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As energy consumption drastically increases in the electronics and energy conversion 

systems, heat dissipation becomes increasingly important for device reliability and system 

efficiency. Phase change heat transfer, which takes advantage of the latent heat during the phase 

change process, is the most promising method to efficiently remove high heat fluxes. Nano 

structures, which provide extended surface areas and enhanced hydrophilicity or hydrophobicity 

have been widely used in phase change heat transfer enhancement. Copper nanowires are one of 

the most promising nano structures due to ease of fabrication, controllable structure dimensions, 

and high thermal conductivity. In this study, the heat transfer performance of pool boiling, 

dropwise condensation, and evaporation in thermal ground planes (TGP) have been studied 

experimentally and theoretically on copper nanowire-structured surfaces.  

The dropwise condensation heat transfer performance has been greatly enhanced under a 

subcooling range of ~ 15 K. Delay of Wenzel state droplets, a droplet state that negatively affects 

heat transfer, was achieved using hydrophobic nanowired surfaces. The solid fraction has been 

identified as the key factor to delay the occurrence of Wenzel state droplets. Surface energy 

conservation has been employed to explain the effect of the solid fraction on the coalescence 

induced jumping behavior and suggest the optimum structure for extended performance 

enhancement.  
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A critical heat flux (CHF) of 250 W/cm2 has been realized on a hierarchical micropillar-

nanowire structured surface under pool boiling. A force analysis on the liquid-vapor interface of a 

bubble incorporating the effect of liquid spreading has been used to illustrate how the liquid 

spreading helped to stabilize the bubble interface against the moment resulted from the 

vaporization process, so as to improve the CHF on structured surfaces. 

A 200W/cm2 maximum heat flux was realized in a TGP equipped with a patterned Cu 

nanowire array wicking structure. The ratio between the permeability and the effective pore radius 

of the wicking structures has been obtained and used to predict the maximum heat flux. The well 

agreement between the experimental and predicted data shows that the superior wicking 

performance is important for high maximum heat flux and the patterned nanowire array has the 

potential to further improve the maximum heat flux.  

Five video files are provided as supplementary materials to this dissertation. Video1 is the 

dropwise condensation on smooth surface while Video2, Video3, Video4, and Video5 are 

dropwise condensation under different subcoolings on nanowired surfaces. 

 

 

 

 

 

 

 

 

 



v 
 

 

 

Acknowledgements 

Firstly, I want to thank my advisor Prof. Ronggui Yang who makes my study here possible. 

I must thank Prof. YC Lee for his help to my PhD life in Boulder. I learnt a lot from the 

discussions we had on my study and my situation. 

I also thank the rest of my committee members: Prof. Yifu Ding, Prof. Julie Steinbrenner, 

and Prof. Kurt Maute. 

Many thanks to my former and current group members who have helped me a lot to my 

study and my life. I want to thank Dr. Wei Wang, Dr. Miao Tian, and Dr. Dan Li. Without your 

help I couldn’t fabricate copper nanowire which is the key to my study. I also want to thank Dr. 

Jiafeng Wu for the countless minutes we talked through telephone on the condensation study. 

Finally, thank you my family, especially my fiancée. Thank you for your company for the 

last couple of years. Thank you for sharing my happiness and my bitterness.  



vi 
 

 

 

Contents 

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

1.1 Dropwise condensation heat transfer enhancement ...................................................... 2 

1.2 Pool boiling heat transfer enhancement ........................................................................ 5 

1.3 Thermal ground plane heat transfer enhancement ........................................................ 6 

Chapter 2 Sample Fabrications ................................................................................................... 9 

2. 1 Fabrication of the copper micropillars ......................................................................... 9 

2.2 Fabrication of the uniform copper nanowires and the hydrophobic coating .............. 10 

2.3 Fabrication of the copper nanowire/micropillar hierarchical structure ...................... 13 

2.4 Fabrication of the patterned copper nanowire array wicking structures ..................... 13 

2.4.1 Fabrication of the patterned porous-anodic-alumina (PAA) template .................. 13 

2.4.2 Fabrication of the patterned copper nanowire array wicking structures ............... 15 

Chapter 3 Dropwise Condensation Heat Transfer Enhancement .............................................. 16 

3.1 Sample characterizations ............................................................................................ 16 

3.2 Testing system and data reduction .............................................................................. 18 

3.2.1 Testing system ....................................................................................................... 18 

3.2.2 Data reduction ....................................................................................................... 21 

3.3 Testing results ............................................................................................................. 25 

3.4 Discussions ................................................................................................................. 28 

Chapter 4 Pool Boiling Heat Transfer Enhancement ................................................................ 42 

4.1 Sample characterizations ............................................................................................ 42 

4.2 Testing system and data reduction .............................................................................. 50 

4.2.1 Testing system ....................................................................................................... 50 

4.2.2 Data reduction ....................................................................................................... 51 

4.3 Testing results ............................................................................................................. 54 

4.4 Discussions ................................................................................................................. 55 

Chapter 5 Thermal Ground Plane Heat Transfer Enhancement ................................................ 65 

5.1 Sample Characterizations ........................................................................................... 65 

5.2 Testing system and data reduction .............................................................................. 65 



vii 
 

5.2.1 Testing system ....................................................................................................... 65 

5.2.2 Data reduction ....................................................................................................... 67 

5.3 Testing results ............................................................................................................. 70 

5.4 Discussions ................................................................................................................. 72 

Chapter 6 Summary and Future Work ...................................................................................... 75 

6.1 Summary for dropwise condensation enhancement ................................................... 75 

6.2 Summary for pool boiling ........................................................................................... 78 

6.3 Summary for TGP ....................................................................................................... 79 

6.4 Future work ................................................................................................................. 80 

References ................................................................................................................................. 83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

Tables 
 

Table 3.1 Contact angles and roughness factors of the samples  ...................................................17 

 

Table 4.1 Contact angle measurement results ................................................................................49 

 
Table 4.2 Water spreading performance on different structured surfaces  ....................................49 

 

 

Figures 

Figure 2.1 Fabrication process of micropillars ............................................................................... 9 

 

Figure 2.2 Fabrication processes of uniform nanowires. (a) bonding step. (b) growing step. ..... 12 

 

Figure 2.3 Process flow of the fabrication of the micro-/nano- hierarchical structure ................. 12 
 

Figure 2.4 (a) Fabrication process flow and the (b) Top view SEM image of the patterned PAA 

template ......................................................................................................................................... 14 
 
 

Figure 3.1  (a) Schematic diagram of the PAA template. (b) Scanning electron micrograph (SEM) 

of the PAA template. (c) Schematic diagram of the nanowire surface. ........................................ 17 

 

Figure 3.2 Scanning electron micrograph (SEM) of copper nanowire arrays.   ........................... 17 

 

Figure 3.3  (a) Photo of experimental setup. (b) Schematic of experimental setup. (c) Schematic of 

copper sample. (d) Photo of the nanowire surface. ....................................................................... 20 

 

Figure 3.4  (a) Non-condensable gas (NCG) mole fraction near surfaces. (b) Comparison of 

filmwise condensation performance of the theoretical models, experiment data in the literature, 

and experiment data from our testing system ............................................................................... 24 

 

Figure 3.5  (a) Condensation heat transfer performance (heat flux vs subcooling) on nanowired 

and smooth surfaces. (b) The relation between heat flux and heat transfer coefficient (HTC) on all 

the surfaces.................................................................................................................................... 26 

 

Figure 3.6  (a) Image of condensation on smooth surface. (b) Image of the typical condensation 

patterns on 20 µm long nanowired surface under ΔT=0.23 K. (c) Image of the typical condensation 

patterns on 20 µm long nanowired surface under ΔT=4.5 K. (d) Image of the typical condensation 



ix 
 

patterns on 20 µm long nanowired surface under ΔT=10 K. (e) Image of the typical condensation 

pattern on 20 µm long nanowired surface under ΔT=30 K. ......................................................... 27 

 

Figure 3.7  Schematics of the droplet growth-coalescence-jump off process under small subcooling 

on nanowired surfaces................................................................................................................... 31 

 

Figure 3.8  Angle that controls the wetting down movement of the liquid .................................. 32 

 

Figure 3.9  The relation between the solid fraction and the angle ................................................ 32 

 

Figure 3.10 Temperature profile around a droplet ........................................................................ 35 

 

Figure 3.11 Nucleate sites form around the existing droplet and growing of the water bridge .... 35 

 

Figure 3.12 Jumping coalesced droplets with water bridge remaining in the structures .............. 35 

 

Figure 3.13  The kinetic energy of the coalesced droplet as a function of solid fraction and wetting 

area ................................................................................................................................................ 35 

 

Figure 3.14  Images and schematics of the process of the Wenzel droplets coalescence and the 

Cassie to Wenzel state transition after the coalescence at the moderate subcooling on 20 µm long 

nanowired surface. ........................................................................................................................ 38 

 

Figure 3.15  Initial contact angle of the coalesced droplet as a function of (a) the length and (b) the 

solid fraction of the nanowires ...................................................................................................... 40 

 

Figure 4.1  Surface morphology of the as-obtained samples.. ...................................................... 44 

 

Figure 4.2  Schematic of the contact angle testing system ........................................................... 45 

 

Figure 4.3  Schematic of the contact angle, contact line, and the radius of the water sphere cap 46 

 

Figure 4.4 Dynamic process of a water droplet contacting with structured surface ..................... 47 

 

Figure 4.5 Relation between time and contact angle or the length of the contact line ................. 48 

 

Figure 4.6 Relation between time and volume and linear fitting result ........................................ 48 

 

Figure 4.7 (a) Schematic of the open system for pool boiling measurement and (b) photo of the 

assembly of the sample ................................................................................................................. 51 



x 
 

 

Figure 4.8 A typical relation between the temperature differences and the heat flux on the surface 

with 27μm long Cu nanowires ...................................................................................................... 52 

 

Figure 4.9 Pool boiling curves on all the structured surfaces in comparison w/ that of the plain Cu 

surface. .......................................................................................................................................... 55 

 

Figure 4.10 (a) Relation between contact angle and CHF. (B) Relation between water spreading 

and CHF ........................................................................................................................................ 55 

 

Figure 4.11 Force analysis on the vapor-liquid interface of a bubble .......................................... 55 

 

Figure 4.12 Comparison of model predictions and experiment data ............................................ 58 

 

Figure 4.13 Two main heat transfer modes, micro-layer evaporation and water superheated process, 

at an active nucleate site ............................................................................................................... 62 

 

Figure 4.14 Experiment and model predicted boiling curve comparison on five different structured 

surface ........................................................................................................................................... 62 

 

Figure 5.1 SEM photos of the top and tilted view of the wicking structure ................................. 65 

 

Figure 5.2 The schematic of the testing system ............................................................................ 66 

 

Figure 5.3 Heat loss testing result of the system .......................................................................... 69 

 

Figure 5.4 Comparison of FEA model and experiment data of the temperature at the thermocouple 

locations. The inset is the FEA model and boundary conditions. ................................................. 69 

 

Figure 5.5 The heat transfer performance of copper reference and two TGPs ............................. 71 

 

Figure 5.6 Liquid flow within the patterned nanowire array wicking structure ........................... 72 

 

Figure 5.7 Schematic of the capillary rise experiment and the wicking performance of the two 

wicking structures. ........................................................................................................................ 73 

 

Figure 5.8 Detailed relation between the height of the wicking front and time on two different 

wicking structures. ........................................................................................................................ 73 



1 
 

Chapter 1 Introduction 

As energy consumption increases fast in the electronic and energy conversion industries, 

heat dissipation becomes a bottleneck of safe operation and further performance improvement. 

