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Abstract

Boiling is a very effective way of heat transfer due to the latent heat of vaporization.
Large amount of heat can be removed as bubbles form and leave the heated surface. Boiling heat
transfer has lots of applications both in our daily lives and in the industry. The performance of
boiling can be described with two important parameters, i.e. the heat transfer coefficient (HTC)
and the critical heat flux (CHF). Enhancing the performance of boiling will greatly increase the
efficiency of thermal systems, decrease the size of heat exchangers, and improve the safety of
thermal facilities. Boiling heat transfer is an extremely complex process. After over a century of
research, the mechanism for the HTC and CHF enhancement is still elusive. Previous research
has demonstrated that fluid properties, system pressures, surface properties, and heater properties
etc. have huge impact on the performance of boiling. Numerous methods, both active and
passive, have been developed to enhance boiling heat transfer. In this work, the effect of pressure
was investigated on a plain copper substrate from atmospheric pressure to 45 psig. Boiling heat
transfer performance enhancement was then investigated on Teflon© coated copper surfaces, and
graphene oxide coated copper surfaces under various system pressures. It was found that both
HTC and CHF increases with the system pressure on all three types of surfaces. Enhancement of
HTC on the Teflon© coated copper surface is contributed by the decrease in wettability. It is also
hypothesized that the enhancement in both HTC and CHF on the graphene oxide coated surface
is due to pinning from micro and nanostructures in the graphene oxide coating or non-
homogeneous wettability. Condensation and freezing experiments were conducted on engineered
surfaces in order to further characterize the pinning effect of non-homogeneous wettability and

micro/nano structure of the surface.
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has demonstrated that fluid properties, system pressures, surface properties, and heater properties
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was investigated on a plain copper substrate from atmospheric pressure to 45 psig. Boiling heat
transfer performance enhancement was then investigated on Teflon© coated copper surfaces, and
graphene oxide coated copper surfaces under various system pressures. It was found that both
HTC and CHF increases with the system pressure on all three types of surfaces. Enhancement of
HTC on the Teflon© coated copper surface is contributed by the decrease in wettability. It is also
hypothesized that the enhancement in both HTC and CHF on the graphene oxide coated surface
is due to pinning from micro and nanostructures in the graphene oxide coating or non-
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Chapter 1 - Introduction

1.1 Pool boiling heat transfer

Boiling is a very common heat transfer process that we experience almost every day in
our daily lives. Boiling is defined as “a phase change process in which vapor is formed either on
a heated surface or in a superheated liquid layer adjacent to the heated surface” [1]. It is an
efficient way to transfer a large amount of heat due to the latent heat of vaporization. As vapor
bubbles form on the heated surface, a large amount of heat is removed from the surface.
Therefore boiling has extensive applications in the industry, such as power generation, chemical
processing, HVAC systems, electronic cooling etc [2].

There are two types of boiling, pool boiling and flow boiling. In pool boiling, the fluid
over the heated surface is confined in a pool. When the fluid is heated up, all the motion of the
liquid is due to natural convection. On the other hand, in flow boiling, fluid flows over the heated
surface. As the surfaces heats up, forced convection takes place over the heated surface [1].

A boiling curve is generally used to describe a pool boiling process. Figure 1.1 is a
typical qualitative boiling curve showing the entire boiling process. The x-axis of the boiling

curve is wall superheat AT, which is defined as the temperature difference between the surface



and the bulk fluid. The y-axis of the boiling curve is the rate of heat transferred though a unit

area on the heated surface, or heat flux (¢ ).

Critical Heat flux

Fully Developed

Nucleate Boiling
B _' . Transition Film Boiling

Boiling

Heat flux q” (W/cm?)

4= Partial Nucleate Boiling

A @ ¢
& Onset of Nucleate Boiling

L J

Wall superheat AT (K)

Figure 1.1 A qualitative boiling curve

An entire pool boiling process can be divided in to five boiling regimes, which is shown
the in boiling curve. In the first regime, very low heat fluxes are applied to the heated surface,
and there is no bubble formation on the surface. Hence natural convection is the only mode of
heat transfer in the first regime. As the heat flux applied to the heated surface increase, bubbles
will start to form on the surface. The spots where the bubbles form is called a nucleation sites.
The formation of the first bubbles is called the onset of nucleation (ONB). This boiling regime
where bubbles are formed on discrete sites is defined as the partial nucleate boiling regime. At
higher heat fluxes, more and more bubbles form on the surface, and the bubbles are released

more frequently. Neighboring bubbles start to merge with each other, and vapor columns are



formed in the vertical direction. This boiling regime is called fully developed nucleate boiling.
Point C in the boiling curve is the highest heat flux that can be supplied to the heated surface,
and the corresponding heat flux is called critical heat flux (CHF). At critical heat flux, all the
bubbles forming on the surface are merged with each other, forming a vapor film over the entire
surface. The vapor film acts like a thermal barrier for heat transfer, therefore if more heat is
applied to the heated surface, the temperature of the surface will rocket uncontrollably causing
serious damage to the thermal system [3]. As a result, critical heat flux is a crucial parameter in
boiling heat transfer.

If the temperature of the surface is carefully controlled after reaching the critical heat
flux, the boiling system will go through transition boiling regime and film boiling regime.
However, in this work, only the first three boiling regimes are studied.

Another important parameter in pool boiling is the heat transfer coefficient (HTC). HTC
is defined as the ratio of heat flux (¢ ") and the wall superheat (AT). On the boiling curve, HTC
is indicated by the slope of the curve. HTC describes how efficient heat is removed from the

heated surface during boiling.
1.2 Bubble nucleation
It is reported in the 1950s that bubbles nucleate in small cavities or imperfections on the
heated surface 78 [4]. When the contact angle is larger than the cavity wedge angle as shown in

Figure 1.2, vapor or gas will be trapped in these cavities and serve as nuclei for bubble

nucleation [1].
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Figure 1.2 Diagram of cavity that can traps vapor/gas

When the bubble is static, a force balance equation can be written at the interface of the

bubble and the liquid:

20

Ps —PL = Eqg. 1.1
where pg is the pressure inside the bubble, pL is the pressure of the liquid, o is the surface
tension, and r is the radius of the bubble.

Since the Gibbs free energy at the phase change line is zero, the pressure difference
between the bubble and liquid can be translated to the temperature difference using the

Clapeyron equation:

dp _ Anp
dT ~ AT(vp—vL) Eq. 1.2
where 44 is the latent heat of vaporization, AT=Tw-Tsa, vy and v are specific volume of the

vapor and liquid respectively. Therefore, for a bubble to grow inside a cavity in saturated boiling
conditions when p is much greater than 270 the minimum temperature difference between the
bubble and liquid is written as:
20Tsat(Vy—V1)
T) — Togr = % Eq. 1.3

In 1962, Hsu developed a mechanistic model for the size range of the active nucleation

cavities [5]. This model assumes that a bubble nucleus will only become a bubble when it is



surrounded by superheated liquid, and the heat transfer between the superheated liquid layer and
the bubble nucleus is considered to be transient conduction. When the time required for the
liquid layer around the nucleus to obtain sufficient superheat for bubble growth is finite, the
cavity where the nucleus occurs at is considered to be an active nucleation site. The resulting
model is shown in the equation below,

2

5|, 0 6., ) 4AC

rmaxvrmin — 1_ sat + 1_ sat _ 3 E 14
{ AR \/( 0 J 50 a

w w w

where rmax and rmin are the maximum and minimum cavity sizes, ¢ is the boundary layer
thickness, C1 = (1+cosg)/sing, Cs = (1+ cosg), ¢ is the wetting angle, A = 26TsavpvhLy, Osat = Tsat
—T¢,and Oy = Tw - Tsat.

In saturated boiling cases, since Osat is zero, the Eq. 1.5 can be simplified to:

{rmax'rmin}:i 1+ 1- 4AC3 Eg. 15
2C, 50,

With this equation, when the boundary layer thickness is known, the range of active
nucleation size can be plotted as a function of wall superheat. In saturated boiling case, the

boundary layer thickness can be obtained using the following equation:

o= /% Eq. 1.6
O

where Kk is the thermal conductivity of the fluid, and qo is the onset heat flux, which is generally
obtained from experimental data.

For example, for the plain copper surface studied in this work, the onset of nucleation
occurred at a heat flux of 25 W/cm?. Contact angle of water on the copper surface was measured
to be 68°. As a result, the boundary layer thickness of bubbles for boiling under atmospheric
pressure is calculated to be 25 um using Eq. 1.6. The size range of active nucleation site range is

therefore plotted in Figure 1.3 as a function of wall superheat from 0°C to 20°C for both



atmospheric pressure and 45 psig. The plot shows pressure has significant effect on the range of
active nucleation size. For example, at the same wall super heat of 10 K, the active nucleation

size range is much larger at 45 psig than at atmospheric pressure.

