%NF-Run 2 98.53

10 0.1% Silica- 0.1%NF-Run 1 100 88.95

11 Nanofluid 0.1%NF-Run 2 90.09

Table 5.1: List of wire pool boiling experiments performed.
120

= Runl
S Run 2
EH Run 3

100

=]
(=]

CHF (W/cm?)
o
o

0.1% NF DI Water Novec 7100 Novec 7000

0.01% NF

Figure 5.1: Observed CHF values for wire pool boiling experiments.

Zuber’s model is applicable only to flat horizontal surfaces, and lower values of CHF's
on wires with small diameters, such as the 0.1 mm platinum wire used in the present
experiments, has been reported in Van Stralen and Sluyter (1969) , Sun and Lienhard

(1970) [93], and Mohan Rao and Andrews (1976) [94]. Therefore, the reduced values
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Figure 5.2: Boiling curves for wire experiments performed in Novec 7000 (top-left),
Novec 7100 (top-right), DI Water and nanofluid solution with 0.01% silica nanoparticles
by volume (bottom-left), and nanofluid solution with 0.1% silica nanoparticles by volume
(bottom-right). The arrows represent the last data point before dry-out occurred.

of CHF for DI water is consistent with the general behavior as predicted by Zuber’s

model.

In the foregoing sections, only the results of the analysis are presented. For the details

of these analyses performed, the reader is referred to Chapter
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5.2 Statistical Distributions

Figure shows the PDF's of the wire temperature fluctuations for all but two exper-
iments at non-dimensional heat flux values of ¢* ~ 0.30, 0.50, 0.70, 0.85 and 1.0. The
PDF's of boiling experiments with Novec 7000-Run 2 and DI Water-Run 1 are not shown
due to space constraints, but they were similar to the PDFs of Novec 7000-Runs 1 & 3,
and DI Water-Run 2, respectively. This can be verified from Figure [5.4] which shows

/2

the evolution of the standard deviation (u; = o), skewness (us/ ug/ 2), and kurtosis

(pa/p3 as a function of ¢* for all the experiments.

The PDFs for refrigerants Novec 7000 and Novec 7100 are more spread out at the lowest
q* value of 0.30 (blue) than at larger ¢*. In fact, as can be seen in Figure (top-left),
the standard deviation for the experiments in the refrigerants have a maxima around
¢* = 0.15, which marks the onset of nucleate boiling (ONB), and then decreases from

that point forward. Hence, the PDFs for the refrigerants tend to narrow as ¢* increases.

The PDFs for the refrigerants at ¢* = 1.0 (red) are also positively skewed. This is
reflected in the skewness of the refrigerants (Figure|5.4| (middle-left)) which consistently
increases with ¢*. This trend is similar to that observed for RTD temperature fluctu-
ations and is ascribed large positive excursions at high ¢* values. However, since wire
temperature fluctuations represent the average temperature of the surface of the wire
at a given time, local excursions are likely to be dampened due to averaging over the
entire length of the wire. This would explain why the PDFs are not as skewed (with
the exception of the PDF for N70-Run 3 at ¢* = 1.0 (red)) as they were for RTD

temperature fluctuations.

The evolutions in the PDFs for DI water and nanofluids have the opposite character-
istics. The PDFs spread as ¢* increases, as indicated by the increase in o with ¢*.
Additionally, the PDF's for only experiments with DI water become positively skewed

as ¢* increases, while for the nanofluid experiments, the PDFs stay mostly symmetric
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Figure 5.4: Evolution of statistical central moments of orders 2, 3 and 4 (standard
deviation, skewness, and kurtosis, respectively) along the boiling curve.

or negatively skewed. The positive skewness of the PDF's of DI water at high ¢* are due
to large positive excursions (~ 10 K) near dry-out. These were absent in the nanofluid
experiments. The large positive excursions also explain the large spikes in evolution
of skewness (u3/ Mg/ 2) and the kurtosis (u4/u3) for DI water experiments in Figure
(middle-right and bottom-right).

For all the time series, the Kolmogorov-Smirnov (KS) tests [89] was performed to test
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if the time series were sampled from Gaussian distributions. Without exception, the
test result for all the time series concluded that the PDFs of the time series were not

Gaussian.

5.2.1 Variation of Statistical Moments with Segment Size

Figures show the variation in mean, standard deviation (/é/ 2= o), and kurtosis
(pa/p3) with segment size for non-dimensional heat flux values of ~ 0.5, 0.75, and 1.0.
The choice of time series from which the experimental runs to analyze were arbitrary
in either figure. Note that the segment size refers to the duration of time (in s) that a
segment spanned. Since the wire temperatures were sampled at 1000 Hz, a segment of

1000 data points, for instance, spanned 1 s.

As can be seen, the average of each segment mean did not vary for even the smallest
span of 8 ms considered for ¢*. While the standard deviations converge for all six time
series shown, the kurtoses for N71-Run 1, ¢* = 1.0, in Figure and DIW-Run 1,
q¢* = 1.0 in Figure do not converge. While this violates the strict definition of
stationarity, time series for which the mean and standard deviation do not change with

time are also considered stationary, in the weak sense.
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5.3 Frequency Spectrum Analysis

Figure shows a representative 2-s segments of wire temperature fluctuations and the
corresponding Power Spectral Densities (PSDs) at low and moderate ¢* values of 0.31
and ~ 0.66 from wire boiling experiments in a 0.1 % Nano-fluid solution with qcur =
88.96 W/cm?. Tt is interesting that even though the wire temperature fluctuations
represent the temperature of the wire averaged over the entire length, the 2-s segment
for ¢* = 0.31 show multiple cycles of the typical, aperiodic and intermittent sawtooth-
like rise and fall of temperature under a nucleating bubble. The 2-s segment for ¢* = 0.66
also shows the sawtooth-like waves but with a more noise-like behavior along the entire
segment. This is reflected in values of the PSDs at f > 60 Hz, which are higher for
q* = 0.66, even though the slope of the drop-off of the PSD is more steep (PSD ~ f~2:88)
than the same for ¢* = 0.31 (PSD ~ f~2:5%),

Figure [5.8| shows representative 2-s segments of wire temperature fluctuations and the
corresponding Power Spectral Densities (PSDs) at low and moderate ¢* values of 0.35
and 0.76 from the wire boiling experiment in Novec 7000 with gepr = 16.85 W /cm?.
The sawtooth-like rise and fall of temperature fluctuations are not as easy to ascertain

for these time series.

Just as for RTD temperature fluctuations, the scale-free nature of the temperature
fluctuations is evident from the PSDs in Figures and Figure [5.9] compares
the evolution of the power law drop-off exponent from all experiments, with the curves
for experiments in refrigerants and non-refrigerants plotted separately to avoid clutter.
The drop-off exponent was estimated by considering only the PSDs in the range of 6
Hz < f < 60 Hz that spanned a decade. This was because the PSD flattened (or started
to) at f > 60 Hz in some experiments (see Figure . This also had the desired effect
of neglecting line noise and harmonics, which affected only 60 Hz or higher frequencies,

if and when present.
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Figure 5.7: Representative Power Spectral Densities. The temperature fluctuations were
taken from the boiling experiment in 0.1 % Nanofluid - Run 1, geyr = 88.96 W /cm?.