Enhanced heat transfer thus becomes important and receives world-wide interests. Phase change 

heat transfer which takes advantage of the high latent heat during the phase change process is the 

most promising method to remove high heat fluxes. Surface structures are effective to enhance the 

heat transfer performance in different phase change process such as pool boiling and condensation.  

Surface structures provide more surface area for nucleation sites in the phase change 

process and enhance the hydrophilicity or hydrophobicity of the surfaces. What’s more important, 

the surface structures provide more methods to manipulate the movements of the three phase 

contact line such as the spreading speed of liquid on a heated surface and the shrinking of the 

contact line of a droplet on a cooled surface. Micro scale structures have been proved to be 

effective to enhance boiling heat transfer and inefficient to enhance condensation heat transfer. 

The liquid feeding to the nucleation sites is more effective with micro scale surface structures in 

pool boiling heat transfer than that on a smooth surface. On the other hand, the existence of micro 

scale structures can’t provide fast liquid removal from the surface in condensation heat transfer 

and keep the droplets staying longer on the surfaces so that the heat transfer performance degrades. 

With the advance of the nanotechnology, a variety of nano scale structures on silicon and copper 

surfaces has been realized. The nano structures on the surfaces provide orders of magnitude more 

surface area than that on the micro structured surfaces. Therefore, more nucleate sites could exist 

on nano structured surfaces. The liquid feeding could be further improved with the nano structures 

on the surfaces due to the large capillary force generated by the nano spacing. Surfaces thus 

become superhydrophilic with contact angle close to zero. The nano structures on the surfaces 
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make it possible for the droplets to stay in highly mobile Cassie state since the surface becomes 

superhydrophobic. The easy removal of the Cassie state droplets might enhance the condensation 

heat transfer. Copper nanowires are one of the most attractive nano structures in the field of 

enhanced heat transfer due to the easy fabrication process and the controllable surface parameters 

such as roughness and structure coverage. The high thermal conductivity reduces the thermal 

resistance resulted from the copper nanowires so that the extra temperature difference resulted 

from the nanowires can be neglected. Based on the nanowire structured surfaces, the heat transfer 

performance of pool boiling and dropwise condensation has been studied experimentally and 

theoretically in this research. Nanowire based wicking structures used in thermal ground planes 

have been studied as well in this research after studying the heat transfer performance of nanowired 

surfaces in pool boiling and dropwise condensation. 

1.1 Dropwise condensation heat transfer enhancement 

Vapor condensation on solid surfaces is a common phenomenon in the nature and widely 

used in the industries. When vapor condensation occurs on the solid surfaces, the condensate forms 

either a thin layer of liquid (filmwise condensation) or liquid droplets (dropwise condensation) 

depending on the wettability of the solid surfaces. Due to the high thermal resistance resulted from 

the liquid film in filmwise condensation, dropwise condensation is preferred in the industries. 

Dropwise condensation is realized by applying hydrophobic coatings to surfaces to lower the 

surface energy. The heat transfer performance is enhanced with refreshed surface area for re-

nucleation by removing the liquid droplets at length scale comparable to the capillary length which 

is ~2.7 mm. 1  Traditional dropwise condensation relies heavily on gravity, which limits the 

applications of dropwise condensation. Enhanced dropwise condensation heat transfer is highly 

demanded in many areas such as power plant, 2  desalination, 3 , 4  refrigeration 5  and thermal 
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management of electronics6  for maintaining the temperature level, protecting thermal device, 

optimizing spaces and materials of condenser, or minimizing the waste in energy transfer. Solid-

liquid interfaces need to be designed elaborately for dropwise condensation enhancement, on 

which the structural consideration has been put into nanoscale. Nanoscale structured surfaces 

exhibit many superior properties, such as enhanced hydrophobicity, increased nucleation site 

density, and extended surface area, which may benefit for condensation heat transfer enhancement. 

For this reason, researches of condensation on hydrophobic surfaces with nanotube, 

nanowire,7,8 ,9 ,10 ,11 nanoparticle,12,13 ,14or micro/nano hybrid (two-tier) structures15, 16 , 17 , 18 are 

widespread studied nowadays. 

A droplet sitting on a hydrophobic nanostructured surface presents two kinds of wetting 

states, i.e. Cassie 19  state and Wenzel 20  state. A Cassie state droplet stands on the tip of 

nanostructures while the Wenzel state droplet totally infiltrates the nanostructured area. There 

exists a critical contact angle21 

1
cos c

r










 (1.1) 

where, φ and r are the solid fraction and roughness factor of nanostructured surface. If the intrinsic 

contact angle θ is greater than θc, the droplet appears in Cassie state. Otherwise, it appears in 

Wenzel state. A droplet has a steady wetting state, Cassie or Wenzel, on a certain hydrophobic 

material surface with nanostructures under non-condensation condition, which keeps the droplet 

in minimum surface energy. Although both of the wetting states can increase the droplet apparent 

contact angle compared with that on the smooth surface with the same hydrophobic coating,22,23 

Cassie state droplet always has a smaller contact area for droplet removal, which might be more 

beneficial for condensation heat transfer.  
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Chen et al.15 observed that condensate can jump off from a two-tire-roughness hydrophobic 

surface after the coalescence of two Cassie state droplets. The scale of the two Cassie state droplets 

can be as small as 10 μm which is more than two orders of magnitude smaller than the capillary 

length at 2.7 mm. If this spontaneous condensate removal could be stably realized, it will greatly 

benefit the dropwise condensation heat transfer enhancement due to the fast condensate removal 

and the newly exposed dry area for re-nucleation.  

Wang et al. 24  enhanced the heat transfer performance with the coalescence induced 

jumping condensation on the outer surface of a copper oxide nanostructured copper tube. They 

also pointed out that other than Wenzel and Cassie states there was a third wetting state of the 

droplets which is the partially-wetting Cassie state.11 The nanostructures under the droplets were 

not fully wetted. What’s more important is that the heat transfer rate of partially-wetting Cassie 

state droplets is much better than that of the Cassie droplets and droplets on the smooth surface.  

Although the coalescence induced jumping droplet removal has been realized, most of the 

nano/hierarchical structured surfaces still present worse dropwise condensation heat transfer 

performance than that on the smooth surface13 or just enhance the heat transfer performance under 

limited subcooling range24 due to the immersion of the nanostructures by the condensate under 

condensation condition. 

Since the immersion of the structures or the appearance of Wenzel state droplets has been 

identified as the reason for the failure of the dropwise condensation heat transfer enhancement, the 

study of the droplet state change is needed to guide the design of the nanostructures. Exploration 

of the nanowire structured surfaces for dropwise condensation heat transfer enhancement is the 

purpose of this research. With the help of a high speed camera, the droplet states and the droplet 

removal manners have been recorded during the heat transfer experiments. The recording of the 
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condensation process together with the heat transfer performance shows that carefully chosen 

nanowire structures can provide and reserve partially-wetting Cassie state under condensation 

conditions, so as to facilitate the droplet removal and enhance condensation heat transfer under 

extended subcooling range.  

1.2 Pool boiling heat transfer enhancement 

Pool boiling phase change heat transfer plays a critical role in a wide variety of applications 

including energy conversion and thermal management of data centers, electrical vehicles, and 

electronics. 25 , 26 , 27 , 28 , 29  Many techniques have been employed to improve the heat transfer 

coefficient (HTC) and the critical heat flux (CHF), the two key parameters that characterize the 

boiling heat transfer performance on a surface by modifying surface energy state through coatings 

30,31 and changing the surface topology with nano-,32,33,34,35 micro-,36,37,38 and even larger-scale 

structures. The CHF is determined by fluid replenishment of vapor nucleation sites, which depends 

on the contact angle of the working fluid on the surface and the vapor-liquid counter flow above 

the heating surface,39,40,41,42,43, whereas the HTC is controlled by bubble dynamics.44,45 Due to the 

capillary force generated by the structures on the surfaces, the vapor-liquid counter flow is no 

longer a limit.46 Dhir and Liaw 40 illustrated that the CHF increases with the decrease of the contact 

angle. Kandlikar47 developed a quantitative CHF model to describe this relation between contact 

angle and CHF. However, neither work could explain the fast CHF increase in the 

superhydrophilic regime (contact angle < 20°) nor the different CHFs on different surfaces whose 

contact angles are the same. Therefore, other factors influencing the CHF must exist. The heat flux 

in pool boiling heat transfer is closely related to the active nucleate site density 45,46, 48 and the heat 

transfer conditions at one active nucleate site.49, 50 Although CHF is directly relate to the liquid 

replenishment to the nucleate site while HTC is directly related to liquid heating and evaporation 
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process at the active nucleate site, most studies didn’t study the influence of the liquid spreading 

speed on the surfaces, which is defined as how fast liquid can propagate due to the capillary force 

generated by the surface structures, on CHF and HTC, especially when artificial structures existed.  