2
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Figure 1.3 Active nucleation size range for boiling of water on copper surface under
atmospheric pressure

1.3 Enhanced boiling heat transfer

Increased HTC and CHF will lead to more efficient and compact cooling devices, prevent
issues resulting from heater burn out, and save a huge amount of energy. It was reported that
32% increase in CHF will result in 20% increase in power density in pressurized water reactors,
which not only increases the safety but also decreases the cost for electric generation [6]. Many

variables, such as surface properties, fluid properties, and system pressure, heater size and



orientation will affect the performance of pool boiling. In the past, lots of methods have been
developed, both active and passive, have been developed to enhance the performance of boiling.
Active methods include adding an electric field to the boiling system [7], and vibration of the
boiling surface [8]. Passive methods include changing the fluid properties and/or modifying the
heated surface properties. In the sections below, passive methods for enhancing pool boiling

performance from the literature are summarized and introduced.

1.3.1 Enhancement methods by changing fluid properties

Boiling curves for different fluids are very different because of their own thermal
properties. By increasing or decreasing the system pressure, the thermal properties of the fluid
are also different resulting in the shift of the boiling curves [8]. The effect of pressure on pool
boiling performance will be discussed in detail in Chapter 4. By enhancing the thermal
properties of the fluid, the performance of boiling could be greatly enhanced. In recent years, it
has been found that the by adding micro/nano scale thermally conductive particles into the
boiling fluid can largely increase both the heat transfer coefficient and the critical heat flux.

Popular nano-particles for enhancing boiling performance are Al>O3, silica, TiO2, carbon
nanotube, etc. [11-17]. Nanofluids not only exhibit higher heat transfer coefficient, their ability
to increase critical heat flux is even more noticeable. Nanofluids usually can increase CHF by
100% to 250% [20]. Factors that affect the enhancement in pool boiling performance include the
particle size, the concentration of the nanofluids, and the thickness of the nanoparticle deposition
on the heated surface, etc. [18].

For example, Amiri et al. studied the pool boiling heat transfer enhancement using GA-,

Cysterinne-, and Ag- treated carbon nanotube dispersed nanofluids, and obtained a CHF increase



of 274% [20]. They concluded that the functionalization, the thermal conductivity, and the
concentration of the nanofluids play huge roles in the enhancement of CHF. Kathiravan et al.
studied multi-walled carbon nanotubes suspension in pure water and water containing 9.0% by
weight of sodium lauryl sulphate anionic surfactant. A maximum increase in HTC of 300% was
achieved in 1.0% concentration of carbon nanotube nanofluids [23]. Kim et al. studied the
mechanism of the increase of CHF of nanofluids [20]. Golubovic et al. experimentally
investigated the enhancement of boiling heat transfer and developed analytical model for

predicting the CHF [21].

1.3.2 Enhancement methods by engineered surfaces

Boiling heat transfer can also be improved by using enhanced surfaces. Engineered
surfaces fabricated by creating micro or nano structures on the surfaces, or deposit coatings to a
substrate to change the wettability. Engineered surfaces usually enhance the performance of
boiling by increasing the heat transfer area, increasing nucleation sites density, altering bubble
departure sizes and frequencies, improving capillary wickability to prevent local “hot spot”.

e Influence of structured surfaces

Surface roughness is a key factor in the performance of pool boiling. Roughened surfaces
create favorable conditions for bubble formation. Surfaces could be roughened by chemical
etching, sanding, or fabricating micro structures such as micro-pins [23-25]. Jones et al.
demonstrated that increased surface roughness enhances boiling performance [24].

The advancement in micro-fabrication and surface treatment techniques allow us to
design and fabricate more intricate micro or nano structures on surfaces, such as micro-pillared

surfaces, micro channeled surfaces, nanoporous surfaces, hierarchically structured surfaces, and



so on [25-30]. Different sizes, geometries and configurations of these micro/nano structures play
huge role in affecting the boiling heat transfer performance. Previous research has shown that
microstructured surfaces increase both CHF and HTC [35]. Studies by Tang et al. and Byon et al.
show the ability of porous coated surfaces to enhance boiling [36].

For example, Dong et al. conducted subcooled and saturated pool boiling experiments
using ethanol on microstructure and nanostructures and discovered that while microstructured
surfaces have higher bubble nucleation density than nanostructured surfaces at low heat fluxes,
nanostructured surfaces demonstrate higher capillary wicking, smaller bubble sizes and larger
bubble release frequency which all contribute to the delay of CHF [38].

Zou et al. investigated how the critical height of micro/nano structured surfaces affect
pool boiling heat transfer. They report a maximum CHF enhancement in CHF of 125% with
only 40% increase of surface area on the nano/micro ridged surface. It was found that to the
ridges fragment and evaporate the metastable non-evaporating film at the base of a bubble in the
contact line thus enhancing the CHF, and only when the ridge is higher than the non-evaporating
film will the surface exhibit higher boiling performance [39].

Rahman et al. used biological templates to demonstrate that wickability is the single
factor dictation CHF on structured superhydrophilic surfaces. Tobacco mosaic virus was grown
on microstructured surfaces and hierarchical surfaces, as shown in Figure 1.4. A CHF of 257
W/cm? was reached. The results show that the wickability of the tobacco mosaic virus structure

dictates the CHF enhancement [40].



Microstructured Surfaces

(@)

Figure 1.4 Micro, nano, and hierarchically structured silicon surfaces, and TMV coated
micro/nano structures from [40].

e Influence of surface wettability

There are three ways to modify the wettability of the surface: by changing the surface
tension of the liquid, by changing the roughness, and by changing the adhesion tension [41].
Wettability is a very important parameter in predicting HTC and CHF. Higher wettability will
enhance the rewetting of the surface preventing local dry spots, and on the other hand, lower
wettability will promote bubble formation during the boiling process, increasing the heat transfer
coefficient [31-33].

Bourdon et al. performed pool boiling experiment with water on a hydrophilic coated

smooth surface and a hydrophobic smooth surface [44]. It was found that with the same
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topography of the surfaces, the reduction of wettability induces the earlier onset of boiling. The
ONB on the superhydrophobic surface is 3.5 C lower than that on the superhydrophilic surface.

Hsu et al. investigated the effects of surface wettability on pool boiling heat transfer [45].
Nano-silica particle coatings were used to vary the wettability of the copper surface from
hydrophilic (0°) to superhydrophobic (149°). Experimental results show that critical heat flux
values are higher in the hydrophilic region while CHF values are lower in the hydrophobic
region. Bubble sizes were smaller on the hydrophilic region, and as the wettability decreases,
bubble sizes grow bigger.

Feng et al. [41] coated alumina nano coatings on platinum (Pt) micro wires thus
decreasing the contact angle of the micro wire to 0°. A 200% increase in CHF was achieved. It
was also found that CHF increases with coating thickness of alumina up to a thickness of 20 nm.
It was postulated that the increase in the CHF was due to the enhanced rewetting of the “hot
spot”.

In recent years, heterogeneous wetting surfaces has caught many researchers’ attention
due to their superb ability to enhance boiling heat transfer. Heterogeneous wetting surfaces have
both hydrophobic areas and hydrophilic areas on the same surface. Free heterogeneous
wettability can be achieved by creating microstructures on a surface. Patterned heterogeneous
wetting surfaces, such as checked heterogeneous wetting surfaces, were also fabricated and
studied extensively in the past decade.

Betz et al. and Jo et al. studied the effect heterogeneous wetting surface on boiling heat
transfer [47]. It was found that on a hydrophilic surface with hydrophobic dots, the CHF is
sustained. At low heat fluxes, the dot size of the hydrophobic dots and the pitch distance between

the dots play an important role in controlling the boiling performance. However, the ratio of
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hydrophobic area to hydrophilic area is not significant in dictating the boiling performance. It
was concluded that the increase in boiling heat transfer is due to the continuous bubble

generation without waiting time.
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1.4 Objectives

In the past, much effort has been done to enhance the performance of boiling. Lots of
methods have been proven to be able to increase the heat transfer coefficient and/ or increase the
critical heat flux. However, most of these studies were conducted at atmospheric pressure even
though a majority of applications in industry are subjected to elevated pressures. Whether these
methods are effective at different pressures still needs to be examined.

In this work, a high pressure, high temperature, pool boiling experimental facility was
designed and fabricated. The objective of this work is to examine the pressure effect on the pool
boiling performances of deionized water on a plain copper surface, a Teflon© coated copper
surface, and a graphene oxide coated copper surface. Boiling enhancement mechanism for each
surface is discussed.

