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Popular Science  

 

Boiling is the phase change from liquid form to gas form, which occurs when a liquid reaches 

its boiling point. Bubble nucleation is the physical process associated with boiling. Generally, 

the nucleation is subdivided into two categories: homogeneous nucleation and heterogeneous 

nucleation, depending on whether preferential nucleation sites are required or not. The 

homogeneous nucleation refers to the appearance of a bubble in a superheated liquid pool and 

far away from bounding walls, while the heterogeneous nucleation is a process in which 

bubbles form at cavities, scratches and other imperfections on a heated surface submerged in 

a liquid. Therefore, the heterogeneous nucleation can be enhanced by surface modifications, 

improving the boiling performance, which is the targeted topic in the present thesis. 

Specifically, boiling can be classified as pool boiling and flow boiling. Pool boiling is the 

boiling in a stagnant liquid, while flow boiling is the boiling in a flowing liquid. Pool boiling 

heat transfer involves three regimes generally, i.e., nucleate boiling, transitional boiling and 

film boiling. The nucleate boiling is preferred in practical applications, e.g., microelectronics 

cooling due to its high heat transfer coefficient (HTC) with small wall superheats, while the 

critical heat flux (CHF) is a value above which nucleate boiling steps into transitional boiling 

or even film boiling, deteriorating heat transfer considerably. Accordingly, it is of great 

significance to augment heat transfer and critical heat flux, and to explore relevant 

mechanisms. Boiling heat transfer has been investigated for several decades and there is a 

consensus that boiling performance depends on liquid properties and surface characteristics, 

although a clear understanding is still lacking. Up to date, numerous technologies have been 

attempted to modify surfaces, e.g., dry etching, sintering, laser machining and coating. The 

modification is supposed to change the surface morphology which affects bubble nucleation 

and bubble dynamics, enhancing boiling performance.   

In this thesis, structured surfaces were prepared by several methods, including an electrostatic 

deposition method, an electrophoretic deposition method, an electrochemical deposition 

method and femtosecond laser machining. Pool boiling was experimentally studied on 

structured surfaces with different liquids, i.e., dielectric liquids, organics liquids and water. 

Accordingly, heat transfer was analyzed mechanistically and empirically, while triggering 

mechanisms of critical heat flux were explored from the perspective of hydrodynamic 

instability, wickability and vapor expansion on surfaces. The present work contributed to 

deepen the understanding of the pool boiling heat transfer significantly. The improved heat 

transfer coefficient means that the amount of energy for boiling can be reduced. The long 

term application is intended for heat exchangers.  
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Abstract 
 

In this thesis, pool boiling heat transfer was experimentally studied on structured surfaces 

with dielectric liquids (HFE-7200, NOVEC-649, FC-72), organic liquids (Acetone, Pentane) 

and deionized water. 

In the first step, nanoparticle coatings on copper surfaces were prepared by an electrophoretic 

deposition method, with Cu-Zn nanoparticles (100 nm) and Cu nanoparticles (150 nm). Two 

types of nanoparticle-coating surfaces were prepared, namely nanoparticle coatings uniformly 

deposited on smooth surfaces and nanoparticle coatings partially deposited on 

smoothsurfaces. Pool boiling of HFE-7200 and acetone was tested on the coating surfaces. It 

is found that pool boiling heat transfer coefficients are significantly enhanced by nanoparticle 

coatings. However, the uniform coating cannot enhance the critical heat flux, while the 

partially-deposited coating can enhance critical heat flux. Mechanistic heat transfer models 

were developed to predict the heat transfer coefficients, considering natural convection, 

transient heat conduction, microlayer evaporation and micro convection, while the critical 

heat flux was analyzed from the point of wickability and hydrodynamic instability. 

In the following step, microporous coatings on copper surfaces were generated by an 

electrochemical deposition method, with electrolyte solutions (CuSO4+H2SO4). Pool boiling 

of HFE-7200, NOVEC-649 and water was tested. The results show that heat transfer 

coefficients and critical heat flux are enhanced, and the heat transfer coefficients are obviously 

dependent on deposition-relevant parameters, like deposition time and electrolyte 

concentration. Heat transfer coefficients were discussed mechanistically and empirically by a 

mechanistic model and correlations, while the critical heat flux was predicted by a modified 

force balance model which considers the forces exerted on vapor and assumes occurrence of 

the critical heat flux when the vapor expands on surfaces. 

Finally, hybrid micro/nano structures were fabricated on copper surfaces by femtosecond 

laser machining and electrophoretic deposition, and on silicon wafers by dry etching and 

electrostatic deposition.  Pool boiling of acetone and FC-72 was investigated on the copper 

surfaces and the silicon wafers, respectively. It is found that the hybrid structures induce 

higher heat transfer coefficients than sole structures and wickability plays an important role 

on enhancement of the critical heat flux. 

 

Keywords: pool boiling, heat transfer, critical heat flux, bubble dynamics, surface 

modification 
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Nomenclature 

 

A  heater surface area (m2) 

Amct   cross-section area of a micro-capillary tube (m2) 

Aw  wetting area (m2) 

Cpl  specific heat of liquid (J/kg·K) 

Dd  bubble departure diameter (m) 

Di  diameter of bubble influenced area, (m) Di = Dd 

E  availability, (J) 

f  bubble departure frequency (s-1) 

g  acceleration of gravity (m/s2) 

G  Gibbs free energy (J) 

h  liquid drop height in a micro-capillary tube (m) 

ilv  latent heat (J/kg) 

kcu  thermal conductivity of copper (W/m·K) 

kl  thermal conductivity of liquid (W/m·K) 

Na  active nucleation site density (sites/m2) 

Pl  liquid pressure (Pa) 

Pv  vapor pressure (Pa) 

Prl  Prandtl number of liquid 

q  heat flux (W/m2) 

qcond  heat flux from transient conduction (W/m2) 

qmc  heat flux from transient micro convection (W/m2) 

qme  heat flux from microlayer evaporation (W/m2) 

qnc  heat flux from natural convection (W/m2) 

r  roughness factor 

R  radii of bubbles, (m) or gas constant 

Rc  radii of nucleation cavities, (m) 

Ra  arithmetic average of the roughness profile, (m) 

t  time, (s) 

Tb  bubble temperature (K) 

Tl  liquid temperature (K) 

Ts or Tsat  saturated temperature (K) 

Tw  boiling surface temperature (K) 

T∞  bulk temperature (K) 

 

Greek symbols  
αl  liquid thermal diffusivity, (m2/s) 

β  thermal expansion coefficient (K-1) 

δ  thickness of thermal layer, (m) 
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θ  static contact angle, (°) 

θrec  receding contact angle, (°) 

μl  liquid dynamic viscosity (Pa·s) 

νl  liquid kinematic viscosity (m2/s) 

ρl  liquid density (kg/m3) 

ρv  vapor density (kg/m3) 

σlv  liquid-vapor surface tension (N/m) 

 

Abbreviations  
CHF  critical heat flux, (W/m2) 

CS  composited surface 

ECD  electrochemical deposition 

EPD  electrophoretic deposition 

ESD  electrostatic deposition 

FLS  femtosecond laser  

HTC  heat transfer coefficient (W/m2·K) 

MEPD  modulated electrophoretic deposition 
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CHAPTER 1 

 

 

 

 

 

1. Introduction  

 

Boiling, a phenomenon that not only relates to people’s daily activities in kitchens, but also 

widely exists in industrial activities, realizing demands of surface cooling and energy 

conversion. Insights into this topic are important and necessary, which can suggest possible 

directions to improve the efficiency of the relevant activities. Therefore, studies on boiling 

are of great significance. 

1.1 Background 

Electronics cooling 

 
Figure 1.1: Innovation enabled technology pipeline from Intel [1]. 
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The present society is an intelligent society, which closely depends on electronic devices, e.g., 

computers. In the past decades, with the development of semiconductors, especially 

progresses on micro/nano manufacturing technologies, miniaturization and integration of 

electronics become prevailing. For example, as shown in Fig. 1.1(a) about the transistor 

roadmap in the Intel corporate, transistors become more and more miniaturized. On one hand, 

the miniaturization brings a large transistor density (Fig. 1.1(b)), which can make electronics 

perform effectively within a limited space, while on the other hand, dense transistors result in 

thermal issues. In fact, the lifetime of electronics is dependent on heat generation which 

occupies around 54% of all electronic failures. As a consequence, a reasonable thermal design 

of electronic devices is very crucial.  

 
Figure 1.2:  Comparison of heat transfer modes [2]. 

Figure 1.2 compares efficiencies of heat transfer modes, i.e., natural convection, single-phase 

forced convection and phase change (boiling). Evidently, heat can be dissipated most 

efficiently with a phase change heat transfer mode. It has been reported that by 2020, the heat 

load of an individual processor will probably reach up to 140 - 190 W and 210 - 300 W in 

general servers and in high-performance servers, respectively, while the heat load of servers 

can reach 1.2-3.3 kW and 7.5-10.5 kW in rackmount servers and in blade servers, respectively 

[3]. Regarding personal computers or computers for office purposes, a thermal design with 

air forced convection works to dissipate heat. However, considering super computers or 

computers for industrial purposes which have much higher power than personal computers, 

the air forced convection probably does not work anymore. In this case, a more advanced and 

efficient heat transfer mode is required.  

Figure 1.3 illustrates cooling units in commerce, including the widely used air cooling, and 

recent advanced water cooling and immersion cooling. As is seen, cooling units with phase 

change heat transfer have been used in real applications, instead of just a conceptual design. 

Therefore, more studies are needed to optimize the cooling units. 
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Figure 1.3:  Examples of cooling units in applications (from google image and YouTube). 

Power generation 

Boiling works not only for cooling, but also for energy conversion in power plants. As 

reported in MIT news [4], around 85% of the worldwide electricity depends on steam power 

generators. Figure 1.4 describes a basic schematic of a coal power plant where water steam is 

produced in a boiler by boiling. There are many ways to improve power plant efficiency, like 

improving coal combustion efficiency and designing advanced thermodynamic cycles, but 

these are not the present topic. Intuitively, the power plant efficiency can be raised by 

enhancing the process of steam generation in boilers.  

 
Figure 1.4:  Schematic of a coal power plant. 

In recent 10 years, energy and environment have become global issues, and power generation 

technologies have experienced great revolutions, like Organic Rankine Cycle (ORC) to 

recover waste heat, and solar energy utilization to generate power, as shown in Fig. 1.5. Phase 

change (boiling) is also a dominant process in these cases, which affects the system efficiency. 

In an Organic Rankine Cycle, a working fluid is pumped to an evaporator where it boils, 

passed through an expansion device, and then through a condenser heat exchanger where it 

https://en.wikipedia.org/wiki/Working_fluids
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condenses, while in a solar power plant, solar energy converts into thermal energy in a 

receiver where a working liquid boils.  

 
Figure 1.5:  Schematics of ORC and solar power plants. 

As seen above, boiling is an important physical process in power generation industries. 

Details of what happens on a hot surface as liquid boils could help to enhance this process 

actively, and also avoid unexpected hotspots on surfaces which result in serious accidents and 

disable equipment.  

Introduction to boiling characteristics 

Boiling can be characterized by a boiling curve which was firstly reported by Nukiyama [5] 

in 1930s. Figure 1.6 shows a classical boiling curve which includes four regimes, i.e., natural 

convection, nucleate boiling, transition boiling and film boiling.  

At the initial stage when the superheat is small, no bubbles nucleate on surfaces, while a 

thermal boundary layer forms adjacent to the surface with liquid locally heated. Then heat is 

transferred from the surface to the liquid by natural convection. If increasing the surface 

superheat to a certain degree, some sites, e.g., cavities, scratches and other imperfections, can 

be activated with bubble occurrence, and this superheat is called the onset of nucleate boiling 

(ONB). The nucleate boiling regime starts from ONB. 

In the nucleate boiling regime, two distinguished bubble visualizations are recognized. One 

is the isolated bubble region where isolated bubbles nucleate on surfaces and depart. The other 

is the bubble column region with increasing superheats, where dense bubbles nucleate and 

coalesce intensively. In the natural convection and nucleate boiling regimes, heat fluxes 

increase with increasing superheats. However, there exists a critical heat flux beyond which 

a transition boiling regime occurs, because the amount of liquid that vaporizes on surfaces 

cannot be supplemented effectively.   
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In the transition boiling regime, heat fluxes decrease with increasing superheats, resulting in 

considerable heat transfer deterioration. For further increasing superheats, a film boiling 

regime appears. It should be noted that the transitional boiling regime only exists in a surface-

temperature-controlled case, while in a heat-flux-controlled case, the transitional boiling 

regime does not occur and the nucleate boiling regime directly transits to the film boiling 

regime with increasing heat flux. 

In the film boiling regime, surfaces are covered with superheated vapors. The heat transfer in 

this regime mostly depends on radiation and heat conduction, instead of bubble nucleation. 

Normally, this regime brings large surface superheats which are unacceptable in practical 

applications.  

 
Figure 1.6:  Boiling curve in a surface-temperature-controlled case [5]. 

1.2 Objectives and methodologies 

As described above, boiling heat transfer is widely used in industrial sectors, and the nucleate 

boiling provides high heat transfer coefficients with low superheats in comparison to other 

boiling regimes. In addition, critical heat flux is a crucial parameter that indicates a dangerous 

condition in practical applications. Accordingly, the present thesis targets at the nucleate 

boiling heat transfer, including both heat transfer coefficient and critical heat flux.  

Extensive studies have been carried out on topics related to nucleate boiling over last several 

decades, e.g., bubble nucleation including bubble growth and departure, heat transfer 

mechanisms and critical heat flux mechanisms. Even though significant progresses have been 

achieved, investigations are still required to get it clearer. In general, imperfections on 

surfaces that can trap gases/vapor, as nucleation embryo, have priority to nucleate bubbles. 

Therefore, surfaces with more active imperfections can enhance nucleate boiling. Nowadays, 
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with progresses of manufacturing technologies, especially micro/nano technologies, 

numerous enhanced surfaces have been developed to augment nucleate boiling.  

In this thesis, nanoparticle-coating surfaces, microporous surfaces and hybrid micro/nano 

surfaces were prepared. Accordingly, nucleate boiling heat transfer was experimentally 

studied on these surfaces through pool boiling test facilities. The following objectives were 

initially setup: 

 Comparatively study the effects of nanoparticle coatings, microporous coatings and 

hybrid micro/nano structures on nucleate boiling, using different liquids including 

dielectric liquids, organic liquids and water. 

 Predict nucleate boiling heat transfer on the prepared surfaces by developing heat transfer 

models and correlations based on existing ones to some extent. Meanwhile, bubble 

dynamics, especially departure bubble diameter, should be investigated by high speed 

visualizations, and compared with bubble diameter models in literature. 

 Explore possible mechanisms to trigger critical heat flux, referring to high speed 

visualizations. Try to improve existing critical heat flux models to obtain better prediction 

for the prepared surfaces. 