On one hand, the CHF is directly related to the liquid spreading within the surface 

structures since the CHF is determined by the replenishment of the active nucleate site, which is 

confirmed by the recent study from Ahn et al.51  The liquid spreading within the surface structures 

in addition to the contact angle becomes important to determine the CHF. However, the 

fundamental effect of the liquid spreading on CHF has been explained. Besides, the CHF predicted 

by the model matched the experiment data well only when the contact angles were smaller than 

10°. On the other hand, the HTC is also directly related to the liquid spreading within the surface 

structures since the evaporation rate and the liquid heating process is directly related to the liquid 

spreading on the surface.49, 50, 52 In this study, the pool boiling heat transfer performance of a series 

of samples with contact angle ranging from ~ 0° to ~ 20° was  tested to figure out the effect of 

liquid spreading speed on CHF and HTC. The CHF model based on the force analysis on the vapor-

liquid interface of a bubble and heat flux-superheat relation including liquid spreading effect were 

built to compare with the experiment data. 

1.3 Thermal ground plane heat transfer enhancement 

Various strategies have been employed and developed to remove this high heat flux 

including: heat spreading materials, refrigeration, solid-state cooling, and liquid cooling.53 Heat 

pipe which is a phase change device has been regarded as an excellent heat removal solution and 

used in cooling electronic devices.  

Conventional heat pipe is a sealed tube with wicking structures on the inner wall and 

working liquid inside. When heated at the evaporator, the working liquid will vaporize and extract 
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heat from the heat source and then the vapor will transfer to the condenser. After rejecting heat 

and returning to liquid state at the condenser, the working liquid is drawn back to the evaporator 

by the capillary force generated by the wicking structure. Although heat pipes have wide 

applications in energy conversion, aerospace, electronics and so on,54 connector between the heat 

pipes and the heating components is needed due to the tubular shape. Flat shaped heat pipe is 

therefore desired. Thermal ground plane (TGP) is such kind of flat shaped heat pipe. The flat shape 

makes it compatible to manufacture with IC process, easy to integrate into the electronic systems 

and effective to reduce contact thermal resistance. 

The number of transistors on the chip doubles every 18 month55 and the power consumed 

by the LED increases fast. Heat generated from a high performance CPU and an array of LED 

illustrator exceed 100W/cm2 56,57 and 1000W/cm2 58,59 while the temperature of the electronic 

devices needed to be controlled under 85 ⁰C 99 and 120 ⁰C, 58, 99 respectively. The miniaturization 

of the electronic devices drives the development of compact TGPs. 60 The thickness of nowadays’ 

TGP falls into a range of sub millimeter to several millimeters.61,62,63,64  Thus, there is a great need 

for developing small size TGPs with ultrahigh heat flux removal capability. 

The TGPs work the same way as heat pipes and the performance is limited by the wicking 

structure. Great effort has been devoted. Peterson and his co-workers65 comprehensively studied 

micro-grooved wicking structures. This type of wicking structure provides high total heat transport 

capability and low temperature difference across the heat pipe. However, the one-dimensional 

liquid flow which increases the pressure loss limits the maximum heat flux. Porous media 

including sintered metal powder and metal meshes are also popular wicking structures63,66,67 that 

provide high capillary force to overcome the pressure loss during vapor and liquid transport. 

Therefore, TGPs with this type of wicking structures can reach very high heat flux before dry-out. 
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But since the powder or the mesh is of 100 μm size and the wicking structures are usually made 

of multi-layer, the total thickness of the wicking structure is large. This limits the use of porous 

media in very compact systems. To realize ultrahigh heat flux removal capability with a compact 

device, a new type of wicking structure needs to be developed. 

Due to the advance of nanotechnology nano-structures have been employed in making 

wicking structures. Li33 and Chen35 investigated pool boiling performance on uniform Cu nanorods 

and Cu/Si nanowires coated surfaces and found that the phase change heat transfer was greatly 

enhanced. However, the flow resistance within the uniform nanowire arrays is too large to be used 

as wicking structure. Cai68 studied evaporation on patterned CNT arrays and reached extremely 

high maximum heat flux in large vapor chamber. But the one-dimensional pattern limits its 

application. Nam69,70 studied the wicking and heat transfer performance on superhydrophilic nano-

structured Cu micro-posts wicking structure. This two-dimensional wicking structure reached 

1000 W/cm2 heat flux when dry-out occurred in large vapor chamber. However, the solid micro-

posts provide limited evaporation enhancement.  

A novel patterned Cu nanowire array wicking structure with square nanowire bundles and 

micro-scale gaps will be fabricated and tested in the present study. The square nanowire bundles 

will generate large capillary force and provide numerous surface areas while the micro-scale gaps 

will lower the flow resistance on the structure.   
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Chapter 2 Sample Fabrications 

The structures studied in this research include copper micro-pillars, uniform copper 

nanowires with and without hydrophobic self-assembled-monolayer (SAM) coating, copper 

micropillar/nanowire hierarchical structure, and copper patterned nanowire arrays.  

2. 1 Fabrication of the copper micropillars 

 

Figure 2. 1 Fabrication process of micropillars 

 

The copper micropillars are fabricated by a standard photolithography and wet-etching 

process. A 0.8mm thick oxygen free Cu sheet (99.99% copper) was firstly wet polished by 

1200/2000 grit sandpapers which results in a roughness of 450 nm. The majority of the scratches 

were removed although some dents might be left. After cleaning the surface with DI water and 2 % 

H2SO4 solution, photoresist (AZP4620) was then spin coated onto the Cu sheets and prebaked at 

110 °C for 85 seconds on a precise hot plate. Two different 4 in × 4 in × 0.06 in Chrome on 

Sodalime Lithography masks were used to define the periodic pattern of the micropillars. The first 

mask has quadratically arranged squares with a size of 50 μm × 50 μm and a pitch of 100 μm. The 
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second mask has quadratically arranged squares with a size of 100 μm × 100 μm and a pitch of 

200 μm. The pillar coverage of both masks is 25%. After exposure under a mercury lamp for 60 

seconds, the Cu sheets were immersed into AZ400K developing solution to remove the exposed 

photoresist. Then, the Cu sheets were dipped into the etchant (CE100) for 2 ~ 3 min to etch off the 

Cu. Due to the isotropic nature of wet etching the fabricated micropillared Cu surface using the 

mask with 50 μm × 50 μm squares at a pitch of 100 μm had a real micropillar dimension of 20 μm 

× 20 μm, while micropillared Cu surface using the mask with 100 μm × 100 μm squares at a pitch 

of 200 μm had a micropillar dimension of 45 μm × 45 μm. After releasing the photoresist with 

acetone, the micropillared surfaces were ready to be cut into 8 mm × 8 mm square to fit the heating 

bar. The process flow for fabricating the Cu micropillared surfaces is illustrated in Figure 2.1.  

2.2 Fabrication of the uniform copper nanowires and the hydrophobic coating 

Figure 2.2 shows the fabrication process for Cu surfaces with uniform Cu nanowires. The 

Cu surfaces with uniform Cu nanowires were fabricated using PAA template-assisted 

electroplating method.71, 72 No matter copper bar or copper sheet was used, the surface had to be 

polished by 1200/2000 grit sandpapers first to guarantee a similar surface roughness as that of the 

smooth surface. Commercial PAA templates (Whatman, 6809-5522) whose porosity is ~25% - 50% 

were used as received, and the electrolyte solution for Cu electroplating consisted of 60 g/L cupric 

pyrophosphate (Cu2P2O7.xH2O; Sigma-Aldrich 34469-9), 250 g/L Potassium pyrophosphate 

(K4P2O7; Sigma-Aldrich 322431-500G) and 20 g/L Ammonium citrate (C6H17N3O7, Fluka 09831). 

A two-step process was developed for the nanowire fabrication. The first step was to bond the 

PAA template onto the Cu substrate. As shown in Figure 2.2 (a), a sandwich structure was 

constructed by stacking the Cu substrate (target surface), a PAA template wetted by the electrolyte 

solution, a filter paper saturated with electrolyte solution and a counter electrode Cu sheet (oxygen 
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free 99.99% copper) in sequence. Electrolyte solution was absorbed into the filter paper for Cu2+ 

ions supply during the electrodeposition process, and uniform pressure was provided continuously 

by a wide clamp bench vice to make the PAA template adhere tightly onto the Cu substrate. A 

constant voltage of -0.8 V was applied between the counter electrode (Cu substrate) and the Cu 

counter electrode for 15 minutes. During this process, Cu nanorods were grown on the Cu substrate 

into the nano holes in the PAA template to serve as screws that bond the PAA template to the Cu 

substrate. The Cu substrate together with the PAA template was then released from the sandwich 

structure after the bonding step. For the second electrodeposition process in Figure 2.2 (b), the Cu 

substrate with PAA template on top was placed in a 3-electrode electroplating cell in the electrolyte 

solution. Here, a constant voltage of -1 V compared with a reference electrode (Ag/AgCl) was 

applied to deposit the Cu nanowire arrays in the PAA templates. The length of the nanowires was 

controlled by the electroplating time. Then, the as-obtained Cu nanowire arrays were released from 

the PAA template by immersing the samples in 2 Mol/L NaOH for 2hours, and the final samples 

were washed by 2% H2SO4 and DI water several times and dried in a vacuum chamber to avoid 

oxidization. Since the uniform nanowire sample will be coated with hydrophobic coating for the 

dropwise condensation study, the sample needs to be kept facing down and being wet throughout 

the fabrication process to reduce the capillary force effect on nanowire direction that occurs during 

the drying process. The hydrophobic coating was finished by immersing the sample into the 2.5 

mMol/L n-octadecanethiol (96% n-octadecylmercaptan, Acros Organics, 354980250) ethanol 

solution for 1 h.25, 26 The temperature of the solution is controlled to be 70 ℃ in a water bath, and 

the chemical process during the coating process can be described as  

C18H37SH+Cu→C18H37SCu+1/2H2 (2.1) 
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Figure 2. 2 Fabrication processes of uniform nanowires. (a) bonding step. (b) growing 

step. 

