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ABSTRACT 

BOILING HEAT TRANSFER ENHANCEMENT ON STRUCTURED SURFACES 

BY USING ACTIVE AND PASSIVE METHODS 

 

BEHNAM PARIZAD BENAM 

Mechatronics Engineering, M.Sc. Thesis, July 2022 

Thesis Supervisors: Prof. Dr. Ali Koşar & Dr. Abdolali K. Sadaghiani 

Keywords: Boiling, Heat transfer enhancement, Structured surfaces, Critical heat flux, 

Magnetic nanofluid, Magnetic field, Artificial cavities 

Thermal management is becoming increasingly important for new electronic 

device applications. Boiling is a very effective phase change phenomenon capable of 

dissipating a large amount of heat. This thesis investigates the effect of surface structures 

on boiling heat transfer by using both active and passive approaches. 

In the first part, comprehensive series of pool boiling tests were carried out on 

surfaces having microchannels with different spacings and artificial cavities to investigate 

the mutual effect of surface microstructures, microstructure spacing, and artificial 

nucleation sites on the boiling heat transfer (BHT) performance and critical heat flux 

(CHF). The BHT performance of different samples could be significantly improved for 

samples containing artificial cavities. While microchannel configurations had no 

significant effect at low wall superheats, further increases in wall heat flux revealed the 

effect of surface structure on BHT and bubble dynamics. For samples with 50 and 100 

artificial cavities, the largest spacing exhibited the best performance at high heat fluxes. 

Furthermore, the visualization results revealed that for surfaces with artificial cavities, 

dry-out was the main CHF mechanism, whereas hydrodynamic instability was 

responsible for the occurrence of CHF for surfaces without artificial cavities, which 

proved the dependence of the CHF mechanism on the surface configuration. 

The second part aims to experimentally investigate the effect of magnetic 

nanoparticles on saturated flow boiling heat transfer in a narrow microchannel by using 

microstructured silicon surfaces and comparing the heat transfer performance in the 

absence and presence of an external magnetic field. BHT results show that due to the 

orientation of the heating blocks, the heat transfer coefficients (HTC) on the bottom 

surface were higher than those on the top surface. Moreover, adding nanoparticles 

enhanced BHT and resulted in an increase in up to 21.5% in BHT coefficient. The 

presence of the external magnetic field decreases the bubble departure size and increases 

HTC on the top surface at high heat fluxes. The maximum HTC enhancement in the 

presence of a magnetic field was 25%. Bottom surface exhibited higher ferrofluid BHT 

enhancement in the absence of a magnetic field compared to the case with external 

magnetic field. 
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ısı akısı, Manyetik nanoakışkan, Manyetik alan, Yapay boşluklar 

Termal yönetim, yeni nesil elektronik cihaz uygulamaları için giderek daha 

önemli hale gelmektedir. Kaynama, büyük miktarda ısı atma kapasitesi olan çok etkili bir 

faz değişimi fenomenidir. Bu tezde, hem aktif hem de pasif yaklaşımları kullanarak yüzey 

yapılarının kaynama ısı transferi üzerindeki etkisini araştırılmıştır. 

Birinci bölümde, yüzey mikro yapılarının, mikro yapı aralığının ve yapay 

çekirdeklenme bölgelerinin kaynama ısı transferi (BHT) performansı üzerindeki kombine 

etkisini araştırmak için farklı aralıklarını ve yapay kaviteleri içeren mikro kanallara sahip 

yüzeyler üzerinde kapsamlı havuz kaynama testleri gerçekleştirilmiştir ve kritik ısı akısı 

(CHF) sonuçları elde edilmiştir. Farklı numunelerin BHT performansı, yapay kaviteteleri 

içeren numuneler için önemli ölçüde iyileştirilmiştir. Mikrokanal konfigürasyonları, 

düşük duvar kızma sıcaklıklarında önemli bir etkiye sahip değilken, duvar ısı akısındaki 

daha fazla artış, yüzey yapısının BHT ve kabarcık dinamiği üzerindeki etkisini ortaya 

çıkarmıştır. 50 ve 100 yapay kaviteli numuneler için en büyük mesafe, yüksek ısı 

akılarında en iyi performansı sergilemiştir. Ayrıca, görselleştirme sonuçları, yapay 

kaviteli yüzeyler için ana CHF mekanizmasının kuruma olduğunu, yapay kaviteleri 

olmayan yüzeyler için CHF'nin oluşumundan hidrodinamik kararsızlığın sorumlu 

olduğunu ortaya koymuş, bu da CHF mekanizmasının yüzey konfigürasyonuna 

bağımlılığını kanıtlamıştır. 

İkinci kısım, mikro yapılı silikon yüzeyler kullanarak dar bir mikrokanalda 

manyetik nanoparçacıkların doymuş akış kaynama ısı transferi üzerindeki etkisini 

deneysel olarak araştırmayı ve harici bir manyetik alan yokluğunda ve varlığında ısı 

transfer performansını karşılaştırmayı amaçlamaktadır. BHT sonuçları, ısıtma bloklarının 

oryantasyonu nedeniyle, alt yüzeydeki ısı transfer katsayılarının (HTC) üst 

yüzeydekilerden daha yüksek olduğunu göstermiştir. Ayrıca, nanopartiküllerin varlığı 

BHT'yi iyileştirmiş ve BHT katsayısında %21.5'e varan bir artış sağlamıştır. Dış manyetik 

alanın varlığı, kabarcık ayrılma boyutunu azaltmış ve yüksek ısı akılarında HTC'yi 

artırmıştır. Manyetik alan varlığında maksimum HTC artışı %25 olmuştur. Alt yüzey için 

harici manyetik alan ile karşılaştırıldığında bir manyetik alan yokluğunda ferrofluid BHT 

artışı daha fazla olmuştur. 



   

 

ACKNOWLEDGMENTS 

Firstly, I would like to thank my thesis supervisors, Prof. Dr. Ali Koşar and Dr. 

Abdolali K. Sadaghiani, for offering me this great opportunity to learn and for their 

guidance, patience, and endless support. I do not think it is an exaggeration to say that 

our world needs these types of people more than it ever has before, and I consider myself 

very fortunate to have been able to fully benefit from the emotional and motivational 

support they have provided. 

I need to thank Assoc. Prof. Dr. Feray Bakan Misirlioğlu and Prof. Dr. Yegân 

Erdem my honorable jury members, for their dedication and constructive comments for 

improving the technical context of the thesis and make this thesis more professional. 

This work was supported by TUBITAK (The Scientific and Technological 

Research Council of Turkey) Support Program for Scientific and Technological Research 

Project (Grant No. 119N116). Equipment utilization support from the Sabanci University 

Nanotechnology Research and Applications Center (SUNUM) is gratefully appreciated. 

Special thanks to all of my dear friends at Sabanci University who have become 

more to me than just friends throughout the duration of these past years and supported me 

along the way during my study at Sabanci. 

I would like to thank my beloved family for all the inspiration, unconditional 

support throughout my lifetime. They have always encouraged me to follow my dreams. 

Without them, this journey would not be possible for me. 

Finally, and most importantly, I would like to express my infinite gratitude to my 

everlasting love and my best friend, Darya Farrokhnemoun, for her love, unwavering 

support, and encouragement throughout my academic journey career and life. I owe you 

everything. 

  



   

 

 

 

 

 

 

 

 

 

 

 

 

“There is only one good, knowledge, and one evil, ignorance” 

Socrates 

 

 

 

 

 

 

 

 

 

To my soulmate, Darya… 

 



 i  

 

TABLE OF CONTENTS 

LIST OF TABLES ………………………….………………………………….….…...iii 

LIST OF FIGURES ...…………………………..…………………………………........iv 

Chapter 1.  Introduction ................................................................................................ 1 

1.1 Introduction- A parametric study on pool boiling heat transfer and critical 

heat flux on structured surfaces with artificial cavities .................................... 1 

1.2 Introduction- On saturated flow boiling heat transfer of deionized water and 

magnetic nanofluid on structured surfaces with and without external magnetic 

field 3 

1.3 Structure of thesis ........................................................................................... 5 

Chapter 2.  A parametric study on pool boiling heat transfer and critical heat flux 

on structured surfaces with artificial cavities .............................................................. 7 

2.1 Experiments .................................................................................................... 7 

2.1.1 Experimental setup and procedure ....................................................... 7 

2.1.2 Sample preparation and characterization ............................................. 9 

2.1.3 Data reduction and analysis ............................................................... 11 

2.2 Result and discussion .................................................................................... 13 

2.2.1 The effect of the number of artificial cavities.................................... 14 

2.2.2 The effect of microchannel spacing ................................................... 16 

2.2.2.1 Samples without artificial cavities .............................................. 16 

2.2.2.2 Samples with medium density of artificial cavities .................... 18 

2.2.2.3 Samples with high density of artificial cavities .......................... 20 

2.2.3 Critical heat flux (CHF) ..................................................................... 22 

Chapter 3.  On saturated flow boiling heat transfer of deionized water and magnetic 

nanofluid on structured surfaces with and without external magnetic field .......... 26 

3.1 Bubble force analyses ................................................................................... 26 

3.1.1 Surface tension force ......................................................................... 27 

3.1.2 Shear lift force ................................................................................... 27 

3.1.3 Unsteady drag force ........................................................................... 28 

3.1.4 Buoyancy, contact pressure, hydrodynamic, and quasi-steady drag 

forces ....................................................................................................................... 28 

3.1.5 Presence of a magnetic field .............................................................. 29 



 ii  

 

3.2 Experiments........................................................................................... 30 

3.2.1 Experimental setup and procedure ..................................................... 30 

3.2.2 Ferrofluid and magnetic field characterization .................................. 32 

3.2.2.1 Ferrofluid preparation ................................................................. 32 

3.2.2.2 Magnetic field characterization .................................................. 33 

3.2.3 Sample preparation and characterization ........................................... 36 

3.2.4 Data reduction and Uncertainties ....................................................... 38 

3.3 Results and discussion .................................................................................. 40 

3.3.1 Validation........................................................................................... 40 

3.3.2 Test with DI water (DW) ................................................................... 42 

3.3.3 Test with ferrofluid (FF) .................................................................... 43 

3.3.4 Test with ferrofluid and magnetic field (FF/MF) .............................. 44 

3.3.5 Heat transfer results ........................................................................... 45 

Chapter 4.  Conclusion and Future Works ................................................................ 47 

