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Surface modifications are one of the major techniques in enhancing boiling heat transfer, 

achievement of higher cooling performance, and energy efficiency. The surface 

modification can be performed with the external structures including micro pin fins or 

changes in surface wettability such as the use of biphilic surfaces.  

The aim of the first thesis is to reveal the effects of pin fins and tip clearance as well as 

distribution pin fins, which served for more uniform flow distribution, on flow boiling. 

For this, experiments were conducted on five different heat sinks including a reference 

configuration (plain channel) and different elliptical pin fin and tip clearance 

configurations at mass fluxes of 125 kg/m2s, 225 kg/m2s, and 325 kg/m2s within the heat 

flux range of 18 – 175 W/cm2 using de-ionized water as the working fluid. Experimental 

flow boiling heat transfer results and performances of each heat sink were presented with 

the help of flow visualization. Accordingly, the maximum heat transfer performance was 

achieved with a pin fin heat sink with distribution pin fins and no tip clearance on the 

heating area. It was also proven that streamlined pin fin configurations with uniform flow 

distribution are helpful in enhancing the heat transfer performance in flow boiling. 
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In addition, pool boiling experiments were conducted to investigate the boiling heat 

transfer performance of surfaces with uniform (superhydrophobic and superhydrophilic) 

and mixed (superbiphilic) wettability. Experimental results were obtained from four 

different surfaces for both atmospheric (103.7 kPa) and sub-atmospheric (28.3 kPa) 

pressures and the wettability effect was investigated using saturated deionized water as 

the working fluid in the heat flux range of 7 - 290 kW/m2. The experimental results show 

that the superbiphilic surface (superhydrophobic spots with a pitch size of 3 mm and 

diameter of 0.7 mm) offers improvements in boiling heat transfer at both atmospheric and 

sub-atmospheric pressures up to 98% and 54%, respectively.  Due to bubble coalescence 

being more likely to occur at sub-atmospheric pressure, the enhancement effect of 

superbiphilicity on boiling heat transfer is more significant for atmospheric pressure.  
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Yüzey modifikasyonları, kaynama ısı transferi arttırmada, daha yüksek soğutma 

performansı elde etmede ve enerji verimliliğini geliştirmede önemli yöntemlerden biridir. 

Yüzey modifikasyonu mikro pin finler gibi harici yapıların varlığı veya bifilik yüzeylerle 

olduğu gibi yüzey ıslanabilirliğindeki değişiklikler ile oluşur.  

Bu tezin amacı, harici bir yapı olan pin finlerin, uç açıklığının, ayrıca daha homojen akış 

dağılımı sağlayan dağıtım görevi gören pin finlerinin akış kaynama üzerindeki etkisini 

ortaya koymaktır. Bu amaç doğrultusunda, deneyler referans konfigürasyon (düz kanal) 

ve farklı boyutlardaki eliptik pin finlerin ve uç açıklığını içeren beş farklı soğutucu 

üzerinde 125 kg/m2s, 225 kg/m2s, ve 325 kg/m2s kütle akısında ve 18 – 175 W/cm2 ısı 

akısı aralığında çalışma sıvısı olarak deiyonize su kullanılarak gerçekleştirilmiştir. 

Deneysel akış kaynama ısı transferi sonuçları ve herbir soğutucunun performansı akış 

görselleştirmesi yardımıyla ortaya konulmuştur. Buna göre, maksimum ısı transfer 

performansı ısıtma alanında pin fin uç açıklığı olmayan soğutucuda gözlemlenmiştir. 

Aynı zamanda homojen ısı dağılımına sahip aerodinamik pin fin yapılarının akış kaynama 



iv 

 

ısı transfer performansını artırmada yardımcı olduğu kanıtlanmıştır.  

Ayrıca, havuz kaynama deneyleri kaynama ısı transfer performansını araştırmak için tek 

tip (süperhidrofilik ve süperhidrofobik) ve birleşik (süperbifilik) ıslanabilirlik özelliğine 

sahip yüzeylerde incelemek için gerçekleştirilmiştir. Bu tez dört farklı yüzeyden 

atmosferik (103.7 kPa) ve atmosferaltı (28.3 kPa) basınçlardan elde edilen sonuçları 

sunmakta ve çalışma sıvısı olarak doymuş deiyonize su kullanılarak 7 - 290 kW/m2 

aralığındaki ısı akısında ıslanabilirliğin etkisinin anlaşılmasını amaçlamaktadır. Deneysel 

sonuçlara göre superbifilik yüzey (adım boyutu 3 mm ve çapı 0.7 mm süperhidrofobobik 

noktalar) hem atmosferik hem de atmosferaltı basınçlarda ısı transferinde sırasıyla %98 

ve %54 gelişme sağlamıştır. Kabarcık birleşmesinin atmosferaltı basınçta meydana gelme 

olasılığının daha yüksek olması nedeniyle, süperbifilik özelliğin kaynama ısı 

transferindeki artırıcı etkisi atmosferik basınçta daha baskındır.  
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1. CHAPTER 1: INTRODUCTION 

 

 Background 

Over the decades, researchers have aimed to increase in heat removal rate using modified 

surfaces such as pin finned structures and surface functionalization (changing the water 

contact angle). However, there are some challenges to provide high heat flux cooling from 

the surfaces. There is an urgent need to increase the heat transfer rate on miniaturized 

systems. 

The researchers tend to increase the performance in microelectronic devices by adding 

transistors onto chips. However, this results in high heat generation which necessitates 

effective and reliable operation. Boiling is an effective heat transfer mechanism for ultra 

high heat flux cooling and fulfilling the needs in microelectronics. This constitutes the 

motivation in this thesis.  

1.1.1. Fundamentals of boiling 

Boiling includes phase change from liquid to gas and occurs when the bulk liquid reaches 

saturation temperature a specified pressure as well as under conditions where the wall 

temperature is above the saturation temperature. This temperature difference leads to the 

formation of bubbles on the heating surface.  

There are known two types of boiling, namely flow boiling and pool boiling. Flow boiling 

occurs when a fluid flows over a heated surface. On the other hand, pool boiling occurs 

when a large volume of stagnant liquid is heated from a submerged heated surface. Three 

major types of boiling heat transfer mechanisms can be characterized as nucleate boiling, 

convective boiling, and film boiling. Nucleate boiling can be detected when the tiny 

bubble formation occurs and departs from the heated surface. On the other hand, 

convective boiling where heat is conducted through a thin liquid layer that evaporates at 

the liquid-vapor interface visible. Furthermore, in film boiling, a vapor film covers the 

heated surface, and heat is transferred by conduction and radiation. 
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1.1.2. Literature review on pin finned surfaces in micro/minichannels 

Energy efficiency and the development of alternative energy sources are among the most 

pressing challenges of the twenty-first century. The development of energy-efficient 

miniaturized systems has become one of the key topics. Miniaturization has influenced 

heat exchanger technology, which is vital in miniature thermal-fluids and microfluidic 

systems. The efficiency of a heat exchanger has a significant impact on the overall 

efficiency of these systems [1,2]. 

In most cases, generated heat in microprocessors is transmitted to a heat sink via heat 

conduction and subsequently via natural, mixed, or forced convection to the environment. 

As the temperature increases, heat sinks with low heat removal efficiency are not capable 

of preventing serious damage to microelectronic components. Furthermore, air cooling 

fails to satisfy the requirements for high-density heat dissipation. As a result, new 

generation heat sinks should be suitably developed to enhance heat removal rates to 

prevent miniaturized devices from overheating. An efficient thermal management system 

with effective heat sinks is a major objective in this regard, which was also rigorously 

investigated [3–10]. Optimization of heat sink design with the aim of enhancing fluid-

structure interactions is a common thermal management approach. One of these 

promising enhancement methods is the use of pin fins to promote the flow boiling 

performance, which was extensively covered in the literature [11–15]. Furthermore, pin 

fins interrupt the flow, break down the boundary layer, and lead to the regeneration of 

thermal and hydraulic boundary layers [16,17]. 

Flow boiling heat transfer in small channels is one of the major approaches in effective 

heat dissipation. During two-phase boiling flow in microchannels, the surface plays an 

important role in bubble behavior including bubble nucleation, detachment, and 

movement, and also influencing flow boiling heat transfer. Micro pin fins are one of the 

leading alternatives for promoting flow boiling. Therefore, some studies utilized pin fins 

to improve heat transfer performance because of their significant benefits in flow boiling 

as well as their great potential in heat dissipation [5,11,12,18,19]. In addition, the 

geometrical design of microchannels has also a significant impact on the flow boiling 

heat transfer performance [7]. 

The pin fin implementation to microchannel heat sinks introduces significant benefits in 

single-phase flows and flow boiling. So far, various pin fin configurations including 
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square, circular, rectangular, plate, elliptical, and triangular pin fins have been considered 

in both experimental and numerical studies [16,18,20–24]. As an example, by analyzing 

an inline arrangement of three fins, Ricci and Montelpare [25] explored the effect of fin 

cross-sectional shape on the thermal efficiency of a water-cooled pin-fin heat sink. Their 

findings revealed a stronger relationship between Nusselt number and fin shape and 

location, and the triangular and rhomboidal fins outperformed the other fin forms 

(circular, square, triangular, and rhomboidal) in terms of heat transfer.  

 

Figure 1 Different shape of pin fin structures a) square  b) circular c) triangular d) 

rhomboidal. [25]. 

Koşar and Peles [26] experimentally examined the pressure drop and heat transfer 

characteristics of water-cooled pin-fin heat sinks by analyzing staggered arrangements of 

circular, hydrofoil, rectangular, and cone-shaped pin-fins. At a low Reynolds number and 

pressure drop, streamlined pin-fins increased the performance of the heat sink. In a 

numerical study, Bai et al. [27] reported the entrance effect of ribs disrupted in a pin-fin 

array.  The entry effect improved total heat transfer while simultaneously reducing the 

pressure drop of the pin-fin array, thereby resulting in a higher thermal efficiency. In the 

literature, while there are numerous studies on pin fin heat sinks based on many 

parameters such as pin-fin shape, arrangement, tip clearance, flow velocity, and 

distribution [28–36], there are limited studies on elliptical shape pin fins [20,37,38], 

which offer a large surface area along with reduced pressure drop due to their streamlined 

geometry.   