The PSD drop-off curves for experiments in refrigerants first drop to values below -

2.0 after which they start increasing. Note that the first few points in all experiments
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Figure 5.8: Representative Power Spectral Densities. The temperature fluctuations were
taken from the boiling experiment in Novec 7000 - Run 2, geyr = 16.85 W/cm?.
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Figure 5.9: The evolution of the scaling exponent of PSD vs frequency (PSD ~ f™) in
the range 6 Hz < f < 60 Hz for all wire experiments.

correspond to the natural convection regime with no bubble nucleation. After the Onset
of Nucleate Boiling (ONB, at ¢* ~ 0.1), the drop-off exponents increase and converge

to the value of ~ -1.0 at dry-out.

The PSD drop-off exponent curves for experiments in DI water and nanofluid solutions
also follow the same trend but do not collapse so well as they do for the experiments
in refrigerants. Nevertheless, the PSD drop-off exponent for these experiments also

converge to a value of ~ -1.0 at dry-out.

5.4 Auto-Correlation Function Analysis

Figure illustrates a representative decay of ACF(k) for wire temperature fluctua-
tions at low and high ¢* values. It is evident that the ACF(k) for temperature fluctu-
ations at ¢* = 0.24 decay exponentially (~ exp (—k)). For ¢* = 1.0, however, ACF (k)

declines as a power-law (~ k~7) until ~ 3 s and then drops off sharply.

Figure shows the change in the nature of ACF(k) decay across five values of ¢* ~
0.25, 0.4, 0.7, 0.85, and 1.0 for all but two of the wire experiments. The ACFs of
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Figure 5.10: Decay of ACF(k) for wire temperature fluctuations at low and high ¢*
values. The temperature fluctuations were taken from the boiling experiment in 0.1%
Silica Nano-fluid solution, geyr = 88.96 W /cm?.

boiling experiments in Novec 7000-Run 2 and DI Water-Run 1 are not shown due
to space constraints, but they behave similarly to other ACF trends. The general
trend across all experiments is that at low ¢* values of 0.25 and 0.4, ACF(k) decays
exponentially, indicating that the temperature fluctuations are short-term correlated.
At moderate and high values of ¢* in most experiments, ACF (k) appears to decay
exponentially at low lags (k < 0.02 s) but then decay as a power-law, indicating long-
term correlations in the time series. Even though the wire temperature fluctuations
represent length-averaged temperature fluctuations, the change in decay of ACF (k) of
temperature fluctuations suggests that long-term correlations are present in surface-

averaged temperature fluctuations at high heat fluxes when close to dry-out.

5.5 Hurst Exponent Analysis

Similar to the Hurst Exponent estimation for RTD temperature fluctuations, H was
estimated as the scaling exponent of F2 over the range of w in 128 ms< w < 2.048 s.

The choice of the lower bound of 128 ms was informed by the intermittent presence of
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noise around f 2 60 Hz in a few of the temperature fluctuations, while the upper bound
of 2.048 s was selected based on Figure which showed that the earliest time beyond
which short-term correlations were destroyed was 1 s for the short-term correlated time

series at low and moderate ¢* values across all experiments.

Figure plots the evolution of H with ¢* from all the wire experiments on two plots
for comparison. The general trend is similar to that observed for RTD temperature
fluctuations: H > 1.0 for low ¢*, implying a high degree of persistence with no long-
term correlations in the time series. At high ¢*, H tends to converge to a value of 0.8 at
dry-out. The H evolution curves for refrigerants collapse well but there is considerable
scatter across the evolution curves for DI water and Nano-fluids. However, closer anal-
ysis shows that the evolution curves for DI water experiments are the general outliers.
As was noted earlier, the DI water experiments exhibited very large positive excursions
in temperature fluctuations (~ 10 K) at high ¢*. This is likely to have affected the
estimation of H as the contribution of large positive excursions (x — &) is going to be

high to the structure function (since F2 ~ (z — :Z‘)Q)

1.8 Novec 7000 & 7100 DI Water & Nanofluids
~@- N70-Run1l -e- N71-Run 1 ~o- DIW-Run 1 -~ 0.01%NF-Run 2
~@- N70-Run 2 -»- N71-Run 2 ~@- DIW-Run 2 ~p- 0.1%NF-Run 1
1.6 - N70-Run 3 A~ 0.01%NF-Run 1 -<- 0.1%NF-Run 2

0.0 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
q9* = q/qcur q9* =qldqcur

Figure 5.12: Comparison of evolution of H with ¢* for all wire experiments performed.
H was calculated as the scaling exponent of F2 with w (F2 ~ w!!) in the range of 128
ms < w < 2.048 s.
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5.6 Comparison of Hurst Exponent Evolution for Surface

and Wire Experiments

Figure [5.13]| plots the evolution of H with ¢* for the surface experiment of Ni in Novec
7000 (Ni-N70) and the first wire experiment in 0.1% Silica Nano-fluid solution (0.1%NF-
Run 1) for comparison. As has been stated earlier, wire temperature fluctuations rep-
resented the length-averaged temperature fluctuations of the entire wire while the RTD
temperature fluctuations represent local fluctuations in the surface temperature. Nev-
ertheless, evolution of H follows the same trend along g*. Note the large difference in
observed CHF values across the two experiments. Additionally, H < 1.0 at ¢* = 0.5 sug-
gests long-term correlations in temperature fluctuations. This was also confirmed by the
decay of Auto-Correlation Functions ACF (k) for both the RTD and wire temperature

fluctuations.

1.8

-O- Surface-Ni-Novec 7000, gcyr = 15.16 W/cm?
-#- Wire-0.1%NF-Run 2, gcyr = 89.86 W/cm?
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Figure 5.13: Comparison of evolution of H with ¢* for wire and surface experiments.
The surface experiment chosen for comparison was Ni in Novec 7000 with an observed
CHF of 15.16 W/cm?. The wire experiment shown was 0.1% Silica Nano-fluid with an
observed CHF of 89.86 W /cm?.



Chapter 6

Results - Boiling Experiments in

Microgravity

The methodology of detecting and characterizing long-term correlations is applied to
publicly available data [95] from the Multiheater Array Boiling Experiments (MABE)
which were conducted on the International Space Station (ISS) with the aim of under-
standing the effects of gravity level, heater size, subcooling and system pressure on CHF.
The boiling curves based on the area-averaged heat flux and wall superheat have been
reported in several articles |82} (96, 97]. Here, the focus is on the behavior of thermal

fluctuations, which have not been previously analyzed.