4.1 Conclusion- A parametric study on pool boiling heat transfer and critical 

heat flux on structured surfaces with artificial cavities .................................. 47 

4.2 Conclusion- On saturated flow boiling heat transfer of deionized water and 

magnetic nanofluid on structured surfaces with and without external magnetic 

field 48 

4.3 Future Works ................................................................................................ 49 

 

 

  



 iii  

 

LIST OF TABLES 

Table 1. Tested samples and their physical characteristics. For all tested samples 

L1=10mm and L2=8mm .................................................................................................. 10 

Table 2. Uncertainties in major parameters. ....................................................... 13 

Table 3. Definition of heat flux from Low to High. ........................................... 15 

Table 4. Helmholtz coil characteristics............................................................... 34 

Table 5. Measured values of the magnetic field intensity and calculated values 36 

Table 6.  Uncertainties in experimental parameters. .......................................... 40 

 

 

  



 iv  

 

LIST OF FIGURES 

Figure 1. Schematic of the pool boiling experimental setup. a) in-house boiling 

heat transfer apparatus utilized for pool boiling experiments, b) pool boiling test section, 

which consists of 1) condenser, 2) immersed heater, 3) thermocouples, 4) plexiglass, 5) 

sample, 6) heating block, 7) cartridge heaters, 8) temperature measurement holes, 9) 

Teflon block for insulation. .............................................................................................. 8 

Figure 2. Fabrication process flow of prepared samples. ..................................... 9 

Figure 3. Silicon wafer sizes and configuration. ................................................ 10 

Figure 4. SEM images of the tested samples. ..................................................... 11 

Figure 5. Wall temperature measurement locations and data reduction approach

 ........................................................................................................................................ 12 

Figure 6. Boiling curves for present experimental research and literature studies.

 ........................................................................................................................................ 13 

Figure 7. Boiling curves for tested samples. ....................................................... 14 

Figure 8. Boiling curves for different samples. The microchannel spacing for 

each of these samples is: (a) 20 µm (b) 40 µm (c) 50 µm (d) 80 µm. ............................ 15 

Figure 9. Effect of artificial cavities for different surfaces at heat flux 7.2 

(W/cm2) for surfaces #1, and #3 (Table 1). .................................................................... 16 

Figure 10. Comparison in heat transfer coefficient (HTC) for different surfaces 

with same spacing and different number of artificial cavities. ....................................... 16 

Figure 11. Different samples with different spacings and without artificial 

cavities. (a) heat flux 7.2(W/cm2), (b) heat flux 45(W/cm2), (c) heat flux 115(W/cm2). 18 

Figure 12. Different samples with different spacings and with 50 numbers of 

artificial cavities. (a) heat flux 7.2(W/cm2), (b) heat flux 45(W/cm2), (c) heat flux 

115(W/cm2). .................................................................................................................... 19 

Figure 13. Different samples with different spacings and with 100 numbers of 

artificial cavities. (a) heat flux 7.2(W/cm2), (b) heat flux 45(W/cm2), (c) heat flux 

115(W/cm2). .................................................................................................................... 21 

Figure 14. Heat transfer coefficient as a function of heat flux for a) samples 

without artificial cavities, b) samples with medium density of cavities c) samples with 

high density of cavities. .................................................................................................. 22 



 v  

 

Figure 15. Schematic of the Zuber hydrodynamic instability model: (a) Vapor jet 

formation prior to CHF. (b) Vapor stem growth. (c) Vapor blanket formation due to 

Helmholtz instability. Adopted version from Liang and Mudawar [91]. ....................... 23 

Figure 16. Vapor blanket formation due to hydrodynamic instability in surface 

#10 at CHF point (165.7 (W/cm2)). ................................................................................ 23 

Figure 17. Schematic of Haramura and Katto's microlayer dry-out model. ....... 24 

Figure 18. Vapor blanket formation and departure due to dry-out mechanism on 

sample #3 at CHF point (181 (W/cm2)). (Red indicators show small bubbles) ............. 24 

Figure 19. Effect of channel spacing and artificial cavities on the CHF for all the 

surfaces. .......................................................................................................................... 25 

Figure 20. Force balance of a vapor bubble at a nucleation site. ........................ 27 

Figure 21. Flow boiling test section design: (a) fabricated test section, (b) 

exploded view and different parts of the test section, (c) microchannel schematic and 

place of the heating surfaces. .......................................................................................... 30 

Figure 22. Schematic of the experimental setup for flow boiling tests. ............. 31 

Figure 23. Using Helmholtz coils as an external magnetic field around the test 

section. The distance between two coils is 150mm, and the diameter of each coil is 

300mm. ........................................................................................................................... 32 

Figure 24. Two different types of nanofluids. .................................................... 32 

Figure 25. Different dilutions of nanofluids ....................................................... 33 

Figure 26. Different dilutions (a) after mixing (b) after one day (c) after one 

week (1: LA 0.01%, 2: LA 0.02%, 3: PAA 0.02%) ....................................................... 33 

Figure 27. Helmholtz coils produce an external magnetic field. ........................ 34 

Figure 28. Magnetic field intensity of each coil and the overall value of the 

magnetic field at different locations [100]. .................................................................... 35 

Figure 29. Structured surfaces with different cavity patterns, (a) square, 

(b)circular........................................................................................................................ 36 

Figure 30. The fabrication process for structured surfaces. a)Silicon substrate, 

b)Al metal layer as a mask, c)Spin coated PR, d)Patterned PR by lithography, 

e)Patterned Al later by wet etching, f)PR washed away, g)Etching Silicon, h)Patterned 

surface after removing Al layer. ..................................................................................... 37 

Figure 31. (a) Silicon wafer mask design for different pitch sizes, (b) Diced 

silicon wafer. ................................................................................................................... 38 

Figure 32. Contact angle of the channel wall made of polycarbonate ................ 38 



 vi  

 

Figure 33. Schematic of thermocouple locations and approach (thermal 

resistance network) to calculate the surface temperature. .............................................. 40 

Figure 34. Validation of experimental results. ................................................... 42 

Figure 35. Boiling images at different heat fluxes and constant mass flux 

(G=300(Kg/m2s)). a) low heat flux, b) medium heat flux, c) high heat flux, d) dry-out 

for the topside heating surface, and bubbles which still generated from the bottom 

surface. ............................................................................................................................ 43 

Figure 36. a) Boiling curves b) Heat transfer coefficients for the cases of heating 

blocks on top and bottom sides for ferrofluid. ................................................................ 43 

Figure 37. Ferrofluid boiling images without external magnetic field at different 

heat fluxes and constant mass flux (G=300(kg/m2s)).   a) low heat flux, b) medium heat 

flux, c) high heat flux, d) dry-out for the top surface ..................................................... 44 

Figure 38. a) Boiling curves b) Heat transfer coefficients for the cases of heating 

block on top and bottom sides for ferrofluid without external magnetic field effect. .... 44 

Figure 39. Ferrofluid boiling images in the presence of an external magnetic 

field effect (3.7 (mT)) at different heat fluxes and constant mass flux (G=300(kg/m2s)). 

a) low heat flux, b) medium heat flux, c) high heat flux, d) dry-out on the top surface. 44 

Figure 40. a) Boiling curves b) heat transfer coefficients of top and bottom 

surfaces for the ferrofluid case in the presence of external magnetic field. ................... 45 

Figure 41. Boiling curves for different conditions a) bottom surface, b) top 

surface (G=300 (Kg/m2s)). ............................................................................................. 45 

Figure 42. Heat transfer coefficients profiles for a) bottom surface and b) top 

surface. ............................................................................................................................ 46 

Figure 43. SEM images of silicon surface with square cavities a) before the test, 

b) tested with ferrofluid) tested with ferrofluid and external magnetic field effect. ...... 46 

 

 



 1  

 

 

 

Chapter 1.  Introduction  

 

1.1 Introduction- A parametric study on pool boiling heat transfer and critical heat 

flux on structured surfaces with artificial cavities 

Heat generation in new generation electronic devices has become a serious 

problem like thermal management for high power for the effective performance of device 

over the last few decades. Thermal management of such electronic systems requires 

efficient heat dissipation to ensure their safe and reliable operational conditions. Boiling 

is a highly effective phase change heat transfer mechanism dissipating a significant 

amount of heat through sensible and latent heat [1–8]. The boiling heat transfer (BHT) 

performance is characterized by heat transfer coefficient (HTC) and critical heat flux 

(CHF). Many studies have been performed to enhance the boiling performance by 

increasing HTC and extending CHF [9–13]. One of the mostly used approaches is surface 

modification by external coating [10,14,15] or integral structuring [16–19]. The surface 

textures generally consist of micro pin fins [20–24], microchannels [3,25–28], and 

artificial cavities [29–37]. The above-mentioned techniques utilize specific surface 

features to manipulate the bubble nucleation, growth, and departure processes as well as 

surface rewetting and liquid replenishment. As an example, McHale and Garimella 

[38,39] showed that micro/nanostructures on the surfaces increased the number of active 

nucleation sites in pool boiling studies. During  nucleate boiling, the cavities are potential 

locations to trap the vapor, increase bubble nucleation sites and enhance pool boiling heat 

transfer [40]. In another study, Dong et al. [41] examined the surface microstructure and 

wettability effect on heterogeneous nucleation in pool boiling by considering the Gibbs 

free energy and availability approaches. They also investigated the bubble dynamics 

behavior from the microstructures by presenting the nucleation site density and departure 

frequency [42] one of the critical parameters influencing BHT. The open microchannels 
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or rectangular micro fins could enhance heat transfer by inducing the capillary flow and 

separating the escaping vapor and replenishment liquid [43–45]. As an example, Li et al. 

[46] conducted  pool boiling experiments on copper surfaces with circular-shaped 

cavities. The bubble escaping resistance was decreased by increasing the cavity number 

and diameter, which resulted in higher HTC at high heat fluxes. However, when the 

number and diameter were too large, there was a deteriorating trend due to the decrease 

in heat transfer area and capillary force. 

The interface area between the vapor and heated surface determines the bubble 

size. Depending on this size, the vapor phase becomes either stable or unstable on the 

heater surface. If the wall superheats are low, the isolated bubbles grow and depart from 

the superheated surface. However, by increasing the wall temperature, the bubbles 

nucleating from nearby sites coalescence to each other and might form giant bubbles [6]. 

