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Abstract 

Boiling is a vital process used to transfer heat effectively via harnessing the large latent heat 

of vaporization for a variety of energy and thermal management applications. The boiling 

heat transfer performance is described mainly by critical heat flux (CHF) and heat transfer 

coefficient (HTC), which quantifies the operational heat flux limit and the efficiency of boiling 

heat transfer, respectively. The goal of this thesis is two-fold: fundamental understanding on 

the mechanisms associated with CHF and significantly enhancing pool boiling heat transfer. 

First, we addressed the large discrepancy of experimental CHF values on flat surfaces 

reported in the literature by accounting for hydrocarbon adsorption and oxidation of 

metallic surfaces during boiling. Accordingly, we developed an experimental protocol based 

on this understanding on the causes of spread in CHF values and used the protocol 

throughout this thesis for consistent experimental measurements.  

We subsequently investigated the effects of surface structures on enhanced CHF 

during pool boiling of hemi-wicking surfaces. We systematically designed micropillar 

surfaces with controlled roughness and wickability, and combined the results with scaling 

analysis to obtain a unified descriptor for CHF. This unified descriptor represents the 

combined effects of the extended contact line length and volumetric wicking rate, which 

shows a reasonable correlation with CHF values with our experiments and literature data.  

Next, we engineered boiling surfaces to achieve simultaneous CHF and HTC 

enhancements. We developed a microtube structure, where a cavity is defined at the center 

of a pillar, to enhance the heat transfer characteristics in controllable manner. In addition to 

uniform microtube arrays, we designed a surface with microtube clusters interspersed with 

micropillars, referred to as tube-clusters in pillars (TIP), to mitigate the earlier boiling crisis 
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of uniform microtube arrays due to the extensive bubble coalescence. While uniform 

microtube arrays and TIP surfaces showed significant enhancement of both CHF and HTC 

compared to a flat surface, there was an intrinsic trade-off between CHF and HTC associated 

with the nucleation site density. Accordingly, we proposed hierarchical TIP (h-TIP) surfaces 

to control vapor nucleation with multi-scale structures while providing capillary wicking. 

These surfaces showed CHF and HTC enhancements up to 138 and 389%, respectively, 

compared to a flat surface.  

Finally, we investigated the use of sandblasting as a scalable surface engineering 

technique for enhanced pool boiling heat transfer for industry-scale applications. Pool 

boiling results along with surface characterizations on silicon surfaces showed that surface 

roughness and volumetric wicking rates increased with the sandblasting abrasive size. As a 

result, CHF and HTC values enhanced up to 192.6 and 433.6% compared to a flat surface, 

respectively.  

This thesis provides important insights to understand the role of surface properties 

and structures on pool boiling heat transfer, thereby providing guidelines for the systematic 

design of surface structures for enhanced pool boiling heat transfer.  

 

Thesis Committee:  

Professor Evelyn N. Wang (Thesis Advisor/Chair), Department of Mechanical Engineering 

Professor Rohit Karnik, Department of Mechanical Engineering 

Professor Matteo Bucci, Department of Nuclear Science & Engineering 
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Chapter One 

 

1 Introduction 

Boiling is a liquid-to-vapor phase change process accompanying the nucleation of vapor 

bubbles within a bulk liquid, as opposed to evaporation, which can occur below a boiling 

point and does not generate bubbles. Boiling can be classified into pool boiling and flow 

boiling according to the presence of external fluid flow. Pool boiling is boiling on a heated 

surface submerged in a stagnant pool of liquid. Flow boiling, on the other hand, takes place 

in a flowing fluid, where an external pump typically forces the flow. The type of a boiling 

system can be determined according to the complexity, dimension, and heat transfer 

requirements of an overall system. This thesis focuses on a pool boiling system.  

 

1.1 Motivation 

 

The worldwide demand for electrical power has been continuously growing ~3% annually 

during the past decade [1]. Roughly 80% of this electrical power and 88% of energy in the 

United States in 2019 were produced by steam turbines with conventional and renewable 

resources such as natural gas, coal, nuclear energy, biomass, and geothermal energy, where 

the steam is generated through a boiling process (Top left panel of Figure 1.1) [2]. Steam 
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generation is also deeply engaged in sustainability such as food and chemical processing, 

water purification and sterilization (Bottom panels of Figure 1.1) [3-6]. Furthermore, the 

effective heat dissipation capability of boiling, by harnessing the large latent heat of 

vaporization, has potential in thermal management of high flux applications such as 

concentrated photovoltaics, fast-charging batteries, data centers, and integrated electronics 

(Top right panel of Figure 1.1) [7-10]. The increasing demand and complexity of boiling 

applications imply the greater importance of the reliable and accurate estimation and 

enhancement of boiling heat transfer.  

 

 

Figure 1.1. Ubiquitous boiling applications 
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1.2 Background 

 

1.2.1 The boiling curve 

 

Pool boiling heat transfer is commonly described by a boiling curve, i.e., a plot of heat flux 

(q”) as a function of wall superheat (ΔTw) (Figure 1.2). Here, wall superheat is the 

temperature difference between the boiling surface (Tw) and the saturated bulk fluid (Tsat), 

i.e., ∆𝑇w = 𝑇w − 𝑇sat , where Tsat is 100℃ for water at atmospheric pressure. Although a 

conventional boiling curve plots the heat flux and wall superheat on the y-axis and x-axis, 

respectively, a control parameter during boiling is usually the heat flux in actual operations. 

Nukiyama was the first who characterized pool boiling heat transfer using this boiling curve, 

where he identified different boiling regimes [11]. Figure 1.2 shows a typical boiling curve 

of pool boiling of water at atmospheric pressure with ballpark numbers on each axis. At low 

heat fluxes, the heat transfer takes place by single-phase natural convection. As the heat flux 

increases, the liquid near the wall is superheated and starts to nucleate vapor bubbles at the 

onset of nucleate boiling (ONB). As soon as bubbles nucleate on the wall, the wall superheat 

decreases momentarily due to the large latent heat of vaporization transported from the wall 

by bubbles. In addition to transporting the latent heat, bubbles induce fluid flow near the 

wall, which becomes more dynamic at a higher heat flux, and increase the convective heat 

transfer. This nucleate boiling provides very efficient heat transfer and, thus, most boiling 

applications operate in the nucleate boiling regime. The efficiency of boiling heat transfer is 

described by heat transfer coefficient (HTC, h), defined as the ratio of heat flux to the wall 

superheat, i.e., ℎ = 𝑞" ∆𝑇w⁄ . The heat flux, however, cannot increase infinitely. When the heat 

flux is sufficiently high, excessive vapor bubbles nucleated on the boiling surface prevent the 

liquid from rewetting the surface and, in turn, form an insulating vapor film over the surface. 

This vapor film becomes a thermal barrier that leads to a drastic increase in wall superheat 
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and burnout of a boiling system. This transition from nucleate boiling to film boiling is known 

as the departure from nucleate boiling (DNB), or a boiling crisis, where the maximum heat 

flux before reaching the DNB is called critical heat flux (CHF). The CHF, therefore, represents 

the operational limit of nucleate boiling. Between the nucleate and film boiling regimes, there 

is a transition boiling regime, where both nucleate and film boiling occur partially. The 

transition boiling regime is, however, very unstable and difficult to be characterized by 

controlling heat flux. In this thesis, all boiling curves are characterized up to CHF.  

 

 

Figure 1.2. Schematic of a typical pool boiling curve of water at atmospheric pressure in log 
scales. There are four boiling regimes: natural convection, nucleate boiling, transition boiling, 
and film boiling. The heat transfer coefficient (HTC) and critical heat flux (CHF) are two 
major parameters that quantify the boiling performance. A typical CHF value for pool boiling 
of water on a flat surface is ~100 W/cm2.  
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1.2.2 Effects of surface wettability on CHF 

 

In general, phase-change heat transfer performance depends strongly on surface wettability 

to promote the formation of droplets (for condensation) or bubbles (for boiling), which can 

depart easily [12]. In condensation, for example, surface flooding – coverage with a fluid film 

over a condenser – can be delayed with a non-wetting condenser surface, i.e., a surface on 

which the condensate exhibits a large contact angle (θ) (Figure 1.3a) [13, 14]. On such a 

surface, nucleated droplets readily coalesce and shed due to gravity, even up to high heat 

fluxes, which prevents surface flooding. Conversely, in boiling, a wetting surface, i.e., one on 

which the boiling liquid forms a small contact angle, generates the desired growth and 

departure of small bubbles because the phases of the nucleating entity and the surrounding 

environment are the opposite of those in condensation (Figure 1.3b) [15, 16]. In the case of 

boiling, a small liquid contact angle allows bubbles nucleated on the surface to easily depart 

when buoyancy exceeds surface tension [17], which maintains the nucleate boiling regime 

up to high heat fluxes and prevents the transition to the film boiling regime. In other words, 

a small liquid contact angle is desired to delay a boiling crisis and exhibit a high CHF value. 

 

 

Figure 1.3. Surface wettability and a contact angle (θ). (a) A non-wetting surface with θ>90° 
can delay surface flooding in condensation. (b) A wetting surface with θ<90° can delay a 
boiling crisis. 
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1.2.3 Engineered boiling surfaces 

 

Significant enhancement of pool boiling heat transfer, above that can be enhanced by 

wettability, has been achieved by engineering working fluid or surface properties [18, 19]. 

In particular, engineering boiling surfaces has received a greater attention for boiling heat 

transfer enhancement, as constraints on chemical compatibility or operational conditions 

may limit the choice of working fluid. Surfaces with microcavities or heterogeneous 

wettability patterns, also known as the biphilic wettability, for example, have improved HTC 

values by promoting vapor bubble nucleation [20-23]. Surfaces with permeable structures 

such as micropillars, microchannels and nanowires, in contrast, have shown significant 

enhancement of CHF values by harnessing the contact line augmentation and capillary-fed 

rewetting, that is, surface wickability [24-29]. In particular, a strong relationship between 

CHF values and the surface wickability has been widely reported [26, 27, 30]. A few studies 

have combined micro-permeable structures (micropillars or microchannels) with functional 

coatings, for example, self-assembled monolayers, reduced graphene oxide membranes, and 

porous copper layers, which exploit micro-permeable structures and the coatings to enhance 

CHF and HTC values, respectively [31-33]. The addition of nanostructures to microstructures 

or to heterogeneous wettability patterns has shown further increase in CHF and HTC values 

[21, 26, 27, 34, 35].  

 

1.3 Thesis objectives and outline 

 

The goal of this thesis is two-fold:  

 Fundamental understanding on the mechanisms associated with CHF  

 Significantly enhancing pool boiling heat transfer by engineering surface structures 
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Accordingly, the chapters are organized as follows: 

 Chapter 2 explains two different pool boiling experimental setups used for this thesis.  

 Chapter 3 addresses the large discrepancy of experimental CHF values on flat surfaces 

reported across the literature by accounting for hydrocarbon adsorption and 

oxidation of metallic surfaces during boiling. Accordingly, we developed an 

experimental protocol based on this understanding on the causes of spread in CHF 

values and used the protocol throughout this thesis for consistent experimental 

measurements.  

 Chapter 4 investigates the effects of surface structures on enhanced CHF during pool 

boiling of hemi-wicking surfaces. We systematically designed micropillar surfaces 

with controlled roughness and wickability, and combined the results with scaling 

analysis to obtain a unified descriptor for CHF. This unified descriptor represents the 

combined effects of the extended contact line length and volumetric wicking rate, 

which shows a reasonable correlation with CHF values with our experiments and 

literature data.  

 Chapter 5 explores engineered boiling surfaces for the simultaneous enhancement of 

CHF and HTC. We developed a microtube structure, where a cavity is defined at the 

center of a pillar, to enhance the heat transfer characteristics in controllable manner. 

In addition to uniform microtube arrays, we designed a surface with microtube 

clusters interspersed with micropillars, referred to as tube-clusters in pillars (TIP), 

to mitigate the earlier boiling crisis of uniform microtube arrays due to the extensive 

bubble coalescence. While uniform microtube arrays and TIP surfaces showed 

significant enhancement of both CHF and HTC compared to a flat surface, there was 

an intrinsic trade-off between CHF and HTC associated with the nucleation site 

density. Accordingly, we proposed hierarchical TIP (h-TIP) surfaces to control vapor 

nucleation with multi-scale structures while providing capillary wicking. These 
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surfaces showed CHF and HTC enhancements up to 138 and 389%, respectively, 

compared to a flat surface.  

 Chapter 6 proposes the use of sandblasting as a scalable surface engineering 

technique for enhanced pool boiling heat transfer for industry-scale applications. 

Pool boiling results along with surface characterizations on silicon surfaces showed 

that surface roughness and volumetric wicking rates increased with the sandblasting 

abrasive size. As a result, CHF and HTC values enhanced up to 192.6 and 433.6% 

compared to a flat surface, respectively.  

 Finally, Chapter 7 summarizes the thesis and discusses future directions. 
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Chapter Two 

 

2 Pool boiling experimental setup 

Two different pool boiling setups were used in this thesis. For silicon-based samples, we 

created a 100 nm serpentine platinum (Pt) heater on the backside of each sample, through 

which heating power was applied. These silicon samples were tested on the thin-film heater-

based setup described in Chapter 2.1. For metal coupons, we soldered the samples to a 

copper block, which was heated by cartridge heaters. Details of this cartridge heater-based 

setup are explained in Chapter 2.2. 

 

2.1 Thin-film heater-based setup 

 

The thin-film heater-based pool boiling setup consisted of a glass chamber with an Ultem 

fixture at the bottom and a polyether ether ketone (PEEK) fixture at the top (Figure 2.1a). 

The test sample was attached to the Ultem fixture with adhesive sealant (High-temperature 

RTV Silicone, Permatex). A rope heater helped the glass chamber maintain the saturation 

temperature by preventing heat loss. At the top of PEEK fixture, an immersion heater and a 

reflux condenser were installed. We first pre-heated de-ionized water in a separate electric 

kettle before introducing the water into the glass chamber. The immersion heater was used 
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to degas the pre-heated water by boiling for another 30 minutes (this period of time of 

degassing was varied in Chapter 3.3 as a control parameter) before experimental 

measurements. The reflux condenser condensed water vapors and allowed them to fall back 

to the pool as liquid. A power supply (KLP 600-4-1200, Kepco) provided power for Joule 

heating through the serpentine Pt heater that defined the heating area Ah. A multimeter 

(2110 5½, Keithley) formed a serial connection with the power supply and the sample for 

the current measurement across the heater (I), while the other multimeter (34401A, Agilent) 

was connected in parallel for the voltage-drop measurement (V). The input heat flux could 

therefore be calculated as 𝑞"in = (𝐼 × 𝑉)/𝐴h. The size of test sample used in Chapter 4 was 

12 × 18.5 mm2 with a heating area Ah of 10 × 15 mm2. All the other chapters (3, 5, and 6) used 

20 × 20 mm2–big samples with an Ah of 10 × 10 mm2. 

 

 

Figure 2.1. Thin-film heater-based pool boiling setup. (a) Pool boiling test rig. (b) Electrical 
circuits to apply power and measure the boiling heat flux and wall temperature.  
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The Pt backside heater also served as a resistance temperature detector (RTD) for 

temperature characterization. Prior to pool boiling experiments, test samples were placed 

in a furnace with a high accuracy Pt RTD (RTD-810, Omega Engineering) close to it. The 

heater resistance was then measured at five different temperature set points between 100 

and 140℃. The dwell time at each set point was at least 2 hours to ensure thermal 

equilibrium within the furnace. The resistance was measured with the four-wire method 

using a temperature input module (NI-9226 and cDAQ-9171, National Instruments). The 

experimental data were fitted with a linear model as shown in Figure 2.2. This linear fit was 

used to convert the measured resistance to the temperature of the heater during pool boiling 

experiments. 

 

 

Figure 2.2. Backside heater temperature as a function of electrical resistance. The measured 
data (black squares) are fitted with a linear model (red line). 

 

Due to the size mismatch between the actual heating area and the exposed surface 

area, there can be heat loss along the lateral direction through the sample thickness. We 

numerically calibrated (COMSOL Multiphysics 5.3a LiveLink for MATLAB) the boiling heat 

flux and wall superheat based on the measured input heat flux and the heater temperature 
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(Figure 2.3). In the numerical simulation, we iterated the calculations by changing the heat 

transfer coefficients at the boiling surface until the calculation results of the backside heater 

temperature matched the experimentally measured temperature. All data points in the 

boiling curves were calibrated in this manner. 

 

 

Figure 2.3. Numerical calibration results of a flat sample (20 × 20 mm2) with a heating area 
of 10 × 10 mm2 at CHF point. 

 

 The root-sum-of-squares (RSS) method of combining uncertainty components were 

used to evaluate the uncertainty propagation of experimental measurements [36]. The input 

heat flux was characterized based on the measurements of current, voltage, and the heater 

area, i.e., 𝑞"in = 𝑓(𝑉, 𝐼, 𝐴h). According to the RSS method, the estimated uncertainty of the 

input heat flux becomes 
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where UV, UI, and UA are the uncertainties of the measured voltage, current, and the heating 

area, respectively.  We can evaluate the partial derivatives and rearrange the equation (2.1), 

which results in 
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Based on the manufacturer’s specifications, the uncertainties of current (UI) and voltage (UV) 

are 10 µA and 2 mV, respectively. The uncertainty of heater area (UA) is based on the 

photolithography resolution of 1 µm, which results in UA of 0.04 mm2. All of which give 

" 0.05
inqU  W/cm2 at CHF. In the numerical calibration, the HTC of non-boiling area was set 

to 4 kW/(m2K) which is based on the slope of boiling curves before the onset of nucleate 

boiling. When there is 25% change in the HTC of non-boiling area, the resulting boiling heat 

flux changes up to ~2%. Considering that 𝑈𝑞"𝑖𝑛
 is relatively negligible, the uncertainty of heat 

flux was estimated based on the uncertainty of non-boiling area HTC, which yield to ~ 2% 

error at CHF points. 

 

2.2 Cartridge heater-based setup 

 

 Metal coupons in Chapter 3.3 were tested on a cartridge heater-based pool boiling 

setup (Figure 2.4). The boiling rig consisted of three major parts: a boiling chamber, a 

sample-mounted copper block, and a heating copper block. The boiling rig consisted of three 

major parts: a boiling chamber, a sample-mounted copper block, and a heating copper block. 