The experiments were performed using a sapphire substrate maintained at a uniform
surface temperature, Ts, by 96 independently controlled platinum resistance heaters
(Figure (Left)). Each platinum heater (of size 0.7 x 0.7 mm) was also used as a
resistance thermometer. Complete details of the data acquisition and reduction pro-
cesses are available elsewhere [98]; here we merely note that a high-frequency feedback

loop (sampling at 15 kHz) that maintained the heater surface temperatures constant,
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Figure 6.1: (Left) Time-averaged heat map (with heater numbering) for an experiment
carried out at 1 atm. Ty = 87.5 °C, ATy, = 26 °C in micro-gravity. Heaters dissipating
the minimum and maximum heat flux (heaters 17 and 61, discounting the edge heaters)
are highlighted. Inactive heaters are colored white. (Right) Time series of the minimum
(blue) and maximum (orange) heat flux dissipating heaters. Also shown is the space
averaged heat flux time series (green).

and power (heat flux) measurements that were taken at 100 Hz for approximately 30 s
in each run. Experiments were performed with n-perfluorohexane (saturation tempera-
ture, Tsat, of 56 °C at 1 atmosphere) at multiple pressures (0.58, 1, 1.38, 1.6, and 1.86
atm) and levels of bulk liquid subcooling below saturation temperature (ATg,, = 1, 11,
21, 26 °C). The surface temperatures were incremented in steps of 5 °C and caused the
surface to exhibit multiple boiling regimes ranging from the bubble incipience regime
through fully developed nucleate boiling, past the boiling crisis and into transition boil-
ing. Terrestrial experiments were also performed using an identical setup using FC-72,
which is near-identical to n-PFH in the relevant transport properties. The sampling
rate in terrestrial experiments was 300 Hz and the power measurements were taken for

approximately 5 s in each run.
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In reporting the experimental data along the boiling curve, the non-dimensional tem-

perature T™ is used, which is defined in terms of the surface temperature, T}, as

Ts - Tsat

T = —————
TCHF - Tsat

where Tiyr is the surface temperature at which the boiling crisis occurs, as inferred
from [98]. Figure (Left) shows an example of a time-averaged heat flux distribution
for T* = 1.0 at 1 atm. Considerable spatial variation in surface heat flux is evident,

attesting to the likely non-uniform coverage of liquid film and nucleation sites.

Figure (Right) shows a 1-s interval of the heat flux signal from heaters with maximum
and minimum heat dissipation, as well as the surface area-averaged value. Note the
highly intermittent signal from the heater with the lowest power dissipation, which is
likely the result of intermittent nucleation. In subsequent plots, data are presented
for the behavior of the heater with minimum power dissipation, though the results are

similar to those for other heaters.

6.1 Statistical Distributions

The central moments of heat flux fluctuations along the boiling curve are first ana-
lyzed. A typical Probability Density Function (PDF) of heat flux fluctuations for a
fixed pressure in micro-gravity (Figure (a)) suggests that at low surface tempera-
tures (7% = 0.52), the fluctuations have a relatively narrow amplitude, with two peaks
on either side of the mean. This may reflect the heating and cooling cycles associated
with bubble departure. As the wall temperature (and hence the heat flux) increases
(T* = 0.68, 0.92), larger excursions from the mean are observed on both sides, as the
system approaches CHF. However, once the surface has crossed the CHF point and
is in the transition boiling regime (7™ = 1.24), the PDF is narrow and peaked, likely
reflecting the absence of bubble nucleation cycles. Figure (b) and Figure (c) show
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Figure 6.2: Probability Density Functions of heat flux time series for (a) microgravity
and (b) terrestrial experiments. (b,e) Standard deviations (Mé/ 2 = o), and (c,f) Skew-
ness (us/ ug’/ 2) of heat flux time series from heater with minimum heat flux dissipating

for multiple pressures as a function of 7.

the behavior of the standard deviation and skewness (2"¢ and 3'% order moments) of
fluctuations for multiple pressures. In each case, the moment reaches a maximum at

wall temperatures well before CHF, and drops to nearly zero past CHF. Note, however,
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that there is some uncertainty in the exact value of wall temperature at which CHF

occurs, since temperature was incremented in steps of 5 °C during the experiment.

The corresponding plots for terrestrial data are shown in Figure (d—f). The trends
for the PDF are seen to be qualitatively similar, i.e., broad amplitudes of fluctuations
with a secondary peak at low values of T™, and the absence of large fluctuations in
the transition boiling regime. The behavior of the standard deviation is also similar,
reaching larger values as T is increased towards CHF before sharply decreasing past
CHF. The skewness of heat flux fluctuations, on the other hand is quite different, with
large values at low values of T that drop to nearly zero as T™ is increased, reflecting

more symmetric distributions for large T™.

6.2 Frequency Spectrum Analysis

Figure [6.3|b) charts the evolution of PSD drop-off exponents of heat flux fluctuations
in micro-gravity and terrestrial conditions as the wall temperature is increased from low
superheats towards 7% = 1.0. For clarity, we first consider the PSD in micro-gravity
at two values, 7" = 0.44 and 1.0, corresponding to the nucleate boiling regime and
the onset of the boiling crisis (Figure a)). The scale-free behavior of the spectra is
evident for both values of T™ as power-law exponents of —1.7 and —0.25 are observed for
these values of 7. The corresponding data for terrestrial experiments, taken under the
same pressure and subcooling, and at the same values of T* are shown in Figure [6.3(a),
and again appear qualitatively similar despite significant differences in actual heat fluxes
between ISS and terrestrial experiments. Note that the sampling frequency of 100 Hz
used in the microgravity experiments is expected to be sufficient for micro-gravity data
due to the relatively longer time scales. However, for terrestrial experiments marked
by strong ebullition, this sampling frequency may introduce some aliasing, which may
explain the presence of some peaks in the power spectrum, though these do not appear

to carry significant energy.
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(a) PSD of heat flux fluctuations at T* ~ 0.4 and T = 1.0 for (Left) MABE and (Right) Ground
measurements. Data in microgravity and terrestrial experiments was acquired at a sampling rate
of 100 Hz and 300 Hz, respectively.
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Figure 6.3: Frequency Spectrum Analyses of MABE Experiments.

The variations of the drop-off exponents of the heat flux fluctuations are shown in Fig-
ure [6.3(b). For both micro-gravity and terrestrial experiments, the scaling exponent
of the spectra decreases in magnitude in a continuous manner, varying from near 1.5
to smaller value between zero and 0.5 near the boiling crisis. There appears to be
differences in the exact behavior of the exponent as T™ is varied; however the expo-

nents reach a value close to 0.5 at T* = 1.0, before dropping to lower values in the
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transition boiling regime. This is in contrast to earlier observations in surface and wire
boiling experiments where the drop-off exponent converged to a value of -1.0 at dry-out.
Nevertheless, it is interesting to note that even under micro-gravity conditions, nucleate
boiling is characterized by a range of time scales spanning orders of magnitude. Further,
the terrestrial data show no obvious discrete frequencies with large amplitudes corre-
sponding to bubble departure, pointing to a lack of support for scale-based mechanistic

modeling.

6.3 Auto-Correlation Function Analysis

Figure shows the change in the nature of ACF (k) decay across five values of T™* ~
0.4, 0.55, 0.7, 0.85, and 1.0 for micro-gravity (left column) and terrestrial experiments
(right column) at 1 atm (top row), 1.38 atm (middle row) and 1.6 atm (bottom row).
The reason for choosing T* = 0.4 as the lowest value was because data for lower T*
values were not available. In fact, the lowest T value at which data were available
for terrestrial experiments at 1.38 atm and 1.6 atm was T = 0.53 in both cases. Also
notice the slightly different scales on the x-axis for the two sets of experiments. This is

because the terrestrial data were sampled at 300 Hz.