Moreover, some limited experimental and numerical studies reported that tip clearance 

decreased the cooling performance of a heat sink. As a result, optimization studies on 

a) b)

c) d)
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minimizing the thermal resistance of microchannel heat sinks proposed only cases, where 

there was no tip clearance [39–41]. Yim Min et al. [42] reported that when the tip 

clearance was less than the channel width, the cooling performance of a microchannel 

heat sink could be improved. In another study, Moores and Joshi [43] reported that the 

tip clearance smaller than 10% of the pin fin height resulted in a better performance. In 

another study, Shahsavar et al. [44] reported the impact of tip clearance on a pin fin heat 

sink by using CFD (Computational Fluid Dynamics) simulations. The results 

demonstrated that removing the tip clearance reduced the convective heat transfer 

coefficient because the velocity intensification decreased. 

1.1.3. Literature review on uniform and mixed wettable surfaces in boiling at 

atmospheric and sub-atmospheric pressure 

 

Boiling heat transfer coefficient (HTC) is affected by surface properties such as the 

roughness, porosity, and wettability of the surface in the nucleate boiling regime. Several 

studies have proven the effects of macrostructure on the parameters of vapor-liquid two-

phase flows near a heating surface, which lead to heat transfer enhancements [45,46]. 

By changing the mass and momentum transfer between liquid and vapor phases at the 

three-phase contact line [47], surface wettability affects bubble nucleation, bubble 

dynamics and resultant heat transfer rate as well as critical heat flux [48]. The effect of 

surface wettability on surfaces with coatings was investigated by numerous studies in the 

literature. As an example, Coyle et al. [49] proposed surfaces having mixed wettability 

with various hydrophobic and hydrophilic patterns to study the effect of surface 

biphilicity on CHF and HTC in pool boiling at atmospheric pressure. They achieved 

enhancements between 50% and 90% in CHF compared to the bare surface. Hsu et al. 

[50] reported CHF enhancement up to 100% on superhydrophilic surfaces coated with 

silica nanoparticles compared to the plain surface. Their results presented an increase in 

CHF for surfaces with lower static contact angle values. In another study, Betz et al. [14] 

fabricated surfaces with various wettability characteristics. Single bubble departure was 

reported as a function of superheat for the hydrophobic and superhydrophobic surfaces 

due to the bubble merging. In comparison to the hydrophobic surface, the hydrophilic 

surface had smaller HTCs at lower wall superheats but larger HTCs at higher wall 

superheats [51]. Surtaev et al [52] investigated the influence of  the surface wettability on 
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local boiling characteristics and HTC at various sub-atmospheric pressures (11.3-102.8 

kPa) when the boiling behavior on conventional hydrophilic surfaces significantly 

changes. In particular, it was shown that on a hydrophobic surface, with decreasing 

pressure, the bubble emission frequency increases, and bubble departure diameter 

practically does not change, which differs significantly from the behavior of these 

characteristics with pressure during boiling on a hydrophilic surface. Moreover, it was 

discovered that the usage of hydrophobic coatings led to an enhancement of heat transfer 

at low heat fluxes and low pressures although CHF decreases with pressure reduction.  

 

Figure 2 Fabricated biphilic surface for pool boiling enhancement at atmospheric 

pressure a) AFM result 2D, b) AFM result 3D, c) SEM image and contact angle 

measurement results [53]. 

A number of studies in the literature have shown significant increases in HTC using 

biphilic surfaces at atmospheric pressure [54,55]. Accordingly, some studies on biphilic 

surfaces [56] reported larger HTCs compared to the unmodified [57] and nanostructured 

[58] surfaces. Obtained results from available studies also suggest that the heat transfer 

performance depends on the ratio of hydrophobic to the hydrophilic area for biphilic 

surfaces compared to the bare surfaces with uniform wettability. Motezakker et al. [53] 

defined A* as the ratio of the hydrophobic area to the total surface area for biphilic 

surfaces and proposed an optimum ratio of 38.46% that offered the best boiling 

performance in terms of heat transfer coefficient and CHF in pool boiling at atmospheric 

pressure (Figure 2). It was observed that CHF increased with the extent of the 
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hydrophobic region compared to a hydrophilic region at atmospheric pressure in pool 

boiling. At atmospheric pressure, hydrophobic regions have a better performance than 

hydrophilic areas at low heat fluxes due to the larger number of active nucleation sites 

and earlier onset of nucleate boiling [53].  

 

Figure 3 Fabricated biphilic surface for pool boiling enhancement at sub-atmospheric 

pressure a) contact angle measurement, b) schematic of biphilic configuration, c) SEM 

image of individual hydrophobic spot [48].  

From the above-mentioned studies, it can be realized that biphilic surfaces can combine 

the advantages of hydrophilic and hydrophobic surfaces [59–61]. Accordingly, on such 

surfaces, hydrophobicity is present to promote bubble nucleation and enhance heat 

transfer, while hydrophilicity ensures liquid transport to the surface in the regime of slugs 

and vapor columns, resulting in extending CHF [62]. As an example, Ahmadi et al [54] 

tested surface samples with hydrophobic and hydrophilic zones and three regions with 

various hydrophobicity ratios in a high aspect ratio microchannel. According to their 

results, biphilic surfaces could achieve enhancements up to 56.7% in heat transfer 

compared to the reference hydrophilic sample [54].  

Applications such as adsorption heat pumps, seawater desalination, and modern cooling 

systems could benefit from boiling at sub-atmospheric pressures [63–65].  Therefore, 

boiling heat transfer at sub-atmospheric pressures has become an emerging research topic 

in boiling heat transfer. The system pressure is one of the parameters having a significant 

impact on bubble nucleation, heat transfer rate, and critical heat flux in nucleate boiling 

[49,66]. The nucleation site density and bubble departure frequency decrease upon a 
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reduction in the system pressure, thereby resulting in larger bubble departure diameters. 

Surface modification is one of the major approaches that can be used as an effective 

method to obtain the desired bubble nucleation and growth when operating at sub-

atmospheric pressures and to address the challenges in boiling at sub-atmospheric 

pressures [67–69].   

 Motivation and Novel Aspects 

From the literature review, it is clear that natural and forced air convection systems are 

not enough for the high heat flux cooling applications. Therefore, there is a need for novel 

cooling strategies in boiling surface modification in both flow and pool boiling. In this 

thesis, the potential cooling systems experimentally studied for future applications.  

In this thesis, the effects of pin fins, distribution pin fins, and tip clearance on flow boiling 

were explored at three different mass fluxes. Five different heat sinks including reference 

configuration (plain channel), different elliptical pin fin, distribution pin fin, and tip 

clearance configurations were tested. Moreover, heat transfer and visualization results in 

designed and fabricated heat sinks were presented to explain the trends in the thermal 

performance. From obtained results, heat transfer enhancements up to 36% could be 

achieved with elliptical pin fins. Moreover, distribution pin fins can further augment heat 

transfer.  Elliptical pin fins without tip clearance lead to the best performance and the 

transition between flow patterns is delayed with the presence of pin fins. 

In second study, although there are several studies on the effects of surface wettability on 

boiling heat transfer at atmospheric pressure, few research efforts exist at sub-

atmospheric pressures, particularly for surfaces with mixed wettability. This study aims 

to investigate the boiling phenomenon on surfaces with uniform (superhydrophilic and 

superhydrophobic) and mixed (superbiphilic) wettability at both atmospheric and sub-

atmospheric pressures. This study includes experimental results obtained from four 

different surfaces and reveals the effect of surface wettability on boiling heat transfer at 

sub-atmospheric pressure. From obtained results, superbiphilic surface offered 

improvements at both atmospheric and sub-atmospheric pressures. The enhancement 

effect of superbiphilicity on boiling heat transfer is more significant for atmospheric 

pressure. Superhydrophobic island pitch size had a negligible effect on boiling heat 

transfer at atmospheric pressure.  
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 Thesis Objectives 

This study aims to reveal the effect of surface modification and wettability in both flow 

and pool boiling. Two studies were performed to reveal the boiling heat transfer 

performance and mechanisms on modified surfaces: 

• Flow boiling heat transfer on modified surfaces: 

o Investigation on heat transfer performance in the presence of elliptical pin 

fins. 

o Examination of flow boiling heat transfer in the presence of distribution 

(circular) pin fin. 

o Revealing tip clearance effect (0 mm, 1 mm, and 2 mm). 

• Pool boiling heat transfer on modified surfaces: 

o Investigation effect of surface wettability effect (homogenous 

superhydrophilic, homogenous superhydrophobic, and superbiphilic) at 

atmospheric and sub-atmospheric pressure in pool boiling. 

o Offering a novel fabrication approach to obtain mixed wettability. 

o Investigating the heat transfer performance and mechanisms on modified 

surfaces at both atmospheric and sub-atmospheric pressures. 
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2. CHAPTER 2: FLOW BOILING HEAT TRANSFER ON 

MODIFIED SURFACES 

 

 Objectives 

This study aims to reveal the effects of pin fins, distribution pin fins, and as well as tip 

clearance at three different mass fluxes in flow boiling. For this reason, five different heat 

sinks were fabricated and used on flow boiling experiments. The heat transfer and 

visualization results were presented. 

 Experimental Method 

2.2.1. Heat Sink Design, Fabrication, and Package 

To conduct flow boiling experiments, five heat sink configurations were designed and 

fabricated. The configurations (test section) have a width of 34 mm and a length of 74.56 

mm. The outer wall thickness is 10 mm to include screws and O-rings for each 

configuration. The configurations were designed as a small channel with the same width 

(4 mm) and length (14.56 mm). Elliptical pin fins were used (Configuration #2, #3, #4, 

#5) along the heating area, while circular pin fins were used for flow distribution 

(Configuration #3, Configuration #4, and Configuration #5) at the inlet. To obtain 

experimental results, the configurations were fabricated, and different heights of pin fins 

(1 mm, 2 mm, and 3 mm) were used for each configuration. Configuration #1 does not 

have any pin fin and served as a reference. Configuration #2 without distribution pin fins 

has a pin fin height of 2 mm over the pin finned area, and the others (Configuration #3, 

Configuration #4, and Configuration #5) have distribution pin fins (3 mm height) and pin 

finned area with elliptical pin fins of different pin fin heights to provide three different 



10 

 

clearances (Figure 4).   

 

Figure 4 CAD model of fabricated configurations a) Configuration #1 (reference plate), 

b) Configuration #2, c) Configuration #3, d) Configuration #4, and Configuration #5. 