The boiling chamber part was similar to the thin-film heater-based setup. The two copper 

blocks were initially separated each other. A sample was soldered to the top copper block 

using a solder paste (Delta 717D, Qualitek). Three K-type thermocouples (SCAIN-020U-6, 

Omega) were inserted at the center axis of the top copper block with 5 mm spacing (Δ𝑥) to 

measure the temperature gradient. The measured temperatures were then converted to the 

heat flux based on Fourier’s law with a three-point backward finite difference approximation, 

i.e., 𝑞" = 𝑘Cu
3𝑇1−4𝑇2+𝑇3

2Δ𝑥
, where 𝑇1, 𝑇2, and 𝑇3 are the temperature measurements from the top, 
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middle, and bottom thermocouples, respectively, and 𝑘Cu  is the temperature-dependent 

thermal conductivity of copper (𝑘Cu =  2.83 × 10−4𝑇2 − 0.165𝑇 + 378.1 [W/mK], where T 

is in K) [37]. An additional thermocouple inserted right beneath the sample was used to 

calculate the boiling surface temperature (𝑇w) combined with the measured heat flux, i.e., 

𝑇w = 𝑇tc − 𝑞"𝑡/𝑘 , where 𝑇tc , 𝑡, and 𝑘 are the temperature measured by the thermocouple 

right beneath the sample, thickness, and thermal conductivity of a metal coupon, 

respectively. The bottom copper block contained five 250 W cartridge heaters (35025K131, 

McMaster-CARR) to provide the boiling heat flux. When the experiment was ready, we raised 

the level of the bottom copper block using a lab jack until it formed a robust contact with the 

top copper block for heat transfer. The applied heat flux was increased with a 10 W/cm2 

increment using a power supply (KLP 600-4, Kepco). Once a boiling crisis occurred, we 

stopped the power supply and detached the bottom copper block from the top by lowering 

the lab jack. 

 The uncertainty propagation of experimental measurements was evaluated using the 

RSS method based on the uncertainties of temperature measurements (UT) and spacing 

between thermocouples (UΔx). The uncertainty of q” measured on the cartridge heater-based 

setup is  

𝑈𝑞"
2

𝑞"2 =
𝑈𝑇

2

𝑇2 +
𝑈∆𝑥

2

∆𝑥2. (2.3) 

The uncertainty of thermocouple measurement (UT) is ±1.1 K. The uncertainty of spacing 

(UΔx) was evaluated based on the sheath diameter of thermocouples, i.e., 254 µm. The 

resulting 𝑈𝑞" near CHF (~100 W/cm2) is, therefore, ~ 0.03 W/cm2. While the 𝑈𝑞" based on 

UT and UΔx  is negligibly small, since the heat flux was measured with a 10 W/cm2 increment, 

we evaluated the heat flux uncertainty as 10 W/cm2. 
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Figure 2.4. Cartridge heater-based pool boiling setup. A sample was attached to a top copper 
block, where four thermocouples are inserted for measurements. The bottom copper block 
contained five 250 W cartridge heaters to provide a boiling heat flux. The level of bottom 
copper block was controlled by a lab jack, so that the blocks could be attached during the 
boiling measurements and separated once the boiling crisis occurred. 
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Chapter Three 

 

3 Investigation of the spread in pool boiling 

CHF values on flat surfaces 

 

3.1 Problem statement 

 

While extensive efforts in the past decades have focused on engineering boiling surfaces to 

achieve CHF enhancement compared to that of a pristine and flat surface [19], CHF values of 

flat surfaces for pool boiling of water show a large discrepancy across the literature even for 

the same material (Figure 3.1). For example, CHF values on flat silicon (Si) and silicon dioxide 

(SiO2) vary across the literature roughly from 60 to 110 W/cm2 [21, 22, 24, 27, 29, 31, 38-50]. 

Metallic surfaces such as copper (Cu) and nickel (Ni) show even wider spreads in CHF values 

[26, 51-70], over the Zuber’s CHF prediction for a flat surface [61]. Understanding the cause 

of this discrepancy is important for two reasons. First, an inaccurate CHF estimation could 

be detrimental for boiling applications such as nuclear power plants, where safety is the 

foremost concern. Second, the flat surface CHF is particularly important for the mechanistic 
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understanding of CHF because the flat surface CHF is used as a baseline value to which the 

enhancement of engineered surfaces is evaluated. 

 

 

Figure 3.1. Large spread in reported CHF values during saturated pool boiling of water on 
flat nickel, copper, silicon, and silicon dioxide surfaces. All data used in this plot are 
summarized in Supplementary Information Table 8.1. 

 

3.2 Effects of airborne hydrocarbon adsorption 

 

3.2.1 Introduction 

 

The dependence of CHF on wettability during pool boiling has been investigated and 

explained by a force-balance model that incorporates the contribution of surface tension and 

its dependence on contact angle [15]. On a flat surface, the interfacial energies among three 

phases (solid, liquid, and vapor) determine the contact angle. In other words, for a given 

combination of a liquid and a vapor with a known liquid-vapor interfacial tension, the 

contact angle is determined by the chemical surface interactions (quantified as surface 

energies) of the liquid and the vapor with the solid surface. However, Figure 3.1 shows that 

reported CHF values for pool boiling of water vary greatly even for the flat surfaces of the 
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same material. In this chapter, we explain the discrepancy of flat SiO2 surfaces by accounting 

for hydrocarbon adsorption on a boiling surface. 

Hydrocarbons are generally hydrophobic, and the adsorption of hydrocarbons on a 

surface can change the surface wettability towards hydrophobicity. Indeed, the amount of 

organic contaminants on a surface has often been characterized by the surface wettability 

[71]. This phenomenon has brought debates on the intrinsic wettability of materials as well. 

For example, in 1960s, Erb and Fowkes reported that gold was intrinsically hydrophobic [72, 

73], which was contradicted by later findings that gold is, in fact, intrinsically hydrophilic, 

but becomes hydrophobic due to the rapid adsorption of airborne hydrocarbons on its 

surface [74-78]. A similar phenomenon and related debates were associated with various 

materials including metals and metal oxides [79-87], graphite and graphene [88, 89], and 

rare earth oxides [90]. These studies, conducted across many material classes and scientific 

disciplines, illustrate that the wettability may differ even for surfaces of the same material 

depending on the amount of hydrocarbon adsorption on the surface of the material, which, 

in the case of pool boiling, may cause the spread in reported CHF values. 

 

3.2.2 Sample preparation 

 

To investigate the effects of hydrocarbon adsorption on pool boiling heat transfer, we 

studied the correlation between the pool boiling CHF and the amount of adsorbed 

hydrocarbon on smooth SiO2 surfaces. We chose SiO2 surfaces because of their chemical 

stability in boiling water. First, we cleaned the flat SiO2 surfaces with argon plasma to remove 

contaminants. The samples were then exposed to laboratory air (MIT Device Research 

Laboratory, ambient temperature= 22.5 ± 2.5℃, relative humidity = 25 ± 10%) for different 

periods of time (2 minutes, 7 hours, 24 hours, and 48 hours) before conducting pool boiling 



40 
 

experiments (Figure 3.2a). Argon plasma cleaning was carried out at 7.2 W for 15 min in a 

reaction chamber maintained at 600 mTorr (PDC-001, Harrick Plasma). X-ray photoelectron 

spectroscopy (XPS) data detailing atomic percent carbon on these surfaces was adopted 

from prior work by our group [90]. We chose argon plasma for cleaning because it removes 

surface contamination by physical bombardment, while oxygen- or hydrogen-based plasma 

reacts with the surface and chemically changes the surface wettability [91, 92]. Furthermore, 

the power of argon plasma we used does not alter surface roughness [93], which we 

confirmed with atomic force microscopy (AFM) scans of the test surfaces (Figure 3.2b); 

therefore, the wettability is not altered or enhanced by changes in the surface geometry on 

the plasma cleaned surfaces.  

 

 

Figure 3.2. Argon plasma cleaning of surfaces and its effect on surface morphology. (a) 
Schematic showing sample preparation procedure. (b) Negligible change in the surface 
profiles of the smooth SiO2 surfaces measured with AFM before (top) and after (bottom) 
argon plasma cleaning. 
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3.2.3 Results and discussion 

 

Pool boiling curves of tested samples are plotted in Figure 3.3a. For comparison with the 

plasma-cleaned surfaces, another SiO2 surface was prepared by solvent-cleaning, e.g., 

acetone and isopropyl alcohol rinsing, without plasma cleaning. The surface exposed to 

laboratory air for only 2 minutes after plasma cleaning shows the highest CHF of 107 W/cm2. 

CHF values decrease to 92.4, 82.3, and 76.6 W/cm2 as the air exposure times increase to 7, 

24, 48 hours, respectively, exhibiting a deviation in experimentally recorded CHF values of 

~40%, all on the same underlying SiO2 surface. The decrease in CHF on the smooth SiO2 

surface suggests that the surface becomes less hydrophilic over time. In addition to the 

decrease of CHF, the surface exposed to air for 2 minutes shows distinctly higher onset of 

nucleate boiling temperature (ΔTONB~20℃) compared with the others (<15℃), as shown in 

the inset of Figure 3.3a. This high ΔTONB is a characteristic of highly wetting surfaces because 

the energy barrier for the onset of nucleate boiling is higher for more wetting surfaces [94-

96]. The contact angles of surfaces were measured to investigate the change in wettability. 

To avoid the change in surface conditions during the period between the contact angle 

measurement and boiling experiments, we developed an in situ contact angle measurement 

setup in the boiling chamber (Figure 3.3b), with which we could characterize the surface 

wettability in a saturated water environment right before the boiling experiments. To create 

a three-phase contact line for contact angle measurements, an air bubble was infused 

through a stainless-steel tube and placed on the surface. We placed a Teflon cover over the 

surface so as to prevent the bubble from leaving the surface by buoyancy; rather, it stayed in 

contact with the surface. We measured advancing and receding contact angles by infusing 

and withdrawing air with a syringe. Figure 3.3c and 3.3d show the markedly different 

wettability of two flat SiO2 surfaces prepared by different cleaning procedures – the surface 

cleaned with solvents and the surface exposed to air for 2 minutes after argon plasma 
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cleaning, respectively. Both advancing and receding contact angles of the surface cleaned 

with argon plasma stayed ~5° (Figure 3.3d), while the solvent-cleaned surface showed a 

large contact angle hysteresis with larger advancing and receding contact angles (Figure 

3.3c). This changing wettability, observed on the same flat SiO2 surfaces, implies that the 

surface became less hydrophilic, presumably due to lower surface energy of adsorbed 

airborne hydrocarbons. 

 

 

Figure 3.3. Pool boiling heat transfer and in situ contact angle measurements. (a) 
Experimental pool boiling curves. (b) Schematics of in situ contact angle measurement in a 
saturated water condition (not to scale). (c, d) Advancing (top) and receding (bottom) 
contact angles of the solvent-clean surface (c) and the surface exposed to air for 2 min after 
Ar plasma cleaning (d). Dashed lines show the surface boundaries. Scale bars are 5 mm. 

  

 Figure 3.4a shows the strong correlation between the CHF values and the amount of 

adsorbed hydrocarbons on the surfaces. The amount of hydrocarbons on the surface 

increased in time, while the CHF values decreased. The sharp increase of hydrocarbons at 

the early stage became more gradual as the time of exposure increased. The CHF values show 

a transient behavior similar to the amount of adsorbed hydrocarbon, i.e., a sharp decrease at 

the beginning and more gentle decrease at later stages, which affirms the strong correlation 
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between these two parameters. In Figure 3.4b, we plot the measured amount of surface 

carbon with the Langmuir adsorption kinetic model [97], which describes the surface 

coverage ratio of adsorbate as a first-order differential equation in time, 𝑑𝜃 𝑑𝑡⁄ =

𝑘𝑎(1 − 𝜃) − 𝑘𝑑𝜃 , where θ, t, ka, and kd are the surface coverage ratio of adsorbate, time, 

adsorption rate, and desorption rate, respectively. The adsorption and desorption rate were 

used as fitting parameters. The well-matching general trend between XPS data of the amount 

of hydrocarbons on the surface and the governing equation of adsorption kinetics further 

corroborate that the hydrocarbons on the surface were from airborne hydrocarbon 

adsorption. 

 

 

Figure 3.4. Analysis of the amount of adsorbed hydrocarbons. (a) The correlation between 
the amount of hydrocarbons on surfaces and pool boiling CHF values. (b) The amount of 
hydrocarbons on surfaces fitted with Langmuir adsorption kinetics in blue dashed line. The 
error bars for surface atomic carbon percent are based on the XPS measurement error and 
the evaluation uncertainty of the atomic percent from the spectra. 
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3.3 Oxidation of metallic surfaces during boiling 

 

3.3.1 Introduction 

 

The larger spread in CHF values of metallic surfaces than that of Si and SiO2 (Figure 3.1), 

where some results show even higher values than Zuber’s CHF prediction (125 W/cm2 for 

water), cannot be explained by hydrocarbon adsorption. This is because hydrocarbon 

adsorption only lowers CHF values. The different methods of heat flux characterization and 

experimental measurement uncertainty could contribute up to ~20% CHF uncertainty [37]; 

yet, literature CHF values reported for Cu and Ni vary by a much larger range, up to 157 and 

168 W/cm2, respectively. In this chapter, we address the unexplained elevated CHF on 

metals by accounting for oxidation of metallic surfaces during boiling by testing Cu and Ni 

surfaces. Thermodynamically, both Cu and Ni are stable in pure, oxygen-free water; for 

example, the chemical stability of Cu in 400℃ water has been experimentally demonstrated 

[98]. Nonetheless, the oxidation, i.e., corrosion, of Cu and Ni in water has been reported 

because, in practice, metals can react with dissolved oxygen in water and outgassing 

hydrogen from the metal samples themselves or from the experimental apparatus [99-101]. 

In particular, Saadi et al. tested the corrosion of various metals in water at 75 and 95 ℃; they 

found that a wide range of metals including Cu and Ni can corrode and form metal oxide 

nanostructures in hot water [99]. Because nanostructures on a boiling surface can increase 

CHF during pool boiling, the oxidation of metals and resulting formation of metal oxide 

nanostructures should be a key contributing factor in the spread in reported CHF values 

depending on the degree of oxidation.  
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3.3.2 Sample preparation 

 

To investigate the oxidation of metallic surfaces during boiling and its effects on pool boiling 

heat transfer, we held Cu and Ni samples in saturated water for different periods of time (30 

min, 7 h, and 24 h) before conducting pool boiling experiments. We prepared two different 

types of Cu and Ni samples that are commonly used for boiling research: (i) thin metal films 

coated on silicon wafers and (ii) bulk metal coupons. The thin-film samples were prepared 

by sputtering a 10 nm Ti adhesion layer followed by a 100 nm Cu or Ni layer on diced 650-

µm-thick silicon chips (20 × 20 mm2) covered with thermally grown 1 µm SiO2 layers. Cu and 

Ni coupons were prepared by cutting metal sheets (813 µm-thick 110 copper and 483 µm-

thick 200 nickel, McMaster-CARR) into 15 × 15 mm2 squares with a waterjet. Metal coupons 

were smoothed with sandpaper (CarbiMet, Buehler) of up to 800 grit and subsequently 

polished with diamond suspensions of 1 and 3 µm (MetaDi Polycrystalline Diamont 

Suspensions, Buehler) to make the surface flat at the microscale. For convenience, we refer 

to each sample based on its duration in saturated water before boiling, material, and surface 

type; for example, a “24 h Ni thin film” means a Ni thin film surface left in saturated water for 

24 h before boiling. Prior to boiling, all samples were cleaned in 2.0 M hydrochloric acid 

solution for 10 minutes to remove the native oxide and any organic contaminants. 

 

3.3.3 Pool boiling results 

 

Figure 3.5 shows the pool boiling curves of Cu and Ni samples. Both Cu thin films and Cu 

coupons showed apparent changes in pool boiling heat transfer associated with the duration 

(Δt) left in saturated water before boiling (Figure 3.5a and 3.5b). As Δt increased from 30 

min to 24 h, pool boiling curves shifted upward to the left monotonically, representing 
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increasing CHF and HTC. The boiling curves of the Cu thin film samples (Figure 3.5a) showed 

more significant changes than the coupons. For example, CHF values of Cu thin films were 

96.8, 120.9, and 133.7 W/cm2 for Δt of 30 min, 7 h, and 24 h, respectively, which increased 

38% from Δt of 30 min to 24 h. In addition, HTC values at CHF of Cu thin films increased from 

24.5 to 54.4 kW/m2K from Δt of 30 min to 24 h, a 122% increase in HTC. While less significant 

compared to Cu thin films, Cu coupons (Figure 3.5b) also showed increases in CHF and HTC 

at CHF values by 17.6 and 44%, respectively, as Δt increased from 30 min to 24 h. 

 Conversely, Ni surfaces exhibited relatively stable boiling heat transfer compared to 

Cu surfaces. CHF values of Ni thin films changed marginally (Figure 3.5c), e.g., 99.0, 99.1, and 

106.8 W/cm2 for Δt of 30 min, 7 h, and 24 h, respectively. Changes in HTC values were also 

insignificant, which showed HTC at CHF values of 27.7, 22.0, and 27.1 kW/m2K for 30 min, 7 

h and 24 h, respectively. 30 min and 7 h Ni coupons followed the stable trend, where CHF 

values were 88.5 and 92.5 W/cm2, respectively (Figure 3.5d). The 24 h Ni coupon, however, 

showed a noticeably higher CHF value of 121.3 W/cm2. 
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Figure 3.5. Pool boiling curves of (a) Cu thin film, (b) Cu coupon, (c) Ni thin film, and (d) Ni 
coupon surfaces. The surfaces were left in saturated water for different periods of time (30 
minutes (black), 7 hours (blue), and 24 hours (red)) before measurements. The experimental 
uncertainty is smaller than the marker size in the plots. 