However, this thesis does not involve works on bubble nucleation very much, especially 

bubble nucleation on a single nucleation site. In fact, single bubble nucleation is also 

important, which can help to understand physics of boiling better, and the related studies are 

still rare. This is one of possible future works. 

1.3 Outline of the thesis 

The thesis has 5 chapters. Chapter 1 introduces the background of the present study and basic 

knowledge on this topic. Chapter 2 provides a state-of-art literature review on the nucleate 

boiling heat transfer, including mechanistic heat transfer models, heat transfer correlations, 

critical heat flux models and enhanced surfaces. Chapter 3 gives the introduction to the 

surface preparations, pool boiling test facilities, experiments and data reduction. Chapter 4 

summarizes the results and provides discussion. Chapter 5 ends up with conclusions and 

future outlook. 
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CHAPTER 2 

 

 

 

 

 

2. State-of-the-Art Literature Review 

 

Boiling is a complicated and seemingly chaotic process which makes its physical 

characteristics still vague. This chapter reviews the nucleate boiling, including heat transfer 

and critical heat flux, showing the progresses in the past decades. The heat transfer part 

includes bubble nucleation theories, mechanistic heat transfer models and heat transfer 

correlations, while the critical heat flux part introduces typical triggering mechanisms in the 

literature. 

2.1 Bubble nucleation theory 

As introduced previously, bubble nucleation is divided into homogeneous nucleation and 

heterogeneous nucleation. In this thesis, the nucleation discussed below is limited to the 

heterogeneous one.  

θ 

R

Liquid

Bubble

Solid

Pl

Pv Tv

Tl

 
Figure 2.1: Bubble nucleation on idealized surface. 

Assuming a vapor embryo existing on a perfectly smooth surface, as shown in Fig. 2.1, 

availability or Gibbs energy analysis can be carried out to decide conditions under which the 

embryo grows spontaneously or collapses. This has been presented representatively by Cole 
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[6], Wu et al. [7] and Quan et al. [8]. In general, the availability in the system shown in Fig. 

2.1 can be derived as  

𝐸 = ∆𝐺 +
1

3
𝜋𝑅2𝜎lv(2 + 3 cos 𝜃 − cos3𝜃)                        (2-1) 

If the embryo is able to grow spontaneously, the embryo’s Gibbs free energy should be less 

than or equal to the liquid’s Gibbs free energy (ΔG <= 0). Accordingly, Wu et al. [7] and 

Quan et al. [8] derived a critical embryo radius (Re) with ΔG = 0. Only embryos with larger 

radii than the critical one are able to nucleate. In the system with effective embryos, the 

availability is expressed as  

𝐸 =
1

3
𝜋𝑅e

2𝜎lv(2 + 3 cos 𝜃 − cos3𝜃)                                (2-2) 

Equation (2-2) tells that the availability for nucleation is related to the contact angle. The 

availability tends to zero with θ = 0, while it is maximum for θ = 180°. This means that bubbles 

prefer to nucleate on hydrophobic surfaces. However, even though, this thermodynamic 

analysis explains why it is easy to nucleate on hydrophobic surfaces, it still cannot account 

for the much lower superheats found in practical situations. This is probably due to the 

presence of imperfections, e.g., cavities on the surfaces. Accordingly, nucleation in a cavity 

needs to be investigated. 

In 1950s, basic studies on bubble nucleation in a cavity were carried out by Courty [9], Griffth 

and Wallis [10], and Bankoff [11], but these studies were based on isothermal conditions, 

saying that superheated liquid temperatures nearby walls were assumed equal to the wall 

temperature, which probably deviate from the physics. Hsu [12] is apparently the first one to 

investigate heterogeneous nucleation in a cavity, considering a liquid temperature gradient 

close to the wall.   

θ 

R
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b =C1Rc, R= C2Rc, b=C3R

C1=(1+cosθ )/sinθ, C2=1/sinθ, C3=(1+cosθ )

xb 

 
Figure 2.2: Bubble nucleation in a cavity. 

Hsu [12] proposed a theory of bubble nucleation, assuming transient conduction in the liquid 

nearby the wall, based on which, active nucleation site size and onset of nucleate boiling were 
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derived. The schematic of the bubble nucleation is shown in Fig. 2.2. It is postulated in this 

case that heat is transferred from the wall to the adjacent liquid by transient heat conduction 

and a thermal boundary layer is growing. This process happens in the waiting time of an 

ebullition cycle. However, the thickness of the thermal boundary layer cannot be infinite and 

beyond a certain value, the liquid temperature is constant as T∞. Then, the liquid temperature 

profile can be analytically described by one-dimensional transient heat conduction with 

specific initial conditions and boundary conditions. The transient heat conduction is 

represented as  

𝜕(𝑇−𝑇∞)

𝜕𝑡
= 𝛼 [

𝜕2(𝑇−𝑇∞)

𝜕𝑥
]                                                   (2-3) 

The corresponding solution is shown as  [12] 

𝑇−𝑇∞

𝑇w−𝑇∞
=

𝑥

𝛿
+

2

𝜋
∑

cos 𝑛𝜋

𝑛

∞
𝑛=1 sin (𝑛𝜋

𝑥

𝛿
) 𝑒−𝑛2𝜋2𝑡                         (2-4) 

Regarding nucleation conditions, it is supposed that bubble nuclei start to grow when the 

surrounding liquid is at a temperature above or equal to the temperature of bubbles, and the 

bubble temperature can be derived from the Clausius-Clapeyron equation and the Laplace 

equation, which can be described as 

𝑇b = 𝑇sat +
2𝜎lv𝑇sat

𝑖lv𝜌v𝑅
= 𝑇sat +

2𝜎lv𝑇sat

𝑖lv𝜌v(
𝛿−𝑥b

C3
)
                                    (2-5) 

A cavity is effective when the temperature profile from Equation (2-4) can intersect with that 

from Equation (2-5), and the critical cavity size can be derived from the intersection points 

when t approaches infinity in Equation (2-4). Then the effective cavity size range is 

formulated as  

𝑅c,min/max =
𝛿

2𝐶1
[1 −

𝑇sat−𝑇∞

𝑇w−𝑇∞
± √(1 −

𝑇sat−𝑇∞

𝑇w−𝑇∞
)

2

−
4𝐶3

𝛿(𝑇w−𝑇∞)
∙

2𝜎lv𝑇sat

𝑖lv𝜌v
]              (2-6) 

Referring to Equation (2-6), the incipient boiling occurs at the condition that  

(1 −
𝑇sat−𝑇∞

𝑇w−𝑇∞
)

2

−
4𝐶3

𝛿(𝑇w−𝑇∞)
∙

2𝜎lv𝑇sat

𝑖lv𝜌v
= 0                                 (2-7) 

Han and Griffith [13] carried out an analysis of bubble nucleation with much the same idea 

as Hsu [12], but the transient heat conduction was solved with different initial and boundary 

conditions and a different bubble shape was set up.  

𝑇−𝑇∞

𝑇w−𝑇∞
= erfc

𝑥

2(𝛼𝑡)1/2                                                (2-8) 

It was assumed that the temperature varied linearly in the thermal boundary layer, and the 

waiting time of bubble nucleation was thought to end when the liquid temperature at a distance 

of 1.5 Rc from the wall is equal to the bubble temperature derived by combining the Clausius-

Clapeyron equation and the Laplace equation. Then the effective cavity size range is 

formulated as  
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𝑅c,min/max =
𝛿

3

𝑇w−𝑇sat

𝑇w−𝑇∞
[1 ± √1 −

12(𝑇w−𝑇∞)

𝛿(𝑇w−𝑇sat)2 ∙
𝜎lv𝑇sat

𝑖lv𝜌v
]                        (2-9) 

2.2 Heat transfer mechanism 

Nucleate boiling is a complex process which is a multi-physics (mass and heat transfer) and 

multi-phase (vapor, liquid and solid) topic and even now its physics is still not well 

understood. Until now, great efforts have been taken to study mechanisms of the nucleate 

boiling and progresses have been achieved.  

Initially, Forster and Zuber [14] and Rohsenow [15] attempted to analyze the nucleate boiling 

by postulating that heat transfer between walls and adjacent liquids was similar to a single-

phase convection, and the high heat transfer coefficient was dependent on local agitation due 

to bubble dynamics. Afterwards, Tien [16] developed a hydrodynamic model for the nucleate 

boiling, considering the induced flow associated with a rising bubble column as an inverted 

stagnation flow. These works help to understand the nucleate boiling to some extent, but 

obviously liquid-vapor transformation was not considered. Therefore, mechanistic work is 

required. In fact, with progresses on this topic, a few mechanistic models were proposed. 

qcondqmeqnc

qmc

Liquid

Bubble

 
Figure 2.3: Schematic of heat transfer mechanisms. 

Figure 2.3 shows a schematic of possible heat transfer mechanisms which include heat 

transfer by natural convection, transient heat conduction, microlayer evaporation and 

transient micro-convection. In general, the natural convection is due to a difference of liquid 

densities between inside and outside the thermal boundary layer, which occurs in an 

uninfluenced region, while other items take place in an influenced region with a diameter 

twice of the bubble departure diameter, as suggested by Han and Griffith [17], and Mikic and 

Rohsenow [18]. The transient heat conduction appears as the thermal boundary layer is 

reformed when a bubble departs and new cold liquid rushes onto the wall. The microlayer 

evaporation is the latent heat related to a microlayer beneath the bubble. The transient micro-

convection is a result of convection in the wake of departing bubbles. In fact, it is easy to 

estimate qnc only with superheats and liquid properties, but it is tricky to estimate the others, 

and corresponding efforts will be reviewed in the following sections. 
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Transient heat conduction 

 Han and Griffith [17] assumed that the liquid temperature varies linearly within the thermal 

boundary layer and the thickness of thermal boundary layer increases linearly along the radial 

direction. Accordingly, heat transfer due to the transient heat conduction is estimated as the 

increasing rate of internal energy 

𝑞cond =
1

2
𝜌l𝐶pl(𝑇w − 𝑇∞)𝑓 [𝐷i

2𝛿d −
1

3
𝐷d

2(𝛿d − 𝛿w)] 𝑁𝑎                   (2-10) 

Mikic and Rohsenow [18] assumed that pure conduction occurs in the influenced area during 

the whole bubble cycle, while the conduction was modeled for a semi-infinite body. Then, a 

new formula was suggested  

 𝑞cond = 2√𝜋√(𝜌𝑘𝐶p)
l
√𝑓𝐷d

2(𝑇w − 𝑇∞)𝑁𝑎                           (2-11) 

However, Benjamin and Balakrishnan [19] pointed out that only pure conduction occurs in 

the influenced area during the waiting time (tw) instead of the whole bubble cycle, then  

𝑞cond = 2√𝜋√(𝜌𝑘𝐶p)
l
√

1

𝑡w
𝐷d

2(𝑇w − 𝑇∞)𝑁𝑎                           (2-12) 

Microlayer evaporation 

A microlayer is a superheated liquid layer beneath a bubble. It is assumed that latent heat 

from the microlayer evaporation contributes to the bubble growth. Guo and El-Genk [20] 

numerically studied the microlayer evaporation on a surface of a flat composite wall and 

concluded that the rate of microlayer evaporation increased with increasing thickness and 

thermal conductivity of the wall. However, a general formula to calculate qme can be simply 

expressed as  

𝑞me = 𝜌l𝑉me𝑖lv𝑓𝑁𝑎                                                    (2-13) 

Therefore, it is essential to estimate the volume of the microlayer. However, to the knowledge 

of the author, no studies can describe the microlayer exactly, although some works are 

available. Sernas and Hooper [21] experimentally studied the initial vapor growth on a wall 

and postulated a microlayer of constant thickness underlying a bubble based on a comparison 

with five analytical models. Copper and Lloyd [22] predicted the microlayer thickness by a 

simplified hydrodynamic theory, indicating that the thickness is linear to the root of the 

growth time. Voutsinos and Judd [23] investigated the microlayer evaporation by laser 

interferometry and then derived an expression of the microlayer volume. Benjamin and 

Balakrishnan [19] and Li et al. [24] suggested an estimation of the microlayer volume by 

considering an energy balance in the microlayer. With more and more advanced measurement 

techniques, like the utilization of transmission electron microscope (TEM) and atomic force 

microscope (AFM), more details in micro/nanoscale can be expected in the future. 
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Transient micro-convection  

Haider and Webb [25] developed a transient micro-convection model of nucleate pool boiling, 

based on that of Mikic and Rohsenow [18]. The transient micro-convection was due to the 

convection in the wake of a departing bubble. It was formulated that the transient heat 

conduction prevails in the initial phase of a bubble cycle and then convective effects become 

important. An asymptotic correlation is proposed to patch the transient conduction and 

transient micro-convection, which is described as  

𝑞cond + 𝑞mc = 2√𝜋 ∙ 𝑓 ∙ 𝑘l ∙ 𝜌l ∙ 𝐶pl 𝐷d
2(𝑇w − 𝑇sat) ∙ [1 + (

0.66𝜋𝑐

Pr
l
1/6 )

𝑚

]

1

𝑚

𝑁𝑎          (2-14) 

As reviewed above, numerous mechanistic models have been developed to study nucleate 

boiling heat transfer. However, these models require many parameters, like bubble departure 

diameters, bubble departure frequencies and active nucleation site densities, which are hard 

to obtain, especially the active nucleation site densities. Alternatively, heat transfer 

correlations are good options to study the nucleate boiling heat transfer, like the Stephan and 

Abdelsalam correlation [26], the Nishikawa correlation [27], the Cooper correlation [28], the 

Gorenflo and Kenning correlation [29], the Leiner correlation [30] and the Ribatski and 

Jabardo correlation [31]. Hundreds and thousands of data, covering different liquids, different 

pressures and different boiling surfaces, were correlated in the development of these 

correlations. 

Surely, the review above cannot incorporate all relevant studies. Literature reviews such as 

Kim [32] and Mohanty and Das [33] are recommended for supplement, regarding nucleate 

boiling heat transfer mechanisms and correlations.  

2.3 Critical heat flux mechanism 

The critical heat flux describes a safety threshold, beyond which heat transfer coefficients will 

decrease dramatically. Imaging that the critical heat flux occurs in practical application, 

surfaces subjected to heat transfer will be in a dangerous situation, with unacceptable 

temperature overshoots, probably resulting in accidents, e.g., burn-out of equipment. 

Therefore, it is essential to study the critical heat flux, knowing its physics and avoiding to 

surpass it in reality. Roughly speaking, the critical heat flux takes place when vapor 

accumulates on surfaces and liquid cannot rewet the surfaces anymore. Therefore, this is a 

physical phenomenon involving vapor, liquid and solid, making its physics complicated. To 

the best knowledge of the author, even though extensive investigations have been conducted 

on the critical heat flux and several mechanisms were proposed accordingly, still no universal 

mechanisms are accepted. In the following, some representative critical heat flux mechanisms 

are reviewed. 