The general trend across all experiments is that at low and moderate T™ values of 0.4,
0.55 and 0.7, ACF (k) decayed as a power law (ACF (k) ~ k£77) indicating long-term
correlations in the heat flux time series. At 7% = 0.85, ACF (k) decayed as a power-law
in some cases (1 atm and 1.6 atm in pg, and 1.38 atm and 1.6 atm in 1g), and in
the remaining cases, the time series appears entirely uncorrelated even at the lowest
values of lags. At 7™ = 1.0, all but one heat flux time series (1.6 atm in pg) appears
uncorrelated. This is in contrast to observation from surface and wire experiments
where ACF(k) at low ¢* decayed exponentially suggesting short-term correlations, and
at dry-out, the temperature fluctuations exhibited long-term temporal correlations due

to the decay of ACF(k) as a power-law.
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Figure 6.4: Decay in Auto-Correlation Functions (ACF) across all MABE micro-gravity
and terrestrial experiments.
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6.4 Hurst Exponent Analysis

For microgravity and terrestrial experiments, H was calculated as the scaling exponent
of F2 with w (F2 ~ wf) in the ranges of 160 ms < w < 3.62 s and 106 ms < w < 853
ms, respectively. The lower upper limit for terrestrial experiments was due to the short
time period (< 5 s) over which the heat flux fluctuations were sampled. It should also
be noted that the low number of data points in the time series (~ 3000) for the MABE

experiments meant statistical standard errors in the estimation of H using DFA were

as large as 0.05.

Figure (Left) shows the trend of the Hurst exponent, H, along the nucleate boiling
curve for a microgravity experiment carried out at 1 atm and ATy, = 26 °C, for
the heaters with lowest and largest heat dissipation at 7" = 1.0. Clearly, there is a
consistent trend across one heater to the next, with H decreasing from large values in
the nucleate boiling regime (low 7% values) to values in the range of 0.5 — 0.6 at the

boiling crisis (T = 1.0). Cases with H ~ 0.5 at hight 7% confirm the ACF analysis
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Figure 6.5: Evolution of H for heaters dissipating minimum and maximum heat flux at
Teyr for 1 atm for a (Left) microgravity experiment, and (Right) terrestrial experiment.
The time series analyzed in all the figures were recorded by the heaters dissipating the

lowest heat fluxes at Tiyp.
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that the heat flux fluctuations are uncorrelated.

The results of such an analysis with terrestrial data for the same conditions are examined
as well. Figure|6.5|(right) shows that the behaviors of H for the maximum and minimum
power dissipating heaters overlap less than in the microgravity data. Both heaters
appear to reach a minimum value of H in the range T* = 0.8 — 1.0, before displaying
larger values in the transition boiling regime, for a given system pressure and subcooling.
A value of 0.5 would match well with the observations of frequency-independent noise
in the frequency spectra in Figure however the results must be interpreted with

caution due to the lower number of points in the time series.

To test the universality of this behavior, data sets corresponding to multiple system
pressures, and multiple levels of subcooling were interrogated. While mechanistic the-
ories typically account for the effects of system pressure through a capillary/bubble
length scale which depends on the difference in liquid and vapor density, there is no
consensus on how to model the effects of subcooling. In Figure (Left), evolution of

H, is plotted for multiple system pressures ranging from 1 to 1.6 atm in micro-gravity
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Figure 6.6: Hurst exponent evolution for experiments carried out at different pressures
with Tgup = 26 °C for (a) microgravity and (b) terrestrial experiments.
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and a fixed subcooling level of ATy, = 26 °C. The overall trend of H is the same for
multiple values of pressure with low variability. Figure (right) plots the correspond-
ing data for terrestrial experiments and shows a consistent trend over all pressures,

albeit with some significant scatter in the data.

Finally, Figure plots the evolution of H for a fixed pressure of 1 atm, with multiple
subcooling levels of ATy, = 26 °C, 11 °C, and 1 °C in micro- and earth-gravity. Clearly,
the same trend is followed in all levels of subcooling in the terrestrial data set, with the
curves converging to a value of 0.5 — 0.6 near CHF. The curve for micro-gravity and
ATy, = 26 °C is also plotted and matches well with the terrestrial data. Overall,
these plots indicate that there is much greater consistency among the MABE data,
with curves of H behaving relatively independent of heater location, system pressure

and subcooling.

The universal behavior in the evolution of H with T™ appears to be surprisingly robust.

While the low sampling rate and the low number of data points contribute to some
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Figure 6.7: Comparison of H evolution for experiments carried out in migrogravity and
earth at 1 atm. The time series analyzed in all the figures were recorded by the heaters
dissipating the lowest heat flux at T¢yp.
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ambiguity in the inference, the overall trend of H? is surprisingly independent of several
factors (pressure, subcooling, spatial location, gravity level) and appears to depend
only on the ’state’ of the system, which can be associated with the location along the
boiling curve. The observation that all heaters on the surface display a similar trend
for H? is not altogether surprising, if we regard the boiling phenomenon as a system
with coupling between large and small scales, and incorporate ideas from chaos theory,
which state that the qualitative behavior of all state variables in a nonlinear dynamic

system should follow similar behavior.



Chapter 7

Conclusion

In this study, long-term correlations in temperature and heat flux fluctuations on sur-
faces undergoing boiling were studied. This was motivated by evidence of intermittent
nucleation site behavior, nucleation site interactions and scale-free behavior in boiling
in the literature, which all suggested analyzing boiling as a complex dynamical system.
Data series generated by complex dynamical systems are known to follow scaling re-
lations over several orders of magnitude. In this context, the Hurst Exponent, which
characterizes the self-similar or fractal appearance of time series and can also be in-
terpreted as a measure of long-term correlations in a time series was explored as an
indicator of a boiling system proceeding towards dry-out. Two types of temperature
fluctuations were obtained through experiments: local surface temperature fluctuations
from micro-scale Resistance Temperature Detectors (RTDs) deposited on flat surfaces
undergoing boiling, and surface-averaged temperature fluctuations from platinum wires
undergoing boiling. Boiling experiments were performed in various fluids such that
the observed CHF values spanned approximately one order of magnitude. The same
analysis was applied to publicly available data for boiling experiments performed in

micro-gravity aboard the International Space Stations (ISS).
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In summary, the main findings of this work are:

e All thermal fluctuations in boiling exhibit fluctuations on a wide spectrum of

frequencies suggesting scale-free behavior.

e Auto-Correlation Function (ACF) analysis of temperature fluctuations of RTD
and wire temperature fluctuations revealed a change in the decay of ACF from

exponential decay at low heat flux values to power-law like decay at moderate and

high heat flux values.

e Local and surface-averaged temperature fluctuations exhibit long-term correla-

tions close to dry-out.

e The trend in the evolution of the Hurst Exponent, a measure of persistence or
anti-persistence of a time series, along the boiling curve is the same for local and
surface-averaged temperature fluctuations. The trend also extends to heat flux

fluctuations in surface temperature-controlled boiling experiments in microgravity.
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Figure 7.1: Decrease in the Hurst Exponent, H, along the boiling curve for (left) tem-
perature fluctuations on a heat-flux controlled surface, and (right) heat flux fluctuations
on a temperature-controlled surface. Note the different linear scales along the y-axis.
While the values of Hurst Exponents do not match, there is a general trend of decrease
in the persistence of thermal fluctuations as a system proceeds towards dry-out.