 

In addition to boiling curves, we plotted CHF values (q”CHF) normalized by the CHF of 

a corresponding material and type with 30 min Δt (q”CHF,30min) as a function of Δt to 

investigate the relative change in CHF values (Figure 3.6). Along with Ni and Cu, we also 

plotted the results of chemically stable SiO2 surfaces for reference. The plot shows clear 

increasing trends of CHF values of Cu surfaces as Δt increased. CHF values of Ni thin films 
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were as stable as those of SiO2 reference surfaces, while the Ni coupon with 24 h Δt showed 

the relative change in CHF value as significant as Cu thin films. 

 

 

Figure 3.6. Relative change in CHF values as the duration in saturated water before boiling 
increases. 

 

3.3.4 Change in morphology 

 

The changes in CHF values shown in Chapter 3.3.3 indicate that surface material and 

structural properties were altered in a favorable way for pool boiling heat transfer as Δt 

increases. In this section, we investigate the change in surface morphology using scanning 

electron microscopy (SEM) and atomic force microscopy (AFM). Figure 3.7 shows the SEM 

images of Cu and Ni surfaces before and after boiling with different Δt. SEM images of 

surfaces before boiling show the initial surface conditions, where thin film surfaces 

represent fine grains resulting from sputtering and coupons show sandpaper scratches. 

Although the kinetics of nanostructure growth seems different for thin films and coupons, 

SEM images of Cu surfaces show growing nanostructures as Δt increased. The cube-like 
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shape indicates that the nanostructures are cuprous oxide (Cu2O) rather than cupric oxide 

(CuO), where CuO usually exhibits sharp blade-like shapes [101]. Conversely, there are no 

noticeable changes on both Ni thin films and coupons. 

 

 

Figure 3.7. SEM images of Cu thin film, Cu coupon, Ni thin film, Ni coupon, and SiO2 surfaces 
before and after boiling with different Δt. Cu shows growth in nanostructures as Δt increased, 
while changes in Ni surfaces are unnoticeable as in SiO2 surfaces. All scale bars are 1 µm  
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For detailed analysis of surface morphology, we measured surface profiles using AFM 

and characterized their root mean square roughness (Rsq) and surface area ratio (r) (Figure 

3.8), where r is defined as the ratio of actual surface area to the projected area. The change 

in Rsq and r of Cu increased with Δt similar to CHF. Specifically, Cu thin films showed 

significant increase in both Rsq and r, while Cu coupons showed a significant change in Rsq 

but the change in r remained less than 2.5%. This result implies that the shape of 

nanostructures on Cu thin films and coupons are different. A similar Rsq between thin films 

and coupons suggests the height of nanostructures was similar on both cases. The much 

higher r of thin films than coupons, on the other hand, indicates that the characteristic lateral 

size of nanostructures formed on thin films was smaller than coupons, so that the surface 

area increase on thin films was greater than that on coupons. This result was consistent with 

the three-dimensional profile images (Figure 3.8a) and SEM observation (Figure 3.7), where 

the 24 h Cu thin film showed relatively smaller lateral size of nanostructures than the 

nanostructures on the 24 h Cu coupon.  

The morphology of Ni surfaces, as opposed to Cu, were stable for both thin films and 

coupons, which can explain the stable CHF values on Ni thin films. However, despite an 

observed change in CHF, the morphology of 24 h Ni coupon was not significantly changed as 

its CHF value. Although Rsq of 24 h Ni coupon increased slightly, the relative increase of CHF 

was more significant and comparable to that of Cu thin film sample, indicating that surface 

morphology is not the only important parameter governing CHF. 
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Figure 3.8. Three-dimensional surface profile measurements by AFM. (a) Three-
dimensional profile images. Changes in root-mean-square roughness (b) and surface area 
ratio (c) as a function of Δt. Error bars represent standard deviations of measurements in 
three different spots. 
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3.3.5 Change in surface material composition 

 

To observe the chemical oxidation states, we characterized surface material composition 

after boiling experiments using XPS equipped with a monochromated Al Kα X-ray source 

(Versaprobe II XPS, Physical Electronics). The angle between the surface plane and the 

analyzer was 45°. All samples were sputtered with argon ions in the XPS chamber before the 

measurements to remove carbonaceous species from surfaces. We collected principal Cu 

LMM Auger peaks on Cu thin films (Figure 3.9a) and coupons (Figure 3.9b) and plotted the 

normalized intensity as a function of kinetic energy (KE) of ejected Auger electrons. Here the 

kinetic energy was converted from the electron binding energy (BE) and the energy of 

incident X-ray (ℎ𝜈 = 1486.6 eV), i.e., 𝐾𝐸 = ℎ𝜈 − 𝐵𝐸. Both Cu thin films and coupons showed 

apparent shifts of Cu LMM peaks from Cu metal (~918.6 eV) to Cu2O (~916.8 eV), indicating 

all Cu surfaces were oxidized in boiling water. In particular, the broad Cu LMM peak, 

spanning between Cu metal and Cu2O peaks, of the 30 min Cu thin film represents the 

presence of CuO (~917.7 eV), which implies that the oxidation of Cu thin film surfaces 

transitions from CuO to Cu2O as Δt increased.  

The oxidation states of Ni thin films (Figure 3.9c) and Ni coupons (Figure 3.9d) were 

analyzed by the Ni2p spectra. While it is difficult to distinguish Ni2p multiplet-split peaks of 

Ni metal, Ni oxide (NiO), and Ni hydroxide (Ni(OH)2), the clear appearance of NiO and 

Ni(OH)2 satellite peaks on surfaces after boiling suggests that all Ni surfaces were oxidized 

in boiling water. Interestingly, the 24 h Ni coupon showed the presence of Ni(OH)2 on the 

surface, whereas the other Ni surfaces showed the spectra of NiO only. This formation of 

Ni(OH)2 could be originated from outgassed hydrogen from the Ni coupons. Bulk metals 

usually have dissolved hydrogens within their dislocation substructure [102], which can 

react with surface nickel to form Ni(OH)2 when there is sufficient time for hydrogen to 

diffuse towards the surface. Considering that the 24 h Ni coupon also showed a notably 
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higher CHF value than the other Ni surfaces, we attributed this result to be related to the 

material property of Ni(OH)2. The primary material property that affects the CHF is known 

to be surface wettability as discussed in Chapter 1.2.2. To see the wettability difference 

between NiO and Ni(OH)2, we measured advancing and receding contact angles by infusing 

and withdrawing water through a syringe, respectively, on 7 h and 24 h Ni coupon surfaces 

(Figure 3.9e and 3.9f). While both surfaces showed extremely small receding contact angles 

(≲5°), the advancing contact angle on the 24 h Ni coupon (≈25°) was smaller than that of 

the 7 h Ni coupon (≈40°), indicating that better wettability of Ni(OH)2 compared with NiO 

could contribute to the increase in CHF observed on the 24 h Ni coupon. Alternatively, the 

outgassing hydrogen, per se, could also affect the measured CHF value by disrupting the 

nucleation behavior and bubble dynamics. Understanding this higher CHF value found on 

Ni(OH)2 than NiO warrants further investigation in future work. 
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Figure 3.9. XPS analysis of Cu and Ni surfaces before and after boiling. (a, b) Cu LMM Auger 
peaks on Cu thin films on coupons. All Cu surfaces showed evidence of Cu2O. The surface 
composition of 30 min Cu thin film was under transition from CuO to Cu2O. (c, d) Ni2p peaks 
on Ni thin films and coupons. All Ni surfaces showed evidence of oxidation. Particularly, the 
surface of 24 h Ni coupon was found to be Ni(OH)2, while the other Ni surfaces were NiO. (e, 
f) Advancing and receding contact angles of water on the 7 h and 24 h Ni coupon surfaces. 
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3.4 Summary 

 

In Chapter 3.2, we addressed the discrepancy in experimentally measured CHF values of pool 

boiling of water on flat SiO2 surfaces by accounting for hydrocarbon contamination on boiler 

surfaces. Flat SiO2 surfaces were first cleaned with argon plasma then exposed to laboratory 

air for different periods of time before pool boiling experiments. Pool boiling results along 

with XPS analysis showed that the amount of adsorbed hydrocarbon on a surface increased 

with exposure time in air, which led to the decrease in CHF values due to decreased surface 

wettability. The measured CHF values (71 – 107 W/cm2) fall within the spread of CHF values 

reported in literature (58 – 107 W/cm2).  

In Chapter 3.3, the even wider discrepancy in reported CHF values on flat Cu and Ni 

surfaces was addressed with the oxidation of metallic surfaces during boiling. We prepared 

100 nm sputtered thin films and bulk metal coupons for Cu and Ni. Metallic surfaces were 

immersed in saturated water for different periods of time before pool boiling experiments. 

Along with pool boiling experiments, we analyzed the morphology of the surfaces using SEM 

and AFM and the chemical composition using XPS. The experimental results showed that 

pool boiling on metallic surfaces could be dependent on the samples’ duration in saturated 

water. In the case of Cu surfaces, the roughness increased with residence time in saturated 

water by forming Cu2O nanostructures, which led to an increase in CHF values due to the 

structural effects. The CHF and morphology of Ni surfaces were stable compared to Cu 

samples, with the exception of the 24 h Ni coupon, which exhibited a notably high CHF that 

could not be attributed to morphology. XPS analysis suggested the difference in CHF was 

likely due to a different surface chemical composition; the surface of the 24 h Ni coupon 

contained Ni(OH)2, while the surfaces of the other Ni samples were primarily NiO. The 

reason why the Ni(OH)2 surface exhibited a higher CHF than NiO surfaces could be attributed 

to its higher affinity for water, but this phenomenon requires further investigation. The 
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results of our study confirm that consistent control of samples’ duration in saturated water 

is critical to achieve consistent measurements of pool boiling of water on metallic surfaces. 

In addition, we recommend that researchers characterize the morphology and chemical 

compositions of metallic surfaces before and after boiling to further investigate how changes 

in surface conditions affect the boiling heat transfer. 

This work has important implications for understanding the spread in CHF values 

reported in literature and may serve as a guideline for the preparation of boiling surfaces to 

achieve consistent experimental results. In the following chapters, we used Si or SiO2 

surfaces cleaned with argon plasma to avoid unexpected alterations in CHF values caused by 

hydrocarbon contamination or surface oxidation.  
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Chapter Four 

 

4 Unified descriptor for enhanced pool boiling 

CHF of hemi-wicking surfaces 

 

4.1 Introduction 

 

Enhancing CHF has been widely investigated to extend the operational limit and allow for 

larger safety margins for boiling systems [103, 104], by engineering boiling surface 

structures, e.g., micropillar, microchannel, microridge, and nanowire [24, 27, 29, 46, 105]. 

Meanwhile, fundamental understanding of the mechanism for enhanced CHF on such 

structured surfaces has been a subject of debate for over half a century. A force balance 

model on a static bubble, for example, attributes the CHF enhancement on structured 

surfaces to the augmented three-phase contact line length along the structures [24]. This 

static force balance model proposes surface roughness, r, the ratio of actual surface area to 

the projected area, as a key structural property determining CHF that shows a reasonable 

correlation with experimentally measured CHF values [24, 34]. Another major group of CHF 

models attributes the CHF enhancement to the improved liquid rewetting by capillary 
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pumping through surface structures, i.e., wickability. Structured surfaces that exhibit 

capillary-induced wicking are referred to as hemi-wicking surfaces. This capillary-induced 

flow occurs when the critical contact angle of a structured surface, 𝜃𝑐 =

cos−1[(1 − 𝜑) (𝑟 − 𝜑)⁄ ], becomes larger than the intrinsic contact angle, θ, where 𝜑 is the 

solid fraction at the solid-liquid interface. Most previous wickability-based models express 

the CHF of a hemi-wicking surface as the sum of the flat surface CHF, 𝑞"flat, and an additional 

evaporation heat flux from a wicked liquid, 𝑞"w, i.e., 𝑞"CHF = 𝑞"flat + 𝑞"w. In this case, 𝑞"w 

has been characterized by a separate experimental measurement such as capillary rise 

height [106], spreading or absorption of liquid droplets [25, 42], and volumetric wicking flux 

of a pendant droplet [26, 30]. In addition to CHF models based on the experimentally 

characterized 𝑞"w , a semi-analytical CHF model has been proposed by characterizing the 

surface wickability using Darcy’s law [27]. The model derived a property related to the 

surface wickability: 𝑃cap𝐾B that determines CHF values of hemi-wicking surfaces.  Here 𝑃cap 

is the capillary pressure and 𝐾B  is the effective permeability (a permeability that 

incorporates shear stress from the bottom surface).  

While CHF models based on roughness and wickability show good agreement with the 

corresponding experimental data, neither r (Figure 4.1a) nor 𝑃cap𝐾B  (Figure 4.1b) can 

provide a general correlation for CHF, if we combine the existing literature data on Si and 

SiO2 hemi-wicking surfaces. Inconsistent surface preparation (as discussed in Chapter 3) or 

different boiling characterization methods across the literature may partly explain the 

discrepancy among different data sets [37, 107]; nonetheless, the unclear correlations of CHF 

values with roughness or wickability suggest that a single property, i.e., roughness or 

wickability, is insufficient to describe CHF values of hemi-wicking surfaces. Recently, 

wickability-based models have included the structural effects on evaporation [108, 109]. In 

particular, an analytical model has proposed that the competition between evaporation and 

wicking fluxes associated with a varying dry area determines the CHF [109]. This model 

provides an important insight into the structural effects on evaporation; however, the model 
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is highly sensitive to empirical parameters that are difficult to measure, e.g., bubble base 

diameter, accommodation coefficient, and thin-film thickness. Apart from roughness and 

wickability, a few studies have suggested that the boiling crisis is a critical phenomenon 

associated with stochastic bubble interactions [110-115]. Specifically, a machine learning-

aided analysis has revealed that fundamental boiling parameters, e.g., nucleation site density, 

bubble departure frequency, growth time, and bubble base radius, need to be taken into 

account for the stochastic bubble interactions and the resulting CHF [114]. The structural 

effects on those fundamental boiling parameters, however, need further investigation. 

 

 

Figure 4.1. CHF data of hemi-wicking micropillar surfaces across the literature plotted with 
representative CHF models based on the (a) roughness r and (b) the product of capillary 
pressure and effective permeability PcapKB. The plots show no clear correlation between CHF 
values and r or PcapKB. Table 8.2 in Supplementary Information summarizes all of the data 
points in the plots. 

 

In this chapter, we revisit the validity of previous roughness- and wickability-based 

CHF models using micropillar surfaces with systematically controlled roughness and 

wickability. By testing micropillar surfaces with a fixed roughness while varying wickability, 

and vice versa, we decoupled effects of each parameter on CHF values. Further, by leveraging 
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our experimental results and previous visualization studies of boiling bubbles [110, 116, 

117], we derived a unified descriptor using a scaling analysis. CHF values of our experiments 

and the literature data confirmed the scaling analysis. This work provides physical insights 

into the structural effects on CHF, which can offer more general guidelines for the design of 

surface structures for high flux boiling applications. 

 

4.2 Design and fabrication of micropillars 

 

Roughness is quantified as the ratio of actual surface area (𝐴actual) to projected area (𝐴prj) 

by 𝑟 =
𝐴actual

𝐴prj
= 1 +

𝜋𝑑ℎ

𝑝2  for square micropillar arrays, where d, h, and p are the diameter, 

height, and pitch (pillar center-to-center distance) of micropillars (Figure 4.2a). Wicking 

performance is characterized as a product of the capillary pressure 𝑃cap and the effective 

permeability 𝐾B according to the previous semi-analytical model for CHF [27]. The capillary 

pressure is evaluated based on the liquid meniscus shape around micropillars that 

minimizes free energy: 𝑃cap = − ∆𝐸 ∆𝑉⁄ , where ∆𝐸 and ∆𝑉 are the change in the free energy 

and volume due to the liquid filling into a unit cell of the micropillar array, respectively 

(detailed expressions appear in Section 8.1 of the Supplementary Information) [109, 118].  

We adopted the permeability correlation proposed by Yazdchi et al. [119], which combines 

the correlations developed by Gebart et al. [120], and Drummond and Tahir [121]. The 

permeability correlation proposed by Yazdchi et al., shows good agreement with 

experiments for the entire range of porosity 𝜀 [122], where the porosity is calculated as 𝜀 =

1 −
𝜋𝑑2

4𝑝2  for square micropillar arrays. Since this permeability K is developed for pillar arrays 

with unbounded top and bottom conditions, an additional term is required for our 

micropillar surfaces to account for the shear stress from the bottom surface. The effective 

permeability 𝐾B accounting for viscous resistances from both the bottom surface and pillar 
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sidewalls, can be derived by solving the Brinkman equation with a no-slip condition at the 

bottom surface [109, 123]. 

𝐾B = 𝐾 [1 −
tanh(ℎ√𝜀 𝐾⁄ )

ℎ√𝜀 𝐾⁄
]. (4.1) 

Detailed analysis on permeability is available in Section 8.2 of the Supplementary  

Information [109, 119, 122]. Previous representative CHF models describe the CHF value as 

a function of either roughness or surface wickability. In fact, roughness and wickability 

depend on each other to some extent. For example, with the increase in the structural 

packing density, roughness generally increases, while liquid wicking speed increases and 

then decreases, leading to an optimal value due to the competition between capillary 

pressure and viscous resistance [118]. Therefore, decoupling the effect of roughness or 

wickability on CHF has not been straightforward. To investigate the decoupled effects of 

roughness and wickability on CHF values during pool boiling, we systematically designed a 

set of micropillar surfaces with varying r for a specific 𝑃cap𝐾B, and vice versa. For example, 

we designed four different micropillar arrays with a similar 𝑟~2.0, while changing 𝑃cap𝐾B 

from 0.81 × 10−7  to 1.22 × 10−7  N (Sample #1, 2, 3, and 7). Likewise, we designed three 

different micropillar arrays with a similar 𝑃cap𝐾B value of ~0.81 × 10−7 N, while changing r 

from 1.5 to 3.0 (Sample #1, 4, and 5). In addition, a micropillar arrays with extremely high r 

but low 𝑃cap𝐾B  was included to investigate a wider range of structural effects. Table 4.1 

summarizes the dimensions and properties of all samples. We fabricated micropillar arrays 

through photolithography and deep reactive-ion etching (DRIE) processes on silicon wafers. 