Zuber [34] proposed a mechanism to trigger critical heat flux, from the perspective of 

hydrodynamic instabilities. Figure 2.4 indicates the idea about the critical heat flux due to 

hydrodynamic instabilities. As is known, Taylor instability occurs when a lighter fluid is 
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pushing a heavier fluid. Regarding the flow condition at critical heat flux, it can be imagined 

that the vapor pushes the liquid, preventing the liquid from rushing onto the surface. 

Therefore, the Taylor instability appears in this flow condition. Zuber also assumed that the 

vapor departs from surfaces, with a shape of column which has a diameter half of the 

instability wavelength, and the liquid flows between columns towards surfaces. In addition, 

due to the slippery velocity between the vapor and the liquid, the Helmholtz instability takes 

place as well, which causes coalescence of adjacent vapor columns with the instability 

growth. Critical heat flux is thought to occur when the coalescence vapor collapses on 

surfaces and the Helmholtz instability reaches a critical condition. Therefore, critical heat flux 

can be predicted quantitatively, related to the hydrodynamic instabilities, and is expressed as  

CHF
𝜋

24
𝜌v

1/2
𝑖lv[𝜎𝑔(𝜌l−𝜌v)]1/4

= (
3

√2𝜋

1

31/4 ,
3

√2𝜋
)                              (2-15) 
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Figure 2.4: Illustration of Zuber’s hydrodynamic instability model.  
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Figure 2.5: Schematic of Haramura and Katto’s model.  

Later on, Haramura and Katto [35] proposed a new hydrodynamic model of critical heat flux, 

following some observations from experiments. The model is normally called macrolayer 

dryout model. A liquid film layer was considered beneath large bubbles, as shown in Fig. 2.5. 

An analysis was conducted, considering hydrodynamic instabilities and bubble dynamics. 

Critical heat flux occurs when the liquid film is not supplied with liquid from the bulk region 

during the period that large bubbles hover on the liquid film. 
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Yagov [36] discussed contradictions and limitations of the hydrodynamic theory and 

proposed a new mechanism that triggers critical heat flux. In this mechanism, it is considered 

that the critical heat flux is related to the dry spot area beneath bubbles. Critical heat flux 

appears when the liquid evaporates faster than liquid supplement around dry spots, and the 

critical dry spot size is proportional to bubble departure diameter. The concept of dry spot 

area beneath bubbles was validated experimentally by Chu et al. [37]. The experiments 

indicate that two types of dry spots exist, i.e., reversible spots and irreversible spots, and the 

dry spot size evolves periodically at critical heat flux, but it is assumed to increase 

monotonically in Yagov’s model. Then, Zhao and Williams [38] developed a new critical heat 

flux model based on irreversible dry spots. 

Guan et al. [39] further emphasized the observation of dry spots (vapor patches) by hundreds 

of video sequences. Consistent with Haramura and Katto [35], a liquid macrolayer beneath 

bubbles was also considered. However, Guan et al. postulated that critical heat flux occurs 

when the liquid layer is lifted by vapor patches. Figure 2.6 shows the schematic of the model. 

Critical heat flux was formulated with critical heat flux vapor velocity which was derived by 

an analysis of momentum conservation. The final formula is  

CHF = 0.2445𝜌v𝑖lv [
𝜎𝑔(𝜌l−𝜌v)

𝜌v
2 ]

1/4

(1 +
𝜌v

𝜌l
)

1/4

(
𝜌v

𝜌l
)

1/10

                     (2-16) 
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Figure 2.6: Schematic of Guan’s lift-off model. 
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Figure 2.7: Schematic of Kandlikar’s model. 

Kandlikar [40] derived a theoretical model based on a force analysis, emphasizing the 

importance of receding contact angles. The considered forces include a momentum force due 

to liquid evaporation, surface tension forces at the bubble base and at the bubble top surface, 

and a force due to gravity, as shown in Fig. 2.7. Accordingly, critical heat flux is triggered 
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when the momentum force exceeds the sum of other forces. The momentum force pulls the 

bubble along the surface, pushing the liquid away from the surface, while other forces hold 

the bubble. Finally, a formula is suggested as  

CHF = 𝑖lv𝜌v
1/2

∙ [𝜎(𝜌l − 𝜌v)𝑔]1/4 ∙
1+cos 𝜃rec

16
∙ [

2

𝜋
+

𝜋

4
(1 + cos 𝜃rec)]1/2   (2-17) 

Definitely, the critical heat flux has been studied extensively in the past, including the effect 

of wettability, surface roughness and liquid-spreading ability, but most studies are extensions 

of the mechanisms reviewed above. For example, a model considering the effect of liquid 

wicking was developed by Rahman et al. [41] based on the Zuber’s model, and the 

Kandlikar’s model was also further developed by Chu et al. [42] and Quan et al. [43],  but 

these models are not reviewed in details. Recently, Ding et al. [44] innovatively derived the 

critical heat flux mathematically with a concept of microscopic “film boiling”, considering a 

bubble nucleation process, but this is not discussed in details neither. In addition, a review of 

critical heat flux mechanisms by Liang and Mudawar [45] is recommended.  

2.4 Enhanced boiling surfaces 

Ji et al. (2013)

Sintering [55]

Lee et al. (2018)

Etching [46]

Gheitaghy et al. (2016)

WEDM [58]

Liu et al. (2019)

Laser maching [65]

Das et al. (2017)

Coating [72]

 
Figure 2.8: Demonstration of representative enhanced surfaces in literature.  

Enhancement of nucleate boiling has been a hot topic. As reviewed above, the nucleate 

boiling, including bubble nucleation, heat transfer and critical heat flux, is dependent on 

surface characteristics. Modifications of surfaces are supposed to enhance the nucleate boiling 

performance. Accordingly, many enhanced boiling surfaces were developed in the past with 

different micro/nano fabrication technologies, e.g., etching, sintering, wire electric discharge 

machining, laser machining, and coating techniques. Figure 2.8 demonstrates some enhanced 

surfaces in literature, prepared by different techniques. A brief review about the enhanced 

boiling surfaces is presented following. 

Etching  

The etching method is commonly used to fabricate structures on silicon wafers. Lee et al. [46] 

prepared micro-structure (cavity) surfaces by dry etching, nano-structure (nano wire) surfaces 
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by reactive-ion etching and hybrid micro/nano-structure surfaces by combining these two 

methods, respectively. Pool boiling of water was comparatively studied on the prepared 

surfaces and the results show that nucleate boiling performance is enhanced on the three types 

of surfaces, but the hybrid surfaces perform the best. Similarly, Moon et al. [47] 

experimentally studied pool boiling of  water on silicon surfaces with micro pillars, micro 

holes and composite micro-nano structures, prepared by etching. It was found that the surface 

with micro pillars and nanowires achieved the highest critical heat flux, which was due to a 

capillary pressure potential through forming a curved liquid meniscus on the pillar structures. 

Kim et al. [48] fabricated a set of micro-pillar surfaces with different micro pillars diameter, 

gap and diameters, using deep reactive-ion etching. Experiments showed that both heat 

transfer and critical heat flux were enhanced. The increasing heat transfer was attributed to 

the extended heat transfer area, while the increasing critical heat flux is due to the improved 

capillary wicking rate. Dhillon et al. [49] especially studied critical heat flux of water on 

micro-pillar surfaces and nano-structure surfaces prepared by etching. Liquid imbibition 

experiments and quantitative infrared temperature measurements of dry spots on the surfaces 

were carried out, which provided direct evidence that the critical heat flux was dictated by 

characteristic dry spot heating and rewetting timescales. Kim et al. [50] experimentally 

studied interfacial wicking dynamics and its  impact on critical heat flux, on surfaces with 

nano-pillars prepared by nanosphere lithography combined with top-down metal-assisted 

chemical etching. The results revealed that strong wicking can guarantee hydrodynamic 

stability against dryout, therefore enhancing critical heat flux. Wei et al. [51] studied pool 

boiling of FC-72 on micro-pin-fin surfaces prepared by dry etching, achieving enhanced 

results. 

Sintering 

Lie and Peterson [52] fabricated surfaces with sintered copper mesh and tested the effect of 

mesh size and porosity on pool boiling of water. The experimental results indicated that the 

critical heat flux (CHF) was strongly dependent on both the mesh size and the volumetric 

porosity; while the evaporation/boiling heat transfer coefficient was significantly affected by 

mesh size, but not strongly dependent on the volumetric porosity. Min et al. [53] 

experimentally studied pool boiling of pentane on copper surfaces with 2-D and 3-D 

modulated porous coatings prepared by sintering, while the coatings had different height, 

width and pitch. It was found that the coating can considerably enhance the boiling 

performance and the critical heat flux can be well predicted by a hydrodynamic stability 

model originating from the Zuber’s model. Cora et al. [54] tried to find proper conditions 

(temperature and pressure) and procedures (sintering after compactions and compaction after 

sintering) for robust, low-cost mass manufacturing of microporous structures for heat transfer 

applications. Through pool boiling experiments, sintering after compactions, with low 

pressures, was recommended to produce microporous and modulated surface layers bonded 

to a solid substrate. Ji et al. [55] also developed uniform and non-uniform coating surfaces by 

sintering and studied pool boiling of acetone on the surfaces. Heat transfer and critical heat 

flux were enhanced by the coatings, and a hollow well exposed in liquid was captured at 

critical heat flux by high speed visualization. Liquid was supposed to rewet the surfaces 
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through the hollow well. Pastuszko and Wojcik [56] investigated pool boiling of water and 

FC-72 on micro-fin surfaces with a sintered perforated foil, with a comparison to a smooth 

surface and micro-fin surfaces without foil. It was found that micro-fin surfaces with sintered 

perforated foil provided the highest heat transfer coefficients and critical het flux, and the 

critical heat flux was increased by 130% and 75% for water and FC-72, respectively, in 

comparison to the smooth surface. 

Wire electric discharge machining (WEDM) 

Das et al. [57] prepared surfaces having a number of parallel channels or orthogonally 

channels by WEDM, and pool boiling experiments were conducted with water. It was found 

that the highest augmentation was achieved on surfaces with intersecting inclined channels 

with a circular base. Gheitaghy et al. [58] employed WEDM and an electrochemical 

deposition method to fabricate mesochannel surfaces, microporous surfaces and combined 

surfaces. The results showed that boiling performance of water can be enhanced by the two 

methods, but the surfaces combining the two methods performed the best. Tang et al. [59] 

studied pool boiling of water on surfaces modified by WEDM, sintering and combined 

method, respectively, and the effects of powder morphology, powder size and channel width 

on the heat transfer were compared. Similarly, Akbari et al. [60]studied the effect of silver 

nanoparticle deposition on pool boiling enhancement on re-entrant inclined minichannel 

prepared by WEDM. As a consequence, the combined modification including a coating and 

minichannel possessed the highest heat transfer coefficient and critical heat flux. Sun et al. 

[61] investigated pool boiling performance and bubble dynamics on microgrooved surfaces 

with re-entrant cavities. It was found that the wall superheat at the onset of nucleate boiling 

was lower on the prepared surfaces and the heat transfer coefficient was enhanced. However, 

the critical heat flux was not reached in the experiments due to limitations of the experimental 

setup. 

Laser machining 

Kruse et al. [62] used femtosecond laser to process stainless steel surfaces, aiming to enhance 

pool boiling heat transfer and critical hat flux. The results showed that the heat transfer 

coefficient and critical heat flux were enhanced by 200% and 60% in water, respectively, in 

comparison to a smooth surface. The critical heat flux enhancement was due to the wetting 

and wicking ability, while the heat transfer enhancement was due to the increased surface area 

and nucleation site density. Ho and Leong [63] studied pool boiling of FC-72 on enhanced 

aluminum surfaces produced by selective laser melting. The enhanced surfaces presented 

considerable enhancement in heat transfer (70% augmentation) and critical heat flux (76% 

augmentation), compared with a smooth surface. Wong and Leong [64] also used selective 

laser melting to produce porous lattice structures to enhance pool boiling performance of FC-

72, and the enhancement was attributed to the increased surface area, increased nucleation 

site density and capillarity-assisted suction of the porous structure. Liu et al. [65] 

experimentally investigated pool boiling of FC-72 on structured silicon surfaces fabricated by 

femtosecond laser, and reported a “hook back” phenomenon on the structured surfaces. 

Recently, Zhang et al. [66] designed and manufactured 3D grid structures on stainless steels, 
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using selective laser melting technique. Pool boiling of water was tested on the structured 

surfaces, which showed that the grid structures can significantly influence nucleate boiling 

behavior and enhance critical heat flux. The enhancement of critical heat flux was a result of 

the grid structure’s “partition effect” that inhibits Helmholtz instability and confines hot spots 

expansion. 

Coating techniques  

Numerous techniques are employed to generate coatings on surfaces, e.g., electrophoretic 

deposition, chemical/physical vapor deposition, electrochemical deposition, sputtering and 

electron beam evaporation technique.  White et al. [67] modified stainless steel surfaces by 

electrophoretic deposition of nanoparticles from a nanofluid. Pool boiling experiments of 

water illustrated an enhancement of 200% in heat transfer coefficient. Jun et al. [68] 

experimentally and theoretically studied pool boiling of water and ethanol on copper surfaces 

covered with copper-plating nanofibers, prepared by electrospinning. The results showed that 

heat transfer coefficient was enhanced by 3-8 times, but critical heat flux was quite close to 

each other. Sahu et al. [69] covered copper surfaces with copper-plating polymer nanofibers 

by an electrically-assisted supersonic solution blowing process. Pool boiling of water, ethanol 

and their binary mixtures were tested. Heat transfer coefficient was considerably enhanced by 

the nanofibers. Pratik et al. [70] used an atmospheric pressure chemical vapor deposition 

process to deposit foam-like hierarchical hexagonal boron nitride nanomaterial on silicon 

surfaces and pool boiling of water was studied. The critical heat flux of the modified surface 

appeared comparable to that on a smooth surface, but the surface superheat at critical heat 

flux was reduced and correspondingly the heat transfer coefficient was increased. Das et al. 

[71, 72] utilized electron beam evaporation technique to coat copper surfaces with SiO2 and 

TiO2 nanostructures, and nucleate boiling heat transfer coefficient of water was compared 

between the nanostructured surfaces and a smooth surface, which indicated remarkably 

augmentation.  The enhancement mechanisms involved surface area enlargement, more 

nucleation sites and enhanced surface wettability. Jo et al. [73] electroplated nickel-chrome 

wires with a pure copper layer and then annealed the wires, tuning the wettability by the 

electroplating time. Corresponding pool boiling of water was studied and analyzed. Gheitaghy 

[74], Wang et al. [75] and Rishi [76] deposited microporous coatings on copper surface by 

electrochemical deposition, which indicated effective nucleate boiling enhancement. 

Recently, Son and Kim [77] employed DC magnetron sputtering and arc-ion plating 

techniques to deposit coatings on surfaces, varying surface roughness and wettability and 

comparatively studied pool boiling of water on these surfaces. A critical heat flux model was 

developed, which is a function of roughness, surface area enlargement ratio and apparent 

contact angle, based on the mechanism of receding capillary flow, showing good prediction. 