The configurations are displayed in Figure 5. Furthermore, Table 1 summarizes the details 

about each configuration. The channel includes 10 and 3 rows of staggered elliptical pin 

fins and staggered (distribution) circular pin fins for each configuration (Configuration 

#3, Configuration #4, Configuration #5), respectively. As stated before, Configuration #2 

has only a staggered elliptical pin finned area. Total numbers of elliptical pin fins and 

circular pin fins (distribution of pin fins) are 90 and 20, respectively. The pitch ratio of 

a) b) c)

d) e)
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elliptical pin fins and circular pin fins (distribution pin fins) is 1.5.  

 

Figure 5 CAD design images a) without pin finned area (Configuration #1),                                                           

b) 2 mm tip clearance (Configuration #3), c) 1 mm tip clearance (Configuration #4), d) 

no tip clearance (Configuration #5), and  e) dimensions of distribution pin fins and 

elliptical pin fins (base area). 

Three thermocouple holes were located on each plate to obtain accurate temperature 

results at the inlet of the elliptical pin finned area (𝑇1), middle of the elliptical pin finned 

(𝑇2) and end of the elliptical pin finned area (𝑇3). Each configuration was made of 

Aluminum 6061 and was fabricated using the CNC (Computer Numerical Control) 

machining processes to have a smooth surface since aluminum is preferred in the industry 

due to its high machinability, high thermal conductivity, and smoothness. After the 

fabrication processes, surface roughness was measured at six locations on each 

configuration using the ‘Mahr, MarSurf M400 Surface Roughness Tester’ equipment. 

The probe of equipment was used on the surface near the channel, and the average surface 

roughness was obtained as the average of measured data points. The measured average 

surface roughness as a result of CNC machining was 𝑅𝑎 =∼ 0.25 𝜇𝑚 for each 

configuration. 

 

e)

a)

b)

c)

d)

 
 
 𝑚
𝑚

  .56 𝑚𝑚
𝑇1 𝑇2 𝑇3

 0 𝑚𝑚  0 𝑚𝑚
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Table 1 The characteristics of the fabricated configuration. 

CONFIGURATIONS  

Configuration W (#1) No pin fins, plane channels (includes 3 

channels with a width of 4 mm and 

height of 3 mm) 

Configuration W + Pin Fin (2 mm) (#2) Totally 90 elliptical pin fins (height of 2 

mm) between the walls (tip clearance of 

1 mm) 

Configuration W + D + Pin Fin (1 mm) 

(#3) 

Totally 20 distribution (circular) pin fins 

(height of 3 mm) + Totally 90 elliptical 

pin fins between the walls (pin fin height 

of 1 mm) (tip clearance of 2 mm) 

Configuration W + D + Pin Fin (2 mm) 

(#4) 

Totally 20 distribution (circular) pin fins 

(height of 3 mm) + Totally 90 elliptical 

pin fins between the walls (pin fin height 

of 2 mm) (tip clearance of 1 mm) 

Configuration W + D + Pin Fin (3 mm) 

(#5) 

Totally 20 distribution (circular) pin fins 

(height of 3 mm) + Totally 90 elliptical 

pin fins between the walls (pin fin height 

of 3 mm) (no tip clearance) 

 

 

2.2.2. Experimental Setup 

An open-loop experimental setup was constructed to perform flow boiling experiments. 

The schematic of the setup is presented in Figure 6. The main components of the 

experimental setup include the inlet reservoir, pump, water bath, test section, cartridge 

heaters, power supply, flow meter, outlet reservoir, visualization system, and data 

acquisition system. Boiling images were taken by a high-speed camera, which has a full-

pixel resolution of 1920x1080 at a frame rate of 3000 fps. The test section including the 

heat sink configurations was installed and sandwiched with the use of a transparent 

polycarbonate block. This transparent part allows for visualization from the top of the 
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configurations. O-rings were placed at the interface to prevent any leakage. To connect 

the test section to the water bath, suitable fittings and hoses were used. An aluminum 

block heater was located at the bottom side of the test section, and four cartridge heaters 

with a diameter of 12 mm, and a length of 75 mm were placed into the aluminum heater 

to obtain the desired heat flux with the use of the power supply. On the other hand, pressed 

configurations were sandwiched by using plexiglass to ensure that there was a direct 

contact between the configuration and heater’s surface. Also, this heater provided 

conduction heating through the test section. Thermal paste was applied to reduce the 

thermal resistance between the aluminum block and configurations on the heating part. 

The reservoir was filled with degassed water, and a gear pump was used to propel 

degassed water through the test section. The water bath was adjusted to a suitable 

temperature for each mass flux to increase the fluid temperature to the saturation 

temperature. The inlet temperature of fluid was the same as the saturation temperature for 

each configuration at all mass fluxes. The outer surface of the aluminum block heater was 

covered by PFTE to reduce heat losses of the heating part. The flow meter was located 

near the outlet region of the test section for the measurement of flow rates, and pumped 

fluid was stored in a reservoir at the outlet. The used gear pump and hoses are durable to 

high temperatures.  
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Figure 6 Schematic of the open-loop experimental setup. 

 

2.2.3. Experimental Procedure 

Before the experiments, the plates were cleaned with isopropanol. Then, the 

polycarbonate block was cleaned with deionized water and isopropanol to obtain a 

smooth and clean surface. Deionized water was used as the working fluid in the 

experiments. Deionized water was boiled for 30 minutes in a closed reservoir to ensure 

to have degassed water followed by a 10-minute waiting period in a closed inlet reservoir. 

This procedure was critical to obtain nucleated bubble visualization instead of gassed 

water. Simultaneously, the sandwiched test section was checked by using a nitrogen gun 

for several times to ensure that there was no leakage. Thereafter, the reservoir was located 

just before the pump and was connected to the setup with hoses durable over 100oC. 

Before installing the test sections, the thermal paste was applied to reduce the thermal 
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resistance upside of the heater. While the working fluid was pumped, desired heat fluxes 

were applied through the test section after obtaining the flow rate stability. It was ensured 

that the system was under the steady-state conditions while the exit pressure was kept at 

the atmospheric pressure. Also, T – type thermocouples were calibrated before the tests 

to ensure that temperature data could be accurately obtained. Temperature data were 

recorded at the inlet and outlet as well as at locations on the surface for each heat flux. 

The experiments were repeated for several times to ensure repeatability. 

 Data Reduction and Uncertainty Analysis 

Total power was calculated using the supplied voltage and current data. The electrical 

power is expressed as: 

𝑃 = 𝑉. 𝐼                                                                        (1) 

where 𝑃 is the electrical power of the system, and 𝑉 and 𝐼 are the voltage and current 

values, respectively.  On the other hand, heat losses (�̇�𝑙𝑜𝑠𝑠) were calculated by using the 

estimation of heat losses from the surface for boiling experiments. For this, water was 

evacuated, and heat was delivered to the evacuated system. Power and average surface 

temperature were recorded after reaching steady-state conditions. The same process was 

performed with the presence of water and power was applied to the system until same 

average wall temperature was obtained. After this procedure, linear curve was obtained 

in the form of �̇�𝑙𝑜𝑠𝑠,𝑡𝑝 = 𝑎 + 𝑏𝑇𝑎𝑣,𝑤𝑎𝑙𝑙. Therefore, the maximum heat loss was found as 

14.8% for boiling experiments. Furthermore, using a 1-D fin analysis with the adiabatic 

tip assumption, the average two-phase heat transfer coefficient can be calculated as: 

𝑃 − �̇�𝑙𝑜𝑠𝑠 = ℎ̅(𝜂𝑓𝑖𝑛𝑁𝑡,𝑓𝑖𝑛𝑃𝑓𝑖𝑛𝐻 + 𝑤𝐿 −𝑁𝑡,𝑓𝑖𝑛𝐴𝑐,𝑓𝑖𝑛)(𝑇𝑎𝑣,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑠𝑎𝑡)     (2) 

where 𝜂𝑓𝑖𝑛 is pin efficiency, 𝑁𝑡,𝑓𝑖𝑛 is the number of total elliptical pin fins for each 

channel, 𝑃𝑓𝑖𝑛 is the perimeter of elliptical pin fins, 𝑤 is the total width of the channels, 𝐿 

is the length of the channel and  𝐴𝑐,𝑓𝑖𝑛 is the cross-sectional area of elliptical pin fins. 

Elliptical pin fin efficiency can be expressed as 𝜂𝑓𝑖𝑛 =
tan𝑚𝐻

𝑚𝐻
  at which 𝑚 = √

ℎ̅𝑃𝑓𝑖𝑛

𝑘𝑎𝑙𝐴𝑐,𝑓𝑖𝑛
 

and H is the height of elliptical pin fin. The applied heat flux can be calculated using the 

net power (𝑃 − �̇�𝑙𝑜𝑠𝑠) the surface area of the aluminum block as: 

𝑞′′ =
(𝑃−�̇�𝑙𝑜𝑠𝑠)

𝐴𝑏𝑎𝑠𝑒
                                                                   (3) 
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To find the average surface temperature, the total thermal resistance is necessary. The 

conduction thermal resistance is defined as: 

𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑡𝐴𝑙

𝑘𝐴𝑙𝐴𝑏𝑎𝑠𝑒
                                                      (4) 

The total area is found as: 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑏𝑎𝑠𝑒 + 𝜂𝑓𝑖𝑛𝐴𝑓𝑖𝑛                                               (5) 

The convective thermal resistance is calculated as: 

𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

ℎ̅𝐴𝑡𝑜𝑡𝑎𝑙
                                                        (6) 

The liquid caloric thermal resistance is expressed as: 

𝑅𝑐𝑎𝑙𝑜𝑟𝑖𝑐 =
1

�̇�𝑐𝑝
                                                                 (7) 

The total thermal resistance is the sum of three thermal resistances: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 + 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑅𝑐𝑎𝑙𝑜𝑟𝑖𝑐               (8)     

The average surface temperature can be calculated with the use of thermocouple 

measurements as: 

𝑇𝑎𝑣,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
(𝑇1+𝑇2+𝑇3)

3
− 𝑞′′𝑅𝑡𝑜𝑡𝑎𝑙                                (9) 

To obtain the mass flux, the mass flow rate is divided by the minimum cross-sectional 

flow area: 

𝐺 =
�̇�

𝐴𝑚𝑖𝑛
                                                                         (10) 

where �̇� is the mass flow rate and 𝐴𝑚𝑖𝑛 stands for the minimum cross-sectional area of 

each channel. For the configuration #1, the total cross-sectional area was used for 𝐴𝑚𝑖𝑛. 