At the end of the fabrication process, we etched away a C4F8 DRIE passivation layer by O2 

plasma and deposited a 60 nm SiO2 layer over the entire surface by atomic layer deposition 

to ensure uniform hydrophilicity over the surface. Details of the fabrication process are 

available in Section 8.3 of the Supplementary Information. Figure 4.2 shows SEM images of 

the fabricated micropillar arrays with the highest 𝑃cap𝐾B  (Figure 2a, sample #3) and the 

highest r (Figure 2b, sample #6) among all samples. 
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Figure 4.2. SEM images of micropillar arrays with dimensions of (a) d = 12 µm, p = 30 µm, h 
= 30 µm, and (b) d = 3 µm, p = 6 µm, h = 30 µm. The micropillar arrays in (a) and (b) have the 
highest PcapKB and r, respectively, among seven different micropillar surfaces fabricated. 

 

Table 4.1. Dimensions and properties of micropillar arrays. The roughness (r) and porosity 
(ε) are calculated as 𝑟 = 1 + 𝜋𝑑ℎ/𝑝 2 and 𝜀 = 1 − 𝜋𝑑2/(4𝑝 2), respectively. Two wicking 
properties are characterized, where PcapKB and PcapKBh are related to the speed of the wicking 
liquid front and volumetric wicking flow rate, respectively. 

Sample # 
d 

[µm] 
p 

[µm] 
h 

[µm] 
r 

[ - ] 
𝜀 

[ - ] 

𝑃cap𝐾B 

[× 10−7 N] 

𝑃cap𝐾Bℎ 

[× 10−12 N·m] 

1 4 20 30 1.9 0.968 0.81 4.56 

2 7 25 30 2.0 0.938 1.05 6.06 

3 12 30 30 2.2 0.874 1.22 7.24 

4 3 23 30 1.5 0.987 0.75 3.41 

5 11 23 30 3.0 0.820 0.86 6.26 

6 3 6 30 8.8 0.804 0.21 4.56 

7 8 30 30 1.8 0.944 1.20 6.25 

 

  



63 
 

4.3 Boiling results 

 

For each micropillar geometry, we measured CHF values with two different samples. Figure 

4.3 shows the average CHF values as a function of r and 𝑃cap𝐾B. Our boiling results show no 

clear correlation between CHF values and r and 𝑃cap𝐾B, which confirms that the discrepancy 

between the literature data and previous CHF models (Figure 4.1) cannot be attributed to 

inconsistent surface conditions or boiling characterization methods across the literature 

only. Rather, the results directly show that CHF values on hemi-wicking surfaces cannot be 

described by either r or 𝑃cap𝐾B alone. Interestingly, however, CHF values generally increase 

with either r or 𝑃cap𝐾B when the other parameter is fixed, indicating that r and 𝑃cap𝐾B may 

have separate effects on CHF values. In Figure 4.3a, for example, the micropillar arrays with 

a similar r value (𝑟 ≈ 2 for sample #1, 2, 3, and 7, colored in red) shows an increase in CHF 

values as 𝑃cap𝐾B increases except for one case (sample #7). Likewise, we found higher CHF 

values for micropillar arrays with higher r when 𝑃cap𝐾B remained similar (𝑃cap𝐾B ≈ 0.8 ×

10−7 N for sample #1, 4, and 5, colored in blue) as shown in Figure 4.3b.   

 



64 
 

 

Figure 4.3. CHF values of micropillar arrays as a function of (a) r and (b) PcapKB. Data points 
show the average CHF values measured from two different samples for each pillar array. CHF 
values showed no clear correlation with both parameters. (a) For micropillar arrays with a 
similar r (colored in red), however, higher PcapKB generally resulted in higher CHF values. (b) 
Likewise, higher r resulted in higher CHF values for micropillar arrays with a similar PcapKB 
(colored in blue). The error bars were deviations of measurements on each sample from the 
average. 

 

4.4 Scaling approach 

 

Although it is possible to understand the structural effects using a varying-dry-area model 

[109], this approach is highly sensitive to several empirical parameters such as bubble base 

diameter, accommodation coefficient, and thin-film thickness, which makes it challenging to 

directly assess the structural effects shown in our experiments. Alternatively, we applied a 

scaling approach to interpret our experimental results with minimal uncertainties from the 

empirical parameters. Considering that the contribution of convective heat transfer by 

single-phase liquid to the total boiling heat flux is insignificant near CHF [124, 125], CHF can 

be expressed as 𝑞"CHF ≈ 𝜌lℎfg𝑁"𝑓𝑉l,CHF , where 𝜌l , ℎfg , 𝑁" , 𝑓 , and 𝑉l,CHF  are the density of 

liquid, latent heat of vaporization, bubble nucleation site density, bubble departure 

frequency, and volume of evaporating liquid per bubble at CHF, respectively. Since structural 
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dimensions of micropillars do not affect the nucleation site density significantly near CHF 

[108], we consider the nucleation site density roughly constant and scale the heat flux near 

CHF as 𝑞"CHF~𝑓𝑉l,CHF.  

 

4.4.1 Bubble departure frequency and thin film density 

 

The bubble departure frequency f describes how quickly bubbles nucleate and depart from 

a boiling surface. Specifically, if we assume bubbles depart at a characteristic volume Vd, at 

which buoyancy overcomes the surface tension force and drag force, Vd can be expressed as 

𝑉d = 𝑞"ev
𝜏d𝐴b

𝜌vℎfg
, where 𝑞"ev, 𝜏d, 𝐴b, and 𝜌v are evaporation heat flux under a bubble, bubble 

departure period, bubble base area, and the density of vapor, respectively [126]. Assuming 

the thermophysical properties of water are constant, the departure frequency scales as 𝑓 =

1

𝜏d
~𝑞"ev, i.e., surface structures with stronger evaporation can have higher bubble departure 

frequency. Given the high thermal conductivity of silicon, we can expect that dense 

micropillar arrays may provide effective heat transfer for evaporation. In addition, when 

bubbles nucleate on micropillar surfaces (Figure 4.4a), the three-phase contact line pins at 

the top of micropillars and forms thin liquid films around the micropillars (Figure 4.4b – 

4.4d). This thin film provides efficient heat transfer paths through their thin thickness (≤ 1 

µm). Since the density of thin films (ξ) (shaded red regions in Figure 4.4b (top view) and 4.4c 

(cross-section view)) scales with the density of micropillars, i.e., 𝜉 ≈
𝜋𝑑𝛿tf

𝑝2 ~
𝑑𝛿tf

𝑝2 , where δtf is 

the thin-film thickness threshold, the evaporation heat flux is expected to scale with the 

density of the thin film. Here the thin film density 𝜉 is similar to roughness r, where both 

capture the structural packing density, but 𝜉 is not dependent on the micropillar height. To 

confirm the scaling between the thin film density and evaporation heat flux, we modeled the 

thin-film evaporation in the unit cell of micropillar array (Figure 4.4c).  
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The heat transfers from the boiling surface at the wall temperature (Tw) to the vapor 

bubble at the saturation temperature (Tsat) passing a silicon micropillar and bulk liquid 

water. Due to the orders of magnitude higher thermal conductivity of silicon ( 𝑘Si ≈

113 W/(mK)  at 100 ℃) than that of water (𝑘w ≈ 0.68 W/(mK)), we simplified the heat 

transfer path to be a one-dimensional resistance network including a micropillar and the 

surrounding thin liquid film. The conduction resistance through a micropillar is 𝑅Si =
4ℎ

𝜋𝑑2𝑘Si
.  

The thin liquid film region around the pillar top provides an efficient heat transfer path 

because of its microscale thickness. In this calculation, we define the upper bound of this 

highly evaporative region thickness δtf (accounting for over 50% of the total evaporative flux) 

as 1 µm [109, 127]. When the thickness of liquid film is close to that of a few molecules, on 

the other hand, attractive forces between molecules in the liquid and solid surface form a 

non-evaporating film known as the adsorbed film. In the case of water, the thickness of the 

adsorbed film (δads) is ~ 0.3 nm [128]. Therefore, we define the thin-film region as the liquid 

film with a thickness 0.3 nm ≤ 𝛿 ≤ 1 μm. We model the meniscus shape as spherical with 

the contact angle (θ) at the micropillar top surface, which results in the liquid film thickness 

δ as a function of the distance from the micropillar top z: 𝛿(𝑧) =
𝑠

2
− √

𝑠2

4
− 𝑧2 − 𝑧𝑠 tan 𝜃 , 

where s is the spacing between pillars, i.e., 𝑠 = 𝑝 − 𝑑  (Figure 4.4d). The experimentally 

obtained receding contact angle of water on a SiO2 surface is ~10°  [107]. The thin-film 

resistance is calculated by integrating the conduction resistances of infinitesimal thin-liquid 

film slices that are in parallel along the thin-film profile as 𝑅tf =

[2𝑘w𝜋 ∫
(𝛿+

𝑑

2
)√1+(

𝑑𝛿

𝑑𝑧
)

2

𝛿
𝑑𝑧

𝑧tf

𝑧ads
]

−1

 [129], where ztf and zads are z values corresponding to a thin-

film thickness threshold (δtf) and adsorbed layer thickness (δads), respectively. 
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The interfacial resistance is estimated using the Schrage equation as 𝑅int =

1

𝐴int
(

2−𝜒

2𝜒
) (

𝑇v𝑣lv

ℎfg
2 ) (

2𝜋𝑅̅𝑇v

𝑀̅
)

1/2

(1 −
𝑃v𝑣lv

2ℎfg
)

−1

, where Aint and χ are the thin-film interfacial area 

and accommodation coefficient, respectively. The accommodation coefficient is set to 0.03 

in our calculations [130]. Tv, Pv, and vlv are the vapor temperature, vapor pressure, and 

specific volume difference between the vapor and liquid phases, respectively. 𝑅̅  is the 

universal gas constant (8.314 J/(molK)) and 𝑀̅ is the molar mass of water (0.01801 kg/mol). 

The interfacial area 𝐴int is calculated by the surface area of revolution: 𝐴int = 2𝜋 ∫ (
𝑑

2
+

𝑧tf

𝑧ads

𝛿(𝑧)) √1 + (
𝑑𝛿

𝑑𝑧
)

2
𝑑𝑧.  The effective thermal resistance (Rtot) in one unit cell is then evaluated 

as 𝑅tot = 𝑅Si + 𝑅tf + 𝑅int, where the  evaporation heat flux through one unit cell is 𝑞"ev =

𝑇w−𝑇sat

𝑅tot𝑝2 . The wall superheat 𝑇w − 𝑇sat is set to 30℃ for this calculation. We evaluated 𝑞"ev and 

ξ for micropillar arrays with a fixed height of 30 µm, while changing the pitch for pillar 

diameters of 5, 7, and 10 µm. The resulting plot of 𝑞"ev  normalized by the CHF value on a flat 

surface (𝑞"flat = 99.45 W/cm2) as a function of ξ (Figure 4.4e) monotonically increase while 

the derivative of the function decreases. Based on the shape of the curves, we scale the 

evaporation heat flux as 𝑞"ev~𝜉n with 0 < 𝑛 < 1. Note that we do not determine the value of 

the exponent n based on the modeling results, because the model depends on empirical 

parameters such as contact angle, accommodation coefficient, and thin-film thickness. 

Instead, we leave the exponent to be determined by the experimental results. Consequently, 

the departure frequency can be scaled to yield 

𝑓~𝑞"ev~𝜉n, where 0 < 𝑛 < 1 (4.2) 
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Figure 4.4. Structural effects on evaporation and rewetting under a boiling bubble on a 
hemi-wicking surface. (a) A schematic of a bubble nucleating on a hemi-wicking surface. 
Evaporation (red arrows) occurs from a liquid layer at the bubble base, while capillary-
driven wicking (blue arrows) supplies the liquid from the circumference to the center of 
bubble base. (b) Top-view and (c) cross-section view schematics of thin-film evaporation in 
the unit cell of micropillar array. Shaded red area represent the thin-film region. (d) A 
magnified view of the thin-film region. (e) Evaporation heat flux normalized by the CHF value 
on a flat surface (q”ev/q”flat) as a function of thin film density, 𝜉~dδtf/p2. The plot shows an 
increase in evaporation heat flux with thin film density, i.e., q”ev~ξn with 0 < 𝑛 < 1. 

 

4.4.1.1 Scale analysis of evaporation heat flux and thin film density 

 

In this section, we explain the validity and limitation of scaling relationship between the 

evaporation heat flux and the thin film density, i.e., 𝑞"ev~𝜉n. For typical dimensions of silicon 

micropillar arrays used for a boiling surface, e.g., ~3 µm ≤ d ≤ ~80 µm and ~10 µm ≤ h ≤

~30 µm, we performed an order of magnitude analysis of the thermal resistances: 𝑅Si, 𝑅tf, and 

𝑅int. The thin film resistance 𝑅tf is not highly dependent on micropillar dimensions and its order 

of magnitude ranges from (102) to (103) K/W. The conduction resistance through a micropillar 

𝑅Si scales as 𝑅Si~
ℎ

𝑑2𝑘Si
, which results in an order of magnitude of 𝑅Si ranging from (102) to 
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(104) K/W. Lastly, the interfacial resistance can be simplified as 𝑅int =
𝐾

𝐴𝑖𝑛𝑡
, where K is the 

thermo-physical property of water independent of surface structures 𝐾 =

(
2−𝜒

2𝜒
) (

𝑇v𝑣lv

ℎfg
2 ) (

2𝜋𝑅̅𝑇v

𝑀̅
)

1/2

(1 −
𝑃v𝑣lv

2ℎfg
)

−1

.  Depending on micropillar dimensions, the order of 

magnitude of 𝑅int  is between (104) and (105) K/W. The orders of magnitude of thermal 

resistances show that 𝑅tf is negligible and 𝑅int is dominant in most cases. Therefore, we scaled 

𝑅tot~𝑅int~
1

𝐴int
, which led to 𝑞"𝑒𝑣 =

∆𝑇w

𝑅tot𝑝2 ~
1

𝐴int𝑝2 ~(
𝑑𝛿tf

𝑝2 )n~𝜉n, where the exponent n works as 

a fitting parameter for a given experimental data set considering the uncertainty of the 

accommodation coefficient and thin film thickness threshold. This scaling, however, can be limited 

if 𝑅Si becomes comparable to 𝑅int when the aspect ratio of a micropillar is high (small d and tall 

h). For example, in the extreme case, when d, p, and h are 3, 30, and 30 µm, respectively, 

𝑅Si~0.4𝑅int as shown in Figure 4.5a at 𝑑/𝑝 = 0.1. In this case, approximating 𝑅tot~𝑅int will 

underestimate the total resistance by 40%. In most cases in Figure 4.5a, however, shows 

𝑅int/𝑅Si ≥ 10, where approximating 𝑅tot~𝑅int can provide a reasonable estimation. The ratio of 

interfacial resistance to pillar conduction resistance becomes larger when copper (Cu) is used, 

which is another common material used for a boiling surface (Figure 4.5b). For example, in the 

extreme case of d, p, and h are 3, 30, and 30 µm, respectively, 𝑅Cu~0.1𝑅int, indicating 𝑅tot~𝑅int 

will underestimate the total resistance only by 10%. 
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Figure 4.5. The ratio of interfacial resistance to conduction resistance through a pillar. (a) 
For a silicon pillar and (b) a copper pillar. The plot is created by calculating Rint and RSi for a 
constant d of 3 µm while varying p for three different heights. 

 

4.4.2 Maximum volume of evaporating liquid and volumetric wicking 

rate 

 

Past synchrotron X-ray visualization of boiling bubbles on hemi-wicking surfaces has revealed 

that hemi-wicking surfaces maintain liquid layers under the boiling bubbles (as shown in Figure 

4.4a) until a heat flux reaches CHF, where the bubble base dries out leading to the boiling crisis 

[117]. Combining this observation with stochastic bubble interaction models [110, 114], we 

presume that hemi-wicking surfaces may delay the boiling crisis by maintaining a liquid layer 

under bubbles. Once the wicked liquid layer dries out, however, much more dry areas are 

suddenly created by the stochastic bubble interactions whereby the boiling crisis occurs. This 

capability of maintaining the liquid layer depends on the volumetric wicking flow rate. 

Therefore, we scale the volume of evaporating liquid at CHF (𝑉l,CHF) as 
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𝑉l,CHF~𝑃cap𝐾Bℎ, (4.3) 

where 𝑃cap𝐾Bℎ dictates the volumetric wicking flow rate of a hemi-wicking surface and h is 

the thickness of wicked liquid layer, i.e., micropillar height [131]. Note that there can be 

exceptional cases such as hemi-wicking surfaces with artificial cavities, e.g., microtube 

structures that we are going to discuss in Chapter 5, where the extensive bubble coalescence 

due to high nucleation site density can limit the liquid supply, before capillary wicking 

becomes limiting, and trigger the boiling crisis [132]. Combining Equation 4.2 and 4.3, we 

obtain a unified descriptor of the CHF, 

𝑞"CHF~𝜉n𝑃cap𝐾Bℎ. (4.4) 

 

4.4.3 Scaling results 

 

Figure 4.6a shows our CHF data as a function of the unified descriptor 𝜉n𝑃cap𝐾Bℎ.  The plot 

shows a clear positive correlation between our CHF data and 𝜉n𝑃cap𝐾Bℎ, where n of 0.46 

showed the best fit with our dataset. We also included literature data in Figure 4.6b using 

the same n, which confirms the positive linear relationship in a broader range. The exponent 

n, as previously discussed, depends on experimental and environmental parameters, so it 

may differ for different literature data sets. Nonetheless, the improved correlation between 

CHF values with 𝜉n𝑃cap𝐾Bℎ (Figure 4.6) when compared to the correlations with r or 𝑃cap𝐾B 

alone (Figure 4.1) supports our scaling analysis; that is, the combined effect of thin film 

density and volumetric wicking rate affect CHF values by enhancing bubble departure 

frequency and delaying the growth of dry area, respectively. In fact, the scaling-driven 

descriptor 𝜉n𝑃cap𝐾Bℎ has the combined effects of previous roughness- and wickability-based 

models, which becomes more obvious by rearranging the parameters as (𝜉nℎ)(𝑃cap𝐾B). Here 

𝜉nℎ is a parameter similar to roughness r, where their roles for enhanced CHF are essentially 
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the extension of contact line, and 𝑃cap𝐾B is the key parameter used in the wickability-based 

model. This explains why the previous models could work for specific data sets. The 

roughness-based model could work when the effect of extended contact line length is 

dominant, while the wickability-based model could work better if the wickability effect is 

dominant. 