Some reviews are suggested for readers about interested in nucleate boiling surfaces, e.g., the 

review by Liang and Mudawar [78], by Kim et al. [79] and by Patil and Kandlikar [80].  
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CHAPTER 3 

 

 

 

 

 

3. Surface Preparation and Test Rigs    

 

In this chapter, the techniques used to modify surfaces are introduced, including an 

electrophoretic deposition method, an electrochemical deposition method, an electrostatic 

deposition method and femtosecond laser. Then, experimental setups, i.e., pool boiling test 

rigs and wettability measurements, as well data reduction are presented. 

3.1 Surface preparation 

In this thesis, smooth surfaces were prepared and tested first as a baseline for the comparison. 

The smooth surfaces were prepared by the following steps: 

1) Polished with sandpapers of grit P220, P600, P1000, P1500 and P2000.  

2) Cleaned by ultrasonic bath with acetone (20 mins) and ethanol (5 mins). 

3) Immersed in H2SO4 0.5M for 2 hours.  

4) Rinsed with water.  

 
Figure 3.1:  SEM images of a smooth surface. 

Figure 3.1 shows the SEM images of a smooth surface. Some scratches exist due to the 

polishing by sandpapers. These scratches are likely to act as active nucleation sites. The 

roughness was measured on several smooth surfaces by a 3D optical profiler (Dektak 6M), 

ranging from around 60 nm to around 110 nm.  
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Surface modifications were implemented on smooth surfaces. Several techniques were 

attempted to modify the surfaces, including electrophoretic deposition, electrochemical 

deposition, electrostatic deposition and femtosecond laser. The setups for electrophoretic 

deposition and electrochemical deposition were constructed in our group, while the setups for 

electrostatic deposition and femtosecond laser were available in NanoLund and Xi’an 

Jiaotong University, respectively. 

Electrophoretic deposition 

Figure 3.2 indicates the schematic of the electrophoretic deposition process (EPD). With this 

method, two types of nanoparticles were used, namely copper nanoparticles (50 nm - 80 nm) 

and copper-zinc nanoparticles (~100 nm), both commercially available from Sigma-Aldrich 

Corporation. Firstly, nanoparticle dispersions were prepared by dissolving nanoparticles in 

DI water, with an ultrasonic bath for two hours. A certain volume of particle dispersion was 

dropped onto smooth surfaces sealed in a plastic tube by a pipette. Ethanol was then added to 

mix with the particle dispersion, obtaining a relatively uniform nanoparticle distribution. Two 

electrodes were set up and a potential of 9.5V (a DC power supply HP E3615A) was applied 

and remained for 30 minutes. The smooth surface was set as cathode for positively charged 

particles or anode for negatively charged particles. When the deposition ended, ethanol 

solution was gently removed from the plastic tube. The modified surface was put on a stirring 

hotplate (Fisherbrand) and heated at 75oC (±5oC) for 30 seconds to remove any excess liquid. 

DC  

power  supply

Electrode

Ethanol

Particle  dispersion

Smooth copper  
substrate

 
Figure 3.2:  Schematic of the electrophoretic deposition process. 

cavity

Figure 3.3:  SEM images of a surface modified by the electrophoretic deposition method. 
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Figure 3.3 shows the SEM images of a surface deposited with 0.6 mg Cu-Zn nanoparticles, 

prepared by the electrophoretic deposition method. It is evident that a coating is formed on 

the surface, with nanoparticle clusters, generating numerous structures, e.g., pores, cavities 

and other irregularities. It is postulated that these structures are beneficial to boiling 

performance.  

Electrochemical deposition 

DC  

power supply

Electrolyte solution CuSO4+H2SO4

H2 bubble

Cu
2+

Anode

Cathode
 

Figure 3.4:  Schematic of the electrochemical deposition process. 

(c) two-step deposition, 1.0 A/cm
2
 (40s)+35 mA/cm

2
 (3600s)

(a) one-step depositon, 35 mA/cm
2
 (3600s)

20 μm 2 μm

200 μm 20 μm 4 μm

(b) one-step depositon, 1.0 A/cm
2
 (40s)

200 μm 20 μm 4 μm

200 μm 20 μm 4 μm

 
Figure 3.5:  SEM images on surfaces by one-step deposition and two-step deposition. 

Figure 3.4 indicates the schematic of the electrochemical deposition process (ECD). The 

principle is to reduce Cu2+ and H+ ions on the cathode though a DC electrical field, as shown 

in the reactions in Equation (3-1). The reduction of Cu2+ ions generates porous coatings, while 
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the reduction of H+ ions forms hydrogen gas which rises up, generating micro pores on the 

porous coatings. In this thesis, the electrolyte solution of CuSO4 and H2SO4 was used. The 

concentration of sulfuric acid was fixed at 1.5 M, while the concentration of copper sulfate 

varied from 0.1 M to 0.4 M.  

Cu2+ + 2e−1 = Cu,      2H+ + 2e−1 = H2                              (3-1) 

Generally, a two-step deposition strategy is widely selected, considering the stability and 

durability of coatings. However, in this thesis, the coating surfaces were prepared by a one-

step deposition and a two-step deposition, respectively, considering different liquids. In the 

one-step deposition, either a large current density for a very short time or a very low current 

density for a long time was used, while in the two-step deposition, the first step was to deposit 

coatings, using a large current density for a very short time (several tens of seconds) and the 

second step was to further deposit coatings at a very low current density for a long time (one 

hour). After deposition, surfaces were annealed at 350 oC for one hour to make the deposition 

structure more stable. 

Figure 3.5 compares the SEM images of surfaces prepared by one-step deposition and two-

step deposition. In this case, the concentrations of CuSO4 and H2SO4 were 0.4 M and 1.5 M, 

respectively. It is found that the morphology differs considerably among the surfaces. 

Regarding the surface with a low current density for a long time (Fig. 3.5(a)), a coating was 

formed on the surface with a relatively low porosity. Large particle clusters tightly connected 

with each other, generating some pits. Regarding the surface with a large current density for 

a short time (Fig. 3.5(b)), the coating had large porosity, with numerous micro pores generated 

by H2 release and numerous smaller pores on structures among the micro pores. Regarding 

the surface combining the large and the small current densities (Fig. 3.5(c)), the coating was 

roughly similar to that in Fig. 3.5(b). However, the structures among micro pores were not 

that fluffy.  

Electrostatic deposition 

Compared with the two deposition techniques above, the system of electrostatic deposition is 

much more complex, which was carried out through a collaboration with NanoLund. In this 

thesis, the electrostatic deposition was especially used to deposit nanoparticles on silicon 

surfaces, which cannot be fulfilled by the two techniques above. Figure 3.6 presents the 

schematic of the electrostatic deposition process. Two opposing electrodes, as the seed 

material, are separated by a 2 mm gap and are charged until a spark arises. Material from the 

electrode is released and collides into agglomerates that are carried away by a continuous gas 

flow of 99.9999% pure N2 at 1.68 lpm. The agglomerates are reshaped and compacted into 

spherical nanoparticles when the aerosol flow passes through the tube furnace at 1100 °C. 

Then the nanoparticles are size-selected using a differential mobility analyzer (DMA) in order 

to obtain a narrow size distribution of the nanoparticles. The size selected nanoparticles are 

deposited using an electrostatic precipitator (ESP). About 40% of the particles were deposited 

on the silicon surfaces, while the rest is deposited outside. The deposition was performed for 

several hours with a nanoparticle number concentration of 2000000 #/cm3. As the 
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concentration of the nanoparticles on the surface increases, some larger clusters are formed 

due to the antenna effect. The antenna effect means the larger the clusters, the higher 

probability for the next particle to be deposited onto the cluster. 

Carrier gas

ElectrodeElectrode

Ni
63

 Neutralizer

DMA DMA

Tube Furnace

Deposition 

chamber

Electrometer

Pump

 
Figure 3.6:  Schematic of the electrostatic deposition process. 

 
Figure 3.7:  SEM images on a surface by electrostatic deposition. 

Figure 3.7 shows the SEM images on a micro-pin-fin surface deposited with nanoparticles by 

the electrostatic deposition. The original micro-pin-fin surface was prepared by Professor 

Jinjia Wei’s group (Xi’an Jiaotong University) who we collaborate with. It is seen that 

nanoparticles accumulated on the surface, especially on micro pin fins, forming structures 

randomly. It is expected that pool boiling performance is further enhanced by these 

nanoparticles. 

Femtosecond laser technique 

Figure 3.8 illustrates the working system of a femtosecond laser technique. In general, a 

femtosecond laser was used to get rid of some material on surfaces due to its high-density 

power, generating the designed surface morphology. In this thesis, a femtosecond laser 

(SpitfireAce-12FS) was selected to fabricate surfaces, while a processing station (LASER 

μFAB Newport) was used. The laser beam has a power of 2 W, and the processing station has 

an optical lens focal distance of 100 mm. During the fabrication, the laser beam scanning 
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velocity was controlled as 0.2 mm/s, and different laser beam power ratios were employed to 

generate structures with different size. An orthogonal scanning strategy was carried out to 

obtain micro pin fins on surfaces. 
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Figure 3.8:  Schematic of the femtosecond laser process. 

50 μm
 

Figure 3.9:  SEM images of a surface prepared by the femtosecond laser technique. 

Figure 3.9 shows SEM images of a surface prepared by the femtosecond laser technique, with 

a 70% laser beam power ratio. It is obvious that micro pin fins are surrounded by a layer of 

porous structures which is composed of nanoparticles generated during the laser processing, 

and among micro pins are cavities. It is supposed that these cavities and rather rough surfaces 

of micro pin fins can increase active nucleation site density and enhance relevant wettability. 

Accordingly, pool boiling performance is expected to be augmented. 
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The SEM images were taken with a scanning electronic microscope (ZEISS, EVO LS 10) in 

Malmö University, and the roughness was measured with a 3D optical profiler (Dektak 6M) 

in NanoLund. 

3.2 Test rigs 

In this section, test rigs are introduced, including the facility to measure wettability (static 

contact angle, dynamic contact angle and wickability), and pool boiling facilities. This thesis 

involves saturated pool boiling on copper surfaces (85% tests) and subcooled pool boiling on 

silicon surfaces (15% tests). The facilities to measure wettability and study saturated pool 

boiling on copper surfaces were constructed in our group, while the facility to study subcooled 

pool boiling on silicon surfaces was available in Professor Jinjia Wei’s group at Xi’an 

Jiaotong University, China. 

Wettability measurement 

Height controller

0.34 mm 

capillary tube

High speed 

camera

Light source

Syringe pump

 
Figure 3.10:  Schematic of the test rig to measure surface wettability. 

Figure 3.10 indicates the setup to measure surface wettability. Contact angle is an important 

parameter to characterize the wettability, but it is not totally sufficient, especially for some 

well-wetting liquids (HFE-7200, NOVEC-649, FC-72, Pentane and Acetone in this thesis). 

Then, the wickability is measured through this setup, by comparing the spreading velocity of 

liquids on surfaces. In general, the setup mainly consists of a height controller to adjust the 

position of a platform where surfaces are placed, a glass micro capillary tube, a high-precision 

syringe pump (New Era, NE-400) and a high speed camera (Phantom v611). 

To measure wickability of well-wetting liquids, the high speed camera was kept on, while the 

height controller was adjusted to let surfaces touch the mouth of the micro capillary tube 

where a volume of liquid was injected. Then, the liquid level in the capillary tube could be 

captured by the high speed camera with 1000 fps, and the liquid level dropping rate describes 

the surface wickablity. 
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Similarly, to measure static contact angles of well-wetting liquids, firstly a droplet was 

generated on the mouth of the capillary tube. Then, the high speed camera was on, and 

meanwhile the height controller was adjusted until the surface contacted with the droplet. The 

droplet revolution was recorded by the camera, which was divided into a spreading stage, a 

transitional stage and a steady stage, and the static contact angle was measured at the steady 

stage. 

It is easier to measure the static contact angle of water. A water droplet of 10 μl was dropped 

on surfaces with a pipette, and then the droplet was recorded by the camera. To measure the 

dynamic contact angle of water, a syringe pump was used to exactly control the liquid rate 

(pumping or withdrawn).  In this thesis, a water droplet of 10 μl was withdrawn at a rate of 

0.5 μl/s, and droplet evolution was captured by the high speed camera with 100 fps to measure 

the receding contact angle.  
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Figure 3.11:  Schematic of the test rig of pool boiling on copper surfaces. 

Figure 3.11(a) demonstrates the pool boiling test rig for copper surfaces. A copper rod was 

heated up with five cartridge heaters (CIR-10121, OMEGA) powered by a transformer (KIEA 

8, Tufvassons Transformator) connected to two digital meters. A saturated state was achieved 

and kept with a temperature controller (MAXVU16), an auxiliary heater and a cooler. 

Temperatures were collected by a data acquisition board (Agilent 34970A) and bubble 

dynamics were recorded by a high speed camera (Phantom v611). Additionally, a vessel made 

of optic glass acted as the boiling chamber, which has a size of 100 mm × 100 mm × 300 mm 
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in length, width and height, respectively. The copper rod was covered with PTFE to minimize 

heat losses. A relief valve was mounted to guarantee an atmospheric surrounding during 

experiments.  

Figure 3.11(b) shows details of the copper rod, i.e., the distribution of the thermocouples and 

cartridge heaters. Five cartridge heaters (CIR-10121 from OMEGA) were inserted into the 

bottom of the rod, with one in the center surrounded by the others symmetrically. The copper 

rod is a cylinder with a bottom diameter of 60 mm and a top diameter of 12 mm. At the height 

of 60 mm, the diameter of the rod transits smoothly from 60 mm to 12 mm with an angle of 

135°. To evaluate the heat flux (q) and the boiling surface temperature (Tw), four K-type 

thermocouples were mounted on the rod vertically with 15 mm intervals and a K-type 

thermocouple was embedded in the test substrates at 8 mm from the boiling surface. The 

substrates had a height of 10 mm and a diameter of 12 mm. A tin paste (BERA-FIX soldering 

paste) was used to solder substrates onto the copper rod.  
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Figure 3.12:  Schematic of the test rig of pool boiling on silicon surfaces. 

Figure 3.12(a) illustrates the pool boiling test rig for silicon surfaces. A boiling chamber is 

made of polymethyl methacrylate with a size of 120 mm × 120 mm × 110 mm and a glass 

base of 50 mm × 50 mm × 30 mm was mounted inside the chamber to fix test surfaces which 

were Joule heated by a DC power supply (Agilent N5751A). A thermostatic water tank and 

an auxiliary heater were used to control the degree of subcooling. Wall and liquid 

temperatures were measured by T-type thermocouples. In addition, a rubber bag was 

connected with the boiling chamber to keep the pressure atmospheric. Temperatures were 

recorded by a data logger (DI710-UHS), and bubble behavior was captured by a high speed 

camera (VITcam CTC).  