In order to further understand the heat transfer mechanism of the graphene oxide coated
surface, condensation and freezing experiments were conducted to further understand the

physical insight of engineered surfaces.
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Chapter 2 - Experimental setup

2.1 Overview

This chapter presents a detailed description of the experimental facility for high pressure
pool boiling experiments on circular horizontal surfaces. In order to carry out the experiment, the
test facility should be able to withstand high pressure and high temperature. The highest pressure
designed for the facility is 300 psig (20 bar), which is a pressure that many boiling applications
in industry adopt. Since the deionized water is used for all the boiling tests, the highest
temperature the boiling vessel should withstand is 350 °C, which is the boiling temperature of
water at 300 psig. If refrigerant is to be used for the boiling tests under high pressure, 350 °C is
well above the boiling point of most refrigerants. To achieve high pressure, nitrogen is chosen to
pressurize the boiling vessel due to its inert property and low dissolution rate in water even at
high pressures. The test surface should be well insulated so that heat loss can be minimized from
the side. The entire test surface assembly should also be placed inside the boiling vessel to
achieve simple design and simple assembly process. All the heater wires should be outside the
boiling vessel to avoid accidental contact with water. The experimental facility is therefore
designed based on these requirements. The experimental setup consists four major parts: the
boiling vessel, the pressure control system, the heater and power supply, and the data acquisition

system. Figure 2.1 is a picture of the entire boiling test facility.
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Figure 2.1 Picture of the pool boiling set up

2.2 Boiling vessel

Figure 2.2shows the schematic design of the boiling vessel. To withstand high pressure
and high temperature, the boiling vessel is made from 304 stainless steel. The body of the vessel
is made from an 11°’ long (27.94 cm), 4°* (10.16 cm) in diameter stainless steel tube with a wall
thickness of 0.375’ (0.9525 cm). Both ends of the tube are flanged and securely sealed with
PTFE (Polytetrafluoroethylene) gaskets. A pressure transducer is mounted on the top flange cap
to monitor the pressure inside the vessel during experiments. A siphon offsets the pressure
transducer from the high temperature from the inside of the vessel. A K-type thermocouple
(Omega) is inserted from the top to measure the bulk temperature of the boiling fluids. Nitrogen

is used to pressurize the boiling vessel. The two ports on the top flange cap are inlet and outlet
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for nitrogen and water vapor. Two 500 W cartridge heaters (Watlow) are inserted from the side
of the vessel to preheat water and maintain water at the saturation temperature during the entire
experimental procedure. A 500W cartridge heater (Watlow) is inserted from the bottom flange to
provide superheat for bubble nucleation. A one-inch diameter high-temperature high-pressure

borosilicate glass window is mounted on the vessel to observe bubble nucleation.

Figure 2.2 Schematic design of the pool boiling vessel. 1. Pressure transducer, 2.
Nitrogen inlet, 3. Thermocouple, 4. Viewing port, 5. Heater assembly insulation 6.
Copper rod, 7. Auxiliary heater, 8. Nitrogen outlet, 9. Bolt 10. Flange 11. Bulk heater

2.3 Pressure control

Compressed nitrogen is used to pressurize the boiling vessel. Nitrogen is chosen because

of its inert property and low cost. Since we are investigating saturated boiling, the effect of
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dissolved gas on the boiling performance is reduced. Figure 2.3 is a diagram of the pressure
regulation system. Nitrogen leaving the nitrogen tank goes through a pressure reducer which is
set at the desired system pressure, and is then divided into two lines. One portion of the nitrogen
goes to the boiling vessel to pressurize it, and the other portion flows to the back pressure
regulator (Equilibar) as a 1:1 control signal for pressure regulation of the boiling vessel. In
between the pressure reducer outlet and the vessel inlet port is a gate valve. When water is
boiling the gate valve between the nitrogen tank and the boiling vessel is shut down to prevent
back flow of vapor. During experiments, the pressure transducer mounted on the top flange reads
the system pressure to make sure the pressure is correct. Escaped vapor from the back pressure

regulator is collected and manually replenished to the boiling vessel.
N,
' ?
' __I: I :I N, N,+VaporT |
| | ‘Illll:
Gate Valve Pressure
Regulator (Reservoir

Boiling
Vessel

Figure 2.3 Pressure regulation system diagram
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2.4 Heater block and insulation

Copper is chosen in this experiment for two reasons. The first reason is that copper has
high thermal conductivity, machinability, and wide usage in industry. The second reason is that

graphene can easily grow on a copper substrate.

Figure 2.4 is a schematic design of the heated surface block. The top surface of a 3"’
(7.62 cm) long copper rod serves as the heated surface to be studied. The top portion of the
copper rod is 11 mm in diameter and 1°” (2.54 cm) long; the bottom halfis 1’ (2.54 cm) in
diameter and 2’ (5.08 cm) long. This particular dimension is chosen so that the surface area of
the heated surface is close to 1 cm2 which is comparable to the surface areas in many other
studies in the literature. The top surface is plained by a micro-milling machine and sanded by
extra fine sandpaper. The copper rod is insulated with PTFE from both the side and the bottom.
The gap between the insulation material and the copper surface is carefully filled with sealant
and epoxy and machined smooth to minimize unwanted nucleation sites. Three thermocouple
holes are drilled through the boiling vessel, the insulation material to the center of the copper
rod. The three thermocouples are 3 mm, 6 mm and 9 mm below the heated surface, respectively.

Surface temperature can thus be extrapolated from these readings using Fourier’s law.
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Figure 2.4 Diagram of the heater block deign

A 500W cartridge heater (Waltow), shown in Figure 2.5, inserted in the copper rod from
the bottom to provide a heat flux to the heated surface for bubble nucleation. The cartridge heater
is designed to have 2.5 in unheated length so that the heated portion of the heater is all inserted to

the copper block in order to minimize the heat loss from the lower portion of the heater.
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Figure 2.5 Diagram of the auxiliary cartridge heater

To control the heat flux applied to the heated surface, a solid state relay controller, shown
in Figure 2.6, is used to alter the duty cycle of the cartridge heaters inserted into the copper rod.
The electrical circuit of the SSR controller is shown in Figure 2.6. The SSR controller is powered
independently by a 24 V power supply. Duty cycle is controlled by a 0~10 V analog input is
chosen for the process controller, where the voltage and the duty cycle time is linearly correlated.
For example, 2 V of analog input of the process controller corresponds to 20% working time of

the duty cycle, which leads to a heat transfer rate of 100 W to the heated surface.
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Figure 2.6 Picture of the SSR controller and diagram of the electric circuit

The duty cycle time plot is shown in Figure 2.7. During actual experiments, the duty
cycle period is set at one second. This ensures that there is minimum temperature fluctuation to
the heated surface, and prolongs the life of the cartridge heater. Heat flux applied to the heated
surface is increased from 0 by 1% of the maximum heat flux each time till critical heat flux. In

our experiment, this increment is 5 W/cm?.

>

One Cycle

1

Power

Time

Figure 2.7 Duty cycle time plot
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Chapter 3 - Experimental setup

3.1 Experimental procedure

Deionized water is first replenished in the boiling vessel through the ports on the top
flange. For experiments at atmospheric pressure, the ports are kept open throughout the
experiments. For higher pressure tests, the boiling vessel is pressurized with compressed nitrogen
before heating. To set the pressure in the boiling vessel, first adjust the pressure of the pressure
reducer at the specified pressure and then open the valve of the nitrogen tank. The pressure
transducer on the boiling vessel reads the pressure inside the vessel. After the pressure inside the
vessel reaches the desired value, the gate valve between the pressure reducer and the boiling
vessel is shut off. Then the boiling vessel is ready for heating. During the experiments, since the
back pressure regulator constantly compares pressure inside the boiling vessel and the signal
pressure from the pressure transducer, the gas line from the nitrogen tank to the pressure
regulator is always open to regulate the pressure inside the vessel all the time. The pressure
transducer keeps measuring the pressure inside the vessel throughout the experiment to make
sure the pressure is maintained at the desired level.

After the pressure is set at the specified level, water is then heated to saturation
temperature with the two 500 W bulk cartridge heaters inside the pool. When it reaches
saturation temperature, the duty cycle period is set by setting the voltage signal from the
auxiliary power supply, and then the auxiliary heater in the copper rod is turned on to provide
wall superheat for bubble nucleation. Each time when increasing the heat flux, the system is
allowed to reach steady state before taking measurements. The system is considered to have
reached steady state when the temperature change of each thermocouple in the copper rod is less

than 1°C for two minutes. Measurements are taken for one minute for each heat flux. The scan
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rate of the DAQ is set at 1 Hz, which allows 60 data points for each steady state measurement.
The averages of the measured temperatures are used to extrapolate the heater surface
temperature. After each test, the gate valve between the nitrogen tank and the boiling vessel is
opened again to replenish nitrogen until the water temperature drops under 100 °C. This prevents
the sudden evaporation of high temperature water at lower pressures. A gear pump is used to

remove water from the boiling vessel after the boiling tests.

3.2 Data reduction

The independent variables in each experiment are the heat flux applied to the heated
surface and the system pressure. The dependent variables are the four temperature
measurements: the bulk fluid temperature, and the three temperature measurements from the
heater block. Heat flux is calculated by dividing the power of the heater by the area of the heated

surface, as shown in the equation below

n

q=

PN

Eq. 3.1

Where q''the heat flux, q is is the heat supplied by the auxiliary heater, and A is the area of the
heated surface.
Temperature of the heated surface is extrapolated by the three temperature readings from

the copper heater block using the Fourier’s law shown in the equation below.
q" = -k Eq. 3.2
Where g''the heat flux, k is is the thermal conductivity of copper, 4T is the wall superheat, and

Ax is the distance between each neighboring thermocouple holes.
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Below is one set of sample data from the boiling test at atmospheric pressure on the plain
copper surface at 30 W/cm?, where Ty is the temperature of the bulk fluid, T,, T, and Ts are the

three thermocouples readings inside the copper rod respectively from top to bottom.

Table 3.1 Sample data at atmospheric pressure on the plain copper surface at 30 W/cm?