156

The implications of this result suggest that there are new physics to be explored that
can be deduced from temperature fluctuations. Additionally, in practical applications
in which surfaces undergo fouling, the ability to assess the safety margin from CHF
by using a single sensor that continuously measures thermal fluctuations, may offer
significant benefits. Further studies on this aspect may enable the adoption of the many

high-performance surfaces developed in the last decade by the heat transfer community.

7.1 Recommended Future Work

At the conclusion of this study, the following are recognized as possible avenues of future

work:

1. For local surface temperature fluctuations, the observed CHF values did not span
a wide range due to the higher power requirement of the 4 ¢cm? chips to achieve dry-
out in fluids other than the refrigerants used. Scaling down the chip surface area to 1
cm? would make it possible to achieve dry-out at lower powers for fluids like pentane,
methanol, and DI water. Demonstrating that H behaves similarly along the boiling

curve for fluids with higher values of CHF will lend credence to the idea that the trend

exhibited in the evolution of H is universal.

2. Having established long-term temporal correlations in temperature fluctuations, in-
vestigation of spatial cross-correlations from simultaneous measurements of temperature
fluctuations from linearly spaced RTDs would help investigate length scales over which

the dynamics of an active nucleation site is effective.

3. Establishing the presence of long-term correlations in fluctuations of other measurable
quantities in boiling would further lend credence to the framework of treating boiling
as a complex dynamical system. Fluctuations in acoustic emissions, near-wall pressure,
void area fraction and contact line length, where such measurements are possible, are

likely to exhibit persistent behavior similar to the temperature fluctuations discussed
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herein.

4. The effectiveness of using the Hurst Exponent as an indicator of a surface’s proximity
to dry-out could be demonstrated by operating a surface close to dry-out conditions
and introducing nano-particles into the fluid such that the likelihood of dry-out in the
enhanced working fluid decreases. This should be accompanied by an increase in the

persistence of temperature fluctuations, and hence, the Hurst Exponent.
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Appendix A

Calibrating the Standard
Platinum Resistance

Thermometer

A Standard Platinum Resistance Thermometer (SPRT) was used as the primary stan-
dard to calibrate the thermocouples used in the experiments. The SPRT itself was
calibrated using two fixed temperatures as reference standards - the triple point of wa-
ter (Tipw = 273.16 K), and the transition temperature of anhydrous Sodium Sulfate
to its decahydrate form (NagSOy - 10H20, Tsqr = 305.5148 K) in a saturated water

solution.

The International Temperature Scale of 1990 (ITS-90) [99] defines a list of fixed tem-
peratures, which are known to be thermodynamically reproducible, between 13.8033 K
(triple point temperature of hydrogen) and 1234.49 K (melting point of silver) as refer-
ence standards for calibrating an SPRT. It also recommends what fixed temperatures

to use as reference standards to calibrate an SPRT for different temperature sub-ranges
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within the aforementioned range. For instance, for the sub-range of 273.15 K — 429.7485

K (0 °C - 156.5985 °C), the recommended reference standards are the triple point of
water (273.16 K) and the melting point of Indium (429.7485 K), respectively. Since the
SPRT was used to calibrate type-T thermocouples in the range of 5 °C (278.15 K) —
100 °C (373.15 K), as explained in Appendix [B the SPRT was calibrated for this sub-
range. While the triple point of water was reproduced in the lab (Appendix using
a Water Triple Point Cell (Water-TPC), the melting point of Indium, however, could
not be reproduced in the lab due to unavailability of a Indium Fixed-Point Cell which
is needed to achieve the melting point accurately. Instead, the transition temperature
of anhydrous Sodium Sulfate to its decahydrate form in a saturated water solution was

used as a substitute reference standard.

As per ITS-90 standards, to read a temperature using an SPRT, the resistance of the

SPRT is first measured, and a resistance ratio, W (T'), is calculated as

R(T)

W(T) = (A1)

where Ry is the resistance of the SPRT at the triple point of water, one of the reference
temperatures at which the SPRT has to be calibrated. Next, the reference value of the
resistance ratio, W,.(T'), is calculated using deviation functions, which are defined by
ITS-90 for different ranges, and sub-ranges. For the range of 273.15 K — 1234.49 K, the

deviation function is defined as

W) = WiT) = (WD) =) +bW(D) - D +e WD) -1+
d(W(T) — W (933.473 K))? '

where a, b, ¢, and d are constants whose values are determined by calibrating the SPRT
at the fixed temperatures. For smaller sub-ranges of interest, and particularly 273.15

K - 429.7485 K (0 °C — 156.5985 °C), b = ¢ = d = 0. In this sub-range, the deviation
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function simplifies to

W(T) - Wo(T) =a(W(T)—1) 27315 K < T < 429.7485 K (A.3)

The reference value of the resistance ratio, W,.(T'), at any given temperature T is the
ideal value that should be measured from an SPRT as per I'TS-90. I'TS-90 defines refer-
ence functions for all ranges which relates the reference value W,.(T") to the temperature

T. For the range of interest, I'TS-90 defines the reference function as

9 T —-754.15 K

Wo(T)=Co+ Y Ci — "R 27315 K< T < 1234.93K  (A.4)
=1

ITS-90 also defines an inverse function for the equation above, which is accurate to

within 0.13 mK. It is given by

W, (T) — 2.64

9
T =27315K+ Do+ »_D; ol

=1

(A.5)

The values of constants Cp, C;, Dy, and D; in Equations (A.4)) and (A.5) are listed in
Table (taken from [99]).

Ci D;
2.78157254 | 439.932854
1.64650916 | 472.418020

—0.13714390 | 37.684494
—0.00649767 7.472018
—0.00234444 2.920828
0.00511868 0.005184
0.00187982 | —0.963864
—0.00204472 | —0.188732
—0.00046122 0.191203
0.00045724 0.049025

Table A.1: Values of constants in Equations 1’ and 1}

© 00 3 O T i W N H O,
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Since no two SPRT's can give the exact same measurement at any temperature, or have
the same resistance-temperature dependence, the deviation function given by Equa-
tion is used as a correction to calculate the reference value (W, (7)) from the
resistance ratio (W (T')). Once W,.(T') is calculated, the temperature can be backed out
using Equation (A.5)).

Note that to calibrate the SPRT in the range of 273.15 K — 429.7485 K, only one other
fixed temperature besides the triple point of water needs to be reproduced to deter-
mine the value of the constant a in Equation . As stated earlier, the transition
temperature of anhydrous Sodium Sulfate to its decahydrate form in a saturated water
solution was used for this purpose. This temperature is known to be thermodynamically
reproducible in laboratories and may be used as a reference standard for calibrating ther-
mometers [100] despite not being listed as a fixed temperature by ITS-90. Reproducing
this temperature in a lab is convenient, as explained in Appendix

During calibration of the SPRT at the second reference temperature, Ty, = 305.5148
K, the resistance ratio W (Tsy;;) was measured, and the reference function definition
in Equation (A.4) was used to calculate W, (Tsq;:). Then, the value of constant a was

calculated as

W (Tsair) — Wr(Tsanr)
‘= W(Tsalt) -1 (AG)

The above process of calculating a and the associated uncertainty is outlined in greater

detail in Appendix [A:3]

A.1 Triple Point of Water

The triple point of water is one of the fixed temperatures listed by ITS-90. It was

reproduced in the lab using a Water-TPC, a glass instrument with pure water in a



173

(a) (b)

Figure A.1: (a) Water-TPC, and (b) ice forming inside the TPC (left), melting the ice
so that it may float freely inside the TPC (middle), and the TPC with the SPRT inside
an ice bath.

sealed and hollow cylindrical shell as shown in Figure[A.Tal The well in the center holds
the SPRT during calibration.