 

 

Figure 4.6. Experimentally measured CHF values versus ξ0.46PcapKBh, where 0.46 is the 
exponent that fits best for our measurement. (a) CHF scaling results with our data and (b) 
including the literature data. 

 

4.4.3.1 Sensitivity of thin film density exponent n 

 

The 𝜉n term was derived from the scaling analysis with the evaporation heat flux and thin 

film density, where n of 0.4 showed the best fit for the model when the thin-film thickness, 

accommodation coefficient, and receding contact angle values were defined as 1 µm, 0.03, 

and 10°, respectively. Our experimental CHF data, on the other hand, showed the best fit with 

n of 0.46.  In Figure 4.7, we plotted our CHF data as a function of 𝜉n𝑃cap𝐾Bℎ  with three 
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different n values of 0.25, 0.46, and 0.7 to see the sensitivity of exponent value on the CHF – 

𝜉n𝑃cap𝐾Bℎ  correlation. The plots show that, as n value increases, the weight of thin film 

density values on the correlation increases. This dependency can be found clearly when we 

compare 𝜉n𝑃cap𝐾Bℎ values of the surfaces with the smallest (sample #4, r1.5 PcapKB0.75) and 

highest (sample #6, r8.8 PcapKB0.21) roughness. Here we can consider 𝜉~𝑟 as the micropillar 

height is constant. We expect this n value can change for different experimental 

environments that can affect the evaporation heat flux such as the degree of surface 

contamination and actual contact angle. This uncertainty associated with experimental 

conditions is even found on CHF values of flat surfaces as we discussed in Chapter 3. 

Nonetheless, all three plots show generally a positive correlation between CHF and 

𝜉n𝑃cap𝐾Bℎ, indicating both thin film density and volumetric wicking rate are important for 

CHF. 
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Figure 4.7. Sensitivity of exponent n on the CHF –ξ nPcapKBh correlation. 

 

4.5 Conclusions 

 

In this chapter, we showed that existing CHF correlations which used roughness or 

wickability as a single descriptor were limited to specific data sets. To investigate the effects 

of roughness and wickability on CHF values independently, we designed micropillar arrays 

with a fixed r while varying 𝑃cap𝐾B, and vice versa. The experimentally measured CHF values 
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on those micropillar arrays showed that, although there were no clear correlations of CHF 

values with either r or 𝑃cap𝐾B overall, CHF values generally increased with either r or 𝑃cap𝐾B 

when the other was fixed. This result directly showed that CHF is not solely a function of 

either r or 𝑃cap𝐾B; instead, each parameter has separate effects on CHF. To understand the 

structural effects on CHF values, we performed a scaling analysis to derive a relationship for 

CHF with a new unified descriptor, 𝑞"CHF~𝜉n𝑃cap𝐾Bℎ. Here 𝜉n and 𝑃cap𝐾Bℎ affect CHF values 

by promoting bubble departure frequency and delaying the expansion of dry area, 

respectively. The scaling analysis was confirmed with CHF values from our experiments and 

literature data. CHF values from our experiments showed a positive linear correlation with 

𝜉0.46𝑃cap𝐾Bℎ , which also agreed with existing literature data. Our work elucidate the 

separate roles of thin film density and wickability in enhancing CHF values, which can enable 

improved designs of boiling surfaces for a variety of high heat flux applications. 
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Chapter Five 

 

5 Engineering surface structures for 

simultaneous enhancement of HTC and CHF 

 

5.1 Introduction 

 

Previous studies have shown that engineered surfaces can significantly enhance boiling 

performance (see Chapter 1.2.3). A representative example of surface structure that 

effectively enhance HTC is the microcavity (Figure 5.1a) [20, 23]. Microcavities can trap 

vapor embryo that promotes nucleation. Hemi-wicking surfaces such as micropillars and 

nanowires [24, 26, 27, 43] (Figure 5.1b), on the other hand, enhance CHF by harnessing the 

thin-film evaporation around pillars and capillary-fed rewetting through the structures (as 

discussed in Chapter 4). The simultaneous enhancement of CHF and HTC, however, remains 

challenging despite of state-of-art surface structuring. In this chapter, we developed surface 

structures that can achieve the simultaneous and significant enhancement of CHF and HTC.  
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5.2 Microtube arrays and tube-clusters in pillars (TIP) 

 

5.2.1 Surface design and fabrication 

 

We designed and investigated precisely controlled microtube structures (Figure 5.1c), 

where a cavity is defined at the center of a pillar, as a microscale structural building block to 

enhance HTC and CHF values simultaneously. Cavities are designed to induce vapor trapping 

and bubble nucleation for HTC enhancement, while the sidewalls of the microtube arrays 

provide CHF enhancement as micropillar arrays. Moreover, the designed microtube arrays 

enable effective separation of vapor and liquid paths during the bubble generation and 

departure cycles, where bubbles nucleate at the top of the microtubes while liquid rewets 

the surface through the microtube sidewalls. The separation of vapor and liquid paths was 

demonstrated to be effective for boiling enhancement on copper surfaces with modulated 

porous-layer coatings of spherical copper particles and contoured microchannels [133, 134]. 

In addition to uniform microtube arrays, we designed surfaces with microtube clusters 

interspersed with micropillars, referred to as tube-clusters in pillars (TIP), to reduce the 

coalescence of bubbles from the micro-tubes. While microtube arrays may enhance HTC and 

CHF values compared to a flat surface, we postulated that uniform microtube arrays might 

not achieve as high CHF values as micropillar arrays due to the drastically higher nucleation 

site density. Previous studies have suggested that the boiling crisis may be a result of the 

stochastic interaction of bubbles; in other words, an excessive nucleation site density, i.e., 

cavity density, may lead to an earlier boiling crisis [110-112, 135]. 
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Figure 5.1. Microsurfaces and their effects on pool boiling heat transfer enhancement. (a) 
Cavities promote vapor bubble nucleation and enhance HTC values. (b) Pillar arrays provide 
enhanced CHF values by contact line augmentation and capillary-fed rewetting. (c) Tube 
arrays, where a cavity is defined at the center of a pillar, enable simultaneous enhancement 
of both HTC and CHF values. 

 

To investigate the effects of microtube surface structures on pool boiling heat transfer 

compared to other structures, we fabricated micropillar, microcavity, microtube arrays, and 

TIP surfaces by photolithography and deep reactive-ion etching processes on silicon wafers 

(Figure 5.2). The surfaces were coated with a 100-nm-thick SiO2 layer at the end of the 

fabrication process by plasma-enhanced chemical vapor deposition to ensure uniform 

hydrophilicity over the entire surface. The outer diameter (d), height (h), and pitch (p) of 

micropillar (Figure 5.2a) and microtube (Figure 5.2d and 5.2e) arrays were 22, 30, and 40 

µm, respectively. The depth of the microcavity arrays was ~30 µm (Figure 5.2b). The cavity 

diameter (dc) of microcavity and microtube arrays is directly related to the excess pressure 

in a bubble embryo (∆𝑃 = 𝜎 𝑑c⁄ , where σ is liquid-vapor surface tension) required to initiate 

nucleate boiling. Combined with the Clausius-Clapeyron relation, the excess pressure can be 

expressed as the wall superheat for the onset of nucleate boiling, i.e., ∆𝑇ONB ≈
2𝜎𝑇sat

ℎfg𝜌g(𝑑c/2)
, 

where hfg and ρg are latent heat of vaporization and vapor density, respectively [136]. The 

inverse relation between ΔTONB and dc plotted in Figure 5.2c shows that bubbles can more 

readily nucleate on a larger cavity as long as the cavity radius is much smaller than the 
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thermal boundary layer thickness δt, e.g., δt ~ (10-4) m for saturated water at atmospheric 

pressure, which is an order of magnitude larger than dc ((10-6) - (10-5) m) [137]. We 

fabricated microcavity and microtube arrays with dc of 5 µm and 12 µm, which correspond 

to ΔTONB of 11℃ and 5℃, respectively, to investigate the effects of cavity size. A TIP surface 

with microtube clusters (300 × 300 µm2) that were 2 mm apart from each other with 

micropillars between clusters is shown in Figure 5.2f, where the cluster-to-cluster pitch of 2 

mm is based on the capillary length of water 𝑙𝑐 = √𝜎 (∆𝜌𝑔)⁄ ≈ 2.5 mm which was found to 

be efficient to separate nucleating bubbles [64, 138]. We named each surface according to its 

structure and cavity size as shown in Figure 5.2. 

 

 

Figure 5.2. SEM images of fabricated microsurfaces and the onset of nucleate boiling 
temperature relationship with cavity diameter. (a) Micropillar arrays. (b) Microcavity arrays 
with 12 µm diameter. (c) Onset of nucleate boiling temperature as a function of cavity 
diameter. Microtube arrays with the cavity diameter of 5 µm (d) and 12 µm (e). (f) 
Schematics of boiling are of TIP surface where microtube clusters are separated from each 
other by cluster-to-cluster pitch of 2 mm with micropillars between the clusters. All SEM 
images are taken with 20° tilt angle and all scale bars are 30 µm. 
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5.2.2 Results and discussion 

 

Figure 5.3a shows pool boiling curves for different surfaces. HTC is also plotted as a function 

of heat flux for a heat flux over 25 W/cm2 in Figure 5.3b. In the plots, the structures with 

cavities, e.g., microcavity, microtube, and TIP surfaces, have open data symbols, where the 

open area of the data symbols represent the cavity size, i.e., the large and small open area 

represent the 12 µm and 5 µm cavity diameters, respectively. Compared to a flat surface, all 

structured surfaces showed enhancement of either or both HTC and CHF. As expected, we 

observed distinctly different effects of cavity and pillar structures on boiling behavior. The 

boiling curves of cavity arrays showed significantly steeper slopes, i.e., higher HTC values, 

than that of flat and pillar surfaces, while their CHF values remained very close to the flat 

surface. Also, the larger cavity of 12 µm resulted in a higher HTC value than the smaller cavity 

of 5 µm near the onset of nucleate boiling, which was consistent with the theoretical 

prediction of the ΔTONB. Micropillar surfaces, on the other hand, showed significant 

enhancement of CHF, but no enhancement of HTC up to the wall superheat of ~30℃ due to 

the absence of artificial nucleation sites. The uniform microtube arrays, which were designed 

to exploit the combined effects of cavity and pillar structures, enhanced HTC and CHF values 

simultaneously. Similar trends of HTC with uniform cavity arrays were observed, for 

example, the lower ΔTONB of tubes with 12 µm cavity than 5 µm. Compared to the flat surface, 

the HTC values of Tube 5 µm and Tube 12 µm at CHF points (ℎCHF) were enhanced ~220% 

and ~244%, respectively. Moreover, Tube 5 µm and Tube 12 µm surfaces achieved 60% and 

62% CHF enhancement, respectively, compared to the flat surface, presumably due to the 

additional microlayer evaporation (q”ml) around the sidewalls of microtubes (Figure 5.3c) 

[27, 46, 127]. The experimental results show that the CHF enhancement of microtube arrays 

was not as significant as that of micropillar arrays even though they both have the same 

surface wickability due to their identical sidewall geometries. For microtube surfaces, the 
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high nucleation site density and excessive coalescence of bubbles may lead to the earlier 

boiling crisis than that with micropillar surfaces. 

Boiling curves of TIP surfaces that separated microtube nucleation clusters from each 

other by 2 mm and included micropillar arrays between clusters corroborated our 

hypothesis. Both TIP surfaces showed slightly higher CHF values than that of uniform pillar 

arrays by minimizing bubble coalescence and fully exploiting the role of micropillars for CHF 

enhancement. Micropillar arrays, TIP 5 µm, and TIP 12 µm surfaces showed ~110%, ~138% 

and ~129% CHF enhancement, respectively. The additional CHF enhancement of TIP 

surfaces compared to micropillar arrays can be attributed to two factors: additional 

evaporation of penetrated liquid in the microtube cavities (Figure 5.3d) and effective 

separation of liquid and vapor paths, i.e., the bubble nucleation and departure regions are 

separated from the paths of the rewetting liquid (Figure 5.3e). The volume of penetrated 

liquid (ΔVliq) during the rewetting of liquid and additional heat flux from its evaporation is, 

however, negligibly small (~0.06 W/cm2) compared to the enhancement (27.2 W/cm2 and 

17.1 W/cm2 for TIP 5 µm and TIP 12 µm, respectively). The additional CHF enhancement is 

therefore attributed to effective separation of liquid and vapor paths, where a similar 

phenomenon has been observed in literature [31]. On TIP surfaces, bubbles are generated 

on top of microtube clusters; consequently, rewetting liquids may come from the top of 

micropillar arrays to under the bubbles with minimal disturbance. In contrast, uniform 

micropillar arrays have preferred nucleation sites at the bottom corners of pillars due to the 

local temperature concentration. Therefore, nucleating bubbles can block the paths of 

rewetting liquids during the bubble growth period, which would adversely affect CHF 

enhancement. We show CHF values of all surfaces in Figure 5.3f and their enhancement 

mechanisms.  

It is also interesting to note that the boiling curves of TIP surfaces showed two different 

regimes due to two surface features (Figure 5.3a). In the early stage of nucleate boiling, ΔTw 
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< ~30℃, promotion of nucleation from microtubes is dominant, which leads to a HTC 

enhancement compared to uniform pillar arrays. When ΔTw > ~30℃, the TIP boiling curves 

overlap with the boiling curve of the micropillars, which suggests that the evaporative heat 

transfer from the sidewalls of the micropillars is dominant. In addition, the results suggest 

that by controlling the cluster-to-cluster pitch, we can design TIP surfaces with a boiling 

curve located in between the uniform microtube arrays and the TIP surface with the cluster-

to-cluster pitch of 2 mm (shaded red area). As the pitch becomes shorter and the density of 

microtube, i.e., nucleation sites, is higher, the effects of promoting bubble nucleation from 

microtubes become more dominant and the surface will enhance HTC more effectively than 

CHF; the opposite holds for the wider pitch and lower nucleation site density. This 

controllability may offer surface design flexibility to achieve a desired boiling curve 

according to the application. 
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Figure 5.3. Pool boiling results and enhancement mechanisms of microtube and TIP surfaces. 
(a) Pool boiling curves of water on different surface structures. (b) Heat transfer coefficients 
as a function of boiling heat flux. For (a) and (b), the experimental uncertainty is smaller than 
the marker size. Shaded red areas show the range of boiling curves that can be obtained by 
controlling the cluster-to-cluster pitch of a TIP surface. (c – d) Schematics of cross-section 
view of a microtube during boiling. (c) Evaporative heat flux from the microlayer around the 
sidewalls of microtubes (q”ml), which provides additional heat flux to microtube arrays 
compared to microcavity arrays. (d) Penetrated liquid with volume of ΔVliq in a microtube 
cavity during the rewetting of liquid. Analytical estimation suggests that the evaporation of 
the penetrated liquid has minimal effects on CHF enhancement of TIP surfaces. (e) Schematic 
of the separated liquid and vapor paths on TIP surfaces. Bubbles are generated on top of 
microtube clusters, while rewetting liquids come from the outside of microtube clusters with 
minimal disturbance from growing bubbles. (f) CHF values for different surface structures 
and CHF enhancement mechanisms. 
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Imaging of the bubble dynamics (Figure 5.4) of different surface structures captured 

by a high-speed camera (Phantom v7.1, Vision Research) supports the boiling curve analysis. 

Each row shows the bubble dynamics at different heat flux ranges, e.g., ~ 3 – 8 W/cm2, ~34 

– 40 W/cm2, and at CHF points, respectively, while each column represents different surface 

structures, e.g., Pillar, Cavity 12 µm. Tube 12 µm, and TIP 12 µm (from left to right). At the 

very early stage of nucleate boiling (q” < 10 W/cm2), the micropillar surface had noticeably 

different bubble dynamics compared to the other surfaces having artificial nucleation sites. 

Since the surfaces with cavities nucleated at very low superheat, there were small bubbles 

with high nucleation site density; in particular, TIP 12 µm showed separated bubbles 

nucleated from microtube clusters. The micropillar surface, on the contrary, had a large 

single bubble at this stage. The surface without artificial nucleation sites such as micropillar 

array generally required high wall superheat for nucleation, which led to the large bubble 

size since the inertia-driven bubble growth became more dominant [139]. Similar trends 

continued when the heat flux increased to ~34 – 40 W/cm2 but the higher heat flux 

generated more active nucleation sites with higher bubble departure frequency. The bubble 

snapshots at CHF illustrated the CHF enhancement mechanisms on different surface 

structures. According to previous studies, the boiling crisis may be the result of stochastic 

interaction of bubbles, where active nucleation site density, bubble departure diameter, and 

departure frequency are important parameters for the interactions [110-112, 135]. In the 

cases of Cavity 12 µm and Tube 12 µm, the coalesced bubbles formed vapor films over the 

boiling surfaces at CHF due to their extensively dense nucleation sites, which suggests that 

the high nucleation site density was the dominant triggering mechanism of the boiling crisis 

on these surfaces. The snapshots of micropillar arrays and TIP 12 µm showed, on the other 

hand, that boiling areas were not entirely covered by a vapor film; instead, parts of the 

boiling areas remained wet. This result suggests that, in addition to nucleation site density, 

other parameters such as bubble departure diameter and frequency also play important 

roles on determining CHF. In particular, TIP 12 µm showed that the majority of bubbles were 
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generated at microtube clusters even at CHF. Separated liquid and vapor paths facilitated 

rewetting of liquids in between the tube clusters and accelerated bubble departure from the 

clusters. This high-speed imaging analysis supports our findings from the boiling curve data 

that the additional CHF enhancement compared to uniform pillar arrays is attributed to 

effective separation of liquid and vapor paths of TIP surfaces. 