Local heat transfer coefficient is calculated based on heat flux, local surface temperature, 

and saturation temperature and defined as: 

ℎ𝑥 =
(𝑃−�̇�𝑙𝑜𝑠𝑠)

𝐴𝑡𝑜𝑡𝑎𝑙(𝑇𝑥,𝑠𝑢𝑟𝑓𝑎𝑐𝑒−𝑇𝑠𝑎𝑡)
                                               (11) 

where 𝑇𝑥,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is wall temperature at the exact location. Moreover, local quality can be 

calculated as: 

𝜒 =
(𝑃−�̇�𝑙𝑜𝑠𝑠)

�̇�ℎ𝑓𝑔

𝑧𝑡ℎ

𝐿
                                                             (12) 

where 𝑧𝑡ℎ distance from the inlet at the exact location, ℎ𝑓𝑔 is the difference of specific 

enthalpy values between fluid and gas state, and 𝐿 is the length of the channel. 
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Figure 7 Schematic of thermocouple locations and approach of surface temperature 

measurement. 

The uncertainties were obtained using the specification sheets provided by the 

manufacturer and the uncertainty propagation method [73]. According to this method, the 

uncertainty in a derived parameter can be calculated as: 

𝑈𝑝 = √∑ (
𝜕𝑝

𝜕𝑎𝑖
𝑢𝑎𝑖)

2
𝑛
𝑖=1                                                   (13) 

where 𝑈𝑎𝑖 is the uncertainty in the parameter 𝑎𝑖. The uncertainties in major parameters 

are listed in Table 2. 

Table 2 Uncertainties in experimental parameters. 

Parameter Uncertainty 

Voltage ± 1 𝑉  

Current ± 0.01 𝐴  

Wall Temperature ± 1 − 5 % 

Fluid Temperature ± 1 −  % 

Mass Flow Rate ±  % 

Average Heat Transfer Coefficient ± 5.5 % 

 .5 𝑚𝑚

 .5 𝑚𝑚

Channel Wall

Configuration
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 Single – Phase Validation  

Single – phase heat transfer analysis was performed to validate the experimental results 

before conducting flow boiling experiments. This validation was performed with the 

reference configuration (#1) without any pin fin.  DI water was used to perform single 

phase heat transfer analysis. To calculate the net power, located thermocouples were used 

to obtain temperatures at the inlet and outlet of the configuration. This process was 

performed at two heat fluxes for each mass flux. Heat losses for single phase flow 

experiments were found using energy balance. Accordingly, the net power was calculated 

as: 

�̇� = �̇�𝑐𝑝(𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡)                        (14) 

The heat loss is the difference between the input power and net power and was found to 

be less than 10% for each mass flux. Furthermore, located thermocouples at three points 

(as their average) on the plate were used to obtain the wall temperature (𝑇𝑤𝑎𝑙𝑙). Also, the 

average fluid temperature was calculated. Finally, the average single – phase heat transfer 

coefficient is calculated as: 

ℎ̅𝑠𝑝 =
�̇�

𝐴𝑏𝑎𝑠𝑒(𝑇𝑎𝑣,𝑤𝑎𝑙𝑙−𝑇𝑎𝑣,𝑓𝑙𝑢𝑖𝑑)
                      (15) 

where 𝑇𝑎𝑣,𝑓𝑙𝑢𝑖𝑑 is the average fluid temperature and can be expressed as: 

𝑇𝑎𝑣,𝑓𝑙𝑢𝑖𝑑 =
𝑇𝑖𝑛𝑙𝑒𝑡+𝑇𝑜𝑢𝑡

2
                                 (16) 

The single – phase average Nusselt number is defined as: 

𝑁𝑢𝑎𝑣𝑒 =
ℎ̅𝑠𝑝𝐷𝐻

𝑘𝑓𝑙𝑢𝑖𝑑
                                           (17) 

where 𝐷𝐻 is the hydraulic diameter and 𝑘 is the thermal conductivity of the fluid. The 

hydraulic diameter can be found as: 

𝐷𝐻 =
2𝑎𝑏

𝑎+𝑏
                                                   (18) 

where a is the height and b is the thickness of the channel. Furthermore, the Prandtl 

number is defined as: 

𝑃𝑟 =
𝑐𝑝𝜇

𝑘𝑓𝑙𝑢𝑖𝑑
                                                 (19) 

where 𝜇 is the dynamic viscosity of the fluid. Reynolds number is calculated with the 

knowledge of mass flux (𝐺) and hydraulic diameter as: 
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𝑅𝑒 =
𝐺𝐷𝐻

𝜇
                                                   (20) 

Shah and London [74] proposed a correlation to calculate average Nusselt number at 

uniform heat flux for thermally developing flows: 

𝑁𝑢 = 1.95 (
𝑅𝑒.𝑃𝑟.𝐷𝐻

𝐿
)
1/3

                       
𝑅𝑒.𝑃𝑟.𝐷𝐻

𝐿
≥   .        (21) 

𝑁𝑢 =  . 6 + 0.0 22 (
𝑅𝑒.𝑃𝑟.𝐷𝐻

𝐿
)           

𝑅𝑒.𝑃𝑟.𝐷𝐻

𝐿
<   .        (22) 

Since  
𝑅𝑒.𝑃𝑟.𝐷𝐻

𝐿
≥   .  for the experimental conditions, the first correlation was used for 

the validation.  Figure 8 displays the comparison between the experimental data and 

predictions. Accordingly, the experimental data could be predicted by the correlation with 

a maximum error of 3.5%. 

 

Figure 8 Comparison between the obtained experimental results and predictions of Shah 

and London correlation [74]. 

 Results and Discussion 

In this section, the effects of pin fins, tip clearance, and distribution pin fins on flow 

boiling heat transfer were discussed by displaying both boiling heat transfer and 

visualization results. The obtained boiling curves and HTC trends are presented for each 

configuration (test section) at mass fluxes of 125 kg/m2s, 225 kg/m2s, and 325 kg/m2s in 

Figure 9 and Figure 10, respectively. The applied heat flux ranges from 18 W/cm2 to 175 

W/cm2.  
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As can be seen from Figure 9 and Figure 10, the lowest heat flux data correspond to the 

conditions near boiling nucleation. It is clear that nucleate boiling is suppressed at higher 

heat fluxes, where the dominant heat transfer mechanism becomes convective boiling, 

which is supported with the presence of wavy intermittent and annular flow during flow 

visualization at low mass fluxes.  

 

Figure 9 Boiling curves for each configuration at a) G = 125 kg/m2s, b) G = 225 kg/m2s, 

c) G = 325 kg/m2s. 

a)

b)

c)
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As shown in Figure 10, Configuration #1 (with no pin fins) has the worst heat transfer 

performance at all mass fluxes. This is due to its minimum surface area. Configuration 

#2 (with only elliptical pin fins) provides enhancement in boiling heat transfer relative to 

Configuration #1 and provides evidence for the use of pin fins in raising the heat transfer 

performance. Configuration #3 (the same configuration as Configuration #2 but with 

distribution pin fins and with a larger tip clearance of 2 mm) exhibits a better performance 

than Configuration #1 and Configuration #2 at the lowest mass flux (𝐺 =  125 𝑘𝑔/𝑚2𝑠).  

This suggests that distribution circular pin fins are effective at low mass flux in providing 

uniform flow distribution and in preventing the motion of vapor phase towards the inlet, 

which have a significant positive effect on the heat transfer performance. However, 

Configuration #2 and Configuration #3 have almost the same performance at higher mass 

fluxes (Figure 10b and c).  Configuration #4 (the same configuration as Configuration #2 

but with distribution pin fins) and #5 (configuration with distribution pin fins and no tip 

clearance) have significantly better performances than the other configurations. 

Configuration #5 has the best performance when considering heat transfer enhancement. 

Configuration #5 has a better performance up to 30%, 36%, and 35% compared to the 

reference plate (Configuration 1#) at the at lowest (𝐺 =  125 𝑘𝑔/𝑚2𝑠) , medium (𝐺 =

 225 𝑘𝑔/𝑚2𝑠), and highest mass flux (𝐺 =   25 𝑘𝑔/𝑚2𝑠), respectively, even though 

the mass flow rate is 1.6 times larger for Configuration #1 at the same mass flux. This 

improvement is mainly due to the increase in contact surface area between solid and fluid 

for heat dissipation and enhanced thin film evaporation in annular flow at heat fluxes. 

The trends also prove that the tip clearance does not affect the heat transfer performance 

in a favorable way for the range of tip clearance in this study and is in good agreement 

with previous studies, which reported positive effects of tip clearance only at very low tip 

clearance values [75,76].  
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Figure 10 Two – phase heat transfer coefficient profiles for each configuration at a) G = 

125 kg/m2s,  b) G = 225 kg/m2s, c) G = 325 kg/m2s. 

Figure 10 displays the heat transfer coefficient (HTC) profiles. As the mass heat flux 

increases, heat transfer coefficients (HTC) also increase, which suggests the effect of 

convective boiling. It is likely that the bubbles emerging from the surfaces of pin fins 

quickly form vapor core apart from the pin fin surfaces, while a thin liquid film is located 

b)

c)

a)
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on the pin fin surfaces. This flow pattern corresponds to intermittent and annular flow 

patterns. In terms of heat transfer coefficient (HTC), Configuration #1 has the lowest 

performance when compared with other plates. Configuration #2 and Configuration #3 

exhibit almost the same HTC, and their heat transfer enhancement is almost the same 

when they are compared with reference plate (Configuration #1), especially at high mass 

flux. The difference in the heat transfer coefficient (HTC) between Configuration #4 and 

Configuration #5 increases with the mass flux. Thus, there exists a significant 

enhancement in heat transfer with the use distribution of pin fins with no tip clearance 

and elliptical pin fins along the heating region (Configuration #5). Obtained results prove 

that the distribution pin fin area significantly affects the heat transfer performance (when 

comparing Configuration #2 with Configuration #4). In other words, these circular pin 

fins are able to provide a more homogenous flow distribution along the heat sink, and it 

becomes unlikely that vapor growing due to phase change migrates towards the inlet, 

which is reflected as a better performance. However, in this study, there are not positive 

effects of tip clearance. Moores and Joshi [43] presented the tip clearance effects and they 

reported that there was a significant effect of tip clearance when it was at most 10% lower 

than exact pin fin height. They reported that low tip clearance levels can induce 

accelerated flow and reduce the development of recirculating of bubbles. The same trends 

can be observed in this study. Configuration #3 (with higher tip clearance) presents 

intense bubble recirculation while Configuration #5 (without tip clearance) delays larger 

bubble coalescence due to the accelerated flow and result in heat transfer enhancement. 