To T1 T, Ts

TemperatLoJre 98.7 114.7 118.5 124.7
readings (°C)

To extrapolate the surface temperature, linear regression tool in excel is used as shown in
Figure 3.1. The x-axis is the distance between the thermocouple holes and the surface, and the y-
axis is the temperature readings. By doing the linear extrapolation, the surface temperature of the
plain copper surface at 30 W/cm?is 111.8 °C. The difference between the extrapolated surface
temperature and measured bulk fluid temperature is calculated to be 13.1°C, which is the wall

superheat at 30 W/cm? heat flux.
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Figure 3.1 Sample surface temperature extrapolation

3.3 Uncertainty analysis

The pressure transducer measurement, the thermocouple measurements and the heat
losses all contribute to the uncertainty of the experimental result. K-type thermocouples are used
in this work. The error of the thermocouple reading is £1.1 K. All thermocouples are calibrated
at 0 °C and 100 °C before the tests to reduce bias errors. The pressure transducer error is 16.75
MV, which is 0.08375 psi (577.5 Pa). Heat loss from the auxiliary heaters was calculated are
using the measured temperature gradient. For example, for 30 W/cm? applied heat flux on the
plain copper surface at atmospheric pressure data set, by using Eq. 3.1, the actual heat flux is
calculated to be 25.7 W/cm?. The heat loss is therefore 14%. Uncertainty of the heat flux, and

heat transfer coefficient are calculated using Eq. 3.3.
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U= / ?=1(:—;Uai) Eq. 3.3

Where U is the uncertainty, P is the parameter, a; is the measured parameter. The average error

from the applied heat flux range from 1% to 23%.
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Chapter 4 - Effect of pressure on plain copper surfaces

4.1 Introduction

Pressure has a huge effect on the boiling performance because of the change in the
thermal properties of the working fluid [8]. As shown in Figure 4.1, within the range of our
experiment, both the latent heat of vaporization and the change on specific volume decreases
with the increase of pressure. Other fluid properties, such as surface tension, saturation
temperature also play a huge role in affecting the bubble nucleation behavior in a boiling

process. Table 4.1 summarizes the thermo-fluid properties of water from 1 bar to 4 bars.
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Figure 4.1 Effect of pressure on specific volume and enthalpy of water.
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Table 4.1 Thermo-fluid properties of water

P(bar) o (N/m) Tsat (K) pv (kg/m?) pi (kg/m®) hrg (J/kQ)
1 0.0589 372.6 0.590 958.589 2258000
2 0.0546 393.2 1.129 942.951 2201900
3 0.0520 406.6 1.650 931.792 2163800
4 0.0505 416.6 2.162 922.849 2133800

In the past, large amount of effort has been made for developing correlations and
analytical models for predicting bubble nucleation site density, bubble departure diameter,
bubble release frequency, heat transfer coefficient and critical heat flux Error! Reference
source not found.. In the Fritz’s model, bubble departure diameter is correlated with the

buoyancy force of a bubble and the surface tension force as shown in Equation 4.1 [48],

1/2
D, =0.02080| — 2 Eg. 4.1
a(p —py)

where Dy is the bubble departure diameter, @ is the contact angle, o is the surface tension, g
is the gravity, pi and pq are the density of the liquid and vapor respectively. A bubble
departs the heated surface when the buoyancy force of the bubble is larger than the surface
tension force.

Mikic and Rohsenow developed correlations for active nucleation densities for
commercial surfaces in the partial nucleate boiling regime [48].

m

n'=sl——=— Eqg. 4.2
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where m is the empirical constant, Ds is the largest cavity diameter on the surface, o is the
surface tension of the fluid, Tsat is the saturation temperature of the liquid, pv is the vapor density,
htg is the latent heat of vaporization, and A7y is the wall superheat.

The bubble release frequency can be expressed using Zuber’s correlation [48],

o9(p, —pg)}“

fD, = 0.59{
P

Eq. 4.3
where f is the bubble release frequency, Dy is the bubble departure diameter ¢ is the surface
tension, , g is the gravity, and pi and pq are the density of the liquid and vapor respectively.

Due to the change in the thermo-fluid properties of water as the system pressure
increases, bubble nucleation behavior is quite different at different pressures. Using the
correlations above, the percent of increase in active nucleation site density, bubble departure
diameter and bubble release frequency is plotted in Figure 4.2 against pressure from 1 bar to 4.37
bar, which is the pressure range in this work. As pressure increases from 1 bar to 4.37 bar, the
active nucleation site density increased by 99.1%, the bubble departure diameter decreased by
6.5%, and the bubble release frequency increased by 4.3%.

Based on vapor liquid exchange model, Forster and Greif developed a model for

predicting the heat transfer coefficient as shown in Eq. 4.4 [49],

HTC = gDz f"*n, Eq. 4.4
where p=2(kipicm)*?, Dy is the bubble departure diameter, f is the bubble release frequency, and
na’ is the active nucleation site density. By plugging in the calculated results for all the

parameters in Eq. 4.4 for both 1 bar and 4.37 bars, the increase in the heat transfer coefficient is

predicted to be 70.1% from 1 bar to 4.37 bars.
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Zuber also developed an analytical for model for estimating the critical heat flux of

water. It is assumed that the occurrence of CHF is due to the Kelvin-Helmholtz instabilities [50].

1
CHF= = /o, [h, 1[0 (p1—p,)] /2 Eq. 4.5
where hyy is the latent heat of vaporization, ¢ is the surface tension, g is the gravity, pi and py are

the density of the liquid and vapor respectively. According to this correlation, CHF of water for a

highly wetting surface should occur at 110 W/cm?.
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Figure 4.2 Percent of change in bubble nucleation site density, bubble departure size and

bubble release frequency with the increase of pressure

Lots of experimental work has also been reported in the literature investigating the effect
of pressure on the performance of boiling. Laca et al. conducted saturated pool-boiling

experiments at one atmosphere and sub-atmospheric pressure on fine filament screen-laminate
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enhanced surfaces. Experiments were conducted on vertically oriented copper test surfaces in
saturated distilled water at pressures of 0.2 atm., 0.3 atm., 0.5 atm., and 1 atm. It was found that
boiling performance can be significantly improved by application of a multiple layer fine
filament screen laminate to the heat transfer surface. An enhancement of up to 22 times that of
the unenhanced surface was obtained at a superheat of 8K and a pressure of 0.2 atm [51]. Seo et
al. investigated, the pool boiling heat transfer characteristics in deionized water under
atmospheric pressure on SiC cladding and compared the results to zircaloy-4 cladding. The
experimental results showed a 63% higher CHF for the SiC heaters than the zircaloy heaters
[52]. Giraud et al. studied the specific characteristics of water pool boiling in narrow channels at
subatmospheric pressure in order to acquire the fundamental knowledge needed to improve the
design of compact evaporators in these sorption systems [53]. McGrills et al. studied several
horizontal heated surface structures’ ability to enhance saturated boiling at low pressures [54].
Das et al. studied boiling on horizontal tubes at moderate pressures [55]. More data is needed to
determine heat transfer performance enhancement at higher pressures on modified horizontal
surfaces.

In this chapter, the pressure effect on a plain copper surface is examined at four different
pressures: atmospheric pressure, 15 psig, 30 psig and 45 psig. These pressures fall in the range of
normal operation of domestic boilers. The results also serve as a foundation for future studies on

the pressure effect on engineered surfaces.

4.2 Results and discussion

The results of the pressure effect on pool boiling performance of plain copper surfaces

are shown in Figure 4.3. As the pressure increases, the boiling curves shift to the left, indicating
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a high heat transfer coefficient which is consistent with previous findings in the literature. The
critical heat flux also increases with the pressure. Moreover, the onset heat flux of nucleation
also increases with the pressure. Critical heat flux for the plain copper surface was found to be 85
W/cm? at atmospheric pressure, 100 W/cm?at 15 psig (205 kPa), 110 W/cm? at 30 psig (308 kPa)
and 45 psig (412 kPa). Accoding to Zuber’s theory, CHF is positively proportional to pressure.

The experimental results show the same trend as predicted in the Zuber’s theory.
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Figure 4.3 Boiling curves on the plain copper surface at different pressures

Heat transfer coefficient is plotted against heat flux in Figure 4.4. Heat transfer

coefficient data at very low heat fluxes (<10 W/cm?) is omitted due to the large error in
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measurements. It is shown in the plot that the heat transfer coefficient increases as pressure

increases. The average heat transfer coefficient increased by 100% from atmospheric pressure to

45 psig.
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Figure 4.4 Heat transfer coefficient vs. heat flux on the plain copper surface at different
pressures

Figure 3.5 shows the contact angle of water on the plain copper surface, and the bubbles

leaving the heated copper surface at atmospheric pressure. The bubble departure diameter on the

copper surface at atmospheric pressure is around 2.6 mm. Bubble sizes were observed to be

decreasing as the pressure increased. Both the increase in the heat transfer coefficient and the

critical heat flux is explained by the decreased bubble departure sizes at higher pressures. The
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change in the bubble size is due to the change in the thermal property of water at higher
pressures. As discussed in the previous section, differences of specific heat between liquid and
vapor decreases as pressure increases, thus the bubble sizes are smaller at higher pressures.
Smaller bubble sizes forming on the heated surface discourages coalescence of bubbles on their
neighboring sites and allows more nucleation sites. This results in the higher efficiency in

removing heat from the surface and the delay in critical heat flux.