To achieve the triple point of water, the TPC was first pre-chilled by placing it in an
ice bath to bring the temperature of the water in the cell as close to the triple point
as possible. Then, 4-5 drops of isopropyl alcohol (2-propanol, shortened to IPA) were
put into the well followed by dry ice (solid carbon dioxide). The purpose of the IPA
was to improve heat transfer between the wall of the well and the dry ice, so that the
water inside the TPC began to solidify faster to form ice. Dry ice was poured up to the
level of the water in the TPC so that ice formed all along the walls of the well. During
this, the dry ice continued to vaporize and rise through the well, and it was constantly
replaced to maintain the level of dry ice. Care was also taken to ensure that ice bridges
did not form inside the TPC. Ice bridge is a structure that results when the water inside
the TPC anywhere along the length of the well solidifies such that the two glass walls
in the annular region are connected by a bridge of ice. Ice bridges are known to result

in causing the TPC to break. Hence, ice bridges, when observed, may be melted by
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locally warming the TPC where the ice bridge are observed using body heat generated

from hands.

A constant level of dry ice was maintained in the well until a roughly 1-cm thick layer
of ice formed around the well all along its length. The TPC was carefully dipped in a
beaker of water to remove the parallax when determining the thickness of the layer of
ice. Once the desired thickness of ice had been achieved, any remaining dry ice inside
the well was removed by carefully holding the TPC upside-down. A metal rod at room
temperature, with an appropriate diameter to slip easily into the well, was then inserted
into the well to melt the ice inside the TPC just enough so that the ice structure did
not stick to the wall and floated freely about the well. Before this, the metal rod was
cleaned thoroughly with acetone, IPA, and de-ionized (DI) water. Once the ice inside
the TPC began to float freely about the well, the SPRT was placed inside the well, and
the entire arrangement was placed inside a insulated ice bath to maintain the triple

point of water for as long as possible.

Once the TPC, with the SPRT in the well, was placed inside the ice bath, data was not
taken for several hours to give time for the TPC and the SPRT to stabilize. Then, the
resistance of the SPRT was measured by a digital multimeter (DMM) using the 4-wire
resistance measurement technique. Additionally, the DMM was configured to make off-
set compensation to account for any thermal EMFs (electromotive force) due to the use
of dissimilar metals in the connections made between the SPRT and the DMM. When
offset compensating, the DMM takes two measurements of the voltage drop across the
resistance-under-test with two different levels of source current, the second one being
the lowest current source the DMM can supply. By taking two measurements, the DMM

offsets the effect of thermal emfs as follows
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Vi1 = ‘/temf +1Isa-R

V2 = ‘/temf +1Is2- R

A.

Vit —Vino = L - R— L2+ R (A7)
le - Vm?

== Isl - IsZ

where V,,,1 and V2 are the two voltage measurements, I51 and Is are the two different
levels of source currents supplied by the DMM, V}.,, s is the thermal EMF which remains

unchanged regardless of the source current, and R is the resistance-under-test.

300 resistance measurements were taken at 5-second time intervals over a period of
roughly 30 minutes. The mean value of the resistances was taken as the best estimate of
the resistance of the SPRT at the triple point of water, Ry, and the standard deviation
of the measurements was used to calculate the measurement uncertainty with 95%

confidence as

Losyp,n—1 S

where N = 300 is the sample size, toso, v is the two-sided t-value for a 95% confidence
interval with N — 1 = 299 degrees of freedom, and s is the sample standard deviation.
For N — 1 = 299, tos4v 1 = 1.968. In this way, the value of Ry obtained, and the

associated uncertainty with 95% confidence were

Ro 4 Ug, = 25.5637 £ 1.045 x 107> Q
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A.2 Transition Temperature of Decahydrate of Sodium

Sulfate

As mentioned earlier, the temperature at which anhydrous sodium sulfate (NaySOy,)
transitions to its decahydrate form (NagSOy4 - 10H20) in a saturated solution in water
was used as the second reference temperature to calibrate the SPRT. This transition
is known to occur at Ty = 305.5148 K, is thermodynamically reproducible, and has

been used for calibrating thermometers [100].
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Figure A.2: Phase Diagram of the NasSO4:HoO system.

Figure shows the phase diagram of the NaSO4:H2O system, taken from [101]. Note
that for a mixture of over 33.2% of NasSO4 by weight in water, at 40 °C, the solution is
completely saturated with some NaoSO4 that remains undissolved in the mixture. At
this temperature, all NapSQOy is in the anhydrous form. However, when the mixture cools
to Tsair = 32.3648 °C, the anhydrous NasSO4 transitions into its crystalline decahydrate
form, NasSOy4-10H20. The mixture stays at that temperature until either the anhydrous
salt or water is exhausted. This was used to calibrate the SPRT at 32.3648 °C.
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A mixture of anhydrous NaySOy4 in distilled water, 40 % by weight, was prepared in a

beaker and heated to just over 40 °C on a hot plate. The amount of solution prepared
was enough to allow for more than 20 cm of the SPRT to be immersed in the solution.
This is the recommended minimum immersion depth for an SPRT. The hot plate was
then turned off and the solution was allowed to cool down to the transition temperature.
During this time, the resistance of the SPRT was monitored by a DMM using the 4-
wire resistance measurement technique with offset compensation for thermal EMFs
(see Appendix for details). Eventually, the solution cooled down to the transition
temperature, and stayed at that temperature for an hour. During that time period, 300
resistance measurements of the SPRT were recorded by the DMM, spaced 8-seconds

apart. Figure shows the measurements, the mean, and the 95% confidence interval.
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Figure A.3: Resistance measurements of the SPRT at Ty, = 305.5148 K. The mean
(dashed blue line) is taken as the best estimate of Rgqj¢. Also shown is the 95% confidence
interval.