As an example, Yu et al. [31,47] investigated pool boiling of FC-72 on surfaces with 

rectangular fins and artificial cavities and reported that the cavity density influenced  HTC 

and CHF, and vapor/bubble coalescence occurred at high heat fluxes rather than at low 

heat fluxes. Zhang and Shoji [30] explored the nucleation site interaction in pool boiling 

and underlined three effective parameters: hydrodynamic interaction among bubbles, 

thermal interaction between nucleation sites, and horizontal and declining bubble 

coalescence. Some articles reported that by increasing the active nucleation sites for 

surfaces with nanotubes at low heat fluxes, the bubble departure diameter decreases and 

departure frequency increases. Zupancic et al. [48] also obtained similar results for 

biphilic surfaces regarding active nucleation sites. 

The other important parameter is the cavity spacing [5]. In an experimental study, 

Chatpun et al. [49] revealed that cavity spacing had an influence on the bubble 

characteristics such as bubble departure frequency,  bubble departure diameter, 

temperature distribution on the heated surface, and heat transfer characteristics. Nikulin 

et al. [50] showed that HTC and bubble behavior were not affected by the large spacing, 

which was significantly longer than the bubble departure diameter. The spacings on the 

order of the bubble departure diameter, on the other hand, triggered the generation of slug 

flow in the bundle, which was highly advantageous for heat exchange at low heat fluxes. 

Finally, in tube bundles with small length to diameter ratios, narrow spacings being 

significantly shorter than the bubble departure diameter demonstrated the ability to 

improve boiling heat transfer. 
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While various research groups reported the effect of the microstructures on HTC 

and CHF, the number of comprehensive parametric studies on the mutual effect of surface 

structures and artificial cavity on CHF mechanisms is considerably limited. Also, there is 

still a need to investigate combined interactions of the nucleation sites and bubble 

dynamics to better understanding different structured surfaces behavior on BHT. For 

covering this issue in this thesis, the fabricated surfaces with the MEMS 

(microelectromechanical systems) technology, which include rectangular fins 

(microchannels), circular cavities, and a combination of both of them, were employed to 

enhance active nucleation sites and to modify surface wettability. The effects of the 

microchannel width and number, circular cavity diameter and spacing were explored in 

pool boiling experiments. In addition, visualization studies were also performed with a 

high-speed camera to reveal the characteristics of BHT, CHF, and bubble dynamics.  

Eventually, the designed surfaces were compared with each other to present an optimum 

surface configuration. 

1.2 Introduction- On saturated flow boiling heat transfer of deionized water and 

magnetic nanofluid on structured surfaces with and without external magnetic field 

Flow Energy saving and energy efficiency improvement are of cardinal important 

in addressing the global energy crisis. In this regard, heat transfer enhancement is an 

efficient approach to save energy and achieve a higher energy efficiency [51,52]. There 

are several techniques to achieve effective heat transfer. BHT is one of the most popular 

and widely used ones. There are many industrial applications of BHT including air 

conditioning, refrigeration, nuclear reactors, chemical engineering, aircraft and spacecraft 

thermal management [53]. In order to make the processes in these applications more 

energy-efficient, BHT must be improved. This is also necessary for significantly reducing 

the energy consumption and system size and volume. 

 It is possible to categorize the methods for improving BHT into two broad 

categories: active and passive methods [14,54,55]. Passive methods rely on fluid and the 

surface characteristics [52,56–58], whereas active methods utilize external power and 

field to improve heat transfer [59,60]. Systems involving can benefit from the application 

of external fields such as magnetic and electric fields, which can be easily generated 

during the process and thus be used as active heat transfer enhancement. 

Magnetic fluids, also known as ferrofluids, have been one of the primary research 

topic in nanotechnology due to their applications in magnetic sealing, electronic 
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packaging, dynamic loudspeakers, electronic packaging, aerospace, biotechnology, 

microfluidics, and drug delivery [61–66]. Magnetic nanoparticles utilized in magnetic 

fluids are often made of metals (ferromagnetic materials) such as iron, nickel, and cobalt, 

as well as their oxides such as spinel-type ferrites magnetite (Fe3O4) in various sizes and 

shapes. In addition to ameliorating thermal characteristics, they also have outstanding 

magnetic properties and thermophysical properties similar to other working fluids. 

Therefore, magnetic fields could be applied to manipulate their flow, heat transfer, and 

movement, which paves way to their potential for their use in different fields [67–72]. 

There are already some studies on magnetically actuated nanoparticles to improve 

heat transfer and overall system stability. Although the thermal conductivity of 

nanoparticles is higher than that of deionized water, some studies reported a decrease in 

the HTC, an improvement in BHT was observed in some studies. For example, under 

boiling conditions, Şeşen et al. [73] investigated the heat transfer properties of 

magnetically actuated nanofluids (Fe3O4), and the two-phase average HTC for the 

magnetic actuation case in boiling increased by 17%. Moreover, magnetically activated 

nanoparticles slowed nanoparticle cluster formation and its surface deposition. In another 

study, Sarafraz et al. [74] investigated the effect of flow rate, inlet subcooling, heat flux, 

and mixture concentration on  HTC in subcooled BHT of water/diethylene glycol. Their 

results showed that increasing the mixture concentration increased the flow boiling heat 

transfer coefficient up to a certain level of volumetric concentrations, more than 5%, 

beyond which HTC decreased. Zonouzi et al. [75] explored the effects of a quadrupole 

magnetic field on the hydrodynamics and heat transfer of water/Fe3O4 in a vertical tube. 

Since the magnetic field within the tube was radial, the magnetic fluid was pushed away 

from the heated wall by the magnetic force. They also observed that an increase in the 

axial distance of the quadrilateral magnets from the tube inlet increased the maximum 

value of local HTC. Lajvardi et al. [76] investigated  laminar flow of Fe3O4 nanoparticles 

(10 nm) and water in a heated tube. Due to the sheer influence of the applied magnetic 

field and the percentage of magnetic nanoparticles, the HTC improved. Guo et al. [77,78] 

performed numerical simulations on the influence of magnetic fields on  boiling of 

magnetic fluids and obtained an improvement in heat transfer with an increase in the 

magnetic field. In another study, Arya et al. [79] concluded that the presence of a magnetic 

field causes a reduction in nanoparticle deposition rate in pool boiling, resulting in 

decreased thermal resistance and less deposition, while HTC decreased less with the test 
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duration during experiments with Fe3O4/deionized water fluids. In addition to increasing 

surface resistance, the lack of a magnetic field also suppressed bubble generation. 

Aminfar et al. [80] performed numerical simulations to investigate ferrofluid flow and 

heat transfer in a rectangular channel in the presence of a non-uniform magnetic field. 

Applied magnetic field increased the Nusselt number and friction factor and generated a 

pair of vortices, which augmented heat transfer and prevented nanoparticle sedimentation. 

Ghofrani et al. [81] studied forced convective heat transfer of a ferrofluid moving within 

a copper tube under alternating and constant magnetic fields. They observed that a 

constant magnetic field had no effect on heat transfer. 

By considering all the above-mentioned studies, it can be deduced that rigorous 

research efforts on boiling of magnetic fluids have been made. However, few studies have 

focused on the visualization and analysis of the combination of significant parameters, 

while there are even fewer studies on flow boiling of magnetic fluids. In this thesis, the 

combined effect of Superparamagnetic Iron Oxide Nanoparticles (SPION) inside the 

working fluid water in the existence and absence an external magnetic field and structured 

surface with square and circular cavities, which was prepared with the implementation of 

the MEMS (microelectromechanical systems) technology, on flow boiling was 

investigated. In addition, a complementary visualization study was conducted on a 

rectangular minichannel with the use of magnetically actuated nanoparticle in order to 

better understand bubble dynamics and BHT trends under different experimental 

conditions. 

1.3 Structure of thesis 

In the current dissertation, two different boiling types, including pool boiling and 

flow boiling, were investigated in the following chapters: 

• Chapter 2: Investigating pool boiling heat transfer and critical heat flux on 

different structured surfaces. These structured surfaces were designed with the 

MEMS technology and include different microchannel spacing and cavities. By 

changing the cavities number and spacing of microchannels, BHT, HTC, and CHF 

also changed. A detailed explanation including experimental setup and procedure, 

data reduction and analysis, sample preparation and characterization, and results 

with a discussion about them were covered in this chapter.  
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• Chapter 3: Experimental study was performed on flow boiling heat transfer on 

structured surfaces with different working fluids, including DI water and magnetic 

nanofluid, on structured surfaces in the presence and absence of an external 

magnetic field. This chapter covers all the related topics including bubble force 

analyses, experimental setup and procedure, nanofluid and magnetic field 

preparation and characterization, sample preparation and characterization, data 

reduction and uncertainties, and results with comprehensive discussion.  

• Chapter 4: This chapter includes major conclusions of the presented works and 

recommendations for future research directions. 
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Chapter 2.  A parametric study on pool boiling heat transfer 

and critical heat flux on structured surfaces with artificial 

cavities 

 

2.1 Experiments 

2.1.1 Experimental setup and procedure 

Figure 1.a shows the in-house boiling heat transfer apparatus utilized for pool 

boiling experiments, and Figure 1.b shows an exploded view of the pool boiling test 

section, which consists of 1) condenser, 2) immersed heater, 3) thermocouples, 4) 

plexiglass, 5) sample, 6) heating block, 7) cartridge heaters, 8) temperature measurement 

holes, 9) Teflon block for insulation. Degassed deionized water (DI) was used as the 

working fluid. Silicon wafers with a thickness of 600 (µm), thermal conductivity of 130 

(W/m.K), dimensions of 12.5 x 12.5 (mm2), and surface roughness of 0.145 nm were used 

as the test samples. Aluminum was chosen as the heating block material because of its 

high thermal conductivity and machinability. An immersion heater was used to maintain 

the desired fluid temperature (saturation temperature) at atmospheric pressure. Four 

vertical cartridge heaters were used to provide heat to the test section via a DC power 

source. Surface measurements were taken with horizontal thermocouples (placed 2 mm 

below the tested samples), whereas heat flux calculations were done with vertical 

thermocouples (1-D conduction). A glass pool was used to visualize the boiling process. 