 

Figure 2. 3 Process flow of the fabrication of the micro-/nano- hierarchical structure 
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After the coating process, the sample was pulled out from the solution and kept facing down in a 

ventilation hood to guarantee uniform drying. 

2.3 Fabrication of the copper nanowire/micropillar hierarchical structure 

The fabrication process of the nanowire/micropillar hierarchical structured surface was the 

same as that for the uniform nanowired surfaces except that the substrate used here was the 

micropillared Cu sheet as shown in Figure 2.3. During the growing process, nanowires were first 

formed on top of the micropillars that were in contact with the PAA template. The channels 

between micropillars were filled with solid copper as what happened in a regular electrodeposition 

process. After the solid copper had contacted with the PAA template, nanowires started to grow at 

where the channels used to be along the nano holes in the PAA template. So the lengths of 

nanowires on top of the micropillars were larger than those in the channels. In this work, the 

nanowires on top of the micropillars are about 33 μm long while the nanowires in the channels 

were about 16 μm long. 

2.4 Fabrication of the patterned copper nanowire array wicking structures 

The fabrication process of the patterned copper nanowire array wicking structure consists 

of two steps, which are the fabrications of the patterned porous-anodic-alumina (PAA) template 

and the patterned nanowire arrays.  

2.4.1 Fabrication of the patterned porous-anodic-alumina (PAA) template  

The fabrication process flow is shown in Figure 2.4 (a). A 200 μm thick 99.999% purity 

aluminum sheet was first cleaned with acetone to remove the organic protection layer. The 

aluminum sheet with protection of scotch tape (3M Corp.) on one side was oxidized in -3 °C 0.3 

Mol/L H3PO4 solution (85% H3PO4 : H2O : 100% Ethanol = 3:160:40) to obtain 60 μm thick 

oxidization layer under 0.08A DC current for 72 h. The oxidization voltage was kept around 165V.  
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a b 

Figure 2. 4 (a) Fabrication process flow and the (b) Top view SEM image of the 

patterned PAA template 

 

A raw PAA sheet was obtained after removing the aluminum residue (~140 μm thick) from the 

protected side with 2 Mol/L CuCl2 solution by replacement reaction. The PAA template was then 

cleaned by DI water and immersed in 3% H3PO4 for 30 min to remove any possible contamination. 

The PAA sheet contains uniformly aligned nano-holes inside. Up to this point, the nano-holes were 

not open on both sides of the template. The PAA sheet was dried by high purity N2 and coated 

with 7 nm thick chromium as the adhesion layer by thermal evaporation method and then spin-

coated with AZ9260 photoresist (PR) with a thickness of ~ 10 μm. The masks with square arrays 

were used to expose the PR on the PAA sheet in a maskaligner. After removing the exposed PR 

with AZ400K developer solution (AZ400K : H2O = 8:10), the PAA sheet was processed in plasma 

reactive ion ether (RIE) with CF4 and O2 (CF4 : O2 = 1:4) gases to etch off the chromium not 

covered by PR and the alumina within the patterns exposed on the PAA sheet. The PAA sheet was 
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then immersed in 45°C 3% H3PO4 solution for 3 h to open the nano-holes only within the patterns. 

The final step was to wash away the left PR and remove the chromium residue with CF4 and O2 

plasma. A patterned PAA template was obtained with through nano-holes only in the predefined 

square arrays as shown in Figure 2.4 (b). The template was cleaned by oxygen plasma for 30 s to 

make it hydrophilic. 

2.4.2 Fabrication of the patterned copper nanowire array wicking structures 

The fabrication process flow is almost the same as that of the uniform nanowire structures 

except that the template used was the patterned PAA template obtained from the previous step and 

the solution to bond and grow nanowires was the CuSO4 solution. Since the growth rate in the 

CuSO4 solution was fast and not uniform, the length control of the nanowires couldn’t depend on 

the control of the growing time any more. Thus the nanowires were grown out of the patterned 

PAA template and then the copper deposit outside the template was removed by a blade. To 

improve the uniformity of the lengths of the nanowires, the sample was put back to the CuSO4 

solution again for another round of electrodeposition until the nanowires grow out of the template. 

The length of the nanowires was thus controlled by the thickness of the patterned PAA template. 
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Chapter 3 Dropwise Condensation Heat Transfer Enhancement 

3.1 Sample characterizations 

Figure 3.1 (a) is the schematic diagram of the nanowire surface while the morphologies of 

the nanowired surfaces with SAM coating are shown in Figure 3.2, which are similar to those 

before coating despite some coating material residues. The average diameter (D), center-to-center 

spacing (a) and distribution of the nanowire are measured to be 213 nm, 382 nm and the triangular 

distribution, respectively. Based on the nanowire distribution and geometry, the solid fraction (φ) 

and the roughness factor (r) of the surfaces are calculated by 

2

2

32 a

Dπ
φ   (3.1) 

23

2
1

a

Dhπ
r   

(3.2) 

where φ is calculated to be 0.282.  

The apparent contact angles of the nanowired surfaces after SAM coating are measured by 

the sessile drop method. The images are obtained using a high-speed camera (Photron FASTCAM 

SA4) with 5 μL DI water at atmospheric pressure and 20 ℃ and software (Analytical technologies, 

Fta32) is used in images analysis. The apparent contact angles are listed in Table 1. The contact 

angle on the smooth surface (θ) which is also the intrinsic contact angle is 114.6±2.6° with the 

same coating and under the same measuring conditions. Apparent contact angle on rough surfaces 

can be calculated according to73 

𝑐𝑜𝑠𝜃∗ = −1 + 𝜑(1 + 𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐)  (3.3) 

where θ* is the calculated apparent contact angle. The measured apparent contact angles (139.2°, 

143.6° and 144.3°) agree well with the calculated apparent contact angle (141.1°).  

The roughness factors (r), which is the ratio between the total surface area and the projected 

area, are 27.5, 54.0, and 80.5 as shown in Table 3.1, respectively.  
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a b c 

Figure 3. 1  (a) Schematic diagram of the PAA template. The light blue area shows the 

framework of the alumina, while the dark blue areas are the holes. (b) Scanning 

electron micrograph (SEM) of the PAA template. The gray area is the framework of the 

alumina, while the dark areas are the holes. (c) Schematic diagram of the nanowire 

surface. 

 

Sample 10 µm Nanowire 20 µm Nanowire 30 µm Nanowire Smooth 

SEM top-

view 

   

- 

SEM side-

view 

   

- 

Figure 3. 2 Scanning electron micrograph (SEM) of copper nanowire arrays.  The top-

view, the side-view, and the droplet contact angles on the nanowired and smooth 

surfaces are displayed. 

 

Table 3.1 Contact angles and roughness factors of the samples 

Sample 10 µm Nanowire 
20 µm 

Nanowire 

30 µm 

Nanowire 
Smooth 

Contact angle 144.3±1.7° 139.2±3.5° 143.6±1.3° 114.6±2.6° 

Calculated 

roughness 

factor (r) 

27.5 54.0 80.5 - 

 

The criterion to judge the state of the droplet on a structured surface is24 

𝐸∗ =
−1

𝑟𝑐𝑜𝑠𝜃𝑎
< 1 (3.4) 

where θa is the advancing contact angle on the smooth Cu surface with the same SAM coating. 

Although the advancing contact angles on the nanowired surfaces haven’t been measured, based 
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on the roughness factor r on the nanowired surfaces and the contact angle on the smooth surface, 

θa has to be smaller than 92° to make E* ≥1. Thus, droplets on all the nanowired hydrophobic 

surfaces can stay in Cassie or partially-wetting Cassie state under the non-condensation 

condition.23 

3.2 Testing system and data reduction 

3.2.1 Testing system 

Referenced the condensation experiment in literatures, 74, 75 an experimental setup is 

designed and built to conduct the simultaneous heat transfer measurement and condensate pattern 

visualization, as shown in Figure 3.3 (a) and (b). The experimental setup consists of the vapor 

generator, testing chamber, the refrigeration and data acquisition systems. The evaporator is a Ф76 

mm × 900 mm vertical cylinder, with electric heaters inside the chamber. The heater is non-

uniform designed, where the heating power under water level (see Figure 3.3 (b)) is much larger 

than that of the upper part to boiling the water, while the upper part of the heater functions as a 

super heater. The heating power can be adjusted by a direct-current regulator (Agilent, N5771A). 

The steam temperature is measured by a thermocouple at the outlet of the evaporator, which is 

always 0.2 to 0.3 K higher than the saturation temperature in the testing chamber. After the steam 

leaves the evaporator, it enters the testing chamber through a ¾ inch inner diameter connecting 

pipe. In order to keep the steam superheated, the connecting pipe is heated by an adjustable heating 

tape (Omega, HTWC 101-004) and covered with insulation materials outside.  

Condensation occurs in the testing chamber, which is a stainless steel cylinder with the 

inner dimensions of Ф263 mm × 50 mm, as shown in Figure 3.3 (a) and (b). Flanges are used for 

sealing the end faces of the testing chamber. The steam connection pipe is installed on the cover 

flange and the testing sample is located vertically below the connection pipe. The copper sample 

is designed to have two platforms as shown in Figure 3.3 (c). The larger platform (with 90 mm 
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diameter) of the copper sample can keep good thermal contact with the copper cooler with thermal 

grease (Arctic, MX-4) during experiment, and the smaller platform is the test surface with the 

diameter of 40 mm.  Figure 3.3 (d) is the photo of the test surface with nanowire arrays and the 

SAM coating. 

The flange with a 100 mm diameter glass seals the other end face of the testing chamber. 

The distance from the testing sample to the glass is about 50 mm to meet the requirement of the 

microscope. The condensation patterns on the test surface can be captured by the high speed 

camera (Photron FASTCAM SA4) through a transparent window simultaneously with the heat 

transfer measurement of condensation. At the bottom of the test section, a backflow pipe can lead 

the condensate to the bottom of the evaporator. 

A cooling water loop removes the heat due to condensation on the test surface. A constant 

temperature water circulator (Thermo Electron Corporation, HAAKE Phoenix II), a flow meter 

(Proteus Industries, 08004SN1, with the accuracy of ±3%), a copper cooler, linking pipes and 

temperature sensors (Omega, T type, with the accuracy of ±0.15 K) are embedded in the cooling  

 
(a) 
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(b) 

 
 

(c) (d) 

Figure 3. 3  (a) Photo of experimental setup. (b) Schematic of experimental setup. (c) 

Schematic of copper sample. (d) Photo of the nanowire surface. 