The 95% confidence interval shown in Figure is an interval defined for the sample
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population of N = 300 measurements. Since the mean of the sample population is
taken as the best estimate of Rgyy, the associated uncertainty in the measurement
for Rgq¢ is much smaller than the confidence interval and is given by Equation (A.8)).
This is because the means of sample populations are distributed more closely about the
population mean than individual samples. Therefore, the value of R,y obtained, and

the associated uncertainty with 95% confidence were

Roai £ Ug,,,, = 28.845 +3.957 x 107* Q

A.3 Error Propagation and Uncertainty Analysis

Having taken measurements at the two reference temperatures, the resistance ratio at

T.ar Was calculated as

Rsalt

W(Tsalt) - RO

=1.1283

The associated uncertainty in the above estimation of W (Tyy:) was calculated by prop-

agating uncertainties associated with measuring Ry and R, as

2 2

1 Rsalt
UW(Tsalt) = Ri(] (URsalt)2 + (R0)2 (URO)2

= UW(T

salt

) =9.940 x 1077

The reference value of the resistance ratio at Tyqe, W (Tsait), was then calculated using

Equation (A.4), with the values of constants taken from Table as

Tsar — 754.15 K
481 K

9
WT (Tsalt) = C10 + Z Cz
i=1

= Wy (Tuan) = 1.1284



179

Since the above equation is defined by ITS-90, there is no corresponding uncertainty

associated with it. Finally, the values of a was calculated using Equation (A.6)) as

W(Tsalt) - Wr (Tsalt)
W(Tsalt) -1
= a=-5148 x 1074

And the corresponding uncertainty in estimation of a, U,, was calculated by propagat-

ing Uy (t,,,,) 0 the above equation as

Wr(Tsalt) -1
Uw (Tuare)
(W(Tsalt) - 1)2 salt

= U, =7.749 x 1076

Ug =




Appendix B

Calibrating type-T

Thermocouples

The purpose of the thermocouple calibration was to obtain a single calibration curve that
could be applied to any thermocouple taken from a given spool of thermocouple wire.
For this, 10 lenghts of wire (each ~ 3-ft long) were taken from a single spool of AWG 30
type-T thermocouple wire and the sensing junctions were formed by spot welding one
end of the wiresﬂ The sensing junctions of the 10 thermcouples, along with an SPRT,
were then immersed in an isothermal bath filled with silicone oilfl while the reference
junctions of the thermocouples were placed in an ice bath. The isothermal bath was
set to temperatures between 5 °C and 140 °C, at intervals of 5 °C, and measurements
taken from the SPRT and the 10 thermocouples to obtain a total of 28 calibration data

points.

At each set temperature, the isothermal bath was given time to reach steady state. Mea-

surements from the SPRT were taken continuosly at regular intervals as the isothermal

!This was done using the equipment available in the author’s lab.
2The melting point of the oil was reported to be greater than 140 °C by the manufacturer.
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bath heated up, and steady state was assumed to have been reached when the standard
deviation of the last 100 readings fell below a threshold value. Once steady state had
been reached, sequential measurements of the SPRT resistance and thermocouple EMFs
from the 10 thermocouples were taken. This was repeated 250 times, for a total of 2750
measurements. Therefore, the sample size of measurements from the SPRT and the
thermocouples was 250, and the sample means were taken to represent the true values

of the measurements.

The sample means of resistance measurements from the SPRT were used to calculate
the reference temperatures using the relevant equations from Appendix [A] summarized

here for convenience:

(B.1)

W, (T) — 2.64

9
T=273.15K+D0+ZDZ- 6l

=1

where R(T) was the sample mean of the resistance measurements, Ry = 25.5637 Q and
a = —5.148 x 10~* from the SPRT calibration, and D; were values of constants from
Table The uncertainty in the measurements of the SPRT resistances R(T') was

calculated as

S

L R(T) t9o‘7 Nmeas— 7‘7
5%,N
Vv meas

where s was the sample standard deviation of the measurements, Nyeas = 250, and
o5 Nuene—1 = 1.970 was the two-sided value for student’s t distribution for a 95% confi-
dence interval with Nyeas — 1 = 249 degrees of freedom. This measurement uncertainty,

along with the uncertainty in the value of the constant a estimated from the SPRT
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calibration (U, = 7.749 x 107%), was propagated through Equation (B.1) to get the

uncertainty in the reference temperatures. These uncertainties were of the order 1 mK.

The 10 sample means of thermocouple EMF measurements at any reference tempera-
ture were assumed to be normally distributed about the population mean because the
population was the set of all thermocouples that could be made from the spool being
calibrated, and the 10 thermocouples represented the 10 samples taken from the popu-
lation. Therefore, the mean value and sample standard deviations of the sample means
was used as the best estimates of the population mean and standard deviation. Ap-
pendix [B|compares the standard deviations of measurements from the 10 thermocouples
and the standard deviation of the 10 sample means (sg ) at every reference temperature.
As expected, the standard deviations of the 10 sample means were usually larger than
the 10 standard deviations of measurements from the thermocouples at all reference

temperatures.

Appendix [B] shows the mean values of the 10 samples means at every reference temper-
ature. The uncertainty in mean thermocouple EMFs (Ugyr) was calculated using the

standard deviation of the sample means (sgy) as

Ssm

Ntcs

U, EMF — t%%,mcs—l

where Nies = 10 was the number of thermocouples used in the calibration and tgs0 v 1 =
2.262 was the two-sided value for student’s t distribution for a 95% confidence interval
with Nies — 1 =9 degrees of freedom. The uncertainty in the mean thermcouple EMF's

in the calibration was of the order of 0.01%.

To obtain the calibration curve, a second-order polynomial (a;T 2 taT+ a3) was fit to
the calibration data points using the method of least squares. A second-order polynomial

fit was used because it was visibly a better choice than a first-order polynomial fit
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Figure B.1: (Left) Comparing standard deviation of sample means and standard devia-
tion of measurements, and (Right) Mean values of thermocouple EMFs versus reference
temperatures.

while higher-order polynomial fits were avoided because inverting the fit to get the
temperature as a function of the thermocouple EMF becomes increasingly complicated.
Table [B.1] lists the values of the coefficients and the associated uncertainties estimated
from the fitting process. The standard error in the estimates of the coefficients was used
to calculate the 95% confidence intervals as

s€q,

Uai = tospn-1 ﬁ

where se,, was the standard error in the coefficient estimate, N = 28 was the number

of calibration data points, and g5 v, = 2.052 was the two-sided value of the student’s

Coefficient Units Predicted Standard Error of | 95% Confidence
Value Estimate (seg,) Interval (Ug,)

a1 Volt/°C? | 3.8579 x 10~8 2.8790 x 10719 1.1368 x 10710

as Volt/°C | 3.8980 x 10~° 4.2581 x 1078 1.6814 x 1078

as Volt —6.2977 x 1076 1.3141 x 1076 5.1892 x 107

Table B.1: Results from fitting a second-order polynomial (a17? + asT + a3) using
method of least squares.
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t distribution for a 95% confidence interval with N — 1 = 27 degrees of freedom.

To calculate the temperature if the thermocouple EMF is known, the calibration curve

was inverted as

—as + +/a3 — 4a1 (a3 — EMF
T(EMF) = YV 1(as ) (B-2)

2&1

The goodness of the fit may be evaluated by estimating the uncertainty of the fit with

95% confidence interval (Ug;) as

Ust = tosoun— where

VN
S, (7 - T(EMF))*
N -3

S€y =

where N = 28 was the number of calibration data points and tgsqn 1 = 2.052 was
the two-sided value for the student’s t distribution for a 95% confidence interval with

N — 1 = 27 degrees of freedom. For the calibration, Ug; = 3.789 mK.