The outside and inner dimensions of the glass pool were 60 x 60 x 50 (mm3) and 40 x 40 

x 50 (mm3), respectively. In the pool, a thermocouple (for temperature measurement) and 

a submerged heater (to maintain the saturated condition) were installed. The amount of 

working fluid was kept constant during the tests by employing a vertical condenser open 

to ambient pressure. The aluminum heating part was insulated with a Teflon block to 

reduce heat losses. To be able to connect all of the pieces together, a sandwich mechanism 
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was used. All of the data was collected under steady state conditions. CHF represented 

the heat flux, at which a small increase in heat flux (around 1%) resulted in a high surface 

temperature rise (more than 20 °C) and a thick vapor layer covering the heating surface. 

 

 

Figure 1. Schematic of the pool boiling experimental setup. a) in-house boiling heat transfer apparatus utilized for 

pool boiling experiments, b) pool boiling test section, which consists of 1) condenser, 2) immersed heater, 3) 

thermocouples, 4) plexiglass, 5) sample, 6) heating block, 7) cartridge heaters, 8) temperature measurement holes, 9) 

Teflon block for insulation. 



 9  

 

2.1.2 Sample preparation and characterization 

 

Figure 2. Fabrication process flow of prepared samples. 

Figure 2 illustrates the process flow of fabricated samples. Accordingly, first, the 

4-inch silicon wafer with a thickness of 500 µm (University Wafer, Inc., Boston, MA, 

USA) was cleaned with acetone, isopropanol, and was dried by nitrogen gas. Then, using 

a spin coater, the (AZ 4562) photoresist (Microchemicals Corp.) was coated for 45 

seconds at 4000 rpm with a 600 rpm/s angular acceleration. The wafer was then heated at 

115°C for 90 seconds in the soft bake procedure to improve sample and photoresist 

bonding. After that, the coated silicon wafer was exposed to UV light using a Mask 

Aligner UV-Lithography device (Midas System Co., Ltd., Daejeon, Korea, MDA-60MS 

Mask Aligner 4") through the photomasks with arrays of micro-holes printed on acetate. 

Following that, the sample was submerged in the developer, a 1:3 mixture of AZ 400K 

(Microchemicals Corp.) and DI water, for two minutes to remove the exposed region. 

Before starting with the etching procedure, the substrate was heated for five minutes on a 

hot plate at 110°C. Table 1 includes the geometry of fabricated samples. Their depths 

were set at about 50 µm. Deep reactive ion etching (DRIE) is a type of dry etching used 

for structures with high aspect ratios (mostly silicon) and a depth of hundreds of microns 

[82]. This technique, known as the Bosch process, has two basic steps: etching and 

deposition. The reactive gas used in the etching stage was SF6. The silicon was 

predominantly etched vertically by the Fluorine plasma (F+). The C4F8 gas was used in 

the deposition process to create a fluoropolymer passivation layer that prevents lateral 

etching [83]. Then, the substrate was diced into pieces (15 × 15 mm2) to be used in pool 

boiling experiments Figure 3. The SEM images of fabricated samples are shown in 

Figure 4. 
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Table 1. Tested samples and their physical characteristics. For all tested samples L1=10mm and L2=8mm 

 

 
Figure 3. Silicon wafer sizes and configuration. 

 

 

 

Sample # W1 (µm) W2 (µm) S (µm) D (µm) # Of cavities Sample name 

1 100 80 20 - - S20-D0-#0 

2 100 80 20 40 50 S20-D40-#50 

3 100 80 20 40 100 S20-D40-#100 

4 100 60 40 - - S40-D0-#0 

5 100 60 40 30 50 S40-D30-#50 

6 100 60 40 30 100 S40-D30-#100 

7 100 50 50 - - S50-D0-#0 

8 100 50 50 25 50 S50-D25-#50 

9 100 50 50 25 100 S50-D25-#100 

10 100 20 80 - - S80-D0-#0 

11 100 20 80 10 50 S80-D10-#50 

12 100 20 80 10 100 S80-D10-#100 
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Figure 4. SEM images of the tested samples. 

2.1.3 Data reduction and analysis 

The heat transfer parameters including heat flux, wall superheat, and heat transfer 

coefficient were calculated using temperature measurements from the wall surface, 

voltage, and current values of the DC power supply. The following equation was used to 

calculate the net heat flux: 

 lossVI Q
Q

A

−
=   (2-1) 

where V and I are the voltage and current, respectively,  is the heat loss, and A is the 

heated surface area. In boiling experiments, heat losses were calculated as the difference 

between the input power and the amount of cooling energy in single phase flow regime. 

A Teflon block, a common insulator, covered the aluminum heating part to reduce heat 

loss. A natural convection analysis was used to calculate the amount of heat loss at each 

heat flux. As a result, the heat losses were found to be between 5% and 10%. The 

following equation was used to calculate the boiling heat transfer coefficient, ℎ: 

 
w sat

Q
h

T T
=

−
  (2-2) 

Here Q  is the wall heat flux, the wall temperature, and the saturation temperature 

at the local liquid pressure. The wall superheat ( ) is defined as the difference 

between the saturation temperature ( ) and the average surface temperature  𝑇𝑤 =

lossQ

wT satT

satT

satT
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∑ 𝑇𝑤,𝑖/33
1 , defined as the average of three thermocouples located under the heating 

surface. The average of the thermocouple measurements ( ) and the thermal resistance 

from the thermocouple to the surface ( ) were used to calculate the wall temperatures: 

 , , ( )w i th i cT T Q R= −    (2-3) 

The thermal resistance between the thermocouples and surface is , as shown in Figure 

5, is stated as: 

  (2-4) 

where A is the cross-sectional area (here 12.5 × 12.5 mm2),  is the distance between 

the thermocouples and surface, and  is the silicon surface thickness. In addition, the 

conductivities of the aluminum and silicon surfaces are represented by and , 

respectively. , the resistance of the thermal paste between the surface and the heating 

block, of  (m2K/W) from the manufacturer's datasheet is used. 

 
Figure 5. Wall temperature measurement locations and data reduction approach 

Each experiment was repeated for three times to ensure the repeatability of the 

results. The uncertainty propagation method was used to calculate the uncertainties in 

experimental parameters [84].  

 

Table 2 shows the uncertainties in major parameters. 
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Table 2. Uncertainties in major parameters. 

Parameters Uncertainties 

Voltage ±1 (V) 

Current ± 0.1 (A) 

Image pixel size 250 (µm) 

Wall temperature ±1 (℃) 

Fluid temperature ±0.5 (℃) 

Critical heat flux (CHF) ±3% (W/cm²) 

Heat transfer coefficient ±4.5-7% (W/m². K) 

 

2.2 Result and discussion 

This study focuses on the effect of artificial inter-cavity number and spacing and 

microchannel spacing on the nucleate boiling performance, bubble nucleation parameters, 

and CHF for a test surface with micro-circular cavities immersed in saturated water at 

atmospheric pressure. 

In order to validate experimental results, the findings of pool boiling curves for 

deionized water and bare silicon surface were compared with experimental studies 

reported in the literature, such as Motezakker et al.[7], Cho et al. [85], and KC et al. [86]. 

As shown in Figure 6, the experimental results were in good agreement with previous 

pool boiling curve research. 

 
Figure 6. Boiling curves for present experimental research and literature studies. 
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The nucleate boiling performance was determined by evaluating the pool boiling 

curves for structured and plain surfaces. Cavities on the heated structured surface act as 

nucleation sites, thereby reducing the boiling inception superheat. The present study 

comprises 12 different silicon surfaces with different geometric parameters listed in 

Table 1. Boiling curves for different surfaces are included in Figure 7 as a single graph 

for providing a better comparison. 

 
Figure 7. Boiling curves for tested samples. 

2.2.1 The effect of the number of artificial cavities 

Samples with different geometrical properties having 0, 50, and 100 artificial 

cavities were tested to investigate the effect of the number of nucleation sites and to study 

the combined effect of the surface structure and artificial cavities on the Onset Nucleate 

Boiling (ONB) and bubble dynamics. Figure 8 compares the boiling curves for samples 

with the same microchannel spacing and different nucleation sites. As expected, at a fixed 

microchannel spacing, wall superheat decreases with the number of artificial cavities on 

the superheated surface. As reported in the study of  Zhong et al. [29], artificial cavities 

act as nucleation sites and enhance the bubble nucleation process and reduce the required 

wall superheat for ONB. Furthermore, by looking at profiles corresponding to different 

spacings, except samples with S=20 µm at low heat fluxes, it can be observed that the 

effect of microchannel spacing is dominant over the number of cavities for S=20 µm as 

depicted in Figure 8a. For samples with S=20 µm at low heat fluxes by increasing number 

of cavities BHT is also enhanced. Boiling images also support these findings, as seen in 

Figure 9. Accordingly, it is obvious when the number of cavities increases, there exist 
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more nucleation points and more bubbles, which assist in reducing the wall superheat and 

enhancing BHT. From Figure 7 (b-d), it is evident that in the samples S40, S60 and S80, 

the effect of the cavity number is obvious as BHT increases with the number of cavities. 

However, for samples S20 with the smallest spacing (length of spacing is half of the 

cavities diameter), the formation of nucleation points in the cavities is prevented, and the 

distance between the micro-channels spacing serves as nucleation  points, which does not 

allow for the generation of nucleation points in the cavities anymore. Therefore, with an 

increase in the number of cavities, the sample contact surface with the fluid decreases and 

partially limits the enhancement of the surface performance in this group. The obtained 

results also indicate that while the microchannel configurations have no considerable 

effect at low heat flux (defined in Table 3), further increasing the heat flux reveals the 

surface structure effect on BHT and bubble dynamics. 

Table 3. Definition of heat flux from Low to High. 

Heat flux definition Heat flux range (W/cm2) 

Low 0-40 

Medium 40-100 

High 100-200 

 

 
Figure 8. Boiling curves for different samples. The microchannel spacing for each of these samples is: (a) 20 µm (b) 

40 µm (c) 50 µm (d) 80 µm. 
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Figure 9. Effect of artificial cavities for different surfaces at heat flux 7.2 (W/cm2) for surfaces #1, and #3 (Table 1). 

 

Figure 10. Comparison in heat transfer coefficient (HTC) for different surfaces with same spacing and different 

number of artificial cavities. 

As shown in Figure 10 HTC increases with the number of cavities. An increase 

in the number of artificial cavities leads to an increase in active nucleation sites, thereby 

enhancing boiling heat transfer. 