Figure 3.12(b) shows the details of the test section. A 10 mm (L) × 10 mm (L) × 0.5 mm (H) 

silicon surface was adopted in the experiment as the heater element. Two copper wires of 0.25 

mm diameter were welded on two opposite edges of the test surface by an ultrasonic bonding 

method, avoiding a large contact resistance between the surface and the copper wires. A T-
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type thermocouple of 0.13 mm diameter was adhered at the center of the back side of the test 

surface. The test surface was glued onto a thin polycarbonate plate of 50 mm × 50 mm × 1.2 

mm by a thermal insulation adhesive which took 24 h to be effective. Then the thin 

polycarbonate plate was fixed on the glass base inside the boiling chamber. 

3.3 Experimental procedure 

Regarding saturated pool boiling on copper surfaces, about 1.0 liter of liquids was poured in 

the boiling vessel and vigorously boiled for half an hour to degas non-condensable gases. 

Voltage was increased by 3V and 5V for well-wetting liquids and water, respectively, case 

by case during experiments. The experiments ended when critical heat flux occurred. At the 

critical heat flux, an abrupt increase of temperature appeared. All data were collected at a 

steady state when the recorded temperatures deviated within ±0.2°C during 5 mins. The 

temperatures recorded during 2 mins were averaged as the final results. The experiments were 

repeated three times on each surface within 3 - 6 days. 

Regarding subcooled pool boiling on silicon surfaces, the procedure was quite similar with 

that in experiments of the saturated pool boiling, except that experiments were carried out 

without degassing the liquid and voltage was increased by 2V each time, while a smaller step 

of 0.5V was adopted when the heat flux was close to the critical heat flux.  

3.4 Data reduction and uncertainty analysis 

Data reduction 

In this thesis, copper surfaces were heated by conduction (Papers i-vi), while silicon surfaces 

were Joule heated (paper vii). Therefore, the heat flux calculation was different for the copper 

surfaces and the silicon surfaces.  

For copper surfaces, the heat flux (q) was calculated by Fourier’s law as  

  𝑞 = 𝑘Cu
(𝑇1−𝑇4)

3𝑦1
                                                          (3-2) 

Accordingly, the copper surface temperature Tw was calculated as 

 𝑇w = 𝑇5 −
𝑞×𝑦2

𝑘Cu
                                                        (3-3) 

where y1 = 15 mm, y2 = 8 mm and kCu = 400 W/(m·K) is the thermal conductivity of copper. 

For silicon surfaces, the heat flux (q) was calculated by Joule’s law as  

  𝑞 =
𝑈∙𝐼

𝐴
=

𝑈∙𝐼

𝐿∙𝐿
                                                          (3-4) 

where L = 10 mm. The silicon surface temperature was directly measured by a thermocouple. 

Then, heat transfer coefficient was calculated as 
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HTC =
𝑞

𝑇w−𝑇l
                                                         (3-5) 

Tl is the liquid temperature measured by a thermocouple. 

Uncertainty analysis 

Uncertainties were estimated using the method proposed by Moffat [81]. In general, according 

to Moffat, the uncertainty in the result F is a function of the independent variables Xi and is 

written as 

𝐹 = 𝐹(𝑋i)                                                         (3-6) 

The uncertainty of F is expressed as  

𝛿𝐹 = [∑ (
𝜕𝐹

𝜕𝑋i
𝛿𝑋i)

2
n
i=1 ]

1/2

                                       (3-7) 

where 𝜕𝐹/𝜕𝑋i  and 𝛿𝑋i are the sensitivity coefficient and uncertainty level associated with 

the variable Xi, respectively. 𝛿𝑋i was obtained by a root-mean square combination of the 

precision uncertainty of the instruments and the unsteadiness uncertainty. 𝜕𝐹/𝜕𝑋i accounts 

for measurement resolution, instrumentation variance, geometric uncertainty, substrate 

conduction loss and calibration error. The variable Xi to be included in the calculation of the 

total uncertainty level of F depends on the purpose of the analysis. With this method, the 

uncertainties involved in this thesis are summarized in Table 3.1. 

Table 3.1 Uncertainties. 

Parameters Uncertainty Remarks 

Thermocouple T ± 0.2 °C - 

Distance y1, y2 ± 0.2 mm - 

Surface 

roughness Ra 
± 2.0% - 

Contact angle ± 5.0 ° - 

Copper surface 

temperature Tw 

Max. 

± 0.26 °C 
𝛿𝑇w = [(𝛿𝑇5)2 + (

𝑦2

𝑘Cu

𝛿𝑞)
2

+ (
𝑞

𝑘Cu

𝛿𝑦2)
2

]

1/2

 

Superheat Tw-Tl 
Max. 

± 0.33 °C 
𝛿(𝑇w − 𝑇l) = [(𝛿𝑇w)2 + (𝛿𝑇l)

2]1/2 

Heat flux q 
Max.± 

11.4% 

𝛿𝑞

𝑞
= [(

𝛿𝑇4

𝑇4 − 𝑇1

)
2

+ (
𝛿𝑇1

𝑇4 − 𝑇1

)
2

+ (
𝛿𝑦1

𝑦1

)
2

]

1/2

 



30 

 

Heat transfer 

coefficient HTC 

Max. 

± 11.7% 

𝛿HTC

HTC
= [(

𝛿𝑞

𝑞
)

2

+ (
𝛿𝑇w

𝑇w − 𝑇l

)

2

+ (
𝛿𝑇l

𝑇w − 𝑇l

)
2

]

1/2

 

Chord length of 

departure 

bubbles 

(a: chord length 

parallel to the 

surface; b: 

chord length 

perpendicular to 

the surface) 

Max.± 

22.1% 

The departure bubbles have 4.8 to 20.0 pixels (x) in the 

direction parallel to the surface and 4.8 to 17.8 pixels 

(xˈ) in the direction perpendicular to the surface, with 

a deviation of ± 1 pixel (δx, δxˈ). The length scales in 

parallel and perpendicular direction are 25 pixels (y) 

and 12.5 pixels (yˈ) in 1 mm, respectively, with a 

deviation of ± 1 pixel (δy, δyˈ) 

𝛿𝑎

𝑎
= [(

𝛿𝑥

𝑥
)

2

+ (
𝛿𝑦

𝑦
)

2

]

1/2

 

𝛿𝑏

𝑏
= [(

𝛿𝑥ˈ

𝑥ˈ
)

2

+ (
𝛿𝑦ˈ

𝑦ˈ
)

2

]

1/2

 

Bubble 

departure 

diameter Dd 

Max. ± 

15.1% 

𝐷𝑑 = (𝑎2𝑏)1/3 

𝛿𝐷d

𝐷d

= [(
2

3

𝛿𝑎

𝑎
)

2

+ (
1

3

𝛿𝑏

𝑏
)

2

]

1/2

 

 

Table 3.2 provides properties of the liquids that were tested in this thesis, including water, 

dielectric liquids (HFE-7200, NOVEC-649, FC-72) and organics liquids (pentane, acetone). 

Table 3.2 Properties of liquids at saturated state. 

 
ρl 

kg/m3 

ρv 

kg/m3 

kl 

W/(m·K) 

μl 

mPa·s 

Cpl 

J/(kg·K) 

σlv 

mN/m 

ilv 

kJ/kg 

water 958.4 0.60 0.677 0.282 4215.7 58.9 2256.4 

HFE-7200 1303.0 10.30 0.056 0.348 1220.0 9.2 119.0 

Novec-649 1513.0 13.42 0.059 0.450 1103.0 10.8 88.0 

FC-72 1592.0 13.33 0.054 0.430 1101.0 7.9 76.9 

Pentane 609.7 2.98 0.111 0.199 2367.5 14.2 357.6 

Acetone 748.5 2.12 0.169 0.234 2276.9 19.1 520.6 
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CHAPTER 4 

 

 

 

 

 

4. Results and Discussion  

 

This chapter presents pool boiling results and related discussion. The prepared surfaces in 

each paper are introduced in the following, although probably not all results are shown and 

discussed in details to make the thesis readable. Some short names of the surfaces have been 

altered to suit the format of this thesis, compared with the names in papers. 

Paper i: Nanoparticle coatings were prepared by the electrophoretic deposition method 

(EPD), with Cu-Zn nanoparticles. The details of the surfaces are indicated in Table 4.1. 

Table 4.1 Test surfaces in paper i. 

 Nanoparticles Roughness Static contact angle Liquid 

SS - 0.109 μm 24.4° 

HEE-7200 

EPD-1 0.3mg Cu-Zn 0.541 μm 23.2° 

EPD-2 0.6mg Cu-Zn 0.550 μm 24.0° 

EPD-3 0.9mg Cu-Zn 1.276 μm 22.6° 

EPD-4 1.2mg Cu-Zn 1.435 μm 20.6° 

 

Paper ii: Modulated nanoparticle coatings were fabricated by the electrophoretic deposition 

method (EPD), with coexistence of smooth regions and coating regions, as shown in Figure 

4.1. The details of the surfaces are shown in Table 4.2. 

Tape

Tear off the tape

w1

w2

 
Figure 4.1:  The fabrication of modulated nanoparticle coatings. 
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Table 4.2 Test surfaces in paper ii. 

 Nanoparticles w1 w2 Liquid 

MEPD-1 0.6mg Cu-Zn 2 mm 2 mm 

HEE-7200 
MEPD-2 0.6mg Cu-Zn 3 mm 3 mm 

MEPD-3 1.2mg Cu-Zn 2 mm 2 mm 

MEPD-4 1.2mg Cu-Zn 3 mm 3 mm 

Note: MEPD-1, MEPD-2, MEPD-3 and MEPD-4 are MCS-1-1, MCS-1-2, MCS-2-1 and 

MCS-2-2, respectively, in paper ii. 

Paper iii: Nanoparticle coatings and microporous coatings were prepared by the 

electrophoretic deposition method (EPD) and the electrochemical deposition method (ECD), 

respectively. The electrochemical deposition was carried out in an aqueous electrolyte 

solution, i.e., 0.4 M CuSO4+1.5 M H2SO4 in water, with a current density of 1.0 A/cm2 for 

various deposition durations. The surfaces are summarized in Table 4.3 

Table 4.3 Test surfaces in paper iii. 

 Nanoparticles Roughness Liquid 

EPD-1* 0.98mg Cu 2.02 μm 

HFE-7200 

Acetone 
EPD-2* 

0.47mg Cu-Zn 

+0.51mg Cu 
1.56 μm 

EPD-3* 1.5mg Cu 1.53 μm 

 Deposition time Roughness Liquid 

ECD-1* 40s 2.34 μm 
HFE-7200 

ECD-2* 80s 1.92 μm 

Note: EPD-1*, EPD-2*, EPD-3*, ECD-1*and ECD-2*are EPD-1, EPD-2, EPD-3, ECD-1 and 

ECD-2, respectively, in paper iii. 

Paper iv: Microporous coatings were prepared by the electrochemical deposition method 

(ECD). The electrochemical deposition was carried out in an aqueous electrolyte solution, 

i.e., various CuSO4 concentration +1.5 M H2SO4 in water, with a current density of 1.0 A/cm2 

for 40 s. The surfaces are summarized in Table 4.4. 

Table 4.4 Test surfaces in paper iv. 

 
CuSO4 

concentration 
Roughness Static contact angle Liquid 

ECD-1 0.1 M 10.99 μm 14.7° 

NOVEC-

649 

ECD-2 0.2 M 14.24 μm 11.3° 

ECD-3 0.3 M 15.51 μm 10.2° 

ECD-4 0.4 M 17.00 μm 8.2° 

Note: ECD-1, ECD-2, ECD-3 and ECD-4 are ECDS-0.1M, ECDS-0.2M, ECDS-0.3M and 

ECDS-0.4M, respectively, in paper iv. 

Paper v: Microporous coatings were prepared by the electrochemical deposition method 

(ECD). The aqueous electrolyte solution is the same as that in paper iii, i.e., 0.4 M CuSO4+1.5 
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M H2SO4 in water. However, two types of deposition strategies were used. Three surfaces 

were reproduced by one-step deposition with a current density of 35 mA/cm2 for 3600 s, and 

the other surface was prepared by two-step deposition with a current density of 1.0 A/cm2 for 

40 s, followed by a current density of 35 mA/cm2 for 3600 s, as summarized in Table 4.5. 

Table 4.5 Test surfaces in paper v. 

 
Deposition 

strategy 

Static  

contact angle 

Receding 

contact angle 
Roughness Liquid 

SS - 86.27° 64.04° 0.094 μm 

Water 

ECD-1s* one-step 126.44° 82.09° 18.827 μm 

ECD-1s** one-step 119.43° 29.21° 12.067 μm 

ECD-1s one-step 117.58° 27.88° 3.548 μm 

ECD-2s two-step 132.74° 68.20° 26.105 μm 

 

Paper vi: Nanoparticle coatings, micro pin fins and hybrid micro/nano structures were 

fabricated by the electrophoretic deposition (EPD), the femtosecond laser (FLS) and the 

composite method (FLS+EPD), respectively. The nanoparticle coating surface was the same 

as EPD-1* in Table 4.3. The femtosecond laser surfaces were labelled as FLS1 and FLS2, 

while the hybrid micro/nano surfaces were labelled as CS1 and CS2. Especially, the 

characterizations of FLS1 and FLS2 are shown in Table 4.6. 

Table 4.6 Femtosecond laser surfaces in paper vi. 

 
Width of 

micro pin fins 

Pitch of  

micro pin fins 

Height of 

micro pin fins 
Nanoparticles Liquid 

EPD-1* - - - 0.98mg Cu 

Pentane 

FLS1 60.0 μm 100 μm 79.5 μm - 

FLS2 107.5 μm 200 μm 157.0 μm - 

CS1 60.0 μm 100 μm 79.5 μm 0.98mg Cu 

CS2 107.5 μm 200 μm 157.0 μm 0.98mg Cu 

 

Table 4.7 Tested surfaces in paper vii. 

 
Width of 

micro pin fins 

Pitch of  

micro pin fins 

Height of micro 

pin fins 

Deposition 

time 
Liquid 

#1 

30 μm 75 μm 60 μm 

- 

FC-72 

#1-8h 8h 

#1-16h 16h 

#2 

30 μm 60 μm 60 μm 

- 

#2-8h 8h 

#2-16h 16h 

Paper vii: Hybrid micro/nano structures were prepared by depositing nanoparticles on 

micro-pin-fin silicon surface with the electrostatic deposition method (ESD). Table 4.7 

summarizes the surfaces that were tested. 
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4.1 Validation of the test rig 

Before moving onto the main results, it is essential to describe the validation of the 

experimental setup and procedure. For this purpose, pool boiling of DI water was tested on 

smooth copper surfaces. Because Vachon et al. [82] systematically evaluated constants for 

the Rohsenow pool-boiling correlation referring to a large amount of data on smooth surfaces, 

the constants for water on copper surfaces were recommend. The Rohsenow correlation can 

be expressed as [82] 

𝑞 = 𝜇l𝑖lv [
𝑔(𝜌l−𝜌v)

𝜎lv
]

1/2

[
𝐶pl(𝑇w−𝑇l)

Csf𝑖lvPrl
n ]

3

                                (4-1) 

where Csf and n are the constants depending on the liquid-surface combination. As suggested 

by Vachon et al. [82], Csf and n are 0.0154 and 1, respectively for water on copper surfaces. 