 

 

Figure 5.4. Images of boiling captured by a high-speed camera with up to 4000 frames per 
second. Each row shows the bubble dynamics at different heat flux ranges and each column 
represents different surface structures. TIP 12 µm surface shows separated bubbles from 
microtube clusters, which are highlighted with white arrows. All images have the same scale 
and were taken with 19° tilt angle.  



87 
 

5.3 Hierarchically structured tube arrays and TIP 

 

Uniform microtube arrays TIP surfaces have shown the potential for systematic control of a 

boiling curve associated with the tube cluster-to-cluster pitch. The simultaneous and 

significant enhancement of HTC and CHF, however, has been limited due to the intrinsic 

trade-off between HTC and CHF associated with the nucleation site density. 

 

5.3.1 Multi-scale control of vapor nucleation 

 

In this section, we demonstrate an approach to achieve simultaneous extreme enhancement 

of HTC and CHF by overcoming this trade-off. By designing a hierarchically structured TIP 

surface (h-TIP), we can control vapor nucleation at multiple length-scales while providing 

capillary wicking (Figure 5.5). For CHF enhancement, we minimized bubble coalescence and 

exploited capillary wicking based on the TIP structure, that is, by defining separated 

nucleation sites with tube clusters (shaded dark-red area in Figure 5.5a). For HTC 

enhancement, on the other hand, we promoted vapor nucleation with microscale cavity 

(Figure 5.5b), where evaporation could be further enhanced by extending the liquid-vapor 

interfaces on nanostructures (Figure 5.5c). Our strategy to enhance HTC does not have the 

detrimental effect of continuing to increase the nucleation site density and as a result, 

prevent the liquid rewetting processes.  
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Figure 5.5. Schematics and SEM images of a hierarchically structured TIP surface (h-TIP) 
that exhibits capillary wicking while controlling vapor nucleation using multiple length-
scales. (a) The h-TIP surface consists of hierarchical tube clusters interspersed in 
hierarchical pillar arrays. Left panel: 2 mm pitch between the tube clusters separates bubbles 
and minimizes bubble coalescence. The dark-red patterned regions represent the 
hierarchical tube clusters whereas the grey region is covered by hierarchical pillar 
structures. Right panel: SEM images of the hierarchical tube structures (top) and hierarchical 
pillar structures (bottom). Scale bars are 30 µm. (b) Microscale cavity at the center of tube 
structure traps vapor embryo and promotes nucleation. Left panel: schematic of bubble 
nucleation on the top of a tube structure. Right panel: SEM images of a hierarchical tube with 
a cavity diameter of 12 µm (top) and 5 µm (bottom). (c) Nanoblades on top of 
microstructures augment liquid evaporation under the bubbles. Top panel: schematic of the 
extended liquid-vapor interface on the nanostructures. Bottom panel: SEM image of the 
nanostructures created all over the surface: tubes, pillars, and flat base surfaces. 

 

5.3.2 Surface fabrication and formation of nanostructures 

 

We fabricated uniform arrays of hierarchically structured tubes (h-Tube), which consist of 

only tubes but pillars, along with hierarchically structured TIP surfaces (h-TIP) to investigate 

the effectiveness of bubble separation by TIP structures in the presence of nanostructures. 

First, microscale structures were created through the same processes as in Chapter 5.2 with 

the same microscale dimensions, e.g., outer diameter, height, and pitch of microtubes and 

micropillars were 22, 30, and 40 µm, respectively. For both h-Tube and h-TIP surfaces, two 
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cavity diameters of 5 and 12 µm were fabricated (SEM images in Figure 5.5b). The cluster-

to-cluster pitch was also set to the same value of 2 mm based on the capillary length of water 

(≈ 2.5 mm) (Figure 5.5a) [64, 132, 138]. On top of the microstructured surfaces, sharp blade-

like cupric oxide (CuO) nanostructures were created by sputtering a 500 nm copper layer 

over the microstructures followed by an oxidation in an alkali solution (NaClO2, NaOH, 

Na3PO4, and deionized water with 3.75:5:10:100 wt.%) at 95℃ for 2 minutes (SEM image in 

Figure 5.5c) [140]. At the end, we deposited a 20 nm SiO2 layer using atomic layer deposition 

to ensure uniform hydrophilicity along the entire hierarchical structures. 

 

5.3.3 Results and discussion 

 

Figure 5.6a shows pool boiling curves of h-TIP and h-Tube surfaces along with microstructured 

surfaces along with the microstructured surfaces with the same microscale dimensions such as 

micropillars, microtubes, and TIP surfaces from the previous chapter for comparison [132]. Each 

surface is named with its structure and the cavity diameter; for example, h-TIP 12 µm is a h-TIP 

surface that has 12 µm diameter cavity in each tube clusters. We also plotted HTC as a function of 

heat flux in Figure 5.6b. All hierarchical structures showed enhanced HTC and CHF values 

compared with their microstructure counterparts without nanostructures. For example, h-TIP 

surfaces significantly enhanced HTC values while maintaining the high CHF of TIP surfaces. 

Compared with up to 209% enhancement (relative to a flat surface) of maximum HTC (hmax) on 

normal TIP surfaces, h-TIP 5 µm and h-TIP 12 µm achieved 289 and 389% enhancement, 

respectively. At the same time, CHF values of h-TIP 5 µm and h-TIP 12 µm were enhanced 138 

and 125%, respectively. In fact, the boiling curves of h-TIP surfaces shifted left of the boiling 

curves of normal TIP surfaces. This simultaneous enhancement of HTC and CHF on h-TIP 
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structures was achieved because the nanostructures extended liquid-vapor interfaces. As a result, 

this effect promoted evaporation and enhanced HTC. Meanwhile, the nucleation site density was 

maintained (Figure 5.6c and 5.6d) to prevent hindering of the liquid rewetting, which would limit 

CHF enhancement. Also, nanostructures on top of the pillars can involve the pillars, in addition to 

tube clusters, into HTC enhancement when bubbles grow over the pillars. We expect there are two 

mechanisms with in the nanostructures that promote evaporation and bubble departure frequency. 

First, the liquid imbibed in the nanostructures can evaporate quickly under the vapor bubbles 

because of the nanoscale liquid film thickness (mechanism (1) in Figure 5.6d). Second, when the 

nanostructures are filled with vapor, the vapor can diffuse and merge with a growing bubble above 

them, which will accelerate the bubble growth and departure frequency (mechanism (2) in Figure 

5.6d).  

A similar enhancement was observed on h-Tube surfaces compared with normal microtube 

surfaces due to the enhanced evaporation from the nanostructures. The maximum HTC value of 

h-Tube 5 µm and h-Tube 12 µm, for example, were 351 and 448% enhancement, respectively. 

This result is significant improvement compared with the 244% enhancements of hmax on normal 

microtube arrays. In addition to the HTC enhancement, h-Tube surfaces demonstrated higher CHF 

enhancement than microtube surfaces, where h-Tube 5 µm and h-Tube 12 µm achieved 78 and 

82% CHF enhancement, respectively, while Tube 12 µm showed 62% CHF enhancement. Because 

the extensively high nucleation site density primarily triggered the boiling crises on h-Tube and 

microtube surfaces, the addition of nanostructures was able to enhance CHF as well as HTC by 

providing additional evaporation heat flux for a similar nucleation site density near CHF. Yet, the 

CHF enhancement was still limited compared to TIP and h-TIP surfaces. The pool boiling results 

of h-TIP and h-Tube surfaces confirm that our h-TIP surfaces maintained the high CHF values of 
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TIP surfaces while significantly improving the HTC because of the effective separation of liquid 

and vapor paths during boiling, which also allows surfaces to exploit the capillary wicking 

completely (Figure 5.6c). 

Another interesting observation to note was that hierarchical surfaces with 12 µm 

cavity diameters (h-Tube 12 µm and h-TIP 12 µm) showed a decrease in wall superheat near 

20℃ while the heat flux increased, a phenomenon known as boiling inversion. However, a 

similar phenomenon was not observed on hierarchical surfaces with the 5 µm cavity 

diameter. While previous works attributed the boiling inversion primarily to enhanced 

macro-convection driven by effective separation of liquid-vapor paths [141], understanding 

the boiling inversion mechanism is still limited and needs further investigation. 
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Figure 5.6. Pool boiling results and schematics of boiling heat transfer enhancement on h-
TIP surfaces. (a) Pool boiling curves of saturated water on h-Tube and h-TIP surfaces 
compared with microstructured surfaces without nanostructures. (b) HTC as a function of 
heat flux. The experimental uncertainty is smaller than the marker size. (c) Schematic of the 
separated liquid-vapor paths during boiling on an h-TIP surface. Bubbles grow on top of and 
depart from tube clusters, while liquids coming outside tube clusters rewet the surface by 
capillary wicking. (d) Schematic explaining the two mechanisms for the nanostructure-
induced evaporation: (1) rapid evaporation of thin liquid films due to their nanoscale 
thickness and (2) diffusion of vapor trapped in nanostructures, which accelerates bubble 
growth and departure. 

 

We confirmed the different behavior of bubble interactions on h-Tube and h-TIP 

surfaces by capturing the bubble dynamics with a high-speed camera (Phantom v7.1, Vision 

Research) up to 4000 frames per second. Figure 5.7 shows images capturing the bubble 

dynamics on h-Tube and h-TIP surfaces at a moderate heat flux of ~40 W/cm2 (the first row 
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of Figure 5.7) and at CHF (the second row of Figure 5.7). Since microscale cavities promote 

nucleation, significantly higher nucleation site densities were observed on h-Tube surfaces 

compared to h-TIP surfaces. Accordingly, bubbles on h-Tube surfaces showed intensive 

interactions with each other. In the case of h-TIP surfaces, on the contrary, bubbles nucleated 

from spatially separated tube clusters, which led to a reduced bubble coalescence. This 

behavior continued to until CHF was reached. We observed that vapor filmed formed over 

h-Tube surfaces at CHF, which suggests that CHF enhancement was limited because of the 

high nucleation site density. The separation of nucleating bubbles on h-TIP surfaces, on the 

other hand, was effective even at CHF; therefore, the CHF on h-TIP surfaces was enhanced 

until it was limited by capillary wicking. This observation supports our boiling curve analysis 

that h-TIP surfaces enhanced HTC without increasing the nucleation site density, resulting 

in simultaneous enhancement of HTC and CHF. 
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Figure 5.7. Images of bubbles on h-Tube and h-TIP surfaces during boiling captured by a 
high-speed camera with a 19° tilt angle and up to 4000 frames per second. First and second 
rows show bubble dynamics at a heat flux of ~40 W/cm2 and at CHF, respectively. h-TIP 
surfaces showed effectively separated bubbles even at CHF (highlighted with yellow arrows), 
while h-Tube surfaces showed extensive bubble coalescence which leads to the formation of 
vapor films at CHF. 

 

5.3.4 Regime map of CHF and HTC values of different micro/nano 

structures 

 

In Figure 5.8, we compared CHF (𝑞"CHF) and the maximum HTC (ℎmax) values of uniform 

microtube arrays, TIP, h-Tube, and h-TIP surfaces with different micro/nano structures from 

the literature. The structures from the literature include micropillar [24, 142], hierarchically 

structured pillar (h-Pillar) [34], nanowire [38, 43, 143, 144], microcavity [22, 132], 

microridge [41], and microchannel [22, 105]. All data shown in Figure 5.8 are summarized 

in Supplementary Information Table 8.3. Since surface wettability can also affect boiling 
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performance, we included the data of SiO2 surfaces to compare the sole effect of surface 

structure, except nanowires based on silicon. Microcavity, channel, and ridge structures 

generally provide significant enhancement of HTC values, but CHF enhancement remains 

limited to ~70%. On the contrary, micropillars can enhance CHF values more than 100%, but 

the enhancement of HTC values is not as high as in cavity, channel, and ridge structures. The 

uniform microtube arrays and TIP surfaces show the highest simultaneous enhancement of 

CHF and HTC values among microstructured surfaces. Most of all, our h-TIP surfaces showed 

the highest simultaneous enhancement of HTC and CHF among all other structures, as shown 

on the top-right corner of the plot. Yet, there are opportunities for further enhancement of 

h-TIP surfaces by optimizing microscale structure dimensions such as the outer diameter, 

pitch, and height of hierarchical tube and pillars, which were fixed in this work.  

 

 

Figure 5.8. Regime map of CHF (q”CHF) and maximum HTC (hmax) values of different SiO2 
micro/nano structures and Si nanowires. This work with h-TIP shows the highest 
performance (upper right region) with simultaneous CHF and HTC enhancement. 
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5.4 Summary 

 

In Chapter 5.2, we designed microtube structures for simultaneous enhancement of CHF and 

HTC values during pool boiling heat transfer. We analyzed pool boiling results and analyzed 

enhancement mechanisms with high-speed imaging. Uniform microtube arrays 

demonstrated simultaneous enhancement of CHF and HTC values up to 62% and 244%, 

respectively. The enhancement of HTC is attributed to active bubble nucleation from 

microtube cavities, while CHF enhancement is a result of microlayer evaporation around 

microtube sidewalls. Moreover, higher CHF values were achieved than that of uniform 

micropillar arrays with TIP surfaces by separating microtube clusters by 2 mm from each 

other within micro-pillars arrays. As a result, the earlier boiling crisis due to extensive 

bubble coalescence could be prevented. By changing the cluster-to-cluster pitch, our 

approach can be used to design TIP surfaces with boiling curves in between those of uniform 

micropillars and the TIP surface with the cluster-to-cluster pitch of 2 mm.  

In Chapter 5.3, we incorporated nanostructures on top of TIP surfaces that achieved 

superior pool boiling performance via multi-scale control of vapor nucleation on hemi-

wicking surfaces. Our strategy included the minimization of bubble coalescence, promoting 

vapor nucleation and enhancing evaporation by engineering surfaces with separated tube 

clusters, microscale cavities, and nanostructures, respectively, Meanwhile, capillary wicking 

performance was maintained in the presence of dynamically interacting boiling bubbles. Our 

hierarchical TIP surfaces (h-TIP) achieved significant CHF enhancement up to 138% as well 

as 389% HTC enhancement. The enhanced boiling performance promises significant energy 

savings in various boiling applications.  
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Chapter Six 

 

6 Enhancement of boiling with scalable 

sandblasted surfaces 

 

6.1 Introduction 

 

In previous chapters, we investigated the structural effects on the boiling heat transfer 

enhancement systematically using clean-room processed micro- and nano-structures.  These 

clean-room processed surfaces are great for fundamental research but not suitable for 

industry-scale applications due to the limited scalability. Solution-based surface 

modifications such as surface oxidation, wet etching, synthesis of nanowires, and coatings of 

nanoporous layers may provide a better scalability than clean-room processes [43, 140, 145-

148]; however these approaches are often limited to a specific material due to the need for 

chemical compatibility, and nanomaterials have limited durability that may preclude use in 

industrial applications [149].  

In this chapter, we propose a sandblasting process as a scalable surface structuring 

technique for the enhancement of pool boiling heat transfer for industry-scale boiling 
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applications. Sandblasting is a pure physical bombardment process free of chemical 

compatibility constraints; therefore, it is applicable to versatile materials including Zircaloy-

4, which is a commonly used material for nuclear reactor applications [150]. In fact, 

sandblasting has already been utilized as a physical texturing method to study the effects of 

surface roughness on boiling heat transfer in previous studies [151-158]. The detailed 

analysis on the structural characteristics of sandblasted surfaces and their effects on boiling 

heat transfer, however, are still lacking. In this work, we investigate the enhancement of pool 

boiling heat transfer by sandblasting boiling surfaces. The pool boiling experiments are 

conducted with water on silicon surfaces sandblasted by aluminum oxide (Al2O3). The 

abrasive media size was varied with 25, 50, 100, and 150 µm. Surface morphology and 

capillary-wicking performance are characterized by an optical profilometer and capillary-

rise tests. Surfaces sandblasted by larger abrasives (up to 150 µm) exhibit higher roughness 

and volumetric wicking rate, resulting in greater enhancements of CHF and HTC values.     

 

6.2 Sandblasting process 

 

Sandblasted boiling samples were prepared based on a 650 µm-thick silicon wafer with 

thermally grown 1 µm SiO2 layers on both sides. The top SiO2 layer was completely etched 

by reactive-ion etching to expose underlying silicon before sandblasting with a laboratory-

scale sandblaster (AccuFlo AF10 Standard Tank, Comco Inc.). A schematic of the sandblasting 

process is shown in Figure 6.1. The blasting nozzle was mounted on an XY linear stage and 

rasters over the surfaces with a constant line-pitch (pl) of 1.1 mm and a sweeping speed (v) 

of 6.1 cm/s, where its motion is controlled with a microcontroller (Arduino Uno). The nozzle-

to-sample distance (dn) and blasting pressure (P) were fixed at 12.7 mm and 827 kPa (120 

psi), respectively. In order to create different structural features, Al2O3 abrasives with four 

different nominal sizes (25, 50, 100, and 150 µm) were tested. 
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Figure 6.1. A schematic of the sandblasting process. Sandblasting pressure (P), sweeping 
speed (v), line-pitch (pl), and nozzle-to-sample distance (dn) were fixed while changing the 
Al2O3 abrasive size from 25 to 150 µm. 

 

6.3 Morphology of sandblasted surfaces 

 

The surface structures created by the sandblasting process were analyzed quantitatively by 

an optical profilometer (Non-contact 3D profiler CCI, Taylor Hobson) as shown in Figure 6.2. 

Figure 6.2a – d show the three-dimensional profile images of surfaces sandblasted by 25, 50, 

100, and 150 µm, respectively. Figure 6.2e shows the change in r along with the arithmetic-

mean roughness (Ra) and root-mean-square roughness (Rq) as a function of blasting abrasive 

size. We measured the roughness parameters at ten different randomly selected positions 

on each surface. The average and standard deviation values were used as data points and 

error bars, respectively. All three parameters increased noticeably as abrasive size increased 

from 25 to 100 µm, while the differences of parameters between the cases of 100 and 150 

µm abrasives were insignificant and within an error bar range. The plots of surface profiles 

in a horizontal direction are shown in Figure 6.2f – h. Grey regions represent the overlapped 
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profiles over the other horizontal direction, from which the peak-to-valley amplitude ∆𝑧 was 

characterized. The peak-to-valley amplitude increased with the abrasive size. A blue line in 

each plot shows a typical profile at a specific position in the other horizontal direction.  