2.2.2 The effect of microchannel spacing  

Channel spacing is one of the important parameters affecting boiling heat transfer 

and behavior of the bubble on the departure time from the surface. In this section, the 

experiments were conducted at three different groups with different spacings and same 

cavity density. For a better understanding and detailed study, they were compared within 

three regions of heat fluxes: Low, Medium, and High heat flux (Table 3).  

2.2.2.1 Samples without artificial cavities 

The first group serves for revealing the effect of spacing for surfaces with 

microstructures without any artificial cavities. These surfaces correspond to samples #1, 
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#4, #7, and #10. First, at the low heat flux cases, the biggest spacing among these samples 

(#10) leads to a better performance compared to the other three samples and to smaller 

wall superheat temperatures. However, sample #1 with the smallest spacing performs 

better compared to samples with larger spacing (#4 and #7).  

For the medium heat flux cases, with an increase in heat flux, the BHT 

performance of sample #1 improves and becomes even better than that of sample #10. 

The performances of samples #1 and #10 are still better than samples #4 and #7. For the 

high  heat flux cases, the performance of sample #1 with the smallest spacing still remains 

better than the rest of the samples and is followed by sample #10 with the biggest spacing. 

In the meantime, it can be noticed that the performance of sample #7 slightly improves 

and becomes better than sample #4. 

According to these observations, it can be concluded that the smallest spacing has 

a positive effect on the performance of the samples and is followed by the biggest spacing. 

However, the other two samples, which have rather a medium spacing, does not provide 

a high performance compared to the other ones. Figure 11 shows the boiling images 

related to these four samples at different heat fluxes. It can be seen that, for the surface 

with the smallest S (sample #1), the number of nucleation points is more than the other 

surfaces, and with an increase in the heat flux, more nucleation points are activated, which 

continues until nucleation occurs on the entire surface. This finding is in agreement with 

the results in different studies [49,50,87], which reported that short spacing improves heat 

transfer. As the heat flux increases, the coalescing bubbles begin to form bubble groups 

and depart accordingly.  
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Figure 11. Different samples with different spacings and without artificial cavities. (a) heat flux 7.2(W/cm2), (b) heat 

flux 45(W/cm2), (c) heat flux 115(W/cm2). 

2.2.2.2 Samples with medium density of artificial cavities 

In this section, samples with 50 artificial cavities are examined. The numbers of 

these samples by considering the spacing from smaller to bigger spacing are #2, #5, #8, 

and #11, respectively. As shown in Figure 8, when artificial cavities are added to the 

samples, at low heat fluxes, unlike in the case without any cavity, the performance of the 

sample with the largest spacing becomes lower than other surfaces with the same number 

of cavities. It can be seen that the performance of other surfaces with smaller spacings is 

close to each other, and only the performance of sample #5 is slightly better compared to 

samples #2 and #8. For the medium heat flux range, the performance of samples #2 and 

#11 improve such that sample #2 has the best performance in this range of heat flux 

compared to similar samples.  For high heat flux values, sample #11 with the largest 

spacing, in the contrast to the low heat flux results, performs much better at high heat 

fluxes and has the best performance among those samples. In addition, the performances 

of all three samples #2, #5, and #11 are very close to each other, while sample #8, unlike 

other samples, has an inferior performance at high heat fluxes compared to other samples. 
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A possible reason for such a performance could be the mutual effect of nucleation site 

and spacing at this sample, in which the generated bubbles from microchannels 

coalescence with generated ones from artificial cavities and results in a sooner bubble 

departure from the substrate. 

Considering the results obtained from the samples, which all contain 50 artificial 

cavities, it can be concluded that sample #11, which has the biggest spacing, gradually 

improves its performance with heat flux and has the best performance at high heat fluxes. 

Figure 12 shows the visualization results related to these four samples at different heat 

fluxes. It is evident that, at low heat fluxes, artificial cavities cause the generation of some 

nucleation points on the whole surface. With an increase in the heat flux to 45 (W/cm2), 

as shown in Figure 12b, the number of nucleation sites also increases. On the surfaces 

with larger S, the size of the bubbles at departure is smaller, which is due to more space 

for feeding the surface with the fluid within the channel spacing areas. This was also 

reported in some studies [88,89] and confirms the subsequent increase in  BHT.  

 
Figure 12. Different samples with different spacings and with 50 numbers of artificial cavities. (a) heat flux 

7.2(W/cm2), (b) heat flux 45(W/cm2), (c) heat flux 115(W/cm2). 
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2.2.2.3 Samples with high density of artificial cavities 

The last category of samples performance comparison (shown in Figure 8) 

corresponds to the samples with the highest number of artificial cavities (100 artificial 

cavities on each sample) and includes samples #3, #6, #9, and #12 (from smallest to 

largest spacings). At low heat fluxes, samples #6 and #9 function almost identically and 

have the best performance among these four samples. Next to them are samples #3 and 

#12, respectively. At moderate heat fluxes, samples #6 and #9 maintain their relative 

superiority, whereas the performance of sample #12 becomes better than that of sample 

#3, and the performance of sample #3 also has a relative decline in the performance. For 

high heat fluxes, it is evident that the performance of sample #12 improves again and 

performs even better than samples #6 and #9, while sample #3 is relatively far from these 

other three samples. 

Considering the BHT performance and behavior of the samples at different heat 

fluxes, it can be concluded that on the surfaces, where the most artificial cavities are 

located, the average spacing (neither the smallest nor the biggest) causes effective cooling 

at the low and medium heat fluxes, which implies an optimum configuration in terms of 

spacing. However, for the largest spacing, the surface BHT performance gradually 

improves with heat flux so that at it has the best performance among the samples high 

heat fluxes. This is why sample #3 with the smallest spacing does not perform well, and 

by increasing the heat flux, its difference in the performance from other samples 

increases. As reported in the study Jaikumar and Kandlikar [90], the optimum spacing is 

different depending on the operating conditions. Figure 13 shows the visualization results 

related to these four samples with artificial cavity number of 100 at three different heat 

fluxes (Low, Medium, and High heat flux). As can be seen in Figure 13b, at medium heat 

fluxes, the number of the small bubbles increases with the channel spacing, which results 

in a better performance for the surfaces with a larger spacing. With a further increase in 

the heat flux to 115 (W/cm2) (high heat flux zone), it is evident that bubbles become 

larger, and the coalescence can be widely recognized. With a decrease in the spacing, the 

bubbles grow to a larger size and can hardly detach from the surface, which assists in the 

formation of vapor blanket on the samples. Eventually, it can be concluded that the 

surface with the largest spacing (#11) has then a smaller bubble departure diameter, and 

the bubbles from this surface can detach faster than other surfaces, which enables 

rewetting and thus enhances BHT.  



 21  

 

 
Figure 13. Different samples with different spacings and with 100 numbers of artificial cavities. (a) heat flux 

7.2(W/cm2), (b) heat flux 45(W/cm2), (c) heat flux 115(W/cm2). 

Figure 14 displays HTC profiles of all tested samples and summarizes all the 

results, which are discussed above.   
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Figure 14. Heat transfer coefficient as a function of heat flux for a) samples without artificial cavities, b) samples 

with medium density of cavities c) samples with high density of cavities. 

2.2.3 Critical heat flux (CHF) 

In boiling heat transfer, critical heat flux (CHF) defines the operational limit and 

is recognized when a vapor layer begins to cover the heated surface, thereby considerably 

lowering heat transfer rate. In the literature, five possible pool boiling CHF mechanisms 

were reported [91]. A major mechanism is hydrodynamic instability presented by Zuber 

[92], which was the first physical explanation of the CHF phenomenon (Figure 15). 

Accordingly, CHF happens when the surface–fluid interface is broken due to the gravity-

induced velocity differential between the rising vapor column and the falling liquid. For 

all the surfaces without artificial cavities, the probability of the vapor jets merging 

increases as the spacing increases. Therefore, vapor jets tend to coalesce at a lower 

altitude, which reduces CHF for samples with larger spacing. Figure 16 shows the vapor 

blanket formation and departure for sample #10, which corresponds to the initiation of 

the CHF condition due to the hydrodynamic instability mechanism. 
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Figure 15. Schematic of the Zuber hydrodynamic instability model: (a) Vapor jet formation prior to CHF. (b) Vapor 

stem growth. (c) Vapor blanket formation due to Helmholtz instability. Adopted version from Liang and Mudawar 

[91]. 

 

Figure 16. Vapor blanket formation due to hydrodynamic instability in surface #10 at CHF point (165.7 (W/cm2)). 

The other important CHF mechanism is the microlayer dry-out [93] condition, 

where the vapor flow totally blocks the rewetting flow path at a CHF. On superheated 

surfaces, temporary dry-out is a result of this scenario. Figure 17 shows the schematic of 

the Haramura and Katto's microlayer dry-out model [93]. On surfaces with artificial 

cavities, as discussed in the HTC results (Figure 10), the presence of artificial cavities 

raises the number of nucleation sites and improves boiling heat transfer. These nucleation 

points continue to generate bubbles at high heat fluxes with higher departure frequencies. 

This in turn leads to a presence of large number of bubbles on the surface and assists the 

formation of vapor blanket, which eventually causes the surface to reach CHF on the 

surfaces with artificial cavities. Figure 18 shows the vapor blanket formation and 

departure for sample #3, which corresponds to the starting point of the CHF condition 

and dry-out. The red lines indicate small bubbles causing the formation of vapor blanket. 
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Figure 17. Schematic of Haramura and Katto's microlayer dry-out model. 

 

Figure 18. Vapor blanket formation and departure due to dry-out mechanism on sample #3 at CHF point (181 

(W/cm2)). (Red indicators show small bubbles) 

Figure 19 displays CHF of the samples. As shown in Figure 19, it is evident that 

for most samples containing artificial cavities, CHF is extended. Samples #5, #6, #11, 

#12, and #3 can be considered as an example. But in the meantime, some samples act 

independently such as sample #2. For sample #2, it can also be observed that due to the 

artificial cavities size and small spacing on the microchannels, a vapor cloud forms on the 

surface more easily than the other samples. 
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Figure 19. Effect of channel spacing and artificial cavities on the CHF for all the surfaces. 

It is clear that with an increase in the number of cavities for different spacings, 

including S=40µm, 50µm, and 80µm, CHF can be enhanced. When comparing the same 

structures with different spacings, it can be concluded that for surfaces without artificial 

cavities, with an increase in channel spacing, CHF first decreases, and then there exists a 

plateau for increasing spacings. For the surfaces with an artificial cavity number of 100, 

CHF has the highest values, except surface #9, which has a lower CHF than the others. 