 

water loop, as shown in Figure 3.3 (b). Based on a heat balance, the heat transfer rate on the test 

surface is calculated from the heat absorption on the cooling water side.  
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3.2.2 Data reduction 

The cooling water inlet and outlet temperatures (Ti, To) and the mass flow rate (G) are 

measured by the thermocouples and the flow meter, respectively. The heat flux (q) of the test 

surface is calculated by, 

 
A

TTcG
q io   (3.5) 

where c is the specific heat capacity of cooling water and A is the area of the test surface, which is 

12.57 cm2 for the 40 mm diameter round plate. In order to keep the steady condition, the inlet 

cooling water temperature (Ti) is controlled by the water circulator with the fluctuation less than 

±0.1 K. For the heat flux (q) measurements, steady state is maintained for more than 40 min for 

each data point. The resulting data acquired from the time average over 10 min and the fluctuations 

are seldom larger than ±2.5 kW/m2 under equilibrium conditions. Insulation material and washer 

are adopted to insulate the copper cooler and sample from the surroundings and testing chamber.  

The system error caused by heat leakage is estimated to be -1.88 to 4.78 W/m2 as subcooling 

increase from 0 K to 60 K. Based on the error propagation, the maximum error for the heat flux 

measurement can be calculated as: 

𝜎𝑚𝑎𝑥(𝑞) =
𝑐(𝑇𝑜 − 𝑇𝑖)

𝐴
𝜎(𝐺) +

𝑐𝐺

𝐴
𝜎(𝑇𝑜) +

𝑐𝐺

𝐴
𝜎(𝑇𝑖) +

𝑐𝐺(𝑇𝑜 − 𝑇𝑖)

𝐴2
𝜎(𝐴) (3.6) 

Considering the instrumentation accuracy and error accumulation, the absolute errors for 

the heat fluxes are estimated to be around 9.77 to 14.1 kW/m2, which are the error bars shown in 

Figure 3.5 (a).  

The subcooling (ΔT) is the temperature difference between the steam temperature (Ts) and 

wall temperature (Tw),  

ws TTT   (3.7) 
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The measurement of Ts and Tw are carefully designed in the experiment. The steam temperature 

(Ts) is measured by the thermocouple (Omega T type ±0.15 K) in the testing chamber. As shown 

in Figure 3.3 (b), two temperature points are set in the testing chamber. One point (Tn) is near the 

lower end of the sample with the distance to the sample at about 5 mm, another point (Ts) is located 

at the side of the sample with the distance to the sample of about 80 mm. In addition, the steam 

pressure (ps) is also measured by pressure sensor (Omega, PX409-050AI, ±0.08% accuracy) in the 

testing chamber and is controlled at 60 kPa with fluctuation amplitude of ±0.05 kPa. The deviations 

of the temperature data and the steam pressure are calculated as 
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(3.9) 

 

where, ps(Ts) and ps(Tn) are the saturation pressure calculated by the Ts and Tn, respectively. When 

experiment, ps(Ts)  has a good agreement with the steam pressure (ps), Ws is always within the 

range of ±0.3% and never exceed the range of ±0.5% . For this reason, Ts reflects the saturation 

temperature of the steam in the testing chamber and is selected in calculating the subcooling in Eq. 

(3.7).  

Tn is usually smaller than Ts in the experiments.  This is mainly caused by the concentration 

of NCG, so Wn is the mole fraction of NCG near the condensation surface.  Wn will increase with 

the increase of the subcooling, as shown in Figure 3.4 (a). Large errors may occur at small 

subcooling, but the data for ∆T>0.5 K is precise enough. Because the steam velocity in our 

experiments is negligible, Wn can reach about 6% at large subcooling conditions, which is about 

2.4 K lower than the saturation temperature. Therefore, the main function of temperature point Tn 

is to estimate the NCG level near the condensation surface. 
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In addition, although NCG is allowed and inevitable in the system, good sealing is required. 

Otherwise, not only Ts and Tn but also the heat flux (q) cannot keep steady during condensation. 

In order to verify the sealing condition, tests should be performed before the experiments. The 

absolute pressure inside the system is vacuumed to 1 Pa measured by the (MKS 722B11TFE2FJ) 

pressure sensor using a vacuum pump (Edwards, RV8) at dry condition, and the absolute pressure 

is kept to less than 25 Pa for 24 hours. 

The wall temperature (Tw) is calculated based on the readings of thermocouples (Omega, 

T type ±0.15 K) inserted into the copper sample. Three holes and a groove are located at the 

backside of the copper sample (see Figure 3.3 (c)) for thermocouple pigtails. The holes are 2 mm 

in diameter and have the distance of 5 mm, 10 mm and 15 mm, respectively, to the center of the 

sample. All thermocouple holes have the same depth, and distances of these holes’ bottoms to test 

surface (δ) is 3.5 mm considering the thermocouple head size. Assuming one-dimensional heat 

conduction from the thermocouples and the test surface, the wall temperature could be calculated 

by 

w m

q
T T

k


   (3.10) 

where, Tm is the mean value of the thermocouple readings, and k is the thermal conductivity of 

copper, which is 398 W/(mK) with the relative error within ±1% considering the changing 

temperature. During the condensation process, the tested surface temperatures are not uniform. 

The maximum differences in the thermocouple readings are less than 0.5 K in our experiment. The 

relative error of δ is estimated to be ±25%, in which three error sources, the mechanical processing 

error (±0.25 mm), thermocouple size (±0.13 mm) and the installation error (±0.5 mm), are 

considered. Thus the maximum error for the subcooling can be calculated as: 
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𝜎𝑚𝑎𝑥(∆𝑇) = 𝜎(𝑇𝑠) + 𝜎(𝑇𝑚) +
𝛿

𝑘
𝜎(𝑞) +

𝑞

𝑘
𝜎(𝛿) +

𝑞𝛿

𝑘2
𝜎(𝑘) (3.11) 

In the experiment, all values of the temperature, pressure and flow rate are collected by the 

data acquisition (Agilent, 34970A) simultaneously with the video capturing, while the heat transfer 

data and images are saved separately. 

Heat transfer performance was studied on the hydrophobic nanowired surfaces with 

reference to that on the hydrophobic smooth surface at a subcooling ranged from ~ 0 K to ~ 30 K. 

Wn increased with subcooling, which is the result of the zero-velocity of the water vapor steam and 

the residue air in the water. The similar slopes of the NCG curves show that the sealing of the 

system is working well and consistent. The testing system was first calibrated with filmwise 

condensation on a clean copper surface under a face-down direction and a 100 kPa pressure 

condition. The testing result matches the theoretical models and Chung’s74 experimental data well 

as shown in Figure 3.4 (b). The system thus can deliver reasonably accurate temperature and heat 

flux measurements and can be used for further dropwise condensation studies.  

  
(a) (b) 

Figure 3. 4  (a) Non-condensable gas (NCG) mole fraction near surfaces. (b) 

Comparison of filmwise condensation performance of the theoretical models, 

experiment data in the literature, and experiment data from our testing system 
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3.3 Testing results 

The condensation heat transfer curve is shown as the relation between the subcooling and 

the heat flux. Figure 3.5 (a) presents the condensation heat transfer performance on nanowired and 

smooth surfaces. The heat transfer curve on the smooth Cu surface has the trend that the heat flux 

increases monotonically as the subcooling increases. The slope of the heat transfer curve 

monotonically decreases as shown in Figure 3.5 (b). The heat transfer curves on 10, 20, and 30 μm 

long nanowired surfaces have a trend which is different from that on the smooth surface. The heat 

flux first increases with the increase of the subcooling in 0 K to ~8 K range. The heat flux decreases 

as the subcooling increases from ~8 K to ~15 K. After the end of the transition at ~15 K, the heat 

flux increases again with the increase of the subcooling and the heat transfer curves overlap with 

that on the smooth Cu surface. The heat transfer coefficient (HTC), which is the ratio between the 

heat flux and the corresponding subcooling, on the smooth surface is better than those on the 

nanowired surfaces when the heat flux is smaller than 30 kW/m2 and decreases as the heat flux 

increases throughout the entire heat flux range. In contrary, the HTCs on the nanowired surfaces 

increase first and then decrease with the increase of the heat flux. When the heat flux is ~45 kW/m2, 

the HTC on the 20 μm long nanowired surface is ~ four times that of the HTC on the smooth 

surface. A clear transition occurs which is identified by a change in slope in the HTC curves on 

the nanowired surfaces. After the transition, the HTCs on all the surfaces are the same, which 

indicates a similar heat transfer performance on all the surfaces. The heat transfer curve of the 10 

μm long nanowired surface is similar to that of the 30 μm long nanowired surface, and lower than 

that of the 20 μm long nanowired surface. 

When the nanowires were fabricated through electrodeposition method, the coverage of 

the nanowires was not constant. The longer the deposition time was, the better the coverage was. 

However, when the nanowires are long enough, the agglomeration of the nanowires became  
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(a) (b) 

Figure 3. 5  (a) Condensation heat transfer performance (heat flux vs subcooling) on 

nanowired and smooth surfaces. (b) The relation between heat flux and heat transfer 

coefficient (HTC) on all the surfaces 

 

severe and resulted in very small space in the nanowire bundles for coating solution to penetrate. 

Thus, there were a lot of defects on the 10 μm and 30 μm long nanowired surfaces that may result 

in trapping of the condensate within the nanowires and degrade the heat transfer performance of 

the structures. One thing worth noting is that the HTCs on the nanowired surfaces reach their 

maximum value and start to decrease when the heat flux is ~45kW/m2 which corresponds to a 

subcooling of ~2 K. 