Angle = 68.34 degrees
Angle Left = 68.34 degrees
Angle Right = 68.34 degrees
Base Width = 2.8171mm

Figure 4.5 Contact angle of water on the plain copper surface (left); Bubbles leaving
the heated copper surface at atmospheric pressure (right)
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4.3 Conclusions

In this chapter, boiling performance on a plain copper surface was examined at four
different pressures: atmospheric pressure, 15 psig, 30 psig, and 45 psig. It can be concluded that

e Heat transfer coefficient and critical heat flux of water on the plain copper surface is
positively proportional to the pressure.

e Bubble sizes decrease as pressure increases on the plain copper surface.

e The enhancement in the boiling heat transfer performance is due to the change in the

thermal properties of water at higher pressures.
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Chapter 5 - Effect of pressure on hydrophobic surfaces

5.1 Introduction

Surface wettability is an important parameter in determining the boiling heat transfer.
Surface wettability can be represented by contact angle, which is the angle between the liquid-air
interface and the solid as shown in Figure 5.1. A surface is called hydrophobic when the contact
angle of water on the surface is larger than 90°, and hydrophilic when the contact angle is smaller

than 90°.

Figure 5.1 Contact angle of liquid on a solid surface

Previous research has shown that surface wettability greatly affects the pool boiling
performance. It was found that hydrophilic surfaces increase the critical heat flux due to their
ability to rewet the surface after the departure of boiling. In contrary, hydrophobic surfaces
increase heat transfer coefficient at low heat fluxes for it requires less energy for bubbles to
grow. Larger sizes of bubbles are previously reported. However, bubble sizes are smaller at
higher pressures as discussed in the previous section. How heat transfer will be affected by
pressure on a hydrophobic surface is unclear. In this chapter, pool boiling experiments on a

Teflon© coated copper surface at two different pressures are examined.
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In this chapter, Teflon© solution was coated on a copper substrate to decrease the
wettability of the surface. The performances of boiling on the hydrophobic Teflon© coated
copper surface and on a plain copper surface were examined and compared under atmospheric

pressure and 15 psig.

5.2 Surface preparation

Teflon®© is coated on the top surface of the copper cylinder using dip coating. The
Teflon© solution was made by combining 1 part of the Teflon AF solution with 24 part of
refrigerant FC-40. Before dip coating, the copper substrate was soaked in isopropanol and then
cleaned in the ultrasonic cleaner for 20 minutes. After cleaning, the copper substrate was dipped
in the Teflon©/refrigerant solution, and air dried. Then the copper substrate was baked in the
oven at 165°C overnight. This method has been reported in the literature to create a uniform
layer of Teflon® coating of approximately 260 nm in thickness [56].

Static contact angles of water on both the plain copper surface and the Teflon© coated
copper surface are measured using a static goniometer. Average static contact angle on the
Teflon© coated surface is 117°, while the average contact angle on the plain copper surface is
68°. Figure 5.2 are pictures of water droplets on the plain copper surface and Teflon© coated

copper surface.
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Figure 5.2 Contact angle of water on the Teflon© coated copper surface (left), and on the
plain copper surface (right)

Temperature drop due to the thermal resistance of the coated layer at 50 W/cm? is
calculated to be 0.657 K using the following equation. The temperature difference is considered

insignificant compared with the surface temperature of the copper during each test.

Q-

AT =L Eq. 5.1

k-

>
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Where AT is the temperature difference, g’ is the applied heat flux, L is the thickness of the
Teflon®© coating, k is the thermal conductivity of the Teflon© coating, and A is the coated

surface area.

5.3 Results and discussion

Boiling tests of deionized water are conducted on the plain copper at 0 psig, 15 psig and
22 psig, and on the Teflon© coated surface at 0 psig and 15 psig. CHF is not reached in these
tests. Figure 5.3 shows all the boiling curves for each pressure on both surfaces. The boiling
curves are shifted to the left at increased pressure on both surfaces due to the change in the water
properties as discussed in the previous chapter. At the same pressure, the heat transfer coefficient
of the Teflon© coated copper surface is higher than the plain copper surface. At lower heat
fluxes (<50 kW/m?), pressure effect on the heat transfer coefficient is negligible. Since fewer
bubbles form at lower heat fluxes, natural convection is the dominant mode of heat transfer on
the heated surface. With few bubbles forming on the surface, the effect of pressure on boiling
heat transfer is not significant. At higher heat fluxes (>50 kW/m?), more bubbles form on both
surfaces. Since the energy that the bubbles need to overcome at different pressures is a function

of the fluid property, the effect of pressure is more significant at higher heat fluxes.
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Boiling curves on both surfaces
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Figure 5.3 Boiling curves of water on Teflon coated copper surface and plain copper
surface at different pressures

Bubble dynamics are drastically different on both surfaces. On the hydrophobic surface,
average bubble sizes are larger than that on the plain copper surface, but the nucleation sites are
fewer than that on the plain copper surface. Figure 5.4 is a comparison of the bubble departure
size on both surfaces at atmospheric pressure. On the plain copper surface, the bubble departure
size is 2.6 mm, and on the Teflon© coated surface, the bubble departure size is 3.7 mm. The

increase in the bubble departure sizes is caused by the decreased wettability of the hydrophobic

surface.
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b
Figure 5.4 Bubbles forming on the plain copper surface (a) and on the Teflon coated
surface (b)

It should also be noted that on the copper surface, the average heat transfer coefficient
increased by 20% from 0O psi to 15 psi. However, on the Teflon© coated copper surface, the
average heat transfer coefficient increased only by 14% from 0 psi to 15 psi. This demonstrates
that the wettability of the heated surface has a higher impact than the fluid property change. As
the pressure increases, bubble size should decrease. On the other hand, hydrophobic surface

promotes larger size bubbles. The competing effect between the pressure and the wettability
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resulted in the smaller change in heat transfer coefficient on the Teflon© coated hydrophobic
surface due to the increase in pressure.

Figure 5.5 and Figure 5.6 show the heat transfer coefficient enhancement on Teflon©
coated surface at two pressures. At low heat fluxes (<50 kW/m?) side bubbles forming around
the gap of between the heated surface and the insulation material has a huge impact on the heat
transfer behavior, which results in large heat transfer coefficient. When the heat flux reaches
approximately 80 kW/m? the heat transfer coefficient of water on the Teflon© coated surface
shows a great increase. At atmospheric pressure, the average heat transfer coefficient is 14
kW/m?2K on the Teflon© coated hydrophobic surface, and 9.6 kW/m?2K on the plain copper
surface. An increase of 46% in heat transfer coefficient was achieved on the hydrophobic
surface. At 15 psi, the average heat transfer coefficient is 16 kW/m?K on the Teflon© coated
hydrophobic surface, and 12 kW/m?K on the plain copper surface. An increase of 33% in heat
transfer coefficient was achieved on the hydrophobic surface. The increase in heat transfer
coefficient on the hydrophobic surface is explained by the larger bubble sizes forming on the

surface.
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Table 5.1 and Table 5.2 summarize the onset of nucleation for the plain copper surface
and the Teflon© coated surface at different pressures respectively. For the plain copper surface,
the average onset wall superheat for the bubbles is 5.2°C at all pressures, and the average onset
heat flux is 82 kW/m?2. For the Teflon© coated hydrophobic surface, the average onset wall
superheat is 5.3°C, and the onset heat flux at both pressures is 39 kW/m?2. It should be noted that
at low wall superheat, due to the uncertainty of the thermocouple measurements (£2.2 °C), the
onset wall superheat of bubbles on the two surfaces are comparable. However, bubbles do start
to nucleate on the Teflon © coated surface at much lower heat flux compared to the copper
surface. This indicates that due to the higher wettability of the Teflon© coated hydrophobic

surface, the thermal energy that a bubble needs to form is much less than that on the plain copper

surface.

Table 5.1 Onset of nucleation on plain copper surface

) onset temperature onset heat
pressure (psig) onset superheat (K)
(°C) flux(kW/m?)
0 103.6 5.6 84
15 125.1 4.8 90
22 129.7 5.2 72
Table 5.2 Onset of nucleation on the Teflon coated surface
_ onset temperature onset heat
pressure (psig) onset superheat (K)
(°C) flux(kW/m?)
0 103.4 5.1 36
15 125.6 55 42
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5.4 Conclusions
In this section, boiling performances of deionized water on a plain copper surface and on
a Teflon© coated copper surface are investigated under atmospheric pressure and 15 psig. It was

found that
e Pressure effect on heat transfer coefficient on both surfaces are higher at higher heat
fluxes on both surfaces.
e Teflon© coated copper surface exhibit higher average heat transfer coefficient than the

plain copper surface at both pressures.

® Energy that it takes for bubbles to form on the Teflon© coated copper surface is much

less than that on a plain copper surface.
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Chapter 6 - Effect of pressure on graphene oxide coated copper

surfaces

6.1 Introduction

In recent years, graphene has demonstrated superb mechanical and electrical properties
[57]. Graphene and graphene oxides have caught many researchers’ interest in various industries.
Table 6.1 is a summary of the boiling performance enhancement using graphene or graphene
oxide. Although it was found that graphene and graphene oxide increased HTC and CHF, the
proposed mechanisms for the enhancement are different. The two popular explanations for the
enhancement in boiling heat transfer using graphene include the increased roughness of the
surface, and the large thermal conductivity of graphene.