Moreover, larger tip clearance leads to a reduction in flow rates within the arrays and 

results in a lower heat transfer enhancement while smaller tip clearances offer a high heat 

transfer performance due to additional surface area. Therefore, no enhancement is 

observed in this study with the use of tip clearance (for Configuration #3 and 
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Configuration #4).  

 

 

Figure 11 Heat transfer coefficients profiles for each mass flux a) Configuration #1, b) 

Configuration #2, c) Configuration #3, d) Configuration #4, and e) Configuration #5. 

 

In addition to the average heat transfer coefficient profiles, local heat transfer coefficient 

profiles are also presented in as a function of local quality Figure 12 along the channel to 

complement the boiling heat transfer data. 

a) b)

c) d)

e)
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Figure 12 Variation of local heat transfer coefficient as a function of location a) G = 125 

kg/m2s, b) G = 225 kg/m2s, c) G = 325 kg/m2s at high heat flux (𝑞′′ > 165 𝑊/𝑐𝑚2). 

Boiling images for each plate are presented in Figure 13 and Figure 14. The flow direction 

is shown in both figures from left to right. Bubbly flow (at low heat flux), intermittent 

(low – medium heat flux) and annular (high heat flux) flow patterns can be detected. 

Nucleate boiling is associated with bubbly flow pattern, while annular flow pattern 

a)

b)

c)
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corresponds to convective boiling. It can be also visually observed that bubbly flow 

regime is seen at low heat fluxes particularly near the inlet, while annular flow regime 

can be recognized at higher heat flux particularly near the outlet. In addition, annular flow 

occurs earlier in Configuration #1 compared to other configurations. It can be also 

concluded that the formation of intermittent and annular flow regime is observed for 

Configuration #1 at the lowest mass flux (𝐺 =  125 𝑘𝑔/𝑚2𝑠), and nearly dry-out 

condition is reached at the highest heat flux (𝑞′′ > 165 𝑊. 𝑐𝑚−2). Moreover, nucleated 

bubbles are observed at the inlet region of Configuration #1. On the other hand, there is 

a slight difference between Configuration #2 and Configuration #3 regarding boiling 

images. As the heat flux increases, the elongated bubbles are observed on the elliptical 

pin finned area at the outlet region of the channel, and large vapor core can be seen at low 

mass flux. Moreover, it can be observed that the existence of an elliptical pin finned area 

between the channels also affects the bubble coalescence. In addition, intermittent flow 

and annular flow regimes are mainly observed within a wide range of heat flux at lower 

mass flux. Bubble formation is observed at the stagnation points of the pin fins, and these 

bubbles depart by rising above the pin fins with the flow due to the tip clearances (for 

Configuration #3 and Configuration #4). Furthermore, bubbles coalescence on the surface 

of pin fins and on the surface of the channel occurs, thereby leading to vapor slugs. For 

the configurations with tip clearance (Configurations #2 and #3), there is less 

improvement in heat transfer due to significant vapor core formation, where the bubbles 

coalesce and occupy entire cross section and move to outlet region on the presence of tip 

clearance. Additionally, Configuration #4 (with the same tip clearance as Configuration 

#2 but with distribution pin fins) has a better performance. The distribution pin fins 

provide an enhancement in heat transfer due to homogenous flow distribution effect on 

the channel as well as blockage for vapor towards the inlet. Elongated bubble form on the 

elliptical pin finned area and bubble coalescence take place at a nearer location to the 

outlet of the channel at a higher mass flux.  
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Figure 13 Boiling images at lowest mass flux (G = 125 kg/m2s) and high heat flux 

(𝑞′′ > 165 𝑊. 𝑐𝑚−2) for each configuration. 

At higher mass fluxes, bubbly flow is observed for each heat sink near the inlet region, 

and nucleate boiling could be dominant even at high heat flux. While bubbly to annular 

flow regime is observed at the lowest mass flux, mostly bubbly flow and intermittent flow 

regimes could be detected at the highest mass flux in Configurations #3-5. It can be also 

recognized that the transitions from bubbly to intermittent flow (or elongated bubble) 

patterns and intermittent-annular flow patterns are delayed with pin fins.  
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Figure 14 Boiling images at highest mass (G = 325 kg/m2s) and high heat flux (𝑞′′ >

165 𝑊. 𝑐𝑚−2) for each configuration. 

To provide a flow pattern map, each configuration is divided into 10 locations based on 

visual images at mass flux (𝐺 = 125 𝑘𝑔/𝑚2𝑠), which provide relative transition 

between the flow regimes (Figure 15). Accordingly, the flow pattern map is divided into 

four regions: single-phase flow (SP), bubble flow (BF), intermittent flow (IF), and 

annular flow. Boiling number, which is a major nondimensional parameter in flow boiling 

and is expressed as: 𝐵𝑜 = 𝑞𝑤
′′/𝐺ℎ𝑓𝑔, is employed in similar lines with the literature 

[77,78]. Single-phase flow is mainly observed at inlet region at lower heat fluxes and does 

not include any formation of vapor phase. Vapor formation starts with isolated bubbles 

observed at nearer location on the elliptical pin finned area. The diameter of these bubbles 

is relatively smaller than major dimensions of elliptical pin fins so that no bubble 

coalescence could be observed. However, intense bubble coalescence and growth could 

be detected along the longitudinal direction as well as with heat flux. As a result, 

intermittent flow could be detected, which includes intense bubble coalescence and 

resulting formation of elongated slug. Further increase in heat flux results in the formation 
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of annular flow regime. The absence of pin fins causes early transition among the flow 

regimes (Configuration #1). Annular flow regime could be detected at moderate heat 

fluxes for Configuration #1. However, the presence of pin fins delays annular flow regime 

even at high heat fluxes. The combination of elliptical pin fins with distribution pin fins 

promotes the delay in flow pattern transition (Configuration #5). Similar trends could be 

observed at other mass fluxes (Figure 16 and Figure 17). It can be seen that flow patterns 

shift to a more upstream location with heat flux for each map. In addition, the flow pattern 

transitions shift towards the outlet with increasing mass flux so that the annular flow 

pattern cannot be detected under certain conditions (high mass flux, pin fin 

configuration). 

 

Figure 15 Flow regime map at lowest mass flux (G = 125 kg/m2s ) a) Configuration #1, 

b) Configuration #2, c) Configuration #3, d) Configuration #4 , and e) Configuration #5. 
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Figure 16 Flow regime map at medium mass flux (G = 225 kg/m2s) a) Configuration #1, 

b) Configuration #2, c) Configuration #3, d) Configuration #4, and e) Configuration #5. 

 

Figure 17 Flow regime map at highest mass flux (G = 325 kg/m2s) a) Configuration #1, 

b) Configuration #2, c) Configuration #3, d) Configuration #4, and e) Configuration #5.  
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3. CHAPTER 3: POOL BOILING HEAT TRANSFER ON 

MODIFIED (superhydrophilic, superhydrophobic, and superbiphilic) 

SURFACES 

 

 Objectives 

The use of biphilic surfaces is very promising approach to enhance heat transfer at both 

atmospheric and sub-atmospheric pressures. Although there are number of research 

efforts available in the literature for atmospheric pressure, there are limited studies 

available at sub-atmospheric pressure. This study aims to reveal the wettability effect at 

both atmospheric and sub-atmospheric pressures using four different (homogenous and 

mixed wettable) surfaces. This study also provides a facile fabrication method to obtain 

superbiphilic surfaces. Boiling and HTC curves, and as well as visualization results are 

presented for different pressures and surfaces to reveal the wettability effect.  

 Experimental Methods 

3.2.1. Surface functionalization and modification 

In this section, the fabrication process of samples with different wettability features is 

explained. Samples were made of aluminum alloys (composition: Al 92.9%, O 3.7%, C 

2.8%, Mg 0.4%, Si 0.1%) – 1050 with a diameter of 50.8 mm and a thickness of 2 mm 

were used to fabricate functional surfaces. Four samples were modified to achieve 

superhydrophilic (Sample #1), superhydrophobic (Sample #2), and superbiphilic (Sample 

#3 and #4) surfaces. Hydrochloric acid (37%, Merck), Stearic Acid (99%, Lancaster), 

Ethanol (99%, Merck), Acetone (99%, Merck), and deionized water were used during the 

fabrication. The fabrication of the superhydrophilic surface has 2 steps: the wet etching 

process and laser texturing. The superhydrophobic surfaces were fabricated through 3 

steps: wet etching process, laser texturing, and acid functionalization. In the fabrication 

of the superbiphilic surfaces, there are also 3 steps: wet etching process, acid 
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functionalization, and laser texturing. The schematics of fabrication processes are 

presented in Figure 18.  

 

Figure 18 Schematics of fabrication processes of superhydrophilic (Sample #1), 

superhydrophobic (Sample #2), and superbiphilic (Samples #3 and #4) surfaces. 

All the aluminum samples were first rinsed with deionized water. Then, aluminum 

samples were sanded with P400, P600, P800, P1000, P1200, and P2000 sandpapers using 

the polishing machine (METKON - Gripo 2V) to obtain mirror-like surfaces with a 

roughness of approximately 𝑆𝑎 = 0.15 𝜇𝑚. Thereafter, the samples were washed with 

deionized water several times and were dried with a nitrogen gun, and immersed at an 

ultrasonic bath temperature of 60oC by using deionized water and acetone mixture 

(Vacetone:Vdeionized water: 1/5:1) for 10 minutes. Then, the samples were washed with 

deionized water several times to ensure that the residuals of acetone were fully cleaned 

from the surfaces and were dried with a nitrogen gun. For the etching process, the solution 

was prepared as a mixture of HCl (hydrochloric acid) and deionized water with a volume 

ratio of 1:1, and each sample was immersed for 3-4 minutes. The samples were again 
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washed then with deionized water several times, were immersed in a mixture of acetone 

and deionized water using an ultrasonic bath for 10 minutes, and were washed with 

deionized water several times to ensure that the ruins of acetone and hydrochloric acid 

(HCl) were fully cleaned and were dried with a nitrogen gun.  