In order to study the influence of the subcooling or heat flux on the condensation heat 

transfer performance of the nanowired surfaces, the condensation process was recorded by a high-

speed camera simultaneously with the heat transfer measurement on all nanowired and smooth 

surfaces. The droplets’ coalescence and removal are the important processes of dropwise 

condensation.75,76,77 Comparison of the videos and the heat transfer results shows that the heat 

transfer performance of the nanowired surface is closely associated with the droplet states and the 

droplet removal modes under different subcoolings. The state of the droplets can be distinguished 

by the brightness of the droplet.14 Due to the different reflections of the incoming  
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(a) (b) (c) 

  
(d) (e) 

Figure 3. 6  (a) Image of condensation on smooth surface. The read dash circle presents 

a droplet sweeping the surface under gravity. (b) Image of the typical condensation 

patterns on 20 µm long nanowired surface under ΔT=0.23 K. The red circles point out 

some spots after the jumping of the coalesced droplets. (c) Image of the typical 

condensation patterns on 20 µm long nanowired surface under ΔT=4.5 K. The red 

circles point out some spots after the jumping of the coalesced droplets.  (d) Image of the 

typical condensation patterns on 20 µm long nanowired surface under ΔT=10 K. 

Droplets in the yellow dash circles, blue dash circles, and purple solid circles are the 

droplets in Wenzel and Cassie state and the sweeping droplet. (e) Image of the typical 

condensation pattern on 20 µm long nanowired surface under ΔT=30 K. The purple 

circle presents a droplet sweeping the surface. The scale bar is 500 µm for all these 

images. 

 

light, light color and dark color show the pure/partially-wetting Cassie and Wenzel states, 

respectively.  

Figure 3.6 shows the droplet states and droplet removal modes on the nanowired and 

smooth samples. Figure 3.6 (a) is a typical image for the droplet coalescence and removal on the 

smooth surface. The bottom of the droplets are in full contact with the surface and the removal 
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mode, which is sweeping, is almost the same throughout the entire subcooling range except for the 

density and the diameters of the droplets and the sweeping cycle (the sweeping removal mode is 

provided in Video 1 in the supporting information). In contrast, the droplet states and the removal 

modes on nanowired surfaces are different under different subcoolings. Four typical droplet states 

and droplet removal modes can be found on all of the nanowired surfaces under different 

subcooling conditions despite the different lengths of the nanowires, as shown in Figure 3.6 (b), 

(c), (d) and (e) (the videos for droplet behaviors on 20 μm long nanowired surface are in the 

supporting information). For the ΔT<~8 K and ΔT>~15 K conditions, the droplet states are in  

pure/partially-wetting Cassie and Wenzel state and the droplets are removed only by coalescence 

induced jumping and sweeping mode respectively as shown in Video 2, Video 3, and Video 5 in 

the supporting information. For ~8 K <ΔT <~15 K conditions, partially-wetting Cassie and Wenzel 

state droplets coexist on the surface and the wetting states change from partially wetting Cassie 

state to Wenzel state with the coalescence and condensation processes. The droplets can be 

removed by both coalescence induced jumping and sweeping modes and Video 4 in the supporting 

information records the process. 

3.4 Discussions 

Based on the condensation heat transfer performance on nanowired surfaces compared with 

that on a smooth surface, the entire condensation heat transfer process can be divided into four 

regions as shown in Figure 3.5 (a) and (b).  

In the first region, the heat transfer coefficient on the smooth surface is even better than 

those on the 10 μm, 20 μm, and 30 μm long nanowired surfaces when the heat flux is smaller than 

30 kW/m2 corresponding to a subcooling at ~0.3 K.  The relatively large size of the smallest viable 

droplet77 is the reason for the unexpected heat transfer performance. The smallest or the critical 

viable droplet radius is  
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𝑅𝑐 =
2𝜎𝑙𝑣𝑇𝑠𝑎𝑡
𝜌𝑤𝐻𝑓𝑔∆𝑇

 (3.12) 

 where σlv and ρw are the surface tension and density of water, respectively,  Tsat is the 

saturation temperature of water under experiment pressure condition, and Hfg is the latent heat of 

evaporation of water. The diameter of the smallest viable droplet when ΔT=0.3 K is Dc=2×Rc~100 

nm which is comparable to the gap size (a-D) between the nanowires. Thus, once a droplet is able 

to form and keep growing, it can only form and stay at the defect on the top of the nanowire tips 

as a pure Cassie state droplet. The heat transfer rate of pure Cassie state droplets is the worst among 

partially-wetting Cassie, Cassie state droplets, and droplets on the smooth surface.11 Thus, the heat 

transfer performance on 10, 20, and 30 μm long nanowired surfaces is even worse than that on the 

smooth surface.  

When it’s in the second region, the subcooling is large enough to form droplets at the 

defects in the gaps of the nanowires. Figure 3.6 (c) is the image for the typical condensation 

patterns on 20 µm long nanowired surface at ΔT≈4.5K. The most remarkable feature under ΔT<~8 

K condition is that the droplets’ coalescence and jumping is the only way to remove the 

condensate. The red circles in Figure 3.6 (c) are some of the spots after the jumping off of the 

coalesced droplets. As calculated with Eq. (3.4), the nanowired surfaces with hydrophobic coating 

in this study are all Cassie stable surfaces. Furthermore, the ratio between the diameter (d) and the 

distance (l) between the nanowires, which is d/l≈0.56, indicates that there is a water bridge between 

the droplet on top of the nanowire tips and the substrate.78 Droplets in this state are the partially-

wetting Cassie state droplets and present the best heat transfer rate. Based on the solid fraction of 

the nanowire surfaces and the contact angle on the hydrophobic smooth Cu surface, a characteristic 

energy barrier which limits the wetting behavior of the condensate when it first grows out of the 

gap between the nanowires can be defined as:79 
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∆𝐸𝑢
∗ =

∆𝐸𝑡
∆𝐸𝑠

 (3.13) 

where ΔEt and ΔEs are the energy barriers at the side and the top of the nanowires, 

respectively.  ∆𝐸𝑢
∗  on all the hydrophobic nanowired surfaces in this study is ~0.96 < 1, which 

means that once the condensate grows out of the gap the droplet will continue growing on the tips 

until it reaches the adjacent gaps as shown in Figure 3.7 (a) to (b). The droplets will continue 

growing on the tips of the hydrophobic structures, as shown in Figure 3.7(c).80 Based on the 

analysis above, the width of the water bridge is about the size of one to several gaps between the 

nanowires so that the contact line is short compared with the dimensions of the droplet. Extra 

surface energy is released after the droplets’ coalescence and this energy is high enough to 

overcome the resistance at the contact line and push the coalesced droplet away from the 

hydrophobic surface as shown in Figure 3.7 (d) to (e).16 The partially-wetting Cassie state droplets 

and the fast coalescence induced jumping removal mode together result in the enhanced 

condensation heat transfer performance on the hydrophobic nanowired surfaces.  

As subcooling or heat flux increases, more and more nucleate sites are activated, which 

results in faster droplet removal due to the reduced droplet size and droplet-droplet distance. The 

jumping removal manner of the droplets guarantees enough dry area for the fast formation of new 

nucleate sites. The HTCs on the nanowired surfaces thus increases as the increase of the 

subcooling. 

However, as the liquid is going to wet the surface at ΔT≈2 K,24 there was no Wenzel state 

droplets appearing on our testing surfaces and coalescence-induced jumping was still the only way 

to remove liquid from the surface. Whether the liquid can wet down from the tips of the nanowires 

to the substrate depends on the angle between the liquid-vapor interface and the  
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(a) (b) (c) 

  
(d) (e) 

Figure 3. 7  Schematics of the droplet growth-coalescence-jump off process under small 

subcooling on nanowired surfaces. (a) Condensate in discrete nanowire gaps. (b) 

Condensate accumulating and growing out of the nanowire tips. (c) The droplet grows 

only on the tips of nanowires as partially-wetting Cassie state droplet without 

interaction with neighboring droplets or condensate. (d) Coalescence of two partial 

Cassie state droplets. (e)The coalesced droplet jumping off from the surface. 

 

extended outline of the structure into the liquid as shown in Figure 3.8.79 The angle can be 

calculated as 

𝑐𝑜𝑠𝛼 = √𝜋√𝜑𝑐𝑜𝑠𝜃𝑎 + (1 − 2
√𝜑

√𝜋
) (3.15) 

The angle is a function of the solid fraction. Fig. 3.9 shows the relation between the 

calculated angle and the solid fraction. As we can see from the plot, once the solid fraction is 

higher than 0.246, α is always larger than 90°. As a consequence, the liquid can never wet down.79, 

80 Since the solid fraction of our nanowired surfaces is ~ 0.282, α is ~ 94°, which means the liquid 

can’t go down from the tips of the nanowires. Therefore, the formation of Wenzel state droplets 

doesn’t result from the wetting down process, which makes enhanced dropwise condensation heat 

transfer performance possible on our surfaces. When a droplet forms at a certain nucleate site and 

keeps growing under condensation condition, the temperature at this location is the  

water bridge 
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Figure 3. 8  Angle that controls the 

wetting down movement of the liquid 

Figure 3. 9  The relation between the solid 

fraction and the angle 

  

lowest comparing with the temperature around this location as shown in Figure 3.10. As 

subcooling further increases, new nucleate sites generate close to the existing nucleate site in the 

gaps and coalesce with the existing water bridge of the droplet. The water bridge grows, which 

increases the wetting area beneath the partially wetting Cassie state droplet as shown in Figure 

3.11. Once the wetting area is large, the adhesion force increases so that the liquid in the gaps can’t 

be pulled out of the structures. However, coalesced droplet can still jump from the surface with 

the water bridge remains in the gaps as shown in Figure 3.12. A factor f is defined as the ratio 

between the wetting area and the contact area beneath the droplet. The total surface energy of the 

two droplets before coalescence is   

𝐸𝑏𝑒𝑓𝑜𝑟𝑒 = 𝐸𝑑𝑟𝑜𝑝𝑙𝑒𝑡_1 + 𝐸𝑑𝑟𝑜𝑝𝑙𝑒𝑡_2 (3.16) 

The surface energy for a partially wetting droplet consists of the energy from the solid-liquid, 

solid-gas, and gas-liquid interfaces. The energy from the liquid-vapor (lv) interface, the energy 

from the liquid-solid interface (sl), and the energy from the solid-vapor (sv) interface are:81 