  
Figure 4.2:  The comparison between the experimental results and the Rohsenow 

correlation, regarding pool boiling of water on smooth copper surfaces. 

Pool boiling of water was tested on four smooth copper surfaces for repeatability. Figure 4.2 

indicates the comparison between the experimental results and the Rohsenow correlation with 

the constants suggested by Vachon et al. [82]. It is evident that the experimental results are 

repeatable, and consistent with the results predicted by the Rohsenow correlation. 

Accordingly, the present test rig is deemed to be reliable.  

4.2 Boiling curves 

This section demonstrates pool boiling curves on the tested surfaces, including nanoparticle-

coating surfaces, microporous surfaces, hybrid micro/nano-structure surfaces. 

Nanoparticle-coating surfaces 

Generally speaking, two types of nanoparticle-coating surfaces were prepared, which are 

homogeneous nanoparticle coatings and heterogeneous (modulated) nanoparticle coatings. 

On the homogeneous nanoparticle coatings, surfaces were completely covered with the 
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nanoparticles. However, on the heterogeneous coatings, coating regions and smooth regions 

coexisted on the surfaces. Pool boiling of HFE-7200 and acetone on these two types of 

surfaces was discussed in Papers i, ii, iii. 

 
Figure 4.3:  Pool boiling curves on homogeneous nanoparticle-coating surfaces: (a) HFE-

7200, (b) Acetone. 

Figure 4.3 shows pool boiling curves of HFE-7200 and acetone on the homogeneous 

nanoparticle-coating surfaces, indicating that the curves of nanoparticle-coating surfaces shift 

to the left, compared with that of a smooth surface (SS). EPD-1, EPD2-, EPD-3 and EPD-4 

were deposited with Cu-Zn nanoparticles of different amount, while EPD-1* and EPD-3* 

were covered by Cu nanoparticles of different amount, and EPD-2* was modified by a 

mixture of Cu-Zn and Cu nanoparticles. By the comparison of EPD-1, EPD-2 and EPD-3 in 

Fig. 4.3(a) and EPD-1* and EPD-3* in Fig. 4.3(b), it is clear that the nanoparticle numbers 

slightly affect pool boiling performance. However, the nanoparticle properties can tailor the 

performance, e.g., the comparison of EPD-3 and EPD-3* in Fig. 4.3(a).  

In summary, regarding well-wetting liquid, heat transfer coefficients are augmented 

considerably by the homogeneous coatings (a maximum 100% enhancement), probably 

because the coatings generate much more nucleation sites and modulate bubble dynamics. 

However, the critical heat flux is not improved. Therefore, it is essential to design coatings 

which can enhance the critical heat flux as well. 

Inspired by the hydrodynamic instability mechanism of critical heat flux, proposed by Zuber 

[34], heterogeneous nanoparticle-coating surfaces were fabricated. It is supposed that the 

critical heat flux could be enhanced by tailoring the instability wavelength. Pool boiling of 

HFE-7200 was studied on the heterogeneous nanoparticle-coating surfaces which are 

summarized in Table 4.2. Figure 4.4 compares the boiling curves of heterogeneous coating 

surfaces and homogeneous coating surfaces. The results show that the critical heat flux is 

remarkably increased by the heterogeneous coatings, compared with that on a smooth surface, 

even though the heat transfer coefficients on the heterogeneous coating surfaces are a little 

lower than those on the homogeneous coating surfaces. For example, the critical heat fluxes 

(a) HFE-7200 (b) Acetone 
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on SS, EPD-2 and MEPD-2 are 19.2 W/cm2, 18.6 W/cm2 and 25.7 W/cm2, respectively, 

indicating an enhancement of around 35%. 

 
Figure 4.4:  Pool boiling curves of HFE-7200 on heterogeneous nanoparticle-coating 

surfaces. 

Microporous surfaces 

In addition to the nanoparticle-coating surfaces discussed above, microporous coatings were 

deposited on copper surfaces by the electrochemical deposition method. Surfaces with 

different deposition time and CuSO4 concentration were covered in Paper iii and Paper iv, 

respectively. 

 
Figure 4.5:  Pool boiling curves on microporous surfaces: (a) HFE-7200, (b) NOVEC-649. 

Figure 4.5 indicates pool boiling curves of HFE-7200 and NOVEC-649 on microporous 

surfaces. It is found that heat transfer coefficients and critical heat flux are considerably 

enhanced by 230%-600% and 30-55%, respectively. However, a temperature excursion is 

detected on this type of surfaces. The occurrence of the temperature excursion is due to the 

surface characteristics and liquids. Regarding the microporous coatings in this thesis, there 

exist numerous micropores and microstructures of a size of tens to hundreds of micrometers, 

(a) HFE-7200 (b) NOVEC-649 
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which are readily wetted by well-wetting liquids, e.g., HFE-7200 and NOVEC-649. The well-

wetted microstructures require a relatively high superheat to be activated. However, once they 

are activated, the vapor grows and spreads into other imperfections and serves as embryos to 

activate other sites. Therefore, the wall superheat suddenly drops. This temperature excursion 

was also detected in other studies, for example El-Genk and Ali [83] who studied pool boiling 

of PF-5060 on similar microporous surfaces.  

 
Figure 4.6:  Pool boiling curves of DI-water on microporous surfaces. 

In addition to the well-wetting liquids, pool boiling of water was also studied on microporous 

surfaces (Paper v). The microporous coatings in Fig. 4.5 were prepared by a large current 

density of 1.0 A/cm2 for 10s - 40s, but these microporous coatings were not stable in water 

boiling. Then, three new microporous surfaces were produced at a very low current density 

of 35 mA/cm2 for 3600s (ECD-1s, ECD-1s*, ECD-1s**) and another was prepared by two 

steps, first with 1.0 A/cm2 for 40s and then 35 mA/cm2 for 3600s (ECD-2s). It is found that 

these surfaces can be quite durable in water boiling. Figure 4.6 presents the pool boiling 

curves of water on these surfaces. It is seen that heat transfer is well repeated on ECD-1s, 

ECD-1s*and ECD-1s**, but ECD-1s* has a much lower critical heat flux than the others, 

which will be explained in a later section. Overall, heat transfer and critical heat flux both can 

be enhanced. A maximum enhancement of 56% can be achieved concerning heat transfer 

coefficients, while critical heat flux can be augmented by 13.6% - 35.4%. For example, the 

critical heat fluxes on SS and ECD-1s are 106.2 W/cm2 and 143.9 W/cm2, respectively. 

Hybrid micro/nano-structure surfaces 

Nanoparticle coatings and microporous coatings have been introduced above. The effect of 

hybrid micro/nano structures on pool boiling is discussed in this part. Two types of hybrid 

micro/nano structures were prepared. One type was fabricated on copper surfaces by a method 

combining the femtosecond laser technique and the electrophoretic deposition method (Paper 

vi). The other type was produced on silicon surfaces by a method combining the dry etching 
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and the electrostatic deposition method (Paper vii). Pool boiling of Pentane and FC-72 was 

tested in Paper vi and Paper vii, respectively. 

 
Figure 4.7:  Comparison of pool boiling curves of Pentane on different surfaces. 

Figure 4.7 compares pool boiling curves of Pentane on a smooth surface, a nanoparticle-

coating surface, micro-pin-fin surfaces and hybrid micro/nano-structure surfaces. It is obvious 

that heat transfer is notably enhanced on these modified surfaces, compared with that on the 

smooth surface. However, the critical heat flux is still not enhanced by the nanoparticle 

coating, which further validates the observation in Fig. 4.3. Regarding the micro-pin-fin 

surfaces (FLS1 and FLS2), FLS2 behaves a little better than FLS1 at low and moderate heat 

fluxes, which is probably because of the different surface characteristics. Some nanowire-like 

structures were observed around the micro pin fins in the FLS2, which probably attribute to 

a larger amount of nucleation sites. In general, FLS1 and FLS2 have 60% - 100% higher heat 

transfer coefficients than the smooth surface. Concerning the critical heat flux, FLS1 and 

FLS2 have 46% - 59% higher values than the smooth surface. However, the hybrid 

micro/nano-structure surfaces (CS1 and CS2) perform the best among these surfaces. The 

heat transfer coefficients are further enhanced by 15% - 33%, in comparison to the micro-pin-

fin surfaces, though the critical heat flux changes slightly. 

Different from the studies above, subcooled pool boiling of FC-72 was investigated on silicon 

surfaces (Paper vii), including a smooth silicon surface, micro-pin-fin surfaces and hybrid 

micro/nano-structure surfaces. Figure 4.8 shows the boiling curves of FC-72 on these silicon 

surfaces at three subcoolings. Overall, heat transfer and critical heat flux are improved by 

micro pin fins and hybrid micro/nano structures. The further effect of nanoparticle coatings 

on the heat transfer depends on the layout of the micro pin fins on surfaces. For example, the 

surfaces #1-8h and #1-16h have significantly better heat transfer performance than the surface 

#1 on which the micro pin fins lay in a staggered way. However, the surfaces #2-8h and #2-

16h have slightly different heat transfer performance from the surface #2 on which the micro 

pin fins lay in an aligned way. Concerning the critical heat flux, the hybrid micro/nano-
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structure surfaces (#1-8h, #1-16h, #2-8h and #2-16h) have roughly higher values than the 

micro-pin-fin surfaces (#1 and #2), which is attributed to the further enhancement of liquid 

wickablity. 

ΔTsub = 15 K ΔTsub = 25 K

ΔTsub = 35 K

(a) (b) 

(c) 
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Figure 4.8:  Comparison of pool boiling curves of FC-72 on different surfaces. 

4.3 Bubble dynamics 

In this section, bubble nucleation, bubble departure diameter and bubble departure frequency 

are elaborated. For this purpose, the relevant study of water is firstly presented, because water 

has a larger departure diameter and a smaller departure frequency, compared with the well-

wetting liquids, and accordingly clear isolated bubbles can be detected in the boiling of water, 

while tens and hundreds of bubbles appear in the boiling of the well-wetting liquid, making 

it difficult to detect an individual bubble cycle. Then, averaged bubble departure diameters of 

the well-wetting liquids are shown at the end. 

Single bubble nucleation 

Single bubble nucleation has been studied in many investigations, e.g., Siedel et al. [84], Nam 

et al. [85], Jo et al. [86], Shen et al. [87] and Allred et al. [88]. Figure 4.9 compares the bubble 

growth dynamics of water (Paper v) on the smooth surface (SS) and the microporous surface 

(ECD-1s). It is obvious that the bubble on the SS has a longer growth cycle and a larger 
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departure diameter than those on the ECD-1s. In general, a bubble growth cycle can be sorted 

as two regions: the inertia-controlled region and the thermal-controlled region. The bubble 

grows quickly in the inertia-controlled region and grows slightly in the thermal-controlled 

region. For simplicity, the bubble can be assumed to be controlled by a buoyancy force and a 

surface tension force. The buoyancy force lifts the bubble, while the surface tension force 

holds the bubble. By playing the high speed video, it is found that the bubble on the SS has a 

large base area at the initial growth stage (like from 0 ms to 17 ms in Fig. 4.9(a)), and 

afterwards, the base area shrinks with time (like from 17 ms to 22 ms in Fig. 4.9(b)). However, 

the bubble on the ECD-1s always has a small base area and the base area is kept almost the 

same in the growth cycle (like from 0 ms to 11 ms in Fig. 4.9(b)), or at least the shrinking 

behavior is not apparently detected. The large base area provides a large surface tension force. 

Therefore, the bubble should grow larger to obtain a larger buoyancy force until departure. 

As a result, the SS has a larger bubble departure diameter and a longer departure time. 

0 ms 5 ms 11 ms

17 ms 22 ms

0 ms 3 ms 6 ms

9 ms 11 ms

2 mm

2 mm

(a) SS, ΔT = 13.2 K, q = 8.5 W/cm
2

(b) ECS-1s, ΔT = 9.4 K, q = 6.4 W/cm
2

 
Figure 4.9:  Bubble growth dynamics and ebullition cycle. 

Bubble departure diameter and frequency 

Bubble departure diameters and frequencies of water were quantitatively measured from high 

speed videos. The bubble departure diameter was averaged for 10 isolated bubbles, while the 

bubble departure frequency was obtained by accounting the total time of 10 bubbles. Figure 

4.10 compares the bubble departure diameter and frequency on the smooth surface and 

microporous surfaces. It is obvious that bubbles on the microporous surface have smaller 
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departure diameter and higher departure frequency. These facts provide a direct explanation 

why the microporous surface has a better heat transfer performance. 

 
Figure 4.10:  Bubble departure diameter and frequency against superheat in water boiling 

 
Figure 4.11:  Relationship between bubble departure diameter and frequency in water 

boiling. 

Regarding the relationship between bubble departure diameters and frequencies, extensive 

studies have been carried out, which are reviewed by Mohanty and Das [33]. A few of them 

are summarized in Table 4.8, and are compared with the present experimental data in Fig. 

4.11. This figure illustrates that the present results coincide with the study by Jakob [89]. The 

present study further validates that smaller departure diameters induce faster releasing, which 

is preferable for boiling heat transfer. 
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Table 4.8 a few relationships between bubble departure diameter and frequency 

Authors Relationship 

Jakob [89] 𝑓𝐷d = [
𝜎lv𝑔(𝜌l − 𝜌v)

𝜌l
2 ]

1/4

 

McFadden and Grassman [90] 𝑓𝐷d
0.5 = 1.75 

Zuber [91] 𝑓𝐷d = (
1.18

2
) [

𝜎lv𝑔(𝜌l − 𝜌v)

𝜌l
2 ]

1/4

 

Cole [92] 𝑓𝐷d
0.5 = [

4𝑔(𝜌l − 𝜌v)

3𝜌l

]

1/4

 

Ivey [93] 𝑓𝐷d
0.5 = 0.9𝑔1/2 

 

In addition to bubble dynamics of water, bubble departure diameters of well-wetting liquids 

were also measured. However, it is difficult to detect bubble departure frequencies of well-

wetting liquids in experiments, because the number of bubbles on surfaces is huge and it is 

nearly impossible to monitor a specific bubble in the whole cycle. In this case, a reliable 

relationship between bubble departure diameter and frequency can be employed to evaluate 

the bubble departure frequency. 

 
Figure 4.11:  Comparison of bubble departure diameters with models: (a) Paper i: HFE-

7200, (b) Paper iii: NOVEC-649. 