 

3.2.1.1. Superhydrophilic (Sample #1) and superhydrophobic surface preparation 

After the etching process, laser texturing was performed on the samples (#1 and #2) to 

obtain superhydrophilicity with a CA∼0o. Moreover, this process also provided a more 

hydrophobic area with the formation of microstructures owing to the surface after acid 

functionalization (Sample #2). 

Table 3 Description of wettability and surface characteristics of each sample. 

Sample  

Number 

Static 

contact 

angle of the 

hydrophobic 

region (CA) 

Static 

contact 

angle of the 

hydrophilic 

region 

(CA) 

Superhydrophobicity 

(𝑨∗ = 𝑨𝑺𝑯𝑷/𝑨𝑻𝒐𝒕𝒂𝒍)  

  

Pitch 

size 

(mm) 

Spot  

diameter 

(mm) 

Sample #1 - ~0o - - - 

Sample #2 158 - 100% - - 

Sample #3 155 ~0o 11.30% 5  0.7 

Sample #4 154 ~0o 28.31% 3  0.7 

 

For acid functionalization, the solution was prepared with 20 ml of ethanol and 15 mM 

stearic acid to obtain superhydrophobicity for Samples #2, #3, and #4. For this step, 

closed containers were used to mix stearic acid and ethanol solution. The stearic acid 

mixture was shaken and kept in the oven for 15 minutes at 60oC to obtain a homogenous 

solution. Then, the samples were placed in a cleaned container, and the homogeneous 

solution was spilled on the samples for 120 minutes to obtain a superhydrophobic surface. 

After this process, the samples were dried in the oven for 6 hours at 120oC and were left 

to cool down at room temperature. At the end of this process, superhydrophobic surfaces 

were obtained. The contact angle results are presented in Table 3. Optimization was made 
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to have the optimum time since longer or shorter waiting times might lead to deviations 

from the desired contact angles.  

3.2.1.2. Fabrication of superbiphilic surfaces 

To fabricate superbiphilic surfaces, at first superhydrophobic surfaces (background) were 

prepared using acid functionalization. Next, laser texturing was implemented to provide 

areas with the WCA<1o [80]. For this, at first, the patterns were designed via Computer-

Aided Design (CAD) software. Next, FLAST (FiberLAST) marking system was used to 

remove the desired superhydrophobic regions (outside of spots) and form 

superhydrophilic regions via laser (Figure 19). The laser texturing provided an enhanced 

spot shape for superhydrophobic regions since direct exposure could be applied to the 

surfaces from the CAD file. Thus, the desired shape and dimensions of the 

superhydrophobic region on the surface could be obtained with ablation and melting of 

the surface.  

 

Figure 19 The scheme of the laser texturing process to obtain mixed wettability 

(superbiphilic) surface. 

Laser texturing was applied at an average power of 10 W, scanning velocity of 250 mm.s-

1, pulse frequency of 100 kHz, a wavelength of λ=1064 nm, and the beam spot diameter 

of 40 μm with a parallel laser beam. The samples were textured at open-air and ambient 

temperatures. Preliminary laser texturing tests were carried out to ensure that the 

superhydrophilic region was obtained with minimal damage on the surface and maximum 

achievement on CA (∼0o). The corresponding spots were designed in such a way that the 

spot diameter of 0.7 mm for both surfaces, and pitch sizes of 3 mm and 5 mm for Samples 

#3 and #4 were formed, respectively. An overview of the fabricated superbiphilic surfaces 

is presented in Figure 20. Moreover, the same laser texturing process was implemented 
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to the etched surfaces (Sample #1 and #2) to obtain an entirely superhydrophilic region 

and the same microstructured region. To obtain the zoom-in images of fabricated surfaces 

Samples #3 and #4, a ‘Zeiss Stemi DV4 Stereo Microscope’ was used (Figure 20). 

 

Figure 20 Configurations of fabricated samples a) Sample #3 (diameter of 0.7 mm and 

pitch size of 5 mm) b) Sample #4 (diameter of 0.7 mm and pitch size of 3 mm). 

 

3.2.2. Surface Characterization 

An Attention Theta Lite optical tensiometer system was used to measure the contact angle 

of the samples. For this purpose, the static contact angle was measured at different 

locations. Moreover, the average contact angle was recorded by analyzing the captured 

images. A summary of measurement results is presented for each sample in Table 3. The 

contact angle measurements were performed with the use of 5μl droplets of deionized 

water on the surfaces and captured contact angle measurement results are presented in 

Figure 21. The contact angle measurements were performed after each step of fabrication 

(sanding, wet etching, acid functionalization, and laser texturing) and after the 

experiments for homogenous superhydrophilic (Sample #1) and superhydrophobic 

(Sample #2) surfaces. There were insignificant changes regarding the contact angle (∼0o) 

on the superhydrophilic surface. In addition to the contact angle measurements, Scanning 
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Electron Microscope (SEM) images were also obtained at an accelerating voltage of 10 

V for modified surfaces (superbiphilic) to analyze the surface morphology of 

superhydrophobic spots and superhydrophilic regions, as presented in Figure 22. The 

obtained figure proves that laser texturing on the superhydrophobic surface leads to the 

desired superhydrophobic spots in terms of both the diameter and desired shape.  

 

Figure 21 Contact angle measurements a) polished bare aluminum plate, b) etched 

aluminum plate, c) laser textured aluminum plate (Sample #1), d) functionalized 

aluminum plate as superhydrophobic surface (Sample #2), and e) homogenous 

superhydrophobic surface after boiling experiments. 

a) b)

c) d)

e)
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Figure 22 Scanning Electron Microscopy images of Sample #4 (with a pitch size of 3 

mm and diameter of 0.7 mm) a) SEM results showing the pattern on the sample, b) laser 

textured region (superhydrophilic region), c) superhydrophobic spot. 

3.2.3. Experimental setup and procedure 

The experimental setup used during pool boiling experiments is shown in Figure 23. The 

main components of the experimental setup include a vacuum pump, condenser, 

aluminum heater, PTFE block, cartridge heaters, power supply, high speed camera, data 

acquisition system, and preheaters. The boiling chamber was designed to have 

dimensions of 200x200x250 mm3. It was made of aluminum alloy and has transparent 

windows, which were made of polycarbonate and were located on three sides of the test 

section to allow visualization. To assemble the boiling chamber, a silicon plaque was used 

to ensure that there was no leakage. An aluminum block heater was located at the bottom 

of the test section, and five cartridge heaters of a diameter of 9 mm and a length of 70 

mm were placed into the aluminum heater to obtain the desired heat fluxes using a power 

supply. The sample was placed above the aluminum heater and was sandwiched into a 2 

mm thickness of stainless-steel holder. The surface of the aluminum plate and heater were 

treated with a high-quality thermal paste to reduce the thermal resistance. The outer 

surface of the aluminum heater was surrounded by PTFE to reduce heat losses. Two 

preheaters were placed on two sides of the boiling chamber to obtain the constant 

10  𝑚

100 𝑚 

10  𝑚
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saturated liquid before starting the experiments. One power supply was connected to the 

preheaters for this purpose. The condenser was located above the chamber to keep the 

pressure constant. The vacuum pump was connected to a pressure gauge to fix the 

pressure at the desired values. A pressure gauge was used to measure and fix the pressure 

during the experiments. Two thermocouple holes with a diameter of 1 mm were placed 

on the aluminum heater to obtain the surface temperature data using T-type 

thermocouples (Figure 24). The high-speed camera (at a frame rate of 3000 s-1) was 

placed in front of the transparent window to obtain visualization (boiling images) data 

during pool boiling experiments. Experimental data were acquired by recording the 

temperature data, heat flux data, and boiling images under steady-state conditions for each 

sample.  

 

Figure 23 Schematic of the experimental setup for boiling heat transfer tests. 

The experiments were conducted at the saturation temperature and atmospheric (103.7 

kPa) and sub-atmospheric (28.3 kPa) pressures. Deionized water was used as the working 

fluid. The boiling chamber was closed with an aluminum cap, which included a 

condenser, pressure gauge, and connected vacuum pump. For sub-atmospheric tests, the 

pressure was decreased to the desired sub-atmospheric pressure. Deionized water was 

heated to the saturation temperature by the preheater before the tests. During the tests, the 
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desired heat flux was applied to the sample, and after having steady-state conditions, all 

the corresponding data were acquired. This process was repeated for different heat flux 

values. 

 

 

Figure 24 Thermocouple locations for surface temperature measurements. 

 Data reduction and data analysis 

First, the electrical power is calculated using the voltage and current data as: 

𝑃 = 𝑉𝐼                                                         (23) 

where V is the voltage, and I is the current.  The aluminum heater has surrounded by a 

PTFE block to reduce heat losses. Additionally, heat losses were calculated as the 

difference between input power and the amount of removed heat in the single-phase 

regime. For each test, natural convection analysis was performed to calculate the heat 

losses. Heat losses were found to be less than 15% for each test. The net heat flux is 

calculated as: 

𝑞′′ =
𝑉𝐼−𝑄𝑙𝑜𝑠𝑠

𝐴
                                               (24) 

where Qloss is the heat loss and A is the heated surface area. The surface temperature (Ts) 

can be found according to 1- D heat conduction analysis as: 

𝑇𝑠 = 𝑇1 − 𝑞′′ (
𝑙𝑎𝑙

𝑘𝑎𝑙
+ 𝑅𝑡𝑝 +

𝑡𝑎𝑙

𝑘𝑎𝑙
)                  (25) 

where T1 is the temperature on the exact location of the aluminum heater, 𝑅𝑡𝑝 =

6𝑥10−6(
𝑚2𝐾

𝑊
) is the thermal resistance of the thermal paste, lal is the distance between the 

T1 and aluminum heater surface, and tal is the thickness of the aluminum samples. 