Table 6.1 Summary of boiling performance enhancement using graphene or graphene
oxide

Enhancement method HTC Enhancement | CHF Enhancement
pool boiling | Graphene coated zirconium [58] 5% 64%
pool boiling Graphene film [59] 90% 63%
pool boiling Reduced GO film [60] 65% 70%
pool boiling GO colloidal suspension [61] N/A 63%
Porous graphene-deposited ITO
pool boiling surface [62] 186% 90%
Graphene-deposited ITO surface
pool boiling [62] 4% 9%
flow boiling GO nano fluid [63] N/A 20%
flow boiling GOl/water suspension [64] N/A 100%
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In this work, boiling enhancement of a graphene oxide coating on a copper substrate is
compared to a plain copper surface at atmospheric pressure, 15 psig (205 kPa), 30 psig (308
kPa), and 45 psig (412 kPa) with deionized water. This is the operating pressure change for most
residential boilers. Comparing the heat transfer performance at varying pressure provides
additional insight into the enhancement mechanisms and makes surface coating more viable in

application such as residential heating.

6.2 Surface coating

Graphene oxide is deposited on the top surface of the copper rod using spray coating. The
copper rod is placed on a hot plate set at 100°C. As the copper piece is heated up, graphene oxide
solution is then sprayed on to the top surface. After the solvent evaporates, the copper surface is
evenly covered with a black film of graphene oxide. The sample is then baked in an oven
overnight at 90°C. It is found that baking the graphene sample at a temperature lower than 90°C
will decrease the adherence of the graphene coating to the copper substrate, while baking the
sample at a higher temperature will make the graphene film crisp, thus prone to cracking. The
thickness of the graphene oxide coating on copper substrate is measured by cutting away a small
portion using a high precision micro-milling machine and visual inspecting it under a

microscope. The thickness of graphene oxide varies from 2 — 9 microns as shown in Figure 6.1.

47



Figure 6.1 Side-view of the graphene oxide coating on the copper substrate.

Static contact angles of water on both the plain copper surface and the graphene oxide
coated copper surface were measured using a static goniometer. Six contact angle measurements
were taken for each surface. Figure 6.2 is a picture of one contact angle measurement on the
graphene oxide coated copper surface. The average static contact angle on the graphene oxide
coated surface is 80.3° with standard deviation of 2.8°, while the average static contact angle on
the plain copper surface is 72.2° with standard deviation of 2.7°. Montage images are taken
under a microscope at a magnification level of 2500X to examine the surface roughness of
copper substrate before and after coating. The average roughness is 0.443 microns for the plain
copper surface, and 0.626 microns for the graphene oxide coated surface. Figure 6.3(a-d) shows

the topography and 3D image of the copper surface before and after coating.
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Angle Left = 68.34 degrees Base Width = 2.5234mm
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Figure 6.2 Comparison of contact angles of water on the plain copper surface and on the

graphene oxide coated copper surface

a b

Figure 6.3 (a) Topography of plain copper surface. (b) 3D image of plain copper surface at
2500X. (c) Topography of GO coated surface. (d) 3D image of GO coated surface at 2500X.
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6.3 Results and discussion

Boiling tests are conducted on a plain copper surface and on a graphene oxide coated
surface from atmospheric pressure to 45 psig (412 kPa). Figure 6.4 to Figure 6.7 are the boiling
curves for water on both surfaces at all pressures. When pressure increases for both surfaces, the
boiling curve is shifted to the left due to the change of thermal properties of water.

At each pressure, the boiling curve of the graphene coated copper surface is always has a
steeper slope than the boiling curve of the plain copper surface. However, as the pressure
increases, the average distance between the two curves decreases. The dash line in each figure
shows the difference in wall superheat between the two surfaces at 60 W/cm?. This implies that
at higher pressures, the heat transfer enhancement of the graphene coated copper surface is

suppressed.
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Figure 6.5 Boiling curves on both GO coated surface and plain copper surface at 15 psig
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Figure 6.6 Boiling curves on both GO coated surface and plain copper surface at 30 psig
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Figure 6.7 Boiling curves on both GO coated surface and plain copper surface at 45 psig

Pressure also has a positive relationship with the critical heat fluxes of the plain copper
surface. Critical heat flux for the plain copper surface was found to be 85 W/cm? at atmospheric
pressure, 100 W/cm?at 15 psig (205 kPa), 110 W/cm? at 30 psig (308 kPa) and 45 psig (412
kPa). Critical heat flux of the graphene oxide coated surface was found to be 80 W/cm? at
atmospheric pressure, 90 W/cm? at 15 psig (205 kPa), 105 W/cm2 at 30 psig (308kPa), and 115
W/cm? at 45 psig (412 kPa). These results demonstrate that the critical heat fluxes for both
surfaces at all pressures are comparable.

The heat transfer coefficient as a function of heat flux at all pressures are plotted in
Figure 6.8-Figure 6.11. Errors at low heat fluxes have a significant impact on calculated values
of the heat transfer coefficient. This is mainly due to the undesired bubbles occurring at the edge

around the heated surface and uncertainty from thermocouple readings at low wall superheat.
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The average heat transfer coefficient of the graphene oxide coated copper surface is 43.8
kKW/m?2K at atmospheric pressure, 52.7 kW/m?K at 15 psig (205 kPa), 56.1 kW/m?2K at 30 psig
(308 kPa), and 58.1 KW/m?K at 45 psig (412 kPa). For 30 W/cm? heat flux, the HTC increase of
the graphene oxide coated surface comparing to the plain copper surface was 126.8% at
atmospheric pressure, and 51.5% at 45 psig (412 kPa).
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Figure 6.8 HTC vs. heat flux on GO coated surface and plain copper surface at 0 psig
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Figure 6.9 HTC vs. heat flux on GO coated surface and plain copper surface at 15 psig
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Figure 6.10 HTC vs. heat flux on GO coated surface and plain copper surface at 30 psig
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Figure 6.11 HTC vs. heat flux on GO coated surface and plain copper surface at 45 psig

Onset heat flux of bubble nucleation on the graphene oxide coated copper surface is
observed to be 30 W/cm? at atmospheric pressure, 15 psig (205 kPa) and 30 psig (308 kPa), and
40 W/cm? at 45 psig (412 kPa). The onset wall superheat is found to be 6.2 K at atmospheric
pressure, 5.3 K for 15 psig (205 kPa), 4.9 K for 30 psig (308 kPa), and 7.3 K for 45 psig (412
kPa). Bubble sizes on the graphene oxide coated surface are smaller compare with the plain
copper surface. Figure 6.12 shows the comparison of bubble sizes on the plain copper surface

and on the graphene oxide coated surface at heat flux of 30 W/cm? at atmospheric pressure.
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Figure 6.12 Images of bubble forming at 0 psig (101 kPa), 30 W/cm2 (a) on a GO coated
surface plain copper surface (b) on a plain copper surface

On the graphene oxide coated copper surface, the HTC improvement of a graphene oxide
surface change as drastically with pressure. As pressure increases, the HTC improvement of the
graphene oxide coated surface decreases. As discussed in Chapter 4, HTC increases at higher
pressures due to the change in the thermal properties of water. As pressures increase bubble sizes
decreases, resulting in increased heat transfer coefficients. However, on the graphene coated
surface, the bubble departure sizes are already smaller than on the plain copper surface. This

demonstrates that the size of the bubbles are determined by the properties of the surface instead
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of the fluid properties. Therefore the change in thermal properties of the working fluid has less
impact on the bubble departure sizes, explaining the suppressed improvement of HTC on the
graphene oxide coated copper surface at higher pressures.

It is interesting to find that the graphene oxide coated copper surface has a higher heat
transfer coefficient than the plain copper surface even though the contact angle of a water droplet
on the graphene oxide coated surface is only slightly higher and the surface roughnesses are
comparable. Also, the bubble departure diameter is significantly smaller when compared with
the plain copper surface. One possible explanation for the decreased bubble diameter is that the
special micro/nano structures of the graphene oxide surface created favorable nucleation sites for
bubbles to grow. Due to such structures, the bubble sizes were determined by the geometry of the
micro/nano structures rather than the overall wettability of the surface. Another possible
explanation is that graphene actually has nonhomogeneous wettability, and the goniometer only
measures the average contact angle of a water droplet on the surface. Therefore, bubbles will
prefer to form on the micro/nano-scale areas that are more wetting causing the change in the size
of bubbles.

Figure 6.13 is an image taken under the microscope of the graphene oxide coated surface
after boiling at atmospheric pressure. It can be observed that some darker spots appear on the
surface. This demonstrates that some bubbles were pinned on the surface during the boiling

process and redeposition of graphene occurred.

57



Figure 6.13 Image of the graphene oxide coated surface after boiling

Bubble GO layer

i

Figure 6.14 Pinning of bubble provides liquid pathway for rewetting the surface

The decreased bubble size on the graphene oxide coating allows more bubble nucleation
sites on the surface. As a result, more heat could be removed from the heated surface, making the
heat transfer coefficient higher for the coated surface. At higher heat fluxes, the violent bubble
formation and merging diminished the effect of bubbles pinning on micro/nano structures or
nonhomogeneous wettability, and the macroscopic property (i.e. wettability) of the graphene
oxide coating started to dominate. Since the wettability of the plain copper surface and the
graphene oxide coated surface is similar, the critical heat fluxes on both the surfaces are

comparable.