This result agrees with the reported data by Liang et al. [89] and Zhong et al. [29]. 

By considering visualization results, it is evident that for samples with artificial 

cavities, the microlayer dry-out mechanism is responsible from CHF, which is proven 

with the formation of a vapor blanket on the surface (Figure 18). This is valid for all 

surfaces except surfaces without artificial cavities. In this case, hydrodynamic instability 

triggers CHF (Figure 16).  
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Chapter 3.  On saturated flow boiling heat transfer of 

deionized water and magnetic nanofluid on structured 

surfaces with and without external magnetic field 

 

3.1 Bubble force analyses 

A bubble grows until it reaches a certain size at the nucleation site and leaves the 

nucleation site. Then, it begins to slip forward on the surface. The bubble is lifted from 

the heating surface after moving along a certain distance. Figure 20 depicts a schematic 

of the acting forces on a single bubble. The forces are extended in the X and Y directions 

for simplicity and are given as follows: 

 F F F F F F
x sx sl dux h cp
= + + + +  (3-1) 

 F F F F F
y sy duy qs b
= + + +  (3-2) 

where , , , , , ,F F F F F F F
s sl du b h cp qs

 are the surface tension force, shear lift force, 

unsteady drag force, buoyancy force, hydrodynamic force, contact pressure force, and 

quasi-steady drag force, respectively. 

The forces in the y-direction try to lift the bubble from the heating surface, while 

the forces in the x-direction prevent attachment on the surface. 
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Figure 20. Force balance of a vapor bubble at a nucleation site. 

3.1.1 Surface tension force 

The surface tension forces in the x and y-axes are calculated follows [94]: 

 

( )
[sin sin ]

2 2( )

a rF d
sx w a r

a r

  
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−
= − +

− −
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 [cos cos ]F d
sy w r a

a r


  
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= − −
−

 (3-4) 

In this equation a , r , ,wd  and   are the advancing contact angle, receding 

contact angle, bubble contact angle diameter, and surface tension, respectively. 

3.1.2 Shear lift force 

Over a wide range of Reynolds numbers, the shear lift force changes with the fluid 

velocity as follows [95]: 

 
1 2 2

2
F C u r

sl l l b
=  (3-5) 

Here, u is the fluid velocity at the bubble center, and lC is the shear lift coefficient, 

which is defined as: 

 

1 1

2 22 43.877 (Re 0.014 )C G G
l s b s

−= +  
(3-6) 
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where b
s

rdu
G

dx u
= , and 

2
Re b

b

l

r u

v
=  are the liquid shear gradient and bubble 

Reynolds number, respectively. 

3.1.3 Unsteady drag force 

Due to the growth of bubbles, the unsteady drag force, also known as growth 

force, is represented as [96]: 

 
11 112 2( )
6 2

F r r r r
du f b b b b

 = − +  (3-7) 

where br  and br are the first and second derivatives of the bubble radius with 

respect to time. The bubble radius ( )br  is expressed as [97]: 

 
2b

r Ja t
b f




=  (3-8) 

where b is constant and taken 1.37 [95], and 
f is the thermal diffusivity. Ja is 

the Jacob number and is defined as: 
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3.1.4 Buoyancy, contact pressure, hydrodynamic, and quasi-steady drag forces 

All the above mentioned forces can be expressed using the following equations [94]: 
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where bd , l , 
g ,  , r , wd  are the bubble diameter, liquid phase density, vapor 

phase density, surface tension, bubble curvature radius, and bubble contact diameter, 

respectively. Also, in these equations, ( )bU u r= , 0.65n = , and
2

Re l b
b

l

Ur


= . 

3.1.5 Presence of a magnetic field 

An external magnetic field can be assumed to operate as a magnetic dipole [98] 

for actuation of magnetic nanoparticles. The applied magnetic force is defined as: 

 ( . )F m B
m
=   (3-14) 

where m is the magnetic dipole moment, and B is the magnetic induction due to 

the external magnetic field. Rather than the magnetic field itself, the force acting on 

nanoparticles is dependent on the magnetic field gradient. The nanoparticle's magnetic 

moment, m, is a function of its magnetization: 

 m MV
np

=  (3-15) 

where M H=  is the volumetric magnetization of magnetic nanoparticles, and

MNP water   = −  , which is the effective susceptibility of the magnetic nanoparticles (by 

considering water as the medium),  and 

3

6

np

np

D
V


= , where 

npD is the diameter of 

nanoparticles. 

It is assumed that the nanoparticle's magnetization is saturated at all levels of an 

external magnetic field so that 
sp

MNP

M

H
  = = ,where 

spM  is the nanoparticle's 

saturation magnetization. The following expression can be derived by assuming that 

water's relative permeability 1r = , together with 0H= : 

 ( . ) ( . )

V M
np sp

F m B B B
m B
=  =   (3-16) 

By considering 0B = , the magnetic force is obtained as: 

 2( . )
2 2

V M V M
np sp np sp

F B B B
m B B
=  =   (3-17) 
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3.2 Experiments 

3.2.1 Experimental setup and procedure 

Most of the available studies in the literature investigated boiling of ferrofluids in 

cylindrical channels or rectangular channels with a small aspect ratio (0.4<AR<4). In this 

study, we designed a high aspect ratio rectangular mini channel (AR>10) to gain some 

advantages, including a two-piece test section (up and down) to study the effect of the 

orientation angle of the heating block and the effect of the gravity force as well, a 

rectangular channel for better visualization, very narrow channel to study different other 

parameters and forces (Figure 21). 

 

Figure 21. Flow boiling test section design: (a) fabricated test section, (b) exploded view and different parts of the test 

section, (c) microchannel schematic and place of the heating surfaces.  

As can be seen in Figure 21.b, there are two aluminum blocks for heating with 

cartridge heaters and different Teflon parts for insulating the test section. Also, two 

different additional pieces of aluminum blocks were added to the bottom and top sides to 

package the test section and to hold all the parts at their prescribed locations. The most 

important part is the test channel made of polycarbonate, which is more durable than 

plexiglass to high temperatures and pressures. The size of the channel cross-section is 0.5 

(mm) × 10 (mm), while its length is 50 (mm). As shown in Figure 21.c, different bubbles 

are generated from heated surfaces on the top and bottom sides of the channel, while the 

applied magnetic field effect make them move and detach from the heated surface in a 

faster fashion. 
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As can be seen in Figure 22, the experimental setup, including a nitrogen tank for 

pumping the fluid, the fluid container at high pressure, a water bath, and some pressure 

sensors and thermocouples, for capturing pressure and temperature data, were used. First, 

the fluid container was filled with the working fluid from the top. Thereafter, a nitrogen 

tank pushed the nitrogen into the fluid container, and pressure was increased up to 4(bar), 

which was measured by a pressure sensor and enough for achieving the desired flow rate. 

We utilized a water bath as a preheater to heat the fluid to the saturation temperature. For 

this purpose, the water bath was heated up to 135ºC to have the saturated condition before 

the test section inlet. For capturing boiling images, a high-speed camera and illumination 

source were used to visualize the flow inside the test section. The fluid passed through 

the test section and was guided into another fluid container after leaving the test section's 

outlet. A power supply was used to heat six cartridge heaters inside the aluminum blocks 

at the top and bottom sides of the channel. By increasing voltage, the heat flux was raised 

so that the experimental data could be acquired at different heat fluxes under steady state 

conditions. 

 

Figure 22. Schematic of the experimental setup for flow boiling tests. 

First, the experiments were performed with DI water, and after finishing all the 

necessary tests, the tests focused on ferrofluid as the working fluid. In the final step, the 

external magnetic field was applied to the setup to reveal the effect of the external 

magnetic field in the setup (Figure 23). It should be noted that the external magnetic field 

magnetic flux density was 3.7 (mT) for experimental tests, which was the maximum 

magnetic flux density for Helmholtz coils. The maximum magnetic flux density amount 

has been selected according to the available sizes and models of Helmholtz coils and how 
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it is located around the test section by considering our limitations for visualization camera 

place.  

 

Figure 23. Using Helmholtz coils as an external magnetic field around the test section. The distance between two 

coils is 150mm, and the diameter of each coil is 300mm.  

3.2.2 Ferrofluid and magnetic field characterization 

3.2.2.1 Ferrofluid preparation 

To prepare ferrofluids, we used two different types of nanoparticles. The first one 

is Lauric Acid (LA) coated Superparamagnetic Iron Oxide Nanoparticles (SPION), and 

the second one is Polyacrylic Acid (PAA) coated SPION (Figure 24). 

 

Figure 24. Two different types of nanofluids. 

The initial volumetric concentrations of these nanoparticles were 5%.  DI water 

was added to the main fluids for the preparation of desired diluted ferrofluids to ensure 

stability. Figure 25 shows the prepared stable fluids with a 0.02% volume fraction in 

parallel with the literature [99].  As shown in Fig. 8, the other prepared fluids with 

different volume fractions of PAA-coated nanoparticles including 0.6%, 0.4%, 0.2%, and 

0.1% are not stable, and nanoparticles precipitated after a short time. Moreover, the 
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stability of these fluids was tested by examining their stability over a week. As shown in 

Figure 26, LA-coated nanofluid was not stable for a long time; therefore, to ensure that 

our ferrofluid is stable, we decided to continue with all the tests with PAA-coated 

nanoparticles. 

 

Figure 25. Different dilutions of nanofluids 

 

Figure 26. Different dilutions (a) after mixing (b) after one day (c) after one week (1: LA 0.01%, 2: LA 0.02%, 3: 

PAA 0.02%)  

3.2.2.2 Magnetic field characterization 

To provide the necessary magnetic field for nanoparticle actuation and to allow 

visualization, we decided to use Helmholtz coils, which are a type of electromagnets as 

indicated in Figure 27. They could generate the desired magnetic field around the channel 

with a magnetic flux density of about 3.7 (mT). 
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Figure 27. Helmholtz coils produce an external magnetic field. 

Two narrow pairs of coils with a radius R=150 (mm) were arranged in parallel 

with each other and on the same axis (with a distance (R)). The technical characteristics 

of the coil used in the experiments are shown in Table 4. 