To calculate the uncertainty in temperature measurement using the calibration curve

with 95% confidence interval, the following equation, derived by error propagation, was

used:

2 2

U UEzl\lF + U33 + 1 + a2 Ua2 _|._
T(EMF) = 3 o
a3 — 4ay (a3 — EMF) \/ag — da, (ag — EMF) | | 2@
9 1/2

—as+ EMF —az + \/a’% - 4(11 (a3 B EMF) U2 (B 3)

— 2 a/ .

ay \/a% _ 4a1 (a3 . EMF) 2@1 1

where Urgwr) was the uncertainty in the measurement of thermocouple EMF, and U, ,

Ua,, and U,, are the uncertainties in the estimates of the coefficients ay, as, and as with
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95% confidence interval, respectively, listed in Table



Appendix C

Micro-Fabrication of RTDs on

Sapphire Subtrates

This section provides a brief outline of steps taken in the micro-fabrication process to
prepare the surfaces used in the surface pool boiling experiments. The substrates used

were double side polished, 4-inch diameter, 600 wm-thick Sapphire wafers.

Step 1: Cleaning the Wafers - The sapphire wafers were cleaned in a two-step
process. In the first step, the wafers were rinsed by spraying the following solvents on
them in order: Acetone, Iso-Propyl Alcohol (IPA), and DI Water. Care was taken to
move quickly from Acetone to IPA, and then to DI Water so that the dilute solvents
(Acetone and IPA) did not have time to evaporate off the wafer. After the final rinse

using DI water, the wafers were blow-dried using an No gun.

In the second step, the wafers were cleaned in a UV (Ultraviolet) Ozone cleaner for 30
minutes to remove any remaining organic contaminants. Inside the chamber of the UV
Ozone cleaner, the wafers had to be placed flat on a surface, rendering the side placed

flat down unclean. Therefore, care was taken while handling to distinguish the clean,

186
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top side of the wafer from the bottom side.

Step 2: Deposition of the Platinum thin-film heater - A physical vapor deposition
process called sputtering was used to deposit a 75-nm thick layer of platinum as a thin-
film heater on the clean side of the wafer. To ensure good adhesion of the Platinum
thin-film to the substrate, a 5-nm thick layer of Titanium was deposited first as an

adhesive layer, followed by the 75-nm thick layer of Platinum.

Step 3: Re-Cleaning the Wafers - After depositing the thin-film heater, the other
side of the wafer needed to be cleaned before proceeding to deposit RTDs on it. The
same process as in Step 1 was followed with a greater focus to clean the side of wafer
without the thin-film heater on it. In the rest of this section, the thin-film heater side

and the RTD side of the wafer will be referred to as backside and topside, respectively.

Step 4: Photolithography for RTDs - Before depositing Platinum to serve as RTDs,
a mask was deposited on the topside of the wafer using Optical Photolithography. The
photoresist used was Futurrex NR71-1500P, a negative photoresist. The following recipe
was followed:

Step 4.1: Spin coat the wafer with NR71-1500P over two steps: 1) 300 rpm for 3 s, and
2) 3000 rpm for 45 s.

Step 4.2: Soft bake the wafer on a hotplate at 150 °C for 3 minutes.

3. Clean wafer I Sapphire Substrate I 4.4. Post-exposure bake at
Sapphire Substrate 100 °C for 3 min.
4.1. Spin-coat with =
NR71-1500P Sapphire Substrate
F_-_-_ﬂ 4.5. Develop in RD-6
Sapphire Substrate developer solution for 18 s.
4.2. Soft-bake at 150 °C for
3 min. Sapphire Substrate
5. Deposit platinum
* * * * * * * Sapphire Substrate through sputtering

4.3. Align Photo-mask and e I s N s | 6. Lift-off in 1165 remover

Expose to UV light for 20 s. 1
Sapphire Substrate lution.
| Sapphire Substrate | I PP u | solution

Figure C.1: Schematic representing steps 3-6 in the micro-fabrication of RTDs.
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Step 4.3: Using a photomask, expose the wafer to UV light (12 mJ/m?) in a Contact

Aligner for 20 s.

Step 4.4: Post-exposure, bake the wafer on a hotplate at 100 °C for 3 minutes.

Step 4.5: Develop the wafer in RD-6 developer solution for 18 s.

Step 4.6: Rinse the wafer in DI water for 2 minutes.

Note: It is very important to clean the hotplates thoroughly so that the backside of
the wafer makes good thermal contact with the hotplate surface. For the final result
of the photolithography process to be good, it is critical for the wafers to be uniformly
heated. Even trace amounts of non-visible residue on the hotplate surface will affect

the uniformity of heating and affect the final result.

Step 5: Deposition of Platinum RTDs - Similar to Step 2, sputtering was used to
deposit a 75-nm thick layer of platinum (with a 5-nm layer of Ti to serve as an adhesion

layer) to the topside of the wafer.

Step 6: Liftoff I - The remaining photoresist was stripped off (in a process called
“Liftoff”) by immersing the wafer in a crystallizing dish filled with Microposit Remover
1165 solution, and placing the dish in a ultrasonic sonicator maintained at 60 °C for ~

4 hours.

Step 7: Thermal Annealing - After the platinum thin-film heater and platinum
RTDs had been deposited, the wafers were thermally annealed at 450 °C for 4 hours to

release residual stresses in the thin films.

Step 8: Photolithography for Final Layer - The photolithography process was
repeated to deposit a photoresist mask on 50-pum-by-50-pum areas on the topside of the

wafer which were to serve as the bond pands. NR71-1500P was used as the photoresist.

Step 9: Deposition of Final Layer - The final 2-um layer of SiO3/A-Si/Ni was de-

posited using the appropriate vapor deposition process. Sputtering was used to deposit
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Ni while High Density Plasma Enhanced Chemical Vapor Deposition (HD-PCVD) pro-

cess was used to deposit SiOy or A-Si. Note: To prepare Parylene-C surfaces, the final

layer of Parylene-C was deposited after the chips had been assembled on the PCBs.

Step 10: Liftoff IT - After deposition of the final layer, the photoresist was stripped
off again by immersing the wafer in a crystallizing dish filled with Microposit Remover
1165 solution, and placing the dish in a ultrasonic sonicator maintained at 60 °C for ~
4 hours. After this step, only the bond pads of the RTDs were left uncovered by the

final layer.

Step 11: Dicing - Before dicing the 20-mm-by-20-mm square chips out of the wafers,
the entire topside was covered with a photoresist mask. This was to protect the surface
from getting contaminated by wafer dust during the dicing process. After the dicing

process, the photoresist mask was stripped off using Microposit Remover 1165 solution.

The chips were now ready to be assembled onto PCBs.



Appendix D

Acronyms

Care has been taken in this thesis to minimize the use of jargon and acronyms, but
this cannot always be achieved. This appendix contains a table of acronyms and their

meaning.

D.1 Acronyms

Table D.1: Acronyms

Acronym Meaning

ACF Auto-Correlation Function
CHF Critical Heat Flux

DFA Detrended Fluctuation Analysis
DI Water De-Ionized Water

DMM Digital Multimeter

EMF Electro-Motive Force

Continued on next page
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Table D.1 — Continued from previous page
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Acronym Meaning

FFT Fast Fourier Transform

GHE Generalized Hurst Exponent

HTC Heat Transfer Coefficient

IPA Isopropyl Alcohol or 2-propanol

ITS-90 International Temperature Scale of 1990
MABE Micro-heater Array Boiling Experiment
ONB Onset of Nucleate Boiling

PSD Power Spectral Density

RTD Resistance Temperature Detector

SPRT Standard Platinum Resistance Thermometer
TPC Triple Point Cell
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