𝐸𝑙𝑣 = 𝜎𝑙𝑣𝐴𝑙𝑣 = 𝜎𝑙𝑣[2𝜋(𝑅1
2 + 𝑅2

2)(1 − 𝑐𝑜𝑠𝜃) + 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1 − 𝑓)(1 − 𝜑)] (3.17) 
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𝐸𝑠𝑙 = 𝜎𝑠𝑙𝐴𝑠𝑙 = 𝜎𝑠𝑙[𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝑟 + 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1 − 𝑓)𝜑] (3.18) 

𝐸𝑠𝑣 = 𝜎𝑠𝑣𝐴𝑠𝑣 = 𝜎𝑠𝑣[𝐴𝑡𝑜𝑡𝑎𝑙 − 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝑟 − 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1 − 𝑓)𝜑] (3.19) 

where σ is the interface surface tension, A is the interface area, R is the radius of the droplet before 

coalescence, θ is the apparent contact angle, Atotal is an arbitrary control area that contains at least 

the two droplets, and r is the surface roughness. According to Eq. (3.16), we get the total surface 

energy before coalescence: 

𝐸𝑏𝑒𝑓𝑜𝑟𝑒 = 𝜎𝑠𝑣𝐴𝑡𝑜𝑡𝑎𝑙 + 𝜎𝑙𝑣2𝜋(𝑅1
2 + 𝑅2

2)(1 − 𝑐𝑜𝑠𝜃)

+ 𝜎𝑙𝑣𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1 − 𝑓)(1 − 𝜑)

+ 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝑟(𝜎𝑠𝑙 − 𝜎𝑠𝑣) + 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1

− 𝑓)𝜑(𝜎𝑠𝑙 − 𝜎𝑠𝑣) 

(3.17) 

Since 𝜎𝑠𝑣 − 𝜎𝑠𝑙 = 𝜎𝑙𝑣𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐,82 Eq. (3.17) becomes: 

𝐸𝑡_𝑏𝑒𝑓𝑜𝑟𝑒 = 𝐸𝑙𝑣 + 𝐸𝑠𝑙 + 𝐸𝑠𝑣

= 𝜎𝑠𝑣𝐴𝑡𝑜𝑡𝑎𝑙 + 𝜎𝑙𝑣2𝜋(𝑅1
2 + 𝑅2

2)(1 − 𝑐𝑜𝑠𝜃)

+ 𝜎𝑙𝑣𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1 − 𝑓)(1 − 𝜑)

− 𝜎𝑙𝑣𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝑟

− 𝜎𝑙𝑣𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃(1 − 𝑓)𝜑

= 𝜎𝑠𝑣𝐴𝑡𝑜𝑡𝑎𝑙 + 𝜋𝜎𝑙𝑣(𝑅1
2 + 𝑅2

2)[2(1 − 𝑐𝑜𝑠𝜃) + 𝑠𝑖𝑛2𝜃(1 − 𝑓)(1 − 𝜑)

− 𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐𝑓𝑟 − 𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(1 − 𝑓)𝜑] 

(3.18) 

After coalescence, the liquid under the two partially-wetting droplets remains in the structure while 

the liquid on the tips of the structure forms a new droplet as shown in figure 3.12. The energy from 

the interfaces is81  

𝐸𝑙𝑣 = 𝜎𝑙𝑣[4𝜋𝑅0
2 + 𝜋(𝑅1

2 + 𝑅2
2)𝑠𝑖𝑛2𝜃𝑓(1 − 𝜑)] (3.19) 
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𝐸𝑠𝑙 = 𝜎𝑠𝑙[𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝑟 − 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝜑] (3.20) 

𝐸𝑠𝑣 = 𝜎𝑠𝑣[𝐴𝑡𝑜𝑡𝑎𝑙 − 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝑟 + 𝜋(𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝑓𝜑] (3.21) 

The total surface energy after coalescence is then: 

𝐸𝑎𝑓𝑡𝑒𝑟 = 𝜎𝑠𝑣𝐴𝑡𝑜𝑡𝑎𝑙 + 𝜋𝜎𝑙𝑣[4𝑅0
2 + (𝑅1

2 + 𝑅2
2)𝑠𝑖𝑛2𝜃𝑓(1 − 𝜑 − 𝑟𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐

+ 𝜑𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐)] 

(3.22) 

where R0 is the radius of the coalesced droplet (sphere): 

𝑅0 = [
1

4
(𝑅1

3 + 𝑅2
3)(2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃)]1 3⁄  (3.23) 

The coalescence process results in viscous dissipation. The energy dissipated in this process is:83 

𝐸𝑑𝑖𝑠 = 72𝜋𝜇√
𝜎𝑙𝑣
𝜌𝑙

(𝑅1
1.5 + 𝑅2

1.5) (3.24) 

where μ and ρl are the dynamic viscosity and density of the liquid. 

If the coalesced droplet is able to leave the surface, it must have kinetic energy. The kinetic 

energy results from the energy difference between the total surface energy before and after the 

coalescence process as shown in Eq. (3.25) 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = 𝐸𝑡_𝑏𝑒𝑓𝑜𝑟𝑒 − 𝐸𝑡𝑎𝑓𝑡𝑒𝑟 − 𝐸𝑑𝑖𝑠 =

= 𝜋𝜎𝑙𝑣{(𝑅1
2 + 𝑅2

2)[2(1 − 𝑐𝑜𝑠𝜃) + 𝑠𝑖𝑛2𝜃(1 − 𝑓)(1 − 𝜑)

− 𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐𝑓𝑟 − 𝑠𝑖𝑛2𝜃𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐(1 − 𝑓)𝜑

− 𝑠𝑖𝑛2𝜃𝑓(1 − 𝜑 − 𝑟𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 + 𝜑𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐)] − 4𝑅0
2}

− 72𝜇√
𝜎𝑙𝑣

𝜌
𝑙

(𝑅1
1.5 + 𝑅2

1.5) 

(3.25) 

As long as the kinetic energy is larger than 0, the droplet can jump from the tips since the 

condensation surface was placed vertically so that gravity doesn’t provide extra resistance. By 

changing the value of f and φ, the result for the kinetic energy is shown in Fig. 13. As we can see 
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from the result, the coalesced droplet can jump only when the wetting area is smaller than 2% on 

our nanowired surfaces. If the solid fraction reduces to 0.1, the coalesced droplet can jump until    

 

 

Figure 3. 10 Temperature profile around 

a droplet 

Figure 3. 11 Nucleate sites form around the 

existing droplet and growing of the water 

bridge 

 

 

Figure 3. 12 Jumping coalesced droplets 

with water bridge remaining in the 

structures 

Figure 3. 13  The kinetic energy of the 

coalesced droplet as a function of solid 

fraction and wetting area 

  

the wetting area grows to 7%. However, when the solid fraction is 0.3, the coalesced droplet can’t 

jump unless the wetting area is only one or several nanowire gaps’ large. Since the coalesced 

droplet can still jump from the surface but leave the water bridge in the structures, there are less 

dry area on the surface. The HTC decreases accordingly. Once the wetting area is large enough, 

the droplet that can’t jump from the surface will stay on the surface for a longer time. As 
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subcooling increases, more and more nucleate sites form, grow, and coalesce with the droplet on 

the tips. Finally, Wenzel state droplet forms when the subcooling is ~10 K.86 On small solid 

fraction nano-structured hydrophobic surfaces, the coalesced droplet can jump under large wetting 

area, which can extend the subcooling range for enhanced dropwise condensation heat transfer 

performance. 

As heat flux or subcooling further increases into the third region, although the condensation 

heat transfer performance has been enhanced, a transition occurs and both HTC and heat flux 

decrease with the increase of the subcooling. In our experiment, the jumping off removal mode 

only occurs when ΔT<~15 K on nanowired surface and it is fully diminished when the subcooling 

further increases to ΔT>~15 K. The gradual reduction of the droplet jumping off results from the 

transition of the wetting state as subcooling increases.  

Under the ~8 K <ΔT< ~15 K subcooling conditions, the brightness of droplets changes from 

time to time, which reflects the state transition of the droplets and is one of the most remarkable 

features in this subcooling range, as shown in Video 4 in the supporting information. Taking the 

20 µm long nanowired surface for example, Figure 3.6 (d) shows the condensation patterns at the 

ΔT≈10 K subcooling condition. The blue and yellow dashed circles show some cases of the Wenzel 

droplets and the Cassie droplets, respectively. The droplet sweeping starts to replace the 

coalescence and jumping off manner to remove the condensate. Some coalesced droplets are 

jumping off from the surface, while some other coalesced droplets form unstable partially-wetting 

Cassie states and change from partially-wetting Cassie states to Wenzel states and finally are 

removed by a sweeping manner.  

Figure 3.14 shows the complete process of small Wenzel droplets coalescence as shown in 

(a) to (b), partially-wetting Cassie state droplet formation as shown in (c), and what’s more 
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important, the gradual transition of coalesced droplet from partially-wetting Cassie state to Wenzel 

state on 20µm nanowired surface as shown in (d). The formation of the small Wenzel state droplets 

results from the coalescence of the condensate in several neighboring gaps between the nanowires. 

Based on the arrangement of the nanowires, a unit cell can be defined as the triangular spacing 

formed by three nanowires. As subcooling increases, the nucleate site density on a surface 

increases as shown in Eq (3.19)84: 

𝑁𝑠 ∝ ∆𝑇2 (3.19) 

Under small subcooling conditions, when nucleation occurs in a unit cell, the subcooling 

in the surrounding unit cells is smaller than that of the nucleation site as we mentioned above. 