Table 4. Helmholtz coil characteristics 

Description Amount 

Number of turns per coil 124 (turns) 

Mean coil radius 150 (mm) 

Coil spacing 150 (mm) 

Maximum coil current 5 (A) 

Maximum coil voltage 6 (V) 

Maximum flux density at 5 (A) 3.7 (mT) 

The magnetic field of each coil is non-uniform. When the distance between the 

two coils is equal to the coil radius, the magnetic field between the coils becomes uniform. 

The two field' superimposition of pair of coils produces a largely uniform magnetic field 

in the middle of (R) distance. The magnetic field strength changes with the distance as 

shown in Figure 28 for each coil individually and an overall value for the pair of the coils. 
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Figure 28. Magnetic field intensity of each coil and the overall value of the magnetic field at different locations 

[100]. 

For a single coil with a distance R/2 from the origin, the magnetic flux density is 

expressed as: 
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(3-18) 

where N, R, 0 , I, and Z are the number of turns in each coil, mean coil radius, 

magnetic field constant, current in the wire, and distance of each coil from the center, 

respectively.  

The magnetic flux density of the Helmholtz coils can be calculated using the Biot-

Savart equation for the distance Z=R/2 from the origin using the following formula: 
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For the Helmholtz pair of coils, with the technical characteristics of the coil when 

z=0 and 𝜇0 = 4𝜋 × 10−7(
𝐻

𝑚
) we can get: 𝐵 = 7.433 × 10−4𝐼 (𝑇). Then, the magnetic 

field intensity at the center of each coil is: 𝐵 = 7.063 × 10−4𝐼 (𝑇).  

To validate the experimental results, preliminary experiments were performed 

with a gauss meter. The results of the measurements with a gauss meter were compared 

with the theoretical results for each coil separately and both coils together. In order to 

perform experiments, a (DC) power supply 5(A) at 230(V) and a gauss meter was used 
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based on the coil's instruction sheet. A single power supply was used to obtain a uniform 

current for both coils. The transverse probe of the gauss meter was used for the 

measurements. The Hall probe, which is the most important part of the gauss meter, is 

normally flat to make it suitable for measuring transverse magnetic fields. Axial probes 

were used to measure fields that were parallel to the probe. The gauss meter was adjusted 

on the (DCpk) mode, which means that the maximum positive peak reading of the DC 

electric field. The coils were connected in series to the DC power supply via connection 

cables. The power supply was set at 2.5 (A). Table 5 shows the results of the measured 

and calculated magnetic field intensity. 

Table 5. Measured values of the magnetic field intensity and calculated values 

Coil 1 Coil 2 
Both coils 

(measured) 

Both coils 

(calculated) 

1.822 (mT) 1.864 (mT) 1.850 (mT) 1.858 (mT) 

 

The value of magnetic flux density from the measurements was 3.68 (mT) for a 

maximum current of 5(A). As a result, all the experiments with the magnetic field were 

performed at a 3.7 (mT) magnetic flux density. 

3.2.3 Sample preparation and characterization 

Two-side polished silicon wafers were used. First, the wafers were cleaned using 

acetone, IPA, and DI water and were then blown with nitrogen gas to ensure that they 

were free of contaminants. As can be seen in Figure 29, structured surfaces were designed 

to have different cavity patterns, including squares and circles with pitch sizes of 1(mm).  

 

Figure 29. Structured surfaces with different cavity patterns, (a) square, (b)circular. 

Cylindrical and square columns of cavities were formed on each surface (0.5mm 

× 50mm) of two side polished silicon wafers with a 500µm thickness. The structures were 
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fabricated with the deep reactive-ion etching (DRIE) process capable. Since the DRIE 

was supposed to be used to etch the silicon thickness of 50µm, the resist would not have 

been survived to be used as a mask. Instead, an aluminum metal interlayer, which enjoyed 

a high selectivity compared to silicon under dry etching, was employed to serve as a mask. 

To this end, the E-Beam evaporation method was implemented to deposit a layer of 100 

nm of aluminum (with a deposition rate of 1A/s and a vacuum of 5e-6 mTorr). Thereafter, 

in order to have the patterns on the Al film, a layer of photoresist (GXR-601) was spin-

coated followed by soft backing, photolithography process, and development. Having the 

patterns inside the resist, they were transferred to the aluminum layer by wet etching. 

Subsequently, the PR was washed away with acetone, IPA, and DI water, and the sample 

was dried with nitrogen gas. The patterned aluminum layer was then employed as a mask 

for etching the underneath silicon by the DRIE process. Figure 30 shows all steps of the 

fabrication process. 

 

Figure 30. The fabrication process for structured surfaces. a)Silicon substrate, b)Al metal layer as a mask, c)Spin 

coated PR, d)Patterned PR by lithography, e)Patterned Al later by wet etching, f)PR washed away, g)Etching Silicon, 

h)Patterned surface after removing Al layer. 

 Figure 31 shows the mask design used during the fabrication process for different 

patterns with different pitch sizes and final diced samples to be used as substrate. 



 38  

 

 

Figure 31. (a) Silicon wafer mask design for different pitch sizes, (b) Diced silicon wafer. 

As can be seen in Figure 32, the contact angle of the channel wall, which was 

made of polycarbonate material, is about 90°. It is important to note that the contact angle 

of the polycarbonate walls, both the machined side and the bare side, were the same. 

 

Figure 32. Contact angle of the channel wall made of polycarbonate 

3.2.4 Data reduction and Uncertainties 

The voltage, current, flow rate, and temperature data were used to calculate the 

mass flux and local and average heat transfer coefficients. The mass flux G was calculated 

as follows: 

 
c

m
G

A
=  (3-20) 
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where m is the mass flow rate, and cA is the cross-section area of the microchannel. 

Based on voltage and current values, the delivered electrical power can be calculated from 

the following formula: 

 P V I=   (3-21) 

where V is the measured voltage, and I is the measured current. Furthermore, the 

heat flux can be expressed as: 

 
( )loss

h

P Q
Q

A

−
=  (3-22) 

where P is the applied net power to the system, 
lossQ is the heat loss, and hA is the 

area of the heated surface. Heat losses (
lossQ ) were calculated using the surface heat loss 

estimation method for boiling tests. This required discharging the fluid from the system 

and starting to increasing power to the setup for heating. The temperature, as well as the 

applied power, were then recorded once the system reached the steady-state condition. As 

a result, a linear heat loss curve was plotted, which was then utilized to calculate heat 

losses. 

Heat transfer coefficient (HTC) can be calculated from the following equation: 

 ℎ =
𝑄̇

(𝑇𝑠 − 𝑇𝑓)
 (3-23) 

where 
fT is the temperature of the working fluid (saturation temperature for 

saturated boiling), and sT is the heated surface temperature, which is the average of five 

different 
,s iT . As shown in Figure 33, by using the known applied heat flux and thermal 

resistances, the temperatures of the surface can be calculated as: 

 𝑇𝑠,𝑖 = 𝑇𝑖 − 𝑄̇(
𝐿𝐴𝑙

𝐾𝐴𝑙
+ 𝑅𝑇𝑃 +

𝐿𝑆𝑖

𝐾𝑆𝑖
) (3-24) 

where 
,s iT is the surface temperature at each thermocouple position for (i=1 to 5), 

and iT is the temperature recorded from the thi  thermocouple place. Furthermore, 

, , , ,Al Si Al Si TPL L K K R represent the thickness of aluminum block, thickness of the silicon 

sample, thermal conductivity of aluminum, conductivity of silicon wafer, and thermal 

resistance of the thermal paste, respectively. 
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Figure 33. Schematic of thermocouple locations and approach (thermal resistance network) to calculate the surface 

temperature. 

Table 6 summarizes the uncertainties in experimental parameter, which were 

based on the uncertainty propagation method  (Coleman and Steck [84]). 

Table 6.  Uncertainties in experimental parameters. 

Parameter Uncertainty 

Voltage [V] ±1 

Current [A] ±0.1 

Temperature [K] ±0.5 

Dimensions [µm] ±15 

Mass flow rate [kg/s] ±2-5% 

Heat transfer coefficient [W/m2K] ±4-6% 

 

3.3 Results and discussion 

3.3.1 Validation 

Prior to conducting BHT studies, single-phase heat transfer tests were done to 

ensure that the experimental setup worked properly, and the obtained results were 

reliable. This validation was performed with DI water. Located thermocouples were 

utilized to acquire temperatures at the inlet and outflow of the test section to calculate the 

net power. As a result, the transferred heat to the fluid was obtained as follows: 

 ( )p out inQ mc T T= −  (3-25) 

The average single-phase HTC was calculated as: 

 
, ,( )s av f av

Q
h

T T
=

−
 (3-26) 
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where 
, ,,s av f avT T are the average temperatures of the surface and fluid, 

respectively. The single-phase Nusselt number was calculated as: 

 
H

f

hD
Nu

k
=  (3-27) 

where HD is the hydraulic diameter of the channel, and 
fk is the thermal 

conductivity of the working fluid. Moreover, the Reynolds number and Prandtl number 

are defined as: 

 Re HGD


=  (3-28) 

 Pr
p

f

c

k


=  (3-29) 

where ,G  are mass flux and dynamic viscosity of the fluid, respectively. Finally, 

the calculated single-phase average Nusselt numbers were compared with the Shah and 

London correlation [101], which is expressed as follows: 

 
1

31.953(Re.Pr. )HD
Nu

L
=  for (Re.Pr. ) 33.3HD

L
  (3-30) 

 4.364 0.0722(Re.Pr. )HD
Nu

L
= +  for (Re.Pr. ) 33.3HD

L
  (3-31) 

For our operating conditions (Re.Pr. ) 33.3HD

L
 , the first correlation (3-30) was 

used for the validation. Figure 34 presents the comparison, and as can be seen, there is a 

close agreement between the experimental data and the predictions of the correlation 

(with a maximum mean absolute error of 7%). 



 42  

 

 

Figure 34. Validation of experimental results. 

After validation tests with DI water, flow boiling heat transfer tests were done in 

the presence or absence of magnetic nanoparticles with and without an external magnetic 

field. The experiments were divided into three groups: DI Water (DW), ferrofluid without 

magnetic field (FF), and ferrofluid with a magnetic field (FF/MF). Moreover, there are 

two different heating blocks for the same heat fluxes, which are located on the bottom 

side (BS) and topside (TS) of the channel. All tests were performed at a mass flux of 300 

(kg/m2s) within the heat flux range from 26.28 (W/cm2) to 142.8 (W/cm2).  