 

 

Figure 6.2. Surface structures characterized by an optical profilometer. (a – d) Three-
dimensional profiles of surfaces sandblasted by 25, 50, 100, and 150 µm, respectively. (e) 
Surface area ratio (r, orange circles), arithmetic-mean roughness (Ra, blue squares), and 
root-mean-square roughness (Rq, gray triangles) as functions of blasting abrasive size. Error 
bars represent the standard deviations of ten different measurements at random positions 
on each surface. (f – i) Profile plots in one of the horizontal directions of surfaces sandblasted 
by 25, 50, 100, and 150 µm, respectively. The blue line and grey region indicate a profile at a 
fixed position and overlaps of profiles in the perpendicular horizontal direction, respectively. 
The peak-to-valley amplitude Δz was characterized based on the gray region. 

 

The SEM images in Figure 6.3a show the effects of abrasive sizes on surface structures 

qualitatively. The EDS images of silicon (Figure 6.3b) and aluminum (Figure 6.3c) taken at 

the same spots of each surface reveal that the sandblasting on silicon surfaces can create not 
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only cavities by etching the surfaces but also protruded structures with the implanted 

abrasives. The EDS mapping of silicon (Figure 6.3b) shows that most exposed area is 

composed of the base material: silicon. Spots where aluminum is detected, on the other hand, 

indicate protruded structures created by implanted Al2O3 abrasives. The resulting cavity and 

protruded surface structures can promote bubble nucleation and exhibit 

superhydrophilicity during pool boiling, which can enhance HTC and CHF values, 

respectively.  

 

 

Figure 6.3. Morphology and chemical compositions of sandblasted surfaces. Each column 
shows a surface sandblasted by a specific abrasive size. (a) SEM images. (b, c) EDS images of 
silicon (blue) and aluminum (red), respectively. EDS images of aluminum show the presence 
of Al2O3 abrasives on surfaces after the sandblasting process. 
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6.4 Wickability of sandblasted surfaces 

 

In addition to surface roughness r, we characterized the wickability of sandblasted surfaces 

by capillary rise tests (Figure 6.4a). A sample was moved vertically toward the reservoir of 

water until it came in contact, resulting in upward capillary rise flow through the 

sandblasted surface. The propagation speed of the capillary rise was captured with a digital 

camera at 30 frames per second. Figure 6.4b shows the time-lapse images of propagating 

wicking front on the surface sandblasted by 150 µm abrasives as an example. Once the 

sample contacts the surface of water, a capillary meniscus forms (highlighted in white 

dashed lines) first, and liquid propagates (wicking front shown with yellow dashed lines) 

upward with the speed (u) associated with the balance between capillary pressure and 

viscous resistance. This liquid propagation through porous sandblasted structures can be 

described by Darcy’s law (or Brinkman equation if viscous shearing from the bottom surface 

is comparable to structural permeability effects) as 

𝑑𝑥

𝑑𝑡
=

𝐾B

𝜇

∆𝑃cap

𝑥
. (6.1) 

  

Here x, t, and 𝜇 are the propagation distance, time, and dynamic viscosity of liquid. By solving 

the equation with initial condition 𝑥(𝑡 = 0) = 0 , the propagation distance (x) can be 

expressed as a square root function of time (t) with a propagation coefficient G as a 

proportional coefficient [118], i.e., 

𝑥 = √
2𝑃cap𝐾B

𝜇
𝑡 = G√𝑡.  (6.2) 

 

The measured propagation distances are shown in Figure 6.4c as a function of time along 

with fittings of square root function (solid lines). Propagation coefficient G values derived 

from curve fittings (shown next to each curve) increase with the abrasive size, indicating a 
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silicon surface sandblasted by larger abrasives (up to 150 µm) can exhibit better surface 

wickability. 

 

 

Figure 6.4. Surface wickability measurements of sandblasted surfaces. (a) Schematic of 
experimental setup for wickability measurement. A sandblasted surface is immersed 
vertically into the reservoir of water while a digital camera captures the speed of capillary 
rise at 30 frames per second. (b) Time-lapse images show an example of the wicking front of 
water on the surface sandblasted by 150 µm Al2O3 abrasives. (c) The propagation distance 
(x) of capillary rise plotted as a function of time (t). The data points and lines are 
experimental measurements and the fitting of square root functions, respectively. 
Propagation coefficient (G) for each surface are shown next to the corresponding case.  

 

6.5 Results and discussion 

 

Figure 6.5a shows pool boiling curves of a flat and sandblasted silicon surfaces. During the 

experiments, we gradually increased the input heat flux up to a CHF point, where thermal 
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runaway occurred as indicated with an arrow in the plot. HTC is also plotted as a function of 

heat flux in Figure 6.5b. All sandblasted surfaces demonstrated significant CHF and HTC 

enhancements compared to the flat surface. As the sandblasting abrasive size increased, CHF 

values monotonically increased from 65.1 W/cm2 for the flat surface to 103.8, 135.0, 160.1, 

and 190.5 W/cm2 for 25, 50, 100, and 150 µm abrasives, respectively, resulting up to 192.6% 

CHF enhancement. While there was a region (∆𝑇W < ~25℃), where the surface sandblasted 

by 50 µm abrasives showed higher HTC values than the surface sandblasted by 100 µm 

abrasives, HTC values at CHF points showed a similar trend with CHF, i.e., an increase in HTC 

with increasing abrasive size.  The maximum HTC value at CHF was 14.3 kW/m2 for the flat 

silicon, which increased to 29.3, 41.6, 52.6, and 76.3 kW/m2 for surfaces sandblasted by 25, 

50, 100, and 150 µm abrasives, respectively, resulting in up to 433.6% enhancement. The 

CHF and HTC enhancements achieved with sandblasted silicon surfaces were comparable to 

that of clean-room processed surfaces [22, 24, 27, 132], indicating promise for the use of a 

sandblasting process as a scalable surface engineering technique for enhanced boiling heat 

transfer. 
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Figure 6.5. Pool boiling results of a flat and sandblasted silicon surfaces. (a) Pool boiling 
curves of water. (b) Heat transfer coefficient as a function of heat flux. The experimental 
uncertainty is smaller than the marker size. 

 

In Chapter 4, we have shown that both thin film density (ξ) and volumetric wicking 

rate (𝑃cap𝐾Bℎ, where ℎ is the thickness of wick layer) are important structural features that 

affect the CHF enhancement of hemi-wicking surfaces, where CHF values show a positive 

linear correlation with the unified descriptor 𝜉n𝑃cap𝐾Bℎ. Sandblasted surfaces have artificial 

nucleation sites such as cavities as opposed to micropillar arrays, which can exhibit more 

complex CHF enhancement mechanisms associated with the increased nucleation site 

density [132]. Nonetheless, CHF values of sandblasted surfaces exhibited a consistent 

monotonic increase with the unified descriptor as shown in Figure 5. Here we approximated 

𝜉nℎ as surface roughness r and 𝑃cap𝐾B is obtained from the capillary-rise test according to 

Darcy’s law as 𝑃cap𝐾B = 𝜇𝐺2 2⁄ , where µ is the dynamic viscosity of water.  
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Figure 6.6. Relationship of critical heat flux with the unified descriptor (rPcapKB) of 
sandblasted surfaces. Sandblasting abrasive size is indicated next to each data point. 

 

6.6 Summary 

 

In this chapter, we tested uses of a sandblasting process as a surface engineering technique 

for enhancement of pool boiling heat transfer in industry-scale applications. We fabricated 

sandblasted silicon surfaces using Al2O3 abrasives with four different sizes, i.e., 25, 50, 100, 

and 150 µm. The morphology of sandblasted surfaces was quantitatively characterized using 

an optical profilometer, all three types of roughness (r, Ra, and Rq) values increased 

noticeably as blasting abrasive size increased from 25 to 100 µm, while the difference of 

roughness parameters between 100 and 150 µm cases is marginal. Surface wickabilities 

characterized as a propagation coefficient of one-dimensional capillary flow show a 

gradually increasing trend with the increase of abrasive size. Pool boiling performance of 

sandblasted surfaces was characterized with high-purity deionized water at saturated 

atmospheric conditions. Sandblasted surfaces demonstrated significant CHF and HTC 

enhancements compared to a flat surface. The highest enhancement was achieved with the 
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surface sandblasted by 150 µm abrasives, where CHF and HTC were enhanced up to 192.6% 

and 433.6%, respectively. The relationship between structural properties and the CHF 

enhancement was consistent with the previous study: CHF increased with the unified 

descriptor associated with surface roughness and wickability. Furthermore, we expect that 

further enhancements can be achieved by investigating an optimal sandblasting condition. 

For example, we tested the abrasive size up to 150 µm in this study, but there can be an 

optimal abrasive size larger than 150 µm. In addition, an optimal boiling surface with higher 

roughness and volumetric wicking rate can be found through a parametric study including 

the other sandblasting parameters such as pressure (P), sweeping speed (v), line-pitch (pl), 

and nozzle-to-sample distance (dn). Nevertheless, the significant enhancement of boiling 

heat transfer demonstrated in this work promises the potential of a sandblasting process for 

industry-scale boiling applications.  
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Chapter Seven 

 

7 Concluding remarks 

7.1 Thesis summary 

 

This thesis focused on investigating the role of surface properties and structures on pool 

boiling heat transfer. Despite significant research in pool boiling heat transfer in the past 

decades, the large deviations of reported pool boiling CHF values on flat surfaces of the same 

material across the literature have not been investigated in detail. In Chapter 3, we first 

addressed this large discrepancy of CHF values by accounting for hydrocarbon adsorption 

and oxidation of metallic surfaces during boiling. Pool boiling results along with XPS analysis 

on SiO2 surfaces showed that the hydrocarbon adsorption on a surface could lead to the 

decrease in CHF values due to decreased surface wettability. Even wider variations in 

reported CHF values on flat Cu and Ni surfaces cannot be explained by this hydrocarbon 

contamination alone. AFM and XPS analysis along with pool boiling experiments showed that 

the metallic surfaces could be oxidized during boiling, which led to changes in surface 

conditions and alterations of CHF values. Subsequently in Chapter 4, we investigated the 

effects of surface structures on enhanced CHF during pool boiling of hemi-wicking surfaces. 

The pool boiling results of systematically designed micropillar surfaces directly showed that 

the CHF enhancement on hemi-wicking surfaces cannot be attributed to a single parameter 
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such as roughness or wickability. We performed a scaling analysis to derive a relationship 

for CHF with a new unified descriptor, which represents the combined effects of the 

extended contact line length (which leads to the increase in thin film density) and volumetric 

wicking rate. The scaling analysis was confirmed with CHF values from our experiments and 

literature data. This work elucidates the distinct roles of thin film density and wickability in 

enhancing CHF values, which can enable improved designs of boiling surfaces for a variety 

of high heat flux applications. 

Next, in Chapter 5, we engineered boiling surfaces to achieve simultaneous 

enhancement of CHF and HTC. We first developed a microtube structure, where a cavity is 

defined at the center of a pillar, as a structural building block to enhance the heat transfer 

characteristics in controllable manner. In addition to uniform microtube arrays, we designed 

a surface with microtube clusters interspersed with micropillars, referred to as tube-clusters 

in pillars (TIP), to mitigate the earlier boiling crisis of uniform microtube arrays due to the 

extensive bubble coalescence. While uniform microtube arrays and TIP surfaces showed 

significant enhancement of both CHF and HTC compared to a flat surface, there was an 

intrinsic trade-off between CHF and HTC associated with nucleation site density. We 

overcame this trade-off by incorporating nanostructures on top of TIP surfaces. This 

hierarchical TIP (h-TIP) surfaces control vapor nucleation with multi-scale structures while 

providing capillary wicking. These surfaces showed CHF and HTC enhancements up to 138 

and 389%, respectively, compared to a flat surface. The enhanced boiling performance may 

provide significant energy savings and better safety in boiling applications. In addition, we 

expect, the extreme boiling performance achieved with h-TIP surfaces may open up 

unexplored opportunities in boiling applications that have been limited by boiling 

performance. 

Finally, in Chapter 6, we investigated the use of sandblasting as a scalable surface 

engineering technique for enhanced pool boiling heat transfer for industry-scale 
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applications. Pool boiling results along with surface characterizations on silicon surfaces 

showed that surface roughness and volumetric wicking rates increased with the 

sandblasting abrasive size. All sandblasted surfaces demonstrated significant CHF and HTC 

enhancements compared to a flat surface. The highest enhancement was achieved with the 

surface sandblasted by 150 µm abrasives, where CHF and HTC were enhanced up to 192.6 

and 433.6%, respectively. This enhancement is comparable to that of clean-room processed 

surfaces, which confirms the potential of sandblasting as a scalable surface structuring 

technique for enhanced boiling heat transfer. 

This thesis provides important insights to understanding the role of surface 

properties and structures on pool boiling heat transfer, thereby providing guidelines for the 

surface preparation methods to achieve consistent measurements and the systematic design 

of surface structures for enhanced pool boiling heat transfer. 

 

7.2 Future directions 

 

The contributions of this thesis can be classified largely into two: (1) physical insights to the 

role of surface properties and structures and (2) surface structuring technique for enhanced 

boiling heat transfer. We expect that, in particular, the physical insights obtained in this 

thesis can be extended through two future studies. First, in Chapter 4, our scaling analysis 

showed that both surface thin film density, i.e., structural packing density, and wickability 

are important parameters for enhanced CHF on hemi-wicking surfaces. This study can be 

further improved to a more accurate CHF prediction model by accounting for the effects of 

surface structures on stochastic bubble interactions (Figure 7.1). In fact, recent 

advancements in bubble visualization techniques combined with stochastic analysis of 

bubble interactions have shown that the boiling crisis is a percolatvie and scale-free 
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phenomenon [110]. This understanding enabled an accurate analysis of boiling curves by 

heat flux partitioning combined with experimentally measured fundamental boiling 

parameters, e.g., bubble base diameter, growth time, departure frequency, and nucleation 

site density [159], which provides a solid connection between the right two panels in Figure 

7.1. To achieve a boiling curve or CHF prediction model based on boiling surface features, we 

need a better understanding of the effects of surface properties and structures on 

fundamental boiling parameters, which connects the left two panels in Figure 7.1. A few 

studies have shown structural dependency of boiling parameters, however, they are often 

contradictory or applicable to limited regimes [116, 160]. Improved understanding on 

surface property and structural effects on the boiling parameters will ultimately lead to the 

prediction of boiling curves combined with the stochastic analysis.  

 

 

Figure 7.1. Path towards an accurate CHF prediction model. 

 

A completely different approach to achieve the accurate prediction of boiling heat 

transfer is to harness recent advancements in machine learning (ML) technology. In fact, the 
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incorporation of ML models to boiling heat transfer has just kicked off. A few recent studies 

have improved our understanding of bubble dynamics and its effects on boiling heat transfer, 

i.e., the connection between the right two panels of Figure 7.1, by harnessing ML models. For 

examples, ML models could predict a boiling curve or a boiling crisis with the imaging or 

sound of boiling bubbles as an input [161, 162]. These models may be used as an assistive 

tool to prevent the boiling crisis by the real-time characterization of boiling bubbles during 

operations; however, these ML models are not capable of predicting a boiling curve and 

boiling crisis before actually running the experiments.  Instead, we expect the development 

of ML models that can understand the role of surface features on enhanced boiling heat 

transfer will be a disruptive innovation. This can be achieved, for example, by feeding a ML 

model with sufficient data sets of experimentally measured surface morphology with 

associated boiling curves, where the ML model will learn important surface features for 

boiling heat transfer. Once the ML model can predict a boiling curve with a surface profile as 

the sole input along with a substrate material-working fluid combination, it can ultimately 

be used to design an optimal boiling surface. The optimal surface designs without trial-and-

error-based experiments or extensive computations may lead to significant innovations in 

ubiquitous boiling applications and the development of disruptive energy technologies.        
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8 Supplementary information 

8.1 Capillary pressure calculations 

 

 

Figure 8.1. A unit cell of a micropillar array filled by liquid with the volume ΔV. The liquid 
pins at the top of the micropillar with the receding contact angle θr that creates a liquid-
vapor interface with an area of ΔAlv. (a) Dense micropillar arrays form the liquid-vapor 
meniscus above the bottom surface between micropillars. (b) Sparse micropillar arrays with 
the meniscus touching the bottom surface. 

 

We determined the capillary pressure, Pcap, in square micropillar arrays using the 

thermodynamic approach [118]. When the liquid fills the micropillar array, it forms a 

meniscus shape that minimizes the free energy of the system. Here the capillary pressure 

can be expressed as  

𝑃cap = −∆𝐸/∆𝑉, (8.1) 

where ΔE and ΔV are the free energy difference before and after the liquid filling the unit cell 

of micropillar arrays and the corresponding liquid volume filling the unit cell, respectively. 

The change in free energy is ∆𝐸 = 𝜎sl∆𝐴sl + 𝜎sv∆𝐴sv + 𝜎lv∆𝐴lv, where 𝜎sl, 𝜎sv, and 𝜎lv are the 

interfacial energies at solid-liquid, solid-vapor, and liquid-vapor interfaces, respectively. 
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∆𝐴sl, ∆𝐴sv, and ∆𝐴lv are the changes in solid-liquid, solid-vapor, and liquid-vapor interfacial 

areas before and after the liquid filling, respectively. As the liquid fills in the micropillar 

arrays, the liquid-vapor interface is created between pillars and the solid-vapor interface 

turns into the solid-liquid interface, i.e., ∆𝐴sl = −∆𝐴sv = (𝑟𝑓)𝜋𝑑ℎ + (𝑝2 −
𝜋𝑑2

4
), where d, h, 

and p are the diameter, height, and pitch of micropillar, respectively. rf is the roughness 

factor 𝜋/2 considering scallops created on the sidewalls from the etching process [118]. 

Combined with Young’s equation 𝜎sv − 𝜎sl = 𝜎lv cos 𝜃, where θ is the intrinsic contact angle, 

Equation 8.1 can be expressed as 

𝑃𝑐𝑎𝑝 = −
∆𝐸

∆𝑉
=

𝜎𝑙𝑣[(𝑟𝑓) cos 𝜃 𝜋𝑑ℎ + cos 𝜃 (𝑝2 − 𝜋𝑑2/4) − ∆𝐴𝑙𝑣]

∆𝑉
 (8.2) 

The shape of meniscus and corresponding ∆𝐴lv and ∆𝑉 are obtained from Surface Evolver 

simulation [118].  