Figure 4.11(a) and (b) present bubble departure diameters of HFE-7200 and NOVEC-649 

against superheats, respectively, which are compared with several models, i.e., Fritz [94], 

Cole  [92], Phan et al. [95], Kim et al. [96]. The formulas of these models can be found in 

Paper i. Overall, the modified surfaces have smaller bubble departure diameters than the 

smooth surface, and it is obvious that some models can predict the present results, to some 

extent. For example, regarding HFE-7200 boiling on the nanoparticle-coating surfaces (EPD), 

as shown in Fig. 4.11(a), the bubble departure diameters can generally be predicted by the 

model proposed by Kim et al. [96], while concerning NOVEC-649 boiling on the microporous 

surfaces (ECD), as shown in Fig. 4.11(b), the bubble departure diameters can roughly be 

(a) HFE-7200 (b) NOVEC-649 
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predicted by the model proposed by Fritz et al. [94]. Accordingly, the bubble departure 

frequency of HFE-7200 and NOVEC-649 is supposed to be evaluated by the corresponding 

models.  

In summary, this section describes bubble dynamics quantitatively, including single bubble 

nucleation, bubble departure diameter and bubble departure frequency. Especially, the 

relationship between the bubble departure diameters and frequencies of water is validated by 

correlations in the literature, while the bubble departure diameters of the well-wetting liquids 

are compared with available models to find the approximate relationship which can evaluate 

the corresponding departure frequencies. In fact, information of bubble departure diameters 

and bubble departure frequencies are essential for the mechanistic heat transfer modelling 

presented in the following section. 

4.4 Analysis of heat transfer  

This section attempts to analyze heat transfer performance mechanistically and empirically. 

As introduced in section 2.2, the nucleate boiling heat transfer is possibly attributed to the 

natural convection, the transient conduction, the microlayer evaporation and the transient 

micro convection. Generally, it is assumed that the natural convection occurs in a bubble-

uninfluenced area, while the others account for a bubble-influence area. The uninfluenced 

area is the area of a diameter larger than twice the bubble departure diameters, while the 

influenced area is the area of a diameter twice the bubble departure diameters, suggested by 

Mikic and Rohsenow [18].  

In this thesis, a mechanistic heat transfer model was first constructed by considering the 

natural convection, the transient conduction and microlayer evaporation. The transient 

conduction model proposed by Mikic and Rohsenow [18] was employed in the present model. 

More details about the model constructions are elaborated in Paper i and Paper ii. The 

formula is expressed as  

𝑞 = 𝑞nc + 𝑞cond + 𝑞me = 0.14𝜌l𝐶pl [
𝛽𝑔(𝑇w−𝑇s)4𝛼l

2

𝜈l
]

1

3
(1 − 𝑁𝑎 ∙ 𝜋𝐷d

2) +

2√𝜋√(𝜌𝑘𝐶p)
l
√𝑓𝐷d

2(𝑇w − 𝑇s) ∙ 𝑁𝑎 +
2𝜋

3
(

𝐷d

2
)

3

𝜌v𝑖lv𝑓 ∙ 𝑁𝑎                           (4-2) 

where, αl, β and νl are liquid thermal diffusivity, liquid thermal expansion coefficient and 

liquid kinematic viscosity, respectively. Na is the active nucleation site density. 

Equation (4-2) indicates that it is essential to obtain bubble departure diameters, bubble 

departure frequencies and active nucleation site densities to mechanistically model the heat 

transfer. The bubble departure diameters and frequencies have been discussed in the last 

section, while the active nucleation site density is unknown. It will be good if the active 

nucleation site density can be evaluated through the high speed video. However, it is quite 

difficult to count the number of bubbles on surfaces, especially for the well-wetting liquids. 

Therefore, the active nucleation site density is evaluated by suitable correlations in this thesis. 
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Regarding the smooth surface, it is found that the correlation proposed by Benjamin and 

Balakrishnan [19] is suitable, which is expressed as  

𝑁𝑎smooth = 218Pr1.63 (
𝑘l∙𝜌l∙𝐶pl

𝑘cu∙𝜌cu∙𝐶pcu
) 𝛹−0.4(𝑇w − 𝑇s)3                   (4-3)            

𝛹 = 14.4 − 4.5 (
𝑅𝑎𝑃l

𝜎lv
) + 0.4 (

𝑅𝑎𝑃l

𝜎lv
)

2

                                (4-4)                       

where, Pl is the liquid pressure, and Ra is the roughness. 

  
Figure 4.12:  Comparison of boiling curves on smooth surfaces between experiments and 

models: (a) Paper i: HFE-7200, (b) Paper v: Water. 

Right now, all information is available to model the heat transfer on smooth surfaces. Figure 

4.12 illustrates the comparison of boiling curves of HFE-7200 and water on smooth surfaces 

between experiments and models. It is seen that the model can generally predict the boiling 

curves no matter for the well-wetting liquid or for water. Especially, the prediction is good at 

low heat fluxes, i.e., q < 10 W/cm2 for HFE-7200 and q < 40 W/cm2 for water. When the heat 

flux increases, bubble interactions become intensive, which probably affect the final heat 

transfer performance, but the proposed model does not consider the bubble interactions.  

Regarding the modified surfaces, it is not suitable to use Equation (4-3) to estimate the active 

nucleation site density, because the equation indicates that the active nucleation site density 

decreases with increasing roughness, which is not consistent with the reality. Therefore, 

additional efforts are required to find other alternatives for the modified surfaces, e.g., 

nanoparticle-coating surfaces and microporous surfaces. Kocamustafaogullari and Ishii [97], 

Wang and Dhir [98], Basu et al.[99], and Hibiki and Ishii [100] also studied active nucleation 

site densities. Especially Wang and Dhir [98], Basu et al. [99], and Hibiki and Ishii [100] 

considered the effect of surface contact angles, and gave corresponding correlations which 

were suggested for cases where the contact angle is smaller than 90°.  

In this thesis, surface wettability is supposed to be tailored by the coatings, to some extent, 

and the well-wetting liquids have contact angles smaller than 90°. Accordingly, regarding the 

well-wetting liquid on the coating surfaces, the active nucleation site density is evaluated by 

(a) HFE-7200 (b) Water 
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the Hibiki - Ishii correlation [100] which has been stated to be suitable for well-wetting liquids 

in the literature, e.g., Thiagarajan et al. [101]. 

𝑁𝑎coating = 𝑁 {1 − exp (−
𝜃2

8𝜃ˈ2 
)} [exp {𝑓(𝜌+)

λˈ

𝐿
} − 1]                 (4-5) 

𝐿 =
2𝜎[1+(𝜌v 𝜌l⁄ )]𝑃𝑙

exp[𝑖lv(𝑇w−𝑇s)/(𝑅𝑇w𝑇s)]−1
                                             (4-6) 

𝑓(𝜌+) = −0.01064 + 0.48246𝜌+ − 0.22712(𝜌+)2 + 0.05468(𝜌+)3           (4-7) 

𝜌+ = log (
𝜌l−𝜌v

𝜌v
)                                                  (4-8) 

where, θˈ and λˈ are equal to 0.722 rad and  2.50×10-6 m, respectively. R is the gas constant. 

N is the average site density suggested as 5×4.72×105. Pl is the liquid pressure which is the 

atmospheric pressure. 

However, regarding water on the coating surfaces, the contact angle is much larger than 90°. 

Then, the correlations above might not be suitable. In this case, a new correlation is proposed 

based on bubble departure diameters. Assuming that a surface is completely uniformly 

covered with bubbles, then the number of bubbles is inversely proportional to the square of 

bubble departure diameters. As a consequence, the active nucleation density on the coating 

surface can be estimated by that on the smooth surface, with a formula as follows 

𝑁𝑎coating = (
𝐷d,coating

𝐷d,SS
)

2

𝑁𝑎SS                                         (4-9) 

where (Dd,coating/Dd,SS)2 is recommended as 4.5 - 6.0, based on the results in Fig. 4.10. NaSS is 

obtained from the Equation (4-3). Referring to the analysis above, heat transfer of HFE-7200 

and water on the coating surfaces can be modeled as well. 

 
Figure 4.13:  Boiling curves of experiments and models: (a) HFE-7200 on nanoparticle-

coating surfaces (Paper i), (b) water on microporous surfaces (Paper v). 

Figure 4.13 shows the predicted and experimental boiling curves, concerning HFE-7200 on 

the nanoparticle-coating surfaces and water on microporous surfaces. It is evident that the 

model can predict the heat transfer on the coating surfaces, to some extent.  

(a) HFE-7200 (b) Water 



46 

 

It should be kept in mind that the model above does not consider the transient micro 

convection. However, it has been found numerically, e.g., Nam et al. [85], that in a bubble 

cycle, eddies exist in the liquid around bubbles. Especially, Haider and Webb [25] emphasized 

that eddies at bubble departure impose front and inverted stagnation liquid flows, intensifying 

an unsteady laminar forced-convection heat transfer from the nucleation sites. Referring to 

Haider and Webb [25], another model was proposed in Paper iii to predict the heat transfer 

on coating surfaces. This model considers the transient conduction, the transient micro 

convection and the microlayer evaporation, but neglects the natural convection which is found 

negligible. It is supposed that for a bubble cycle, the initial stage of bubble growth is 

dominated by the transient conduction, while the final stage of bubble growth and waiting 

time are dominated by the transient micro convection. These two parts are matched by an 

asymptotic expression proposed in [25], and the final expression is shown as follows 

𝑞cond + 𝑞mc+𝑞me = 2√𝜋 ∙ 𝑓 ∙ 𝑘l ∙ 𝜌l ∙ 𝐶pl 𝐷d
2(𝑇w − 𝑇s) [1 + (

0.66𝜋𝑐

Pr
l
1/6 )

𝑚

]

1

𝑚

∙ 𝑁𝑎 +

2𝜋

3
(

𝐷d

2
)

3

𝜌v𝑖lv𝑓 ∙ 𝑁𝑎                                                                                                         (4-10) 

where c quantifies the strength of the stagnation flow and m is an asymptotic power index. 

 
Figure 4.14:  Boiling curves on nanoparticle-coating surfaces of experiments and models 

(Paper iii). 

Figure 4.14 compares the boiling curves of experiments and models (Eq. (4-10)) for HFE-

7200 and Acetone on nanoparticle-coating surfaces. It is evident that the proposed model can 

predict the experimental data relatively well, especially at relatively low to moderate heat 

fluxes. 

In addition to the mechanistic heat transfer models above, several correlations were also 

compared with the experimental results in Paper iv which considered pool boiling of 

NOVEC-649 on microporous surfaces. The expressions of the correlations can be found in 

Paper iv. Figure 4.15 shows the comparison between experiments and correlations. It is seen 

that the heat transfer coefficient (HTC) is roughly consistent with some correlations, for 

(a) HFE-7200 (b) Acetone 
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example the Cooper correlation [28] and the Rohsenow correlation [82] for smooth surfaces. 

However, it is difficult to predict the heat transfer on the microporous surfaces with a specific 

correlation. 

(a) SS (b) ECD-1
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Figure 4.15:  Comparisons between experiments and correlations, concerning heat transfer 

coefficient (HTC). 

In summary, this section discussed heat transfer prediction with mechanistic models and 

empirical correlations. Two mechanistic models were constructed, referring to pioneering 

studies, which showed good predictions. Several typical correlations were compared, 

exploring their potential to predict the heat transfer on modified surfaces. 

4.5 Analysis of critical heat flux 

In this section, critical heat fluxes are analyzed with suitable mechanisms. The critical heat 

flux mechanisms have been briefly reviewed in the section 2.3, including the hydrodynamic 

instability model by Zuber [34], the macrolayer dry-out model by Haramura and Kattto [35], 

the hot/dry spot model by Yagov [36], the lift-off model by Guan et al. [39] and the force 

balance model by Kandlikar [40]. With the progress of boiling, these models have been 

extended to non-smooth surfaces. For example, Chu et al. [42] modified the Kandlikar model, 

considering the effect of roughness factor, while Quan et al. [43] added a wicking force in the 

Kandlikar model. Rahman et al. [41] and Ahn et al. [102] added an item into the Zuber model 

and the Kandlikar model, respectively, considering the contribution of wickability. 
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In this thesis, the wickability was measured with a micro capillary tube, which characterize 

the ability of liquid supplement. Figure 4.16 shows an example how the wickabiltiy was 

measured for NOVEC-649 on a smooth surface. The liquid level in the micro capillary tube 

is captured by a high speed camera, and then the volume absorbed by the surface can be 

obtained by multiplying the liquid drop height (h) by the wetting area (Aw). 

t = 5 ms t = 10 ms t = 15 ms t = 20 ms

Aw

h

Amct

 
Figure 4.16:  Visualization of wickability of NOVEC-649 on a smooth surface. 

 

 
Figure 4.17:  Experimental measurement of wickability on different surfaces. 

(a) HFE-7200 

Paper i 
(b) NOVEC-649 

Paper iv 

(c) Pentane 

Paper vi 

(d) FC-72 

Paper vii 
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Figure 4.17(a-d) compares the wickability on the nanoparticle-coating copper surfaces, the 

microporous copper surfaces, the hybrid micro/nano-structure copper surfaces and the hybrid 

micro/nano-structure silicon surfaces, respectively. It is shown that the wickabiltiy is not 

enhanced remarkably on the nanoparticle-coating surfaces, compared with the smooth 

surface, while the wickabiltiy is considerably enhanced on the other surfaces. This provides 

a good explanation why the critical heat flux is not improved by the nanoparticle coatings, 

but is improved by other surfaces. 

Referring to Rahman et al. [41] and Ahn et al. [102], a critical heat flux (CHF) correlation is 

proposed, considering the contribution of wickability and subcooling. The item related to 

subcooling is zero in the saturated case. The formula is shown below 

CHF = CHFSS + 𝑘1
𝜌l𝑖lv𝑑(𝑉−𝑉SS)

𝐴w𝑑𝑡
+ 𝑘2∆𝑇sub                              (4-11) 

where the coefficients k1 and k2 depends on the combination of liquids and surfaces. For 

example, Rahman et al. [41] suggested k1 = 0.131 for water on silicon surfaces. However, k1 

and k2 are suggested as 0.189 and 0.678 in the subcooled boiling of FC-72 on silicon surfaces 

(Paper vii), while for the saturated boiling of HFE-7200, NOVEC-649 and Pentane in Papers 

iii, iv and vi, respectively, k1 = 0.131(Papers iii, iv) and 1.48 (Papers vi) are recommended. 

 
Figure 4.18:  Comparison of predicted CHFs and experimental CHFs, considering 

wickablity. 

Figure 4.18 compares the CHFs predicted by Eq. (4-11) and experimental CHFs. It is seen 

that the CHFs can be predicted well with a deviation ±20%, by considering the enhancement 

due to the wickability.  

However, regarding the boiling of water in Paper v, the wickability cannot be measured by 

this method, because the microporous surfaces show hydrophobic characteristics for water. 