Moreover, to obtain the exact pressure at the surface, the head pressure is also considered 

Thermal Paste
Sample

Aluminum Heater 𝑅𝑡𝑝

𝑙𝑎𝑙 =   𝑚𝑚

𝑙2 = 10 𝑚𝑚
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for calculating the liquid pressure as: 

𝑃𝑠𝑎𝑡 = 𝑃𝑠 + 𝜌𝑓𝑔𝐻                                       (26) 

where Ps is the system pressure, ρf is the fluid density at exact pressure, g is the 

gravitational constant, and H is the height of the liquid inside the boiling chamber. Finally, 

the heat transfer coefficient is calculated as: 

ℎ =
𝑞′′

𝑇𝑠−𝑇𝑠𝑎𝑡
                                                  (27) 

where Ts is the surface temperature of the sample and Tsat is the saturation temperature at 

the exact pressure of deionized water. An uncertainty analysis was performed based on 

the uncertainty propagation method [73]. Accordingly, the uncertainty in an experimental 

parameter is expressed as: 

𝑈𝑦 = √∑ {(
𝜕𝑦

𝜕𝑎𝑖
) . 𝑈𝑎𝑖}

2
𝑛
𝑖=1                          (28) 

where 𝑈𝑎𝑖 is the uncertainty in the parameter ai. The uncertainties in this study are 

presented in Table 4. They were either provided by the manufacturers or were calculated 

using the uncertainty propagation method [73].  

Table 4 Estimated uncertainties in experimental parameters. 

Parameters Uncertainty 

Voltage ± 1 V 

Current ± 0.01 A 

Wall Temperature ± 0.  K 

Fluid Temperature ± 0.  K 

Heat Transfer Coefficient (HTC) ± 5 −   %  

Pressure ±0.25 % 

 

 Validation 

To validate the experimental results, a polished bare aluminum plate was used. The results 

were compared with the predictions of the Rohsenow correlation [81], which is widely 

utilized in pool boiling heat transfer, and is expressed as: 

𝑞′′ = 𝜇𝑙ℎ𝑓𝑔 [
𝑔(𝜌𝑙−𝜌𝑣)

𝜎
]
0.5

[
𝑐𝑝∆𝑇

𝐶𝑠𝑓ℎ𝑓𝑔𝑃𝑟
𝑛]

3

          (29) 
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where hfg is the latent heat of working fluid, ρv is the density of vapor phase of the working 

fluid, ρl is the density of liquid phase of the working fluid, σ is the surface tension, Csf is 

surface constant, g is gravitational constant, Pr is Prandtl number, cp is the specific heat, 

and ∆T is the wall superheat, which is the difference between the surface temperature and 

saturation temperature of the working fluid.  

The comparison between the predictions of the Rohsenow correlation and experimental 

results is displayed in Figure 25. As can be seen, the experimental results closely match 

the predictions of the correlation (with a maximum error of 7%). 

 

Figure 25 Comparison between the experimental data and predictions of the Rohsenow 

correlation  [81]. 

 Results and Discussion 

Boiling heat transfer results are included in this section to display boiling characteristics 

for different functional surfaces: superhydrophilic (Sample #1), superhydrophobic 

(Sample #2), and superbiphilic (Samples #3 and #4) surfaces at atmospheric (103.7 kPa) 

and sub-atmospheric (28.3 kPa) pressures. Sample #3 has 69 superhydrophobic spots with 

a diameter of 0.7 mm and a pitch size of 5 mm while Sample #4 has 185 superhydrophobic 

spots with a diameter of 0.7 mm and a pitch size of 3 mm. 
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3.5.1. Boiling heat transfer at atmospheric pressure 

Figure 26 shows the obtained boiling curves and boiling heat transfer coefficients (HTCs) 

for tested samples at atmospheric pressure (𝑝=103.7 kPa). Due to the early boiling 

inception, the homogenous superhydrophobic surface (Sample #2) has a higher heat 

transfer coefficient compared to the homogenous superhydrophilic surface (Sample #1). 

The boiling inception starts at lower wall heat fluxes and a higher number of nucleation 

sites are activated on the superhydrophobic surface (Figure 27a). On the other hand, 

Sample #1 shows a delay in ONB until a larger wall superheat (ΔTsat=2-3 K) (Figure 26a), 

resulting in a lower boiling heat transfer, which indicates the enhancing effect of low 

wettability (CA>150o) on boiling heat transfer. While superbiphilic and 

superhydrophobic surfaces share the same nature in terms of low surface energy areas, 

the higher heat transfer coefficients on superbiphilic samples are mainly due to the 

dynamics of growing and departing bubbles at low/medium heat fluxes. Furthermore, 

vapor residual on superhydrophobic spots of superbiphilic surfaces [53] and the thermal 

interaction between randomly distributed nucleation sites [10] at the superhydrophobic 

surface may be reasons for the lower heat transfer coefficient on Sample#2 compared to 

superbiphilic surfaces under atmospheric conditions. 
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Figure 26 a) Boiling and b) HTC curves for homogenous superhydrophilic surface 

(Sample #1), homogenous superhydrophobic surface (Sample #2), superbiphilic surface 

with a spot diameter of 0.7 mm and pitch size of 5 mm (Sample #3), superbiphilic 

surface with a spot diameter of 0.7 mm and pitch size of 3 mm (Sample #4) at 

atmospheric (103.7 kPa) pressure. 

With a further increase in wall heat flux, isolated bubbles are observed on the 

homogenous superhydrophobic surface (Sample #2) and superhydrophobic spots on 

superbiphilic surfaces. Due to the lateral coalescence of departing bubbles with adjacent 

bubbles, an incremental increase in bubble departure diameter is observed with wall heat 

flux (Figure 27). The bubble departure diameter for Sample #2 is higher than that of the 

homogenous superhydrophilic surface (Sample #1), which was also reported by Betz et 

al. [51].  Due to a large number of activated nucleation sites and their random distribution 

on the homogenous superhydrophobic surface, more coalesced bubbles can be observed 

on this surface compared to the superbiphilic samples at atmospheric pressure. The higher 

a)

b)
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active nucleation site density results in higher heat transfer enhancement on the 

superbiphilic surfaces compared to the superhydrophilic surface (Sample #1). Nucleated 

bubbles are visible on the superhydrophobic spots on the superbiphilic surfaces (Figure 

27). Furthermore, the bubble interface necking phenomenon (vapor residual after bubble 

departure) can be detected on these spots. Due to the pinning force on the 

superhydrophobic regions, intense bubble departure and nucleation co-exist on the 

superhydrophobic spots of Samples #3 and #4. Furthermore, a surface tension gradient 

increases the chance of bubble nucleation on the contact line between the 

superhydrophobic and superhydrophilic regions on the superbiphilic (Samples #3 and #4) 

surfaces. During the bubble growth period, the buoyancy force acts as the main lifting 

force while the surface tension force opposes it. Under the experimental conditions, the 

pitch size (3mm vs. 5mm) has a negligible effect on boiling HTC (Figure 26b). Similar 

observations have been reported in the literature [82].  

 

Figure 27 Boiling images corresponding to the homogenous superhydrophilic surface 

(Sample #1), homogenous superhydrophobic surface (Sample #2), superbiphilic surface 

with a diameter of 0.7 mm and pitch size of 5 mm (Sample #3), superbiphilic surface 

with a diameter of 0.7 mm and pitch size of 3 mm (Sample #4) at atmospheric pressure 

(103.7 kPa) a) low heat flux, b) moderate heat flux, and c) high heat flux. 
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3.5.2. Boiling heat transfer at sub-atmospheric pressure 

The boiling curves and boiling HTCs of tested samples at sub-atmospheric pressure 

(𝑝 =28.3 kPa) are shown in Figure 28. Boiling inception is first detected on the 

homogenous superhydrophobic (Sample #2) surface and superhydrophobic spots on 

Samples #3 and #4. The homogenous superhydrophobic surface has a better performance 

than the homogenous superhydophilic surface due to the early onset of nucleate boiling 

and the higher number of activated nucleation sites. At low heat fluxes, the mixed 

wettability surfaces (Samples #3 and #4) exhibit significant heat transfer enhancement 

compared to the homogenous superhydrophilic (Sample #1) and superhydrophobic 

(Sample #2) surfaces. Since the number of active nucleation sites considerably decreases 

with the system pressure, the designated nucleation sites at very low wall heat flux (7.1 

kW/m2) are more effective at sub-atmospheric pressure compared to the atmospheric 

condition. At moderate heat fluxes, superbiphilic surfaces are superior to the homogenous 

superhydrophilic (Sample #1) and homogenous superhydrophobic (Sample #2) surfaces. 

The results are also in good agreement with the literature [61]. At high heat fluxes, the 

best performance can be still achieved with the superbiphilic (Samples #3 and #4) 

surfaces. 
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Figure 28 a) Boiling curves and b) HTC curves for homogenous superhydrophilic 

surface (Sample #1), homogenous superhydrophobic surface (Sample #2), superbiphilic 

surface with a diameter of 0.7 mm and pitch size of 5 mm (Sample #3), and 

superbiphilic surface with a diameter of 0.7 mm and pitch size of 3 mm (Sample #4) at 

sub-atmospheric (28.3 kPa) pressure. 

Sample #4 (superbiphilic surface with 3 mm pitch size) performs better than Sample #3 

(superbiphilic surface with 5 mm pitch size) due to the higher number of active nucleation 

sites (185 vs. 69, respectively). The schematic pictures of bubble behavior on 

superbiphilic surfaces with different pitch sizes at various pressures are shown in Figure 

29. Since the low heat flux condition is mainly addressing the bubble nucleation and 

growth period, the pitch size has a negligible effect on BHT in this region. As the heat 

flux increases, the role of bubble coalescence and departure on boiling heat transfer 

becomes more evident. At the developed nucleate boiling region (moderate wall heat 

fluxes), Sample #4 with a higher nucleation site density and lower pitch size leads to 

higher boiling HTCs. The lower pitch size contributes to boiling heat transfer by 

increasing the coalescence induced bubble departure at sub-atmospheric pressure (Figure 

29). 

a)

b)
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Figure 29 Schematic of nucleated and departed bubbles on superbiphilic surfaces at a) 

atmospheric, b) sub-atmospheric pressure, and Boiling images c) atmospheric pressure 

and lower heat flux, d) sub-atmospheric pressure and lower heat flux. 