58



6.4 Conclusions

In this chapter, nucleate pool boiling performance of deionized water on a graphene oxide

coated surface and a plain copper surface at varied pressures from atmospheric pressure up to 45

psig (412 kPa) were investigated. It was found that:

Heat transfer coefficient increases as the pressure increases for both surfaces. The
graphene oxide coated surface has a higher heat transfer coefficient than the plain copper
surface at the same pressure, although the heat transfer enhancement diminishes as the
pressure is increased.

Bubble sizes on the graphene oxide coated surface are observed to be significantly
smaller than those on the plain copper surface. These characteristics could be due to the
pinning effect of bubbles by the micro/nano structures on the graphene oxide surface,
and/or the nonhomogeneous wettability of the graphene oxide surface.

The pinning effect of bubbles will diminish at higher heat fluxes, and the macroscopic
property of the graphene oxide coated surface will dominate the heat transfer behavior on

the graphene oxide copper surface.
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Chapter 7 - Characterization of engineered surfaces

7.1 Overview

In order to further understand the micro/nano or nonhomogeneous wettability of the
engineered surface, condensation experiments were conducted on a graphene coated copper
surface, and freezing experiments were conducted on nanoporous structured silicon surfaces.
Condensation and freezing behaviors on these engineered surfaces are drastically different.
Pinning of water droplets were also found on these surfaces. The freezing experiment on the
nanoporous surfaces also demonstrates that the pinning droplets affects the freezing dynamics,

resulting in reduced freezing time.

7.2 Experimental apparatus

Freezing and condensation on engineered surfaces experiments are conducted in a
freezing stage in a computer controlled environmental chamber at the Kansas State University
Institute of Environmental Research under quiescent flow conditions with a controlled relative
humidity (RH) and an initial constant air temperature of 295 K. The relative humidity and
temperature of the chamber were also independently verified using an Omega RHXL3SD
thermometer/hygrometer. The freezing stage, depicted in Figure 7.1, was composed of Peltier
cooler connected to a TE Technologies TC-720 temperature controller and MP-3176 thermistor.
The hot side temperature was maintained by an aluminum heat sink supplied with ice water from a
Fisher Scientific FH100D peristaltic pump. The stage temperature was independently monitored by
a thin film Omega thermocouple connected to a National Instruments data acquisition system
(DAQ-9174 with NI 9211 module). Chamber relative humidity varied between 30 — 60 % RH.

Videos were captured by a Leica DVM2500.

60



Thermistor and Peltier
communicate with
temperature controller

Peltier cooler

Thermocouple
outputs to DAQ

Figure 7.1 Schematic of the freezing stage

7.3 Condensation over graphene coated copper surface

7.3.1 Overview
Condensation experiments were conducted on a plain copper surface and a graphene
oxide coated copper surface to further demonstrate that the micro/nano structures or the
nonhomogeneous wettability of the graphene oxide plays a huge role in the two phase heat
transfer process. The copper substrates are 25.4 mm in diameter and 3 mm in thickness. Both
samples were manufactured with the same process as the samples used in the boiling

experiments. The samples were placed on the freezing stage in the environmental chamber where
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the temperature was controlled at 22°C and the relative humidity at 40%. The surface was cooled
with a Peltier cooler at 4°C. A microscope recorded the condensation process on each surface at

1 frame per second.

7.3.2 Results and discussion

Condensed water droplet formation on both surfaces was observed under a microscope,
as shown in Figure 7.2 and Figure 7.3. It is found that on the plain copper surface, the condensed
water droplets evenly distributed all over the surface and had uniform round shapes. During the
condensation process on the plain copper surface, the water droplet sizes over the entire surface
were uniform. As the water droplets grew, the neighboring droplets coalesced with each other
forming a larger round shaped droplet. Furthermore, coalescence moved the droplets, creating
dynamic interactions on the cleared surface. Droplet coalescence and direct condensation both
contribute to the growth of the droplets on the plain copper surface.

On the other hand, for the graphene oxide copper surface, some of the condensed water
droplets are pinned to random spots over the surface. As the droplets grew and coalesce, due to
the pinning effect, the merged droplets form non-spherical irregularly shapes as shown in Figure
7.3. The size difference of the droplets on the graphene coated copper surface are more apparent
than on the plain copper surface. The growth of the droplets on the graphene coated copper
surface are mainly due to coalescence. The growth rate by direct condensation is lower on the
graphene coated copper surface than on the plain copper surface. The irregular shape of
condensed water droplets on the graphene coated surface suggests that the existence of

micro/nano structure or nonhomogeneus wettability of the graphene coated surface.
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Figure 7.2 Condensed water droplets on plain copper surface (dimension 612 x 459 pm)
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Figure 7.3 Condensed water droplets on graphene oxide coated surface (dimension 612 x
459 um)
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7.4 Frost formation on nanoporous hydrophilic surfaces

Water droplet nucleation, coalescence, and subsequent freezing were studied on
nanoporous surfaces and hydrophilic silicon oxide surfaces. In order to achieve freezing, samples
were placed in an environmental chamber with surface temperatures of 265 K. Videos were

taken with a microscope at 100 frames per second.

7.4.1 Fabrication of nanoporous and hydrophilic surfaces

Nanoporous surfaces were fabricated using Microsphere Photolithography (MPL), which
is a low-cost, bottom-up fabrication technique [65] . The process begins with arrays of self-
assembled microspheres on the substrate, forming a hexagonal close packed (HCP) crystal. This
process is depicted in Figure 7.4. For the nanoporous surfaces utilized in this study, HDMS
adhesion promoter was applied to a polished silicon wafer. Positive tone photoresist, S1805
(Shipley), was spin-coated to a thickness of 480 nm = 20 nm. Following soft-baking of the resist
at 115°C, a microsphere solution consisting of 2 um diameter polystyrene spheres (Polysciences)
dispersed in water (8.9% wt.) was drop coated onto the photoresist. As the water evaporated, the
microspheres self-assembled. At the conclusion of this process, the entire sample was flood
illuminated using an i-line mask aligner (MA6, Karl Suss). After exposure, the sample was hard-
baked at 145°C before developing in MF319 (Rohm Haas). During development the
microspheres were removed from the substrate to reveal the nanopores with diameters of 500 —

750 nm, depending on the exposure time.
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Figure 7.4. Microsphere Photolithography process showing (a) microspheres self-assembled
on photoresist surface, (b) pattern after exposure and development

7.4.2 Results and discussion
As the surface cooled, droplets began to condense on the surface. For the plain silicon
oxide surface, droplets grew and some merged or coalesced, as shown in Figure 7.5. Droplet
growth by direct condensation is slow. In Figure 7.5, the circled droplet growing by direct

condensation increased in diameter by only 25% after two minutes. Whereas, in the locations
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were coalescence had occurred, the droplet diameter greatly increased. Increased coalescence

leads to an increase in freezing time due to a combination of dynamic droplets, increased droplet

size, and surface energy reduction.

Figure 7.5. A time-lapsed image sequence of condensation on the silicon oxide surface at
40% relative humidity elucidates the rate of droplet growth through direct condensation
compared to coalescence. The time between frames is 1 minute and each image is 765 x

574 pm.

In contrast, the nanopores on the patterned surface pinned the droplets, preventing them
from fully coalescing and creating non-spherical droplets, shown in Figure 7.6. Droplets
continued to grow through direct condensation, but the direct growth process was slow compared

to coalescence and the droplets froze just minutes after the condensation process began.
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Figure 7.6. Droplet pinning on the nanoporous surface and close-up of the nanoporous surface (inset)

The nanoporous surfaces had decreased freezing times (defined as the time required for
the entire surface to freeze) at relative humidities ranging from 30-60%, as shown in Figure 7.7.
Each surface was tested at least three times at each relative humidity with a constant air
temperature of 295 K. Because freezing time was determined through visual inspection, the
uncertainty for the freezing time was conservatively estimated to be = 2 minutes. Different
freezing behavior was apparent on the different surfaces; freezing times for the nanoporous
surfaces were around 4-5 minutes, while freezing time was a strong function of relative humidity
for the silicon oxide surfaces. The greatest difference in freezing time occurred at 30% RH; the
nanoporous surface froze in 5 minutes, compared to 19 minutes for the silicon oxide surface. At

this lower relative humidity, there is less available moisture in the air and droplet coalescence on
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the silicon oxide surface prolongs freezing. In contrast, at higher humidities, the rate of droplet
growth due to direct condensation is greater and less coalescence is necessary for the entire
surface to freeze. At 60% RH, the change in the average freezing time between the surfaces was
negligible. This is consistent with previous work which demonstrated that 60% RH was the
shortest freezing time for silicon oxide surfaces [68]. The droplet pinning on the nanoporous
surface does not completely prevent droplet growth or merging since droplets continue to grow
due to direct condensation at the droplet interface. The time required for the nanoporous surface
to freeze remains relatively constant regardless of relative humidity due to the suppression of

droplet coalescence.
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Figure 7.7. Freezing time for the nanoporous surface compared to the silicon oxide wafer
at 30%, 40%, and 60% relative humidity.
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It is hypothesized that the unusual, non-spherical droplet shapes observed on the
nanoporous surface are a result of the droplets being pinned in the nanopores, thereby affecting
freezing behavior (Figure 7.6). Nanopore dimensions needed to be in an optimal range to pin the
droplets. In order for the holes to prevent coalescence, the energy required to overcome the
capillary pressure (Ecap) must be greater than the surface energy reduction by coalescing

droplets, Eq. 7.1.