∆𝐴lv = (𝑝2 −
𝜋𝑑2

4
) [0.43 + 0.73(𝑟𝑓) cos 𝜃 + 3.76 (

𝑑

𝑝
) − 0.046(𝑟𝑓 cos 𝜃)2 − 5.53(𝑟𝑓 cos 𝜃) (

𝑑

𝑝
) − 4.05 (

𝑑

𝑝
)

2

− 0.124(𝑟𝑓 cos 𝜃)3 + 1.77(𝑟𝑓 cos 𝜃)2 (
𝑑

𝑝
) + 4.66(𝑟𝑓 cos 𝜃) (

𝑑

𝑝
)

2

] 

(8.3) 

∆𝑉 = ℎ (𝑝2 −
𝜋𝑑2

4
) − [−0.175 − 0.345(𝑟𝑓) cos 𝜃 + 4.07 (

𝑑

𝑝
) + 0.924(𝑟𝑓 cos 𝜃)2 − 5.83(𝑟𝑓 cos 𝜃) (

𝑑

𝑝
) − 2.80 (

𝑑

𝑝
)

2

− 0.439(𝑟𝑓 cos 𝜃)3 + 2.41(𝑟𝑓 cos 𝜃)2 (
𝑑

𝑝
) + 2.71(𝑟𝑓 cos 𝜃) (

𝑑

𝑝
)

2

] (𝑝2 −
𝜋𝑑2

4
) (𝑝 − 𝑑) 

(8.4) 

Considering the maximum capillary pressure is exerted when the meniscus is fully stretched, 

we used the receding contact angle, 𝜃𝑟 , for 𝜃 in this capillary pressure evaluation. Equations 

8.2 – 8.4 are valid when the liquid meniscus between pillars does not touch the bottom 

surface (Figure 8.1a). In the case of meniscus touching the bottom surface because of short 

height or large pitch of micropillar arrays (Figure 8.1b), i.e., ℎ <
𝑝−𝑑

2 cos 𝜃r
, we adopted a 

simplified 𝑃cap expression by Hu et al [109]. 

𝑃cap =
𝜎lv(𝑟𝑓)𝜋𝑑 cos 𝜃

𝑝2 − 𝜋𝑑2/4
−

𝜎lv(cos 𝜃 − 1)𝑟area

ℎ
, (8.5) 
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where 𝑟area  is the ratio of the wetted area to the total area of the bottom surface. 

Approximating the non-wetted area as 𝜋𝑝2/4 results in 𝑟area = 1 −
𝜋𝑝2

4(𝑝2−𝜋𝑑2/4)
.     

 

8.2 Permeability calculation 

 

 

Figure 8.2. Comparison of permeability correlations over the wide porosity range. The 
correlation by Sangani and Acrivos, KSA, overestimates the permeability in the low porosity 
range (𝜀 < 0.75) compared with KY. KB and Ktotal show a marginal difference to each other. 
Incorporation of the bottom shear stress becomes critical for the large porosity range (𝜀 >
0.8). In the main text analysis, we use KB as it shows the best agreement with experimental 
data. 

 

We adopted the permeability correlation proposed by Yazdchi et al. [119], 𝐾Y, that combines 

the correlations developed by Gebart et al., 𝐾G
𝑠  (Equation 8.6) [120], and Drummond and 

Tahir, 𝐾D
𝑠 (Equation 8.7) [121]. Yazdchi’s correlation, 𝐾Y (Equation 8.8), has shown a good 

agreement with experiments for the entire range of porosity, 𝜀 [122], where the porosity is 

calculated as 𝜀 = 1 −
𝜋𝑑2

4𝑝2  for square micropillar arrays. 
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𝐾G
𝑠 =

4𝑑2

9𝜋√2
(√

1−𝜀c

1−𝜀
− 1)

5/2

, where 𝜀𝑐 = 1 − 𝜋/4 (8.6) 

𝐾D
𝑠 =

𝑑2

32(1 − 𝜀)
[ln (

1

1 − 𝜀
) − 1.476 +

2(1 − 𝜀) − 0.796(1 − 𝜀)2

1 + 0.489(1 − 𝜀) − 1.605(1 − 𝜀)2
] (8.7) 

𝐾Y = 𝐾G2
𝑠 + (𝐾D

𝑠 − 𝐾G2
𝑠 )𝑚(𝜀), where 𝐾G2

𝑠 =
𝐾G

𝑠

1+0.336(𝜀−𝜀c)
 and 𝑚(𝜀) =

1+tanh(
𝜀−0.75

0.037
)

2
. (8.8) 

Since 𝐾Y was developed for square pillar arrays with unbounded top and bottom conditions, 

an additional term is required to account for the shear stress from the bottom surface. The 

effective permeability, 𝐾B, that incorporates the viscous resistances from the bottom surface 

and pillar sidewalls, can be derived in terms of 𝐾Y by solving the Brinkman equation in the 

radial direction with a no-slip condition at the bottom surface as [109, 123] 

 𝐾B = 𝐾Y [1 −
tanh(ℎ√𝜀 𝐾Y⁄ )

ℎ√𝜀 𝐾Y⁄
] (8.9) 

Alternatively, we can also combine 𝐾Y  with the permeability of a flat surface, 𝐾plate , to 

include the viscous resistance from the bottom surface. The combined permeability that is 

non-dimensionalized by 𝑑2, 𝐾total
∗  can be expressed as 

𝐾total
∗ = (

1

𝐾Y
∗ +

1

𝐾plate
∗ )

−1

, (8.10) 

where 𝐾plate
∗ =

1

3
(

ℎ

𝑑
)

2
𝜀  [163].  In Figures 8.2, we compare the permeability correlations 

proposed by Yazdchi (KY) with Sangani and Acrivos (KSA) [164], which is a widely used 

correlation for large porosity cases (𝜀 > 0.75). The plot shows that KSA overestimates the 

permeability in the low porosity range (𝜀 < 0.75) compared with KY. We also compare KB 

and Ktotal, which shows a marginal difference to each other. The plot shows that both KB and 

Ktotal effectively account for the shear stress from the bottom surface, especially when the 

bottom shear stress becomes dominant over the viscous resistance from the pillar sidewalls 

in the large porosity range (𝜀 > 0.8). In the main text analysis, we use KB as an effective 
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permeability of micropillar surfaces as it shows the best agreement with experimental data 

[109, 122]. 

 

8.3 Fabrication of microscale structured surfaces 

 

 

Figure 8.3. Fabrication flow chart of microscale structured surfaces (not to scale). (a – d) 
Thin-film heaters were first created on the backside of a silicon wafer by lift-off processes. 
(e – g) Microstructurs were fabricated on the front side of each sample using 
photolithography, reactive-ion etching, and deep reactive-ion etching, and atomic layer 
deposition of SiO2 layer. 

 

All silicon-based samples were fabricated based on six-inch silicon wafers covered with 1 

µm thermal SiO2 on both sides (Figure 8.3a). First, Pt serpentine heaters and Au electrodes 

were patterned on the backside of the wafers. A ~1 µm photoresist (SPR 700, Microposit) 

layer was spin coated with 3600 rpm for 30 seconds followed by the prebaking in a box 
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furnace at 95 ℃ for 30 min. The photoresist was exposed to define serpentine heater 

patterns using a Heidelberg MLA150 Maskless Aligner. The resist was then developed (CD26, 

Microposit). A 100 nm Pt layer was deposited with a 10 nm Ti adhesion layer underneath by 

an e-beam evaporation. The whole wafers were then immersed in the acetone bath with 

sonication for the lift-off process, which completed the Pt serpentine heater formation 

(Figure 8.3b). On top of the serpentine heaters, 200 nm Au electrodes were created through 

the same lift-off process (Figure 8.3c). After creating the heater and electrodes, the wafers 

were cut into boiling samples (12 × 18.5 mm2 for Chapter 4 and 20 × 20 mm2 for the other 

chapters) using a dicing machine (Figure 8.3d).  

Microstructures were fabricated on the front side. Using the same photolithography 

process, a photoresist layer was patterned to define the lateral dimensions of 

microstructures, e.g., diameter, pitch, and cavity diameter. The photoresist patterns were 

then transferred into the underlying SiO2 layer by a reactive-ion etching (RIE) process 

(Precision 5000, Applied Materials) with CF4 as a primary gas (Figure 8.3e). Then, the 

microstructures were etched in the bulk silicon with deep reactive-ion etching (DRIE, MESC 

Multiplex ICP, STS) based on SF6 and C4F8 (Figure 8.3f). The micropillar height was controlled 

by a timed etch on a sample-by-sample basis. The processed samples were loaded into the 

RIE chamber again to remove the C4F8 DRIE passivation layers and organic contaminants by 

O2 plasma. Finally, a 60 nm SiO2 layer (20 nm for Chapter 5.3) was deposited over the entire 

surfaces by atomic layer deposition (Figure 8.3g). 
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8.4 Literature surveys 

 

8.4.1 CHF values on flat surfaces 

 

CHF values used in Figure 3.1 are summarized in Table 8.1. 

 

Table 8.1. CHF values of saturated pool boiling of water on flat Ni, Cu, Si, and SiO2 surfaces. 

Material 𝑞"CHF [W/cm2] Reference 

Ni 78 M. M. Rahman et al. [39] 

Ni 81 Y.-Y. Li et al. [51] 

Ni 84 E. Forrest et al. [52] 

Ni 105 Y. H. Maeng et al. [53] 

Ni 150 W. Bailey et al. [54] 

Ni 168 H. Kim et al. [55] 

Cu 60 J. S. Coursey and J. Kim [56] 

Cu 92 A. M. Gheitaghy et al. [57] 

Cu 100 S. Mori et al. [58] 

Cu 101 S. M. Kawrk et al. [59] 

Cu 110 L. Liao et al. [60] 

Cu 110 N. Zuber [61] 

Cu 112 G. Chen and C. H. Li [62] 

Cu 116 C. H. Li and R. P. Rioux [63] 

Cu 120 M. M. Rahman et al. [64] 

Cu 121 W. Wu et al. [65] 

Cu 135 Y. Takata et al. [66] 

Cu 139 H. Auracher and W. Marquardt [67] 

Cu 142 C. H. Li and G. P. Peterson [68] 
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Cu 150 C. Li and G. P. Peterson [69] 

Cu 157 L. Bai et al. [70] 

Si 67 Z. Yao et al. [38] 

Si 70 S. H. Kim et al. [40] 

Si 88 D. I. Shim et al. [29] 

Si 89 A. Zou and S. C. Maroo [41] 

Si 91 B. S. Kim et al. [42] 

Si 93 R. Chen et al. [43] 

Si 100 N. S. Dhillon et al. [27] 

SiO2 58 A. R. Betz et al. [21] 

SiO2 65 A. R. Betz et al. [44] 

SiO2 67 H. S. Ahn et al. [45] 

SiO2 78 K.-H. Chu et al. [24] 

SiO2 79 A. Zou et al. [46] 

SiO2 80 H. Jo et al. [47] 

SiO2 80 H. S. Ahn et al. [48] 

SiO2 80 H. Seo et al. [49] 

SiO2 81 H. Jo et al. [31] 

SiO2 100 D. E. Kim et al. [22] 

SiO2 101 H. O'Hanley et al. [50] 

SiO2 107 R. Chen et al. [43] 
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8.4.2 CHF values of hemi-wicking surfaces 

 

All data used in Figure 4.1 are summarized in Table 8.2. We collected the literature data that 

are based on Si and SiO2 and satisfy the hemi-wicking criterion. 

 

Table 8.2. CHF values of saturated pool boiling of water on Si and SiO2 hemi-wicking surfaces. 

Ref 

Material properties Micropillar structure Structural effects Boiling 

Material 
𝜃rec 

[deg] 

d 

[µm] 

p 

[µm] 

h 

[µm] 

Hemi-

wicking 

r 

[ - ] 

𝑃cap𝐾Bℎ 

[× 10−12 N·m] 

𝑞"CHF 

[W/cm2] 

This work SiO2 10 

flat 99.45 

4 20 30 Yes 1.94 4.56 213 

7 25 30 Yes 2.06 6.06 237 

12 30 30 Yes 2.26 7.24 251 

3 23 30 Yes 1.53 3.41 164.5 

11 23 30 Yes 2.96 6.26 231 

3 6 30 Yes 8.85 4.56 170.5 

8 30 30 Yes 1.84 6.25 215 

K.-H. Chu 

[24] 
SiO2 0 

Flat 77 

10 25 10 Yes 1.50 1.17 160 

10 25 20 Yes 2.00 2.09 165 

5 15 20 Yes 2.40 1.31 171 

10 20 20 Yes 2.57 1.51 195 

10 15 20 Yes 3.79 0.65 207 

5 10 20 Yes 4.14 0.73 210 

D. E. Kim 

[108] 
SiO2 20** 

Flat 110 

4 8 20 Yes 4.93 0.54 148.3 

4 16 20 Yes 1.98 1.22 212.2 

8 16 20 Yes 2.96 1.06 180.5 

8 32 20 Yes 1.49 1.90 200 

40 80 20 Yes 1.39 2.29 184.3 

40 160 20 Yes 1.10 1.11 129.3 

80 160 20 Yes 1.20 1.83 170.7 



123 
 

80 320 20 No*** 1.05 - 112.5 

D. I. Yu 

[117] 
SiO2 20 

Flat 84.2 

40 80 20 Yes 1.39 2.29 187.7 

40 160 20 Yes 1.10 1.11 101.3 

80 160 20 Yes 1.20 1.83 148.5 

80 320 20 No*** 1.05 - 96.4 

N. S. 

Dhillon 

[27]* 

Si 30 

Flat 100 

10 11.7 15.6 Yes 5.56 0.12 130 

10 13 17.1 Yes 5.05 0.24 140 

10 12.6 16.4 Yes 5.13 0.20 155 

10 15.5 12.2 Yes 3.03 0.32 171 

10 15.1 12.1 Yes 3.12 0.29 169 

10 20.9 11.2 Yes 2.02 0.50 160 

10 20.4 10.7 Yes 2.03 0.45 187 

10 35.6 10.3 Yes 1.32 0.26 150 

10 35.4 10.2 Yes 1.32 0.26 140 

S. H. Kim 

[116] 
Si 61.7** 

Flat 70 

20 25 10 Yes 2.00 0.06 70 

20 40 10 No*** 1.39 - 105 

20 60 10 No*** 1.17 - 80 

20 25 20 Yes 3.01 0.16 131.8 

20 40 20 No*** 1.78 - 170 

20 60 20 No*** 1.35 - 120 

20 25 40 Yes 5.02 0.37 156.9 

20 40 40 Yes 2.57 1.56 216.5 

20 60 40 No*** 1.70 - 152 

5 10 20 Yes 4.14 0.27 163 

5 15 20 Yes 2.40 0.31 187 

5 25 20 No*** 1.50 - 125 

* Dhillon et al. used square (not cylindrical) micropillar arrays. Pcap and KB were calculated 

based on the equations presented in their paper.  

** The contact angle value at the saturation condition was not reported. We determined the 

value by matching the CHF on a flat surface with the contact angle-based CHF model [15]. 

***Surfaces not satisfying the hemi-wicking criterion were not included in the plots. 
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8.4.3 CHF and HTC values of structured surfaces 

 

All data used in Figure 5.8 are summarized in Table 8.3. 

 

Table 8.3. CHF and HTC values of different micro/nano structures 

Material Structure 𝑞"CHF [W/cm2] ℎmax [kW/m2K] Reference 

SiO2 Microtube 5 µm 173 67 

Chapter 5.2 

SiO2 Microtube 12 µm 168 73 

SiO2 TIP 5 µm 255 64 

SiO2 TIP 12 µm 245 58 

SiO2 Micropillar 228 55 

SiO2 Microcavity 113 63 

SiO2 Microcavity 109 67 

SiO2 h-TIP 5 µm 256 82 

Chapter 5.3 
SiO2 h-TIP 12 µm 242 103 

SiO2 h-Tube 5 µm 192 95 

SiO2 h-Tube 12 µm 196 115 

SiO2 Micropillar 210 53 

K.-H. Chu et al. 

[24] 

SiO2 Micropillar 170 48 

SiO2 Micropillar 203 48 

SiO2 Micropillar 191 59 

SiO2 Micropillar 167 69 

SiO2 Micropillar 132 37 

S. H. Kim et al. 

[142] 

SiO2 Micropillar 171 35 

SiO2 Micropillar 117 25 

SiO2 Micropillar 153 49 

SiO2 Micropillar 216 40 

SiO2 Micropillar 119 22 

SiO2 Micropillar 161 45 

SiO2 Micropillar 189 40 
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SiO2 Micropillar 125 24 

SiO2 Hierarchical pillar 235 35 K.-H. Chu et al. 

[34] SiO2 Hierarchical pillar 233 79 

Si Nanowire 198 75 R. Chen et al.[43] 

Si Nanowire 203 52 B. Kim et al.[42] 

Si Nanowire 162 56 M. Lu et al. 

[144] Si Nanowire 162 50 

Si Nanowire 134 58 Z. Yao et al. 

[38] Si Nanowire 115 46 

SiO2 Microcavity 100 55 D. Kim et al. 

[22] SiO2 Microchannel 154 44 

SiO2 Microchannel 132 31 

H. Kim et al. 

[105] 

SiO2 Microchannel 139 34 

SiO2 Microchannel 154 38 

SiO2 Microchannel 165 41 

SiO2 Microridge 180 75 

A. Zou et al. 

[46] 

SiO2 Microridge 172 67 

SiO2 Microridge 110 41 

SiO2 Microridge 127 38 

SiO2 Microridge 164 63 

SiO2 Microridge 91 33 

SiO2 Microridge 91 29 

SiO2 Microridge 120 38 

SiO2 Microridge 160 62 

SiO2 Microridge 101 41 

SiO2 Microridge 103 32 

SiO2 Microridge 150 52 

SiO2 Microridge 179 52 
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