+20% 

-20% 
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Therefore, the critical heat flux of water cannot be related to the wickability, and some other 

mechanisms need to be clarified. In the study of water boiling, four microporous surfaces 

were prepared, i.e., ECD-2S, ECD-1s, ECD-1s* and ECD-1s**. The results show that the 

critical heat flux is enhanced on ECD-2S, ECD-1s and ECD-1s**, but deteriorates slightly on 

ECD-1s*. It is found that static contact angles on ECD-2S, ECD-1s, ECD-1s* and ECD-1s** 

are larger than that on the smooth surface (SS), but the receding contact angles decrease 

considerably on ECD-2S, ECD-1s and ECD-1s**, and increase slightly on ECD-1s*. For 

example, the static contact angles were measured as 86.27°, 126.44° and 119.43° on SS, ECD-

1s* and ECD-1s**, respectively, while the receding contact angles were measured to be 

64.04°, 82.09° and 29.21° on SS, ECD-1s* and ECD-1s**, respectively. Accordingly, the 

critical heat flux of water on copper surfaces is probably dependent on the receding contact 

angle. Kandlikar [40] proposed a critical heat flux mechanism, considering a momentum 

force, two surface tension forces and a hydrostatic head force, and assumed that the critical 

heat flux occurs when these forces reach a balanced state, driving bubbles to spread on the 

surfaces. Especially, in this model, the receding contact angle is an essential parameter, as 

follows 

CHF = 𝑖lv𝜌v
1/2

∙ [𝜎(𝜌l − 𝜌v)𝑔]1/4 ∙
1+cos 𝜃rec

16
∙ [

2

𝜋
+

𝜋

4
(1 + cos 𝜃rec)]1/2   (4-12) 

 
Figure 4.19:  CHF comparison between the Kandlikar model and experimental values. 

Figure 4.19 compares the experimental critical heat fluxes and the predicted values by the 

Kandlikar model, which indicates that the model can well predict the present results. 

Therefore, concerning water boiling, it is important to lower the receding contact angles to 

enhance the critical heat flux. 

However, Kandilikar did not consider the effect of surface characteristics, e.g., roughness on 

the forces, which is probably the reason why the model may underestimate the critical heat 

flux. Accordingly, the Kandlikar model was further developed, by considering a wicking 
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force (Fw) and a roughness-factor-dependent surface tension force (Fs2) on modified surfaces, 

as shown in Fig. 4.20. 

Db

Fs1

                                                                                                                             

Fs2

FM Hb

FG

θrec  

Fw

θrec  

 
Figure 4.20:  Schematics of the modified Kandlikar model. 

The detailed derivation process is available in Paper iv, and the final expression is as follows 

CHF =  𝑖lv ∙ 𝜌v
1/2

∙ [𝜎lv𝑔(𝜌l − 𝜌v)]1/4 ∙ (
1+cos 𝜃rec

16
) ∙ [

2

𝜋
∙ 𝑟 +

𝜋

4
(1 + cos 𝜃rec)]

1/2

  (4-13)  

where, r is the roughness factor, describing the surface area enhancement ratio.      
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Figure 4.21:  CHF comparison between the modified Kandlikar model and experimental 

values. 

To validate the model by Eq. (4-13), the experimental results in Paper iv and literature data 

were compared with the model. Different liquids were compared, i.e., NOVEC-649 in this 

work, FC-72 in [103-105], PF5060 in [83, 106], ethanol in [107] and water in [42, 48, 108]. 

Figure 4.21 shows the comparison of the results, which indicates that the present model 

provides good prediction, with a deviation within ±30% for most of the data points. However, 
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the deficiencies of the present model are also discussed here. The present model, along with 

the models by Chu et al. [42] and Quan et al. [43], indicates that CHF increases with 

increasing roughness factor, for well-wetting liquids with relatively low contact angle. 

However, this is not totally consistent with some results in literature, e.g., [103, 104]. In 

addition, it is tricky to calculate or estimate the roughness factor on some modified surfaces 

which have quite irregular and non-uniform structures.  

In summary, possible critical heat flux mechanisms were analyzed in this section. The 

wickability, which characterizes the ability of liquid supplement, is considered as an 

important parameter that determines the critical heat flux. A correlation, considering the 

wickability effect, shows good predictions for the well-wetting liquids. In addition, the 

receding contact angle is another essential parameter, especially for water. Accordingly, the 

Kandilikar model was further developed by considering a wicking force (Fw) and a roughness-

factor-dependent surface tension force (Fs2). Relatively good predictions were achieved. 
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CHAPTER 5 

 

 

 

 

 

5. Conclusions and Outlook 

 

This thesis aims to enhance boiling performance by surface modifications. Several methods 

were attempted to modify surfaces, including the electrophoretic deposition method, the 

electrochemical deposition method, the electrostatic deposition methods and the femtosecond 

laser technique. With these methods, nanoparticle-coating surfaces, microporous surfaces and 

hybrid micro/nano-structure surfaces were prepared. Following, pool boiling of well-wetting 

liquids, i.e., dielectric liquids (HFE-7200, NOVEC-649 and FC-72) and organic liquids 

(Acetone and Pentane), and DI water were comparatively studied on these structured surfaces 

and smooth surfaces. Then, bubble dynamics, i.e., single bubble nucleation, bubble departure 

diameter and bubble departure frequency, were experimentally investigated. Accordingly, 

heat transfer mechanisms and critical heat flux mechanisms were analyzed. At the end, 

mechanistic heat transfer models were constructed to predict the heat transfer performance, 

and critical heat flux models were further developed based on existing ones.  

5.1 Conclusions 

• Regarding pool boiling of well-wetting liquids on nanoparticle-coating surfaces, heat 

transfer coefficients are significantly enhanced. For example, a maximum 100% 

enhancement is achieved for HFE-7200. However, the homogeneous nanoparticle 

coatings cannot enhance the critical heat flux of well-wetting liquids, e.g., HFE-7200, 

Acetone and Pentane, while the further developed heterogeneous nanoparticle coatings 

can enhance the critical heat flux, due to the tailored hydrodynamics instability 

wavelength.  

• Regarding pool boiling of well-wetting liquids and DI water on microporous surfaces, 

heat transfer coefficients and the critical heat flux are both enhanced. For example, 

maximum 600% and 55% enhancements are obtained for NOVEC-649, concerning the 

heat transfer coefficient and the critical heat flux, respectively, while maximum 56% and 

35% enhancements are obtained for water, concerning the heat transfer coefficient and 

the critical heat flux, respectively. 
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• Regarding pool boiling of well-wetting liquids on the hybrid micro/nano-structure 

surfaces, in general, the heat transfer coefficient and the critical heat flux can be further 

enhanced by the hybrid micro/nano structures, For example, heat transfer coefficients on 

surfaces combining micro pin fins with nanoparticle coatings are further enhanced by 

15% - 33%, in comparison to the micro-pin-fin surfaces, though the critical heat flux 

changes slightly. 

• The coating surfaces, including the nanoparticle coatings and microporous coatings, have 

a smaller bubble departure diameter and a higher bubble departure frequency, in 

comparison to smooth surfaces. It is also found that more bubbles nucleate on the coating 

surfaces, than on smooth surfaces. These are contributing to the heat transfer 

enhancement.  

• Mechanistic heat transfer models, involving the natural convection, the transient 

conduction, the transient micro convection and the microlayer evaporation show good 

prediction of the heat transfer performance, but the transient conduction and the transient 

micro convection contribute the most. 

• Surface wickability is quantitatively compared. Results indicate that for well-wetting 

liquids, the critical heat flux depends on the wickability. For example, the critical heat 

flux of HFE-7200 is not enhanced on the homogeneous nanoparticle-particle surfaces on 

which the wickability is not enhanced. However, for water, it is found that the critical 

heat flux is enhanced on the hydrophobic surfaces with low receding contact angles, but 

not enhanced on the hydrophobic surfaces with high receding contact angles. 

Accordingly, the Kandlikar model, involving the receding contact angle, well predicts 

the corresponding results. At the end, the Kandlikar model is further developed, 

considering the effect of surface characteristics on forces, showing good predictions for 

both well-wetting liquids and water. 

5.2 Outlook 

Boiling heat transfer has been investigated extensively for several decades. However, it is still 

far away from the “truth” in boiling and surface durability is also a big issue in practice. 

Accordingly, some possible future works are discussed as follows 

• From the perspective of mechanistic studies, advanced techniques are recommended to 

understand bubble nucleation and interaction (related to heat transfer), and critical heat 

flux, such as advanced imaging techniques, e.g., tomography techniques, PIV techniques 

and infrared visualizations. In addition, numerical simulations are also recommended to 

assist in understanding the mechanism.  

• Even though, numerous enhanced surfaces have been reported, it is relatively rare about 

the single effect of surface characteristics, e.g., surface roughness and surface wettability. 

To study the single effect is helpful to understand relevant mechanisms. 

• From the perspective of practical application, surface durability needs to be further 

considered. In addition, flow boiling, which is more common in practice, needs to be 

investigated in the next step.  
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Summary of Papers 

 

Paper i: Pool boiling of HFE-7200 on nanoparticle-coating surfaces: Experiments and 

heat transfer analysis 

Zhen Cao, Zan Wu, AnhDuc Pham, Yanjie Yang, Sahar Abbood, Peter Falkman, Tautgirdas 

Ruzgas, Cathrine Albèr, Bengt Sundén  

International Journal of Heat and Mass Transfer, 2019, Vol. 133, pp. 548-560  

In this paper, pool boiling of HFE-7200 was experimentally studied on homogeneous 

nanoparticle-coating surfaces. In comparison to the smooth surface, the heat transfer 

coefficient was considerably enhanced, while the critical heat flux was not augmented. A 

mechanistic heat transfer model was developed, considering natural convection, transient heat 

conduction and microlayer evaporation. The model showed a good prediction, especially at 

low heat fluxes. 

I did the experiments, analyzed the data and wrote the paper. AnhDuc Pham prepared the 

surfaces. Bengt Sundén and Zan Wu helped with technical suggestions, gave feedback and 

proofread the paper. 

 

Paper ii: Electrophoretic deposition surfaces to enhance HFE-7200 pool boiling heat 

transfer and critical heat flux 

Zhen Cao, Zan Wu, Anh-Duc Pham, Bent Sundén 

International Journal of Thermal Sciences, 2019, Vol. 146, pp. 106107  

This paper is a continuation of the studies in Paper i. Heterogeneous nanoparticle-coating 

surfaces were studied in this paper, instead of homogeneous nanoparticle-coating surfaces. 

Both the heat transfer coefficient and the critical heat flux were enhanced. The heat transfer 

was analyzed with the mechanistic model in Paper i, while the critical heat flux was analyzed 

with the hydrodynamic instability model. 

I did the experiments, analyzed the data and wrote the paper. AnhDuc Pham prepared the 

surfaces. Bengt Sundén and Zan Wu helped with technical suggestions, gave feedback and 

proofread the paper. 

 

Paper iii: Saturated pool boiling heat transfer of acetone and HFE-7200 on modified 

surfaces by electrophoretic and electrochemical deposition 

Zan Wu, Zhen Cao, Bengt Sundén 

Applied Energy, 2019, Vol. 249, pp. 286-299 

This paper is a continuation of the studies in Paper i and Paper ii. Except the nanoparticle-

coating surfaces, microporous-coating surfaces were prepared by an electrochemical 

deposition method, and pool boiling of acetone was investigated as well. It was seen that the 
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nanoparticle-coating surfaces still only enhanced the heat transfer coefficient, but the 

microporous-coating surfaces enhanced both the heat transfer coefficient and the critical heat 

flux. Another mechanistic heat transfer model was developed, involving transient heat 

conduction, transient micro convection and microlayer evaporation, which also shows a good 

prediction. 

The experiments were performed together with Zan Wu. Zan Wu analyzed the data and wrote 

the paper. Bengt Sundén and I gave feedback and proofread the paper. 

 

Paper iv: Heat transfer prediction and critical heat flux mechanism for pool boiling of 

NOVEC-649 on microporous copper surfaces  

Zhen Cao, Zan Wu, Bengt Sundén 

International Journal of Heat and Mass Transfer, 2019, Vol. 141, pp. 818-834 

This paper is a continuation of the studies in Paper iii, while this paper focused on empirical 

prediction of the heat transfer coefficient and mechanisms of the critical heat flux, regarding 

pool boiling of NOVEC-649 on microporous-coating surfaces. The Rohsenow correlation 

was modified, and the Kandlikar model was further developed. 

I did the experiments, analyzed the data and wrote the paper. Bengt Sundén and Zan Wu 

helped with technical suggestions, gave feedback and proofread the paper. 

 

Paper v: Pool boiling of water on coating surfaces: bubble dynamics, heat transfer and 

critical heat flux 

Zhen Cao, Zan Wu, Bengt Sundén 

Submitted for Journal publication (under review) 

This paper is a continuation of the studies in Paper iv. Pool boiling of water on microporous-

coating surfaces was investigated, concerning bubble nucleation, heat transfer and critical 

heat flux. Especially, the process of bubble evolution was captured, and bubble departure 

diameters and frequencies were quantitatively studied. 

I did the experiments, analyzed the data and wrote the paper. Bengt Sundén and Zan Wu 

helped with technical suggestions, gave feedback and proofread the paper. 

 

Paper vi: Pool boiling heat transfer of N-pentane on micro/nanostructured surfaces 

Bin Liu, Zhen Cao, Yonghai Zhang, Zan Wu, AnhDuc Pham, Wenjun Wang, Zhaoxuan Yan, 

Jinjia Wei, Bengt Sundén 

International Journal of Thermal Sciences, 2018, Vol. 130, pp. 386-394  

This paper focused on pool boiling of pentane on micro/nano-structured surfaces. The hybrid 

micro/nano-structured surfaces exhibited the best pool boiling performance, concerning the 
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heat transfer coefficient and the critical heat flux. The wickability enhancement was attributed 

to the critical heat flux mechanism. 

I prepared the experimental setup, and the experiments were performed together with Bin 

Liu. Bin Liu analyzed the data and wrote the paper. Bengt Sundén, Jinjia Wei, Zan Wu and 

Yonghai Zhang helped with technical suggestions, gave feedback and proofread the paper. 

 

Paper vii: Pool boiling heat transfer of FC-72 on pin-fin silicon surfaces with 

nanoparticle deposition  

Zhen Cao, Bin Liu, Calle Preger, Zan Wu, Yonghai Zhang, Xueli Wang, Maria E. Messing, 

Knut Deppert, Jinjia Wei, Bengt Sundén 

International Journal of Heat and Mass Transfer, 2018, Vol. 126, pp. 1019-1033 

This paper studied subcooled pool boiling of FC-72 on silicon surfaces with micro pin fins 

and hybrid micro/nano structures. Both the heat transfer coefficient and the critical heat flux 

were considerably enhanced, and a correlation, concerning subcooling and wickability, was 

proposed to predict the current critical heat fluxes. 

Bin Liu and Calle Preger prepared the surfaces, and the experiments were performed together 

with Bin Liu. I analyzed the data and wrote the paper. Bengt Sundén, Jinjia Wei, Zan Wu and 

Yonghai Zhang helped with technical suggestions, gave feedback and proofread the paper. 
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