As seen in Figure 30, few nucleation sites on the superhydrophilic surface can be 

identified at low heat fluxes. However, at the same heat flux (16.3 kW/m2), the 

superhydrophobic surface has a higher number of active nucleation sites, followed by the 

superhydrophobic spots on the superbiphilic surfaces. Thus, bubble nucleation on the 

superhydrophobic surface can be detected even at low heat fluxes. However, a delay in 

the onset of nucleate boiling (ONB) is observed on the superhydrophilic surface, which 

was also reported in the literature [83]. Furthermore, a large number of departed bubbles 

from the surface are visible, resulting in a significant number of vapor columns on the 

surface. Upon bubble departure, bubble recirculation can be detected for all the surfaces 

at higher heat fluxes. The superbiphilic surface with a low ratio of superhydrophobic area 

to the total surface area (<30%) provides a significant enhancement in boiling heat 
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transfer, by facilitating bubble generation on superhydrophobic spots and avoiding bubble 

coalescence as well. Additionally, remaining vapor upon bubble departure was evident 

on superhydrophobic spots, which were also observed in the literature [48,84]. These 

remaining vapor residuals serve as locations of further nucleation, resulting in the 

continuous growth and departure of new bubbles. Here, the superbiphilic surfaces enable 

continuous bubble departure from surfaces with a more uniform bubble departure size. 

On the other hand, a larger bubble departure diameter can be observed on the 

superhydrophobic surface (Sample #2) at high heat fluxes due to intense bubble 

coalescence, which results in deterioration in the heat transfer performance at sub-

atmospheric pressure (28.3 kPa).  

 

Figure 30 Boiling images corresponding to the homogenous superhydrophilic surface 

(Sample #1), homogenous superhydrophobic surface (Sample #2), superbiphilic surface 

with a diameter of 0.7 mm and pitch size of 5 mm (Sample #3), superbiphilic surface 

with a diameter of 0.7 mm and pitch size of 3 mm (Sample #4) at sub-atmospheric 

pressure (28.3 kPa) a) low heat flux, b) moderate heat flux, and c) high heat flux. 
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3.5.3. Comparison of the boiling heat transfer performance between atmospheric and 

sub-atmospheric pressures 

 

The obtained results indicate a change in nucleated and departed bubble sizes between 

atmospheric and sub-atmospheric pressures (Figure 27 and Figure 30). On homogeneous 

surfaces, in contrast to very low pressures (i.e., <10kPa) where orders of magnitude 

changes in bubble size are reported, only an order of magnitude reduction in bubble size 

was observed with system pressure under the experimental conditions. This is in parallel 

with the reported studies in the literature [85]. Even though lateral coalescence of 

departing bubbles with adjacent bubbles can be observed at both atmospheric and sub-

atmospheric pressures, bubble diameters are still significantly different at both pressures 

for Samples #1 and #2. A more evident decrease in the bubble diameter with the pressure 

increment can be seen for the superhydrophobic (Sample #2) surface. At low heat fluxes, 

smaller emerging bubbles result in a delay in bubble coalescence at atmospheric pressure. 

At higher heat fluxes, an increasing trend in the bubble departure diameter exists for the 

sub-atmospheric pressure (28.3 kPa), while almost a weaker trend in the diameter with 

wall heat flux is obtained at atmospheric pressure (103.7 kPa). This is also due to 

corresponding differences in nucleation and boiling physics at atmospheric and sub-

atmospheric pressures. For instance, a wall heat flux of 95 kW/m2 at sub-atmospheric 

pressure corresponds to slugs and vapor columns (developed nucleate boiling), while 

isolated bubbles are still evident on the heated surface at atmospheric pressure. As stated 

earlier, the superhydrophobic surface eliminates bubble nucleation waiting time at both 

pressures. The synergic effect of the corresponding nucleation, bubble coalescence, 

oblate shape bubbles, and lack of nucleation waiting time are the main reasons for 

considerably larger bubble departure diameters at medium/high heat fluxes for the 

homogenous superhydrophobic surface (Sample #2) at sub-atmospheric pressure 

compared to atmospheric pressure. However, the bubble departure diameter decreases 

with pressure increment for superbiphilic (Sample #3 and #4) surfaces at higher heat 

fluxes.  

The comparison between obtained boiling HTCs at atmospheric (103.7 kPa) and sub-

atmospheric (28.3 kPa) pressures are presented in Figure 31. Superbiphilic surfaces take 

the advantage of both superhydrophobic (earlier ONB and lower contact diameter) and 

superhydrophilic (lower departure diameter) surfaces and therefore provide higher 
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boiling HTCs compared to homogeneous samples (Samples#1 and #2). The superbiphilic 

surface with a pitch size of 3 mm and a diameter of 0.7 mm (Sample #4) has higher 

performance compared to the one with a pitch size of 5mm. A smaller difference in 

boiling heat transfer between Samples #3 and #4 at atmospheric pressure indicates the 

negligible role of the pitch size on bubble dynamics for the configurations studies in this 

study (pitch sizes of 3 and 5mm). The larger number of active nucleation sites at sub-

atmospheric pressure could be the reason for the higher heat transfer performance for 

Sample #4 compared to Sample#3. Also, since bubble coalescence is more likely to occur 

at sub-atmospheric pressures, the enhancing effect of superbiphilicity on boiling heat 

transfer is more dominant for atmospheric pressures. In other words, the enhancements 

in boiling heat transfer with superbiphilicity are more significant for atmospheric pressure 

than sub-atmospheric pressures.    

 

Figure 31 Comparison of HTCs at atmospheric and sub-atmospheric pressures a) 

superhydrophilic (Sample #1), b) superhydrophobic (Sample #2), c) superbiphilic 

surface with a spot diameter of 0.7 mm and pitch size of 5 mm (Sample #3), and d) 

superbiphilic surface with a spot diameter of 0.7 mm and pitch size of 3 mm (Sample 

#4).  

a) b)

c) d)
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4. CHAPTER 4: CONCLUSIONS 

In first this study, the effect of pin fins, tip clearance, and distribution pin fins on flow 

boiling heat transfer were investigated with the help of flow visualization efforts. The 

main conclusions drawn from this study can be summarized as follows: 

• Heat transfer enhancements can be achieved with the use of elliptical pin fins 

compared to a plain channel configuration. 

• Distribution pin fins can further augment heat transfer, which is linked with 

homogenous flow distribution and blockage of vapor phase to the inlet. Local heat 

spreading from elliptical pin fins to inlet zones results enhancement in heat 

transfer due to the larger planar extensions with presence of distribution pin fins 

at the inlet region. 

• The heat sink with elliptical pin fins of no tip clearance and distribution pin fins 

has the best performance. Maximum heat transfer enhancement of over 35% 

relative to the plane channel heat sink can be achieved with this configuration, 

even though the plain channel heat sink operates at a 1.6 times larger mass flow 

rate for the same mass flux.  

• Heat transfer coefficient increases with the mass flux, implying the effect of 

convective boiling, which is supported with intermittent and annular flows pattern 

along a significant portion of channel at the lowest mass flux and near the outlet 

at the highest mass flux. 

• Regarding flow pattern maps, flow patterns shift to a more upstream location with 

heat flux, while the transitions between the flow patterns shift towards the exit of 

the channel with mass flux. The transition between flow patterns is delayed with 

the presence of pin fins.  

In second study, an experimental investigation was performed to reveal the effect of 

surface modification and mixed wettability on the pool boiling performance at 

atmospheric and sub-atmospheric pressures using deionized water as the working fluid. 

One homogenous superhydophilic surface sample (Sample #1), one superhydrophobic 

surface sample (Sample #2), and two superbiphilic surface samples (with 

superhydrophobic area to the total area ratios of 11.30% and 28.31%) were tested.  The 
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main conclusions from this study can be summarized as follows: 

• The superbiphilic surface with a pitch size of 3 mm and superhydrophobic spots 

with a diameter of 0.7 mm (Sample #4) had the best performance at both 

atmospheric (103.7 kPa) and sub-atmospheric (28.3 kPa) pressures. Compared to 

the reference superhydrophilic surface, the boiling heat transfer coefficient 

enhancements up to 98% and 54% were achieved for atmospheric and sub-

atmospheric pressures, respectively.  

• The superhydrophobic island pitch size had a negligible effect on boiling heat 

transfer at atmospheric pressure. On the other hand, a large number of active 

nucleated bubbles at sub-atmospheric pressure resulted in boiling heat transfer 

enhancement on the superbiphilic surface with a smaller pitch size. 

• A larger number of nucleation sites (at low wall heat fluxes) and coalescence 

induced bubble departure process (at medium heat fluxes) results in higher heat 

transfer coefficients on the superbiphilic surfaces compared to homogenous 

surfaces under sub-atmospheric conditions. 

• The superhydrophobic (Sample #2) surface and superhydrophobic spots on the 

superbiphilic surfaces offer continuous bubble generation without the bubble 

nucleation waiting stage.  

• The bubble departure diameter significantly increases upon a reduction in pressure 

on the homogenous superhydrophobic surface (at high heat fluxes). 

• The superhydrophobic spots on superbiphilic surfaces behave as active nucleation 

sites at both atmospheric and sub-atmospheric pressures. Although a significant 

number of active nucleation sites can be seen on the homogenous 

superhydrophobic (Sample #2) surface, more enhancements in boiling heat 

transfer can be achieved on the superbiphilic (Sample #3 and #4) surfaces due to 

delays in bubble coalescence before the bubble departure. 
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5. CHAPTER 5: FUTURE WORKS 

Suggested future research directions for the first study can be summarized as: 

• Hydrodynamic aspects can be presented for each configuration. 

• Refrigerants, such as HFE – 7000 refrigerant, could be tested at different mass 

fluxes to reveal the effect of working fluid. This study can be extended to CHF 

(critical heat flux) condition.  

• The experiments can be performed using different shapes of pin fins (such as 

triangular, square, etc.) to reveal the effect of pin fin shape. 

• The experiments can be performed for the coated configurations with mixed 

wettability to reveal surface wettability effect.  

Future research directions for the second study are listed as: 

• The experiments can be performed using various functional surfaces with 

different pitch sizes and diameters of superhydrophobic spots to reveal optimum 

ratio under sub-atmospheric conditions.  

• The experiments can be performed using different working fluids (such as HFE 

7000, 7100, etc.) to reveal effect of working fluid.  

• The experiments can be performed until the CHF condition to reveal the effect of 

surface modifications on CHF. 

• The experiments can be performed at different sub-atmospheric pressure levels. 
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