3.3.2 Test with DI water (DW) 

Figure 35 shows the visual results for DI water flow boiling experiments. On the 

bottom surface, the bubbles form from artificial cavities, grow with surface heat flux, and 

eventually depart. On the other hand, since the direction of buoyancy force is 

perpendicular and toward the top surface, the generated bubbles remain attached for a 

long time before rolling on the top surface, leading to the formation and existence of 

larger bubbles and slugs on the top surface compared to the bottom surface (Figure 35.c). 

Furthermore, the departed bubbles from the bottom surface contribute to slug formation 

near the top surface. As a result, much earlier CHF occurrence and surface temperature 

rise was observed on the top surface compared to the bottom one, as can be seen in Figure 

35.d. Here, the CHF mechanism could be the sublayer dryout, where the liquid sublayer 

is completely dried while the large vapor blanket blocks the liquid wetting path. Boiling 

curves and HTC diagrams also confirm the visualization results. As shown in Figure 36, 

HTCs are higher for the bottom surface than the top surface. 
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Figure 35. Boiling images at different heat fluxes and constant mass flux (G=300(Kg/m2s)). a) low heat flux, b) 

medium heat flux, c) high heat flux, d) dry-out for the topside heating surface, and bubbles which still generated from 

the bottom surface. 

 

Figure 36. a) Boiling curves b) Heat transfer coefficients for the cases of heating blocks on top and bottom sides for 

ferrofluid. 

3.3.3 Test with ferrofluid (FF) 

The boiling curve and heat transfer coefficient results are shown in Figure 38.a 

and b for the ferrofluid flow boiling experiments. Similar to pure water, generated 

bubbles are larger on the top surface compared to the bottom surface. Here, the diameters 

of departed bubbles from the bottom surface are larger than for the deionized water flow 

boiling. An increase in surface wettability (due to nanoparticle deposition) could be a 

reason for a larger bubble departure diameter. On the top surface, while at medium heat 

fluxes a thin vapor layer was evident for the water case (Figure 35.b), smaller bubbles 

were observed in ferrofluid. A decrease in surface tension might be a reason for the 

formation of non-departed bubbles on the top surface (Figure 37.b). Figure 38 depicts 

the heat transfer results for the top and bottom surfaces under the same wall heat flux 

conditions. Figure 37 depicts that similar to pure water, the heat transfer performance of 

the bottom surface is superior, which is also a confirmation of visualization results. The 

dry-out condition occurs earlier on the top surface at high heat fluxes due to the gravity-

induced bubble coalescence and large vapor blanket formation near the surface. 
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Figure 37. Ferrofluid boiling images without external magnetic field at different heat fluxes and constant mass flux 

(G=300(kg/m2s)).   a) low heat flux, b) medium heat flux, c) high heat flux, d) dry-out for the top surface 

 

Figure 38. a) Boiling curves b) Heat transfer coefficients for the cases of heating block on top and bottom sides for 

ferrofluid without external magnetic field effect. 

3.3.4 Test with ferrofluid and magnetic field (FF/MF) 

For the last series of tests, an external magnetic field was applied to reveal the 

effect of the field. Due to the presence of a magnetic field, as shown in Figure 39, the 

bubble lift-off diameter decreases in the presence of the magnetic field. Figure 40 shows 

the boiling curve and HTC for the top and bottom surfaces, and as expected, the heat 

transfer performance is better for the bottom surface similar to the previous cases. While 

there are small bubbles due to magnetic field, the magnetic field also make the bubbles 

detach from both top and bottom surfaces faster. 

 

Figure 39. Ferrofluid boiling images in the presence of an external magnetic field effect (3.7 (mT)) at different heat 

fluxes and constant mass flux (G=300(kg/m2s)). a) low heat flux, b) medium heat flux, c) high heat flux, d) dry-out 

on the top surface. 



 45  

 

 

Figure 40. a) Boiling curves b) heat transfer coefficients of top and bottom surfaces for the ferrofluid case in the 

presence of external magnetic field.  

3.3.5 Heat transfer results 

As shown in Figure 41 and Figure 42, the heat transfer performance of flow 

boiling in a narrow microchannel enhances whit magnetic nanoparticles. The maximum 

HTC enhancement was 21.5% for FF in comparison with DW. Furthermore, comparing 

ferrofluid data in the presence and absence of a magnetic field, it was fund that for the 

bottom surface, where the surface is in the horizontal position, there is no significant 

change at low and medium heat fluxes. However, at high heat fluxes, the external 

magnetic field makes the bubbles stay on the heating surface for a longer period.  As a 

result, heat transfer deteriorates when compared with the ferrofluid case in the absence of 

magnetic field (FF). On the other hand, for the top surface, application of magnetic field 

to ferrofluid causes faster detachment of bubbles so that heat transfer enhancement can 

be achieved with magnetic field (FF/MF). Finally, it can be stated that HTC enhanced up 

to 25% for the (FF/MF) case compared with (DW).  

 

Figure 41. Boiling curves for different conditions a) bottom surface, b) top surface (G=300 (Kg/m2s)). 
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Figure 42. Heat transfer coefficients profiles for a) bottom surface and b) top surface. 

The Scanning Electron Microscopy (SEM) technique was used to characterize the 

surface condition before and after ferrofluid experiments in the presence and absence of 

an external magnetic field. The SEM images are shown in Figure 43. Accordingly, 

nanoparticles fill the cavities on the surfaces and accumulate there. However, with an 

external magnetic field, nanoparticle accumulation on cavities is prevented. 

 

Figure 43. SEM images of silicon surface with square cavities a) before the test, b) tested with ferrofluid) tested with 

ferrofluid and external magnetic field effect. 
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Chapter 4.  Conclusion and Future Works 

 

4.1 Conclusion- A parametric study on pool boiling heat transfer and critical heat 

flux on structured surfaces with artificial cavities 

A parametric study was conducted in this study to evaluate the effect of 

microchannel spacing and artificial cavities on BHT and CHF for 12 different structured 

surfaces with different configurations. Furthermore, by comparing the boiling curves for 

different samples, also with the help of visualization studies, the enhancement 

mechanisms of structured silicon surfaces are explained, and the following major 

conclusions are drawn:  

1. By comparing samples with and without artificial cavities, it can be concluded that 

the BHT performance of different samples significantly improves for samples 

containing artificial cavities. As the number of cavities on the samples increases, 

the number of active nucleation points also increases, which ultimately improves 

the surface performance at different heat fluxes, especially at high heat fluxes. 

2. For S=20 µm, the influence of microchannel spacing is more dominant than the 

number of cavities. While the microchannel configurations have no significant 

effect at low heat fluxes, increasing the heat flux reveals the surface structure effect 

on BHT and bubble dynamics. 

3. For samples without artificial cavities, it can be concluded that the smallest spacing 

leads to the best BHT performance at high heat fluxes. This is because the vapor 

jets coalescence at a closer distance from the surface when the sample spacing 

increases, thereby making the rewetting process more difficult. 

4. For samples with numbers of artificial cavities of 50 and 100, the biggest spacing 

leads to the best BHT performance at high heat fluxes. This is due to the combined 

impact of increased spacing and number of artificial cavities, which increase the 

number of nucleation sites. 
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5. The CHF on the structured surfaces with artificial cavities increases with the 

number of the cavities. Moreover, the results reveal that dry-out is the dominating 

CHF mechanism for surfaces with artificial cavities due to the creation of small 

bubbles on the surface from artificial cavities as nucleation sites, while 

hydrodynamic instability is the dominant CHF mechanism for surfaces without 

artificial cavities. 

4.2 Conclusion- On saturated flow boiling heat transfer of deionized water and 

magnetic nanofluid on structured surfaces with and without external magnetic field 

Flow boiling heat transfer in a minichannel having surfaces with square cavities 

was investigated for three different cases: pure DI water (DW), ferrofluid in the absence 

of an external magnetic field (FF), and ferrofluid in the presence of an external magnetic 

field (FF/MF). All the tests were done for a rectangular minichannel with two different 

heating blocks on the top and bottom sides of the microchannel with the use of a high-

speed camera. The heat flux range was between 26.28 (W/cm2) and 142.8 (W/cm2), and 

the mass flux was 300 (kg/m2s), and tests were performed at the saturation temperature 

of the fluid, and the magnetic flux density was 3.7 (mT). The findings of this study are 

summarized as: 

1. Orientation of the heating surface has different effects on BHT due to the bubble 

departure frequency. For all the cases (DW, FF, and FF/MF), the heat transfer 

performance on the bottom surface is better than the top surface due to the larger 

bubble departure frequency on the bottom surface. 

2. Upon addition of magnetic nanoparticles into DI water, nanoparticles lead to a 

larger bubble departure diameter for the (FF) case in comparison with the cases 

of (DW) and (FF/MF). The maximum HTC enhancement for (FF) in comparison 

with (DW) case was 21.5%. 

3. Application of an external magnetic field to ferrofluid decreases the bubble 

departure diameter in comparison with the case of (FF). Furthermore, HTC 

enhanced in (FF/MF) case up to 25% compared with (DW). 

4.  At high heat fluxes, HTC on the bottom surface for the case (FF) is larger than 

the case (FF/MF) due to the dominant effect of the bubble coalescence at (FF), 

which is more than (FF/MF) condition and help to increase bubble departure 

frequency near the nucleation sites. On the other hand, HTC on the top surface for 

the case (FF/MF) becomes slightly better than the case (FF). The orientation of 
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the surface might make the merged bubble stay more for longer time on the 

surface, while bubbles could leave the surface faster with the help of an external 

magnetic field on magnetic nanoparticles. 

5. An external magnetic field to ferrofluid results in less deposition of the magnetic 

nanoparticles on surface cavities, which act as nucleation sites on the surface. 

Thus, the magnetic field helps to maintain boiling heat transfer enhancement from 

the nucleation sites. 

4.3 Future Works 

Structural surfaces can play an essential role in boiling heat transfer. They can be 

employed in various applications with different uses of passive and active methods. The 

following research directions are recommended for the future: 

• Effect of the acoustic field on pool boiling heat transfer with various structured 

surfaces. 

• Using different patterns and materials to fabricate different kinds of structured 

surfaces. 

• Using different working fluids such as refrigerants with magnetic nanoparticles in 

the presence of a magnetic field to investigate BHT in different pool and flow 

boiling setups. 

• Study a single bubble behavior in flow boiling and pool boiling with different 

working fluids and magnetic nanoparticles in the presence of an external magnetic 

field. 
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