Ecap > SAred Eq. 7.1

The total energy required to overcome the capillary pressure will be the capillary pressure (Pcap)
IS,

Ecap= Pcap-V-n"-Ac Eq. 7.2

where V is water volume in a pore, n” is pore density, and Ac is the contact area of a drop. The
surface area reduction from two coalescing droplets assumes that the droplets are spherical caps
and that the two coalescing droplets have the same radius (Rd1). With these two assumptions,
the reduction in surface energy depends on the contact angle (6) and the droplet radius, Eq. 7.3. It

should also be noted that a contact angle less than 90° is required.
SAred = 2Y%7-(Rd1)?- (1+((1-cos0)/sin6)?) Eq. 7.3

Substituting in parameters for the equations above, the capillary energy depends on the surface
tension of water in air (o), the radius of the pores (r), the depth of the pores (6), and the density
of the pores, Eq. 7.4.

41-6-€0S0-1-8-n">2Y3(1+((1-c0s0)/sin6)?) Eq. 7.4
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The pore density is assumed to be a function of the pore radius with a pitch of 4r, Eq. 7.5. The
pores on the actual surface are arranged in a more densely packed staggered arrangement, see

Figure 7.6. However, due to dislocations and grain boundaries in the nanoporous structure, the
actual pore density is difficult to determine for any given droplet. The pore density used in the

calculations provides a conservative estimate,
n'= 1/(16r?) Eq. 7.5

Equation 7.4 can be simplified and the required pore radius is a function of surface tension (o),

the contact angle (0), and the depth of the pores (3), Eq. 7.6.

r > [(1/4)n-c-cos0-8]/ {2Y3(1+[(1-cosh)/sin6]?)} Eq. 7.6

There is a suitable pore size range which will exhibit this droplet pinning behavior. The pore
diameter should be in the range of active nucleation site size to ensure that the water condenses
in the interior of the hole [69], and the pore diameter should be smaller than the initial nuclei so
that water fills the hole and the droplets span multiple holes and capillary pressure is significant.
According to Leach et al.[69], active nucleation site sizes range from 100 nm — 30 um depending
on conditions and initial water nuclei are typically around 1 - 10 um in size. This sets the limit of
possible pore diameters between 100 nm — 10 pum, Figure 7.8. Assuming water as the fluid
condensing on the surface, Figure 7.8 provides the diameter required to pin the droplets, reduce
coalescence, and accelerate freezing. The dashed circle on the graph represents the contact angle

and pore sizes investigated in this work.
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Figure 7.8. Modeled pore diameter required for the energy to overcome the capillary
pressure to equal the energy reduction from coalescence at varying contact angles and
pore depth. The region of contact angle and pore diameters studied are shown with a
dashed line.

Droplet pinning altered the freezing time and changed the structure of ice on the surface.
On the hydrophilic silicon oxide surface, there was a clear freezing front propagation, and ice
bridging was observed as the main mechanism for the freezing front propagation [70], as shown
in Figure 7.9. On the nanoporous surface, the freezing front was more challenging to track
because freezing was more rapid. During several tests, all the droplets in the field of view froze
in a single frame (0.01 seconds), or a random pattern of freezing was observed. At 40% RH, the
freezing front propagation on the silicon oxide surface was 0.73 mm/min and propagated from
the upper right corner of the frame to the lower left corner. The propagation rate was determined

by dividing the diagonal length of the frame by the total time required for every droplet in the
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frame to freeze. The freezing front propagation was limited by the growth rate of the ice bridging
crystals particularly on the silicon dioxide surface, Figure 7.9. Observed ice bridge crystals grew
at an average rate of 0.11 mm/min with a standard deviation of 0.029 mm/min. This growth rate
is consistent with, albeit slightly higher than, previously reported data [73]. The freezing front
can propagate faster than the crystal growth because droplet freezing also contributes to the
freezing front propagation. On the nanoporous sample at 40% RH, the freezing front was
distinguishable and the propagation rate was much higher, 5.2 mm/min. When drops froze on the
nanoporous surfaces, there was very little change in the index of refraction or reflectance so that

the patterns beneath the drops were visible through the ice nuclei, see Figure 7.9.

Figure 7.9. Droplets on the silicon oxide surface (a) before and (b) after freezing
compared to the nanoporous surface (c) before and (d) after freezing at 40% relative
humidity. Surfaces were maintained at 265 K and the images are 765 x 574 pm.
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7.4 Conclusions

Micro/nano structures or nonhomogeneous wettabilities have profound impact on
freezing and condensation behaviors. Graphene oxide coated copper surface has random
micro/nano structures, while the nanoporous surface has regularly arrayed nanostructure. It was
found that the pinning of droplets occurs on micro/nano structured or nonhomogeneous
wettability surfaces. Due to the pinning effect, condensation and freezing dynamics were
changed. Without pinning, droplets move during coalescence creating dynamic interaction with
the surface. Freezing experiments further demonstrates that the nanoporous surface changed the
freezing behavior of droplets. This implies that pinning of vapor bubbles on graphene oxide

coated surface plays a huge role in affecting the bubble dynamics, thus enhancing the boiling

performance.

Figure 7.10 (a) Redeposition of graphene of bubbles pinning on the graphene oxide coated
surface, (b) droplets pinning on the graphene oxide coated surface, (c) droplets pinning on
the nanoporous surface
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Chapter 8 - Conclusions and future work

8.1 Conclusions

The boiling performance of deionized water at various pressures (from atmospheric
pressure to 45 psig) was experimentally examined on a plain copper surface, a Teflon© coated
copper surface, and a graphene coated copper surface. To further understand the physical
insights of engineered surfaces, condensation experiments were conducted on graphene coated
copper surfaces, and freezing experiments were conducted on nano-structured silicon surfaces

e Effect of pressure

Test results show that elevated pressures increase both the heat transfer coefficient (HTC)
and critical heat flux (CHF) of water. Onset of bubble nucleation was delayed at higher
pressures. Increased pressure also decreases the bubble sizes. The rate of increase in heat transfer
coefficient due to pressure on different surfaces are not the same due to the different surface
properties. The effect of pressure on the graphene coated surface was suppressed. The
enhancement of the boiling performance at elevated pressure is due to the change in the thermal
properties of water at higher pressures.

e Effect of engineered surfaces

Engineered surfaces have huge effect on the boiling performances of water. Experimental
results on the Teflon© coated copper surface manifests that hydrophobic surfaces have higher
heat transfer coefficient. Onset of nucleation occurs at smaller heat fluxes on the hydrophobic
surfaces at both pressures. At the same pressure, bubble sizes were found to be larger on the
hydrophobic surfaces than those on the plain surfaces. Since the hydrophobic surface has less
surface energy, the energy required for bubbles to form on the hydrophobic surface is decreased.

Therefore the heat transfer rate is enhanced on the hydrophobic surfaces.
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On the graphene coated surface, the heat transfer coefficient was greatly enhanced but the
critical heat flux remained similar compared with the plain copper surface. Although the plain
copper surface has higher wettability than the graphene coated surface, the bubble sizes on the
graphene coated copper surface are found to be significantly smaller than the plain copper
surface. Pinning effect of bubble observed during the boiling process. It is postulated that the
pinning effect of bubbles occurs because of the micro-nano structure, and/ or the
nonhomogeneous wettability of the graphene coated surface. At higher heat fluxes, the effect of
microscopic properties of the surfaces diminish and the effect of the macroscopic property of the
surface start to dominate, explaining the similar critical heat fluxes on both surfaces at each
pressure.

e Physical insights on engineered surfaces.

Both the condensation experiments on the graphene coated copper surface and the
freezing experiments on the nanoporous silicon surface show that the micro/nano structure of the
surfaces have a huge impact on the bubble dynamics. Water droplets on the engineered surfaces
have irregular shapes due to the pinning effect, which greatly impacts the condensation and
freezing behaviors of water. The results imply that the pinning of bubbles on the graphene coated

surface affects the heat transfer performance in boiling processes.
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8.2 Future work

In order to further understand the effect of pressure on engineered surfaces, more boiling
experiment will be done on engineered surfaces at higher pressures. Since the rate of increase in
the heat transfer coefficient is smaller on the engineered surfaces than on the plain copper
surface, there should be a pressure at which engineered surfaces have little impact on the boiling
heat transfer.

In this work, the graphene coated copper surface has randomly patterned mico/nano
structure, and randomly patterned nonhomogeneous wettability. In order to explore how pinning
effect of bubbles affects the bubble dynamics, the next step is to design and manufacture
regularly patterned biphilic surfaces, and examine the bubble formation on these surfaces in
boiling tests. The effect of the newly designed engineered surfaces on the boiling performance of
water will also be studied at different pressures. Numerical models will be developed for the
regularly patterned engineered surfaces. Condensation and freezing behavior of the engineered

surface will also be examined.
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