When the subcooling falls in the moderate range at ~10 K, the nucleate site density increases 

dramatically. Even a 1 K subcooling can result in more than 1000 nucleate sites in a unit cell as 

shown in Figure 3.14 (e). The result of the interaction with the condensate in the neighboring cells 

is the formation of the small Wenzel state droplets as shown in Figure 3.14 (f) since the coalescence 

of the condensate in the neighboring cells can’t release enough energy to overcome the resistance 

force at the three phase contact line (TPCL) under the large roughness factor of our nanowired 

structures to shrink the droplet contact line. Even when two neighboring Wenzel droplets are at a 

large enough distance and are large enough in size, the released energy from the coalescence 

(Figure 3.14 (g)) couldn’t result in the shrinking of the contact line of the coalesced droplet due to 

the large roughness factor r.85 The state change can only result from the shrinking of the contact 

area of the coalesced droplet on the tips of the nanowires while the liquid in the gaps of the 

nanowires remains in the structure as shown in Figure 3.14 (h). New liquid-vapor and solid-vapor 

interfaces form while the liquid-solid interfaces on the tips of the nanowires disappear during this 

process. The energy to generate the newly exposed interfaces comes from the energy released from  
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(a) (b) (c) (d) 

 
  

 

(e) (f) (g)  

   

 

(h) (i) (j)  

Figure 3. 14  Images and schematics of the process of the Wenzel droplets coalescence 

and the Cassie to Wenzel state transition after the coalescence at the moderate 

subcooling on 20 µm long nanowired surface. (a) Two Wenzel droplets before 

coalescence. (b) Coalescing of two Wenzel droplets. (c) The coalesced droplet first 

shows Cassie state. (d) The coalesced droplet changes into Wenzel state. (e) Schematic 

of condensate appears everywhere in the nanowire gaps. (f) Schematic of two Wenzel 

droplets form and grow. (g) Schematic of the two Wenzel droplets coalescing, which 

corresponds to Figure 3.8 (a). (h) Schematic of the coalesced droplet shows Cassie 

state due to a shrink of the contact area and the condensate remains in the gaps of the 

nanowires, which corresponds to Figure 3.8 (b). (i) Schematic of the condensate in the 

gaps and the coalesced droplet grow, which corresponds to Figure 3.8(c). (j) Schematic 

of the coalesced droplet coalesces with the condensate growing out of the gaps and 

forms a Wenzel state droplet, which corresponds to Figure 3.8 (d). The scale bar is 500 

µm for all these images. 

 

 
 

the shape transformation of the coalesced droplet. Take the coalescence process shown in Figure 

3.14 (a)-(d) as an example. The Gibbs energy needed for new interfaces is 

∆𝐸 = 𝜋𝜎𝑙𝑣(𝑅0
2𝑠𝑖𝑛𝜃0

2 − 𝑅𝑓
2𝑠𝑖𝑛𝜃𝑓

2)[𝜑𝑐𝑜𝑠𝜃𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 + (1 − 𝜑)] (3.20) 
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where R0 and Rf are the radii of the coalesced droplet at its initial and final states, θ0 and θf are the 

apparent contact angle of the coalesced droplet at its initial and final states. The released energy 

between the initial and final states of the coalesced droplet is:85 

𝜋𝜎𝑙𝑣[2𝑅𝑓
2(1 − 𝑐𝑜𝑠𝜃𝑓) − 𝑅𝑓

2𝑠𝑖𝑛𝜃𝑓
2𝑐𝑜𝑠𝜃𝑓] + ∆𝐸 = 𝐸0 (3.21) 

E0 is the total energy of the newly formed coalesced droplet and can be expressed as: 

𝐸0 = 𝜋𝜎𝑙𝑣[2(𝑅1
2 + 𝑅2

2)(1 − 𝑐𝑜𝑠𝜃𝐸) − (𝑅1
2 + 𝑅2

2)𝑠𝑖𝑛2𝜃𝐸𝑐𝑜𝑠𝜃𝐸)

− 72𝜋𝜇√𝜎𝑙𝑣 𝜌𝑤⁄ (𝑅1
3 + 𝑅2

3)] 

(3.22) 

The result shows that the contact area of the coalesced droplet on the tips of the nanowires 

shrinks ~ 60% and the apparent contact angle at the final state is ~ 125°. The contact angle is 

smaller than the equilibrium contact angle of ~141°, which means the coalesced droplet is in 

unstable partially-wetting Cassie state and can’t leave the surface. If the length or the solid fraction 

of the nanowires changes, the surface energy distribution changes accordingly. As long as the 

initial contact angle of the coalesced droplet is larger than the equilibrium contact angle, based on 

the surface energy minimization principal, the coalesced droplet can take advantage of the released 

energy to further shrink the contact area with the structures so that coalescence induced jumping 

might occur. Otherwise, if the initial contact angle is smaller than the equilibrium contact angle, 

the contact angle of the coalesced droplet will end up with the equilibrium contact angle. 

Calculation has been carried out based on Eq. (3.20)-(3.22) with the length and the solid fraction 

of the nanowires as variables. The results have been shown in Figure 3.15 (a) and (b). The initial 

contact angle of the coalesced droplet increases with the decrease of the nanowire length. However, 

even when the nanowires are as short as 1 μm, the initial contact angle is still way lower than the 

equilibrium contact angle. As the solid fraction increases, the initial contact has very limited 

increase and is way lower than the equilibrium contact angle. Thus, once Wenzel state droplet 
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appears on the condensation surfaces, coalescence induced jumping can’t occur any more. As the 

condensation process continues, the liquid that remains in the gaps of the nanowires grows out of 

the tips of the nanowires and, in the meantime, the unstable partially-wetting Cassie state droplet 

also transforms towards its equilibrium state as shown in Figure 3.14 (i). Once the liquid growing 

out of the nanowire tips and contacts with the droplet above it, the release energy can’t generate 

new interfaces and the droplet thus changes into Wenzel state again as shown in Figure 3.14 (j). 

The droplets in Wenzel state can only be removed by a sweeping manner. As long as the droplets 

before coalescence are in Wenzel state, the contact angle of the coalesced droplet will never exceed 

the equilibrium contact angle no  

  
a b 

Figure 3. 15  Initial contact angle of the coalesced droplet as a function of (a) the length 

and (b) the solid fraction of the nanowires 

 

matter what are the heights and solid fractions of the surface structures. According to Rose’s 

study,86 once the smallest viable droplet radius reaches 2 nm, the nucleation sites saturate at some 

locations on the flat surface. Compared with ~2 nm radius nucleation site, the nanowires in our 

structures can be regarded as flat surface so that Rose’s standard holds for our structured surfaces. 

Once the nucleation site saturate on the surface, Wenzel state droplets form inevitably. Transition 

thus occurs consequently. Since the transition doesn’t occur suddenly on the entire surface, the 
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condensation heat transfer performance degrades gradually as the transition progresses with the 

increase of the subcooling.  

When transition ends at ΔT~15 K, the condensation heat transfer performance is the same 

on all four surfaces. This is the flooding region. In Figure 3.6 (e), the typical large subcooling 

condition is selected to be ΔT≈27 K. The image shows that stable Wenzel droplets cover the 

surfaces under this subcooling and the droplet sweeping is the only manner to remove the 

condensate as shown in the purple circle. The droplets’ growth, coalescence and the sweeping 

removal on nanowired surface is similar to that on the smooth surface under the similar large 

subcooling, as shown in Figure 3.6 (a). Due to the Wenzel wetting state of the droplets, the 

nanowire structures are filled by condensate. There is a nanowire-condensate mixed layer between 

the bottom of the droplets and the substrate. This layer can be regarded as an effective thermal 

resistance which is the result of the thermal resistance of the nanowires and the condensate in 

parallel. Due to the high effective thermal conductivity of the nanowires, only 0.08 K temperature 

drop can result from the mixed layer for the 20 µm long nanowired surface at the 150 kW/m2 heat 

flux condition. Therefore, the thermal resistance resulting from the nanowire structure is only a 

minor factor, especially for the large subcooling condition. Since all the nanowires are flooded, 

the heat transfer occurs mainly at the liquid-vapor interface. Therefore the condensation heat 

transfer performance is similar on all surfaces including nanowired surfaces and the smooth 

surface due to the similar droplet growth, coalescence and departure on nanowired surface and the 

smooth surface.  
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Chapter 4 Pool Boiling Heat Transfer Enhancement 

4.1 Sample characterizations 

A plain Cu surface with nominal surface roughness of 450 nm was prepared by polishing 

0.8 mm thick Cu sheet with a 2000-grit sand paper and tested for pool-boiling heat transfer as the 

reference. Two micropillared Cu surfaces as shown in Figure 4.1(a) and (b) with 20 μm × 20 μm 

pillars at a pitch of 100 μm and a height of 14 μm (as shown in Figure 4.1(a)) and 45 μm × 45 μm 

at a pitch of 200 μm and a height of 32 μm (as shown in Figure 4.1(b)) were fabricated. The two 

Cu nanowired surfaces with a length of 4.7 μm and 27 μm were fabricated through a two-step 

porous anodic alumina (PAA) template-assisted electrodeposition method. As shown in Figure 

4.1(c) and (d), most of the 4.7 μm long Cu nanowires are standing alone while the 27 μm long Cu 

nanowires accumulate together to form nanowire bundles. The average gap size in the 4.7 μm long 

Cu nanowire arrays is 200 nm. A wide range of size of gaps from 600 nm to 4 μm exists between 

the nanowire bundles in the 27 μm long Cu nanowire arrays. An even wider range of cavities is 

shown in the inserted image in Figure 4.1(d) due to the uneven lengths of the nanowires. As shown 

in Figure 4.1(e) and (f), the hierarchical nano/microstructured surface has micropyramids made of 

Cu nanowires with a height of about 33 μm and a pitch of 100 μm. The nanowires in the valley 

between micropyramids with a height of about 16μm form tightly tangled bundles with an average 

effective diameter of 9 μm and an average gap size of 2 μm, which owns abundant active nucleation 

sites ranging from 600 nm to 6 μm throughout the superheat range in the test.  

Due to the capillary force generated by the structures on the surface, the contact angle on 

the structured surface changes with the propagation of the vapor-liquid-solid three phase contact 

line. The static contact angle is finally achieved until the viscous force balances with the capillary 

force.87 This dynamic process provides not only the contact angle but also the liquid spreading  
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a b 

  

c d 
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e f 

Figure 4. 1  Surface morphology of the as-obtained samples . (a) top view Scanning-

Electron-Microscope (SEM) image of the 20μm×20μm micropillared Cu surface and the 

inset is the tilted view SEM image. (b) top view SEM image of the 45μm×45μm 

micropillared Cu surface and the inset is the tilted view SEM image. (c) top view SEM 

image of the 4.7μm long Cu nanowired surface and the inset is the cross-section view. (d) 

top view SEM image of the 27μm long Cu nanowired surface with a wide spectrum of 

gaps and the inserted image is the tilted angle view. (e) top view and (f) side view SEM 

photos of the hierarchical structured surface. 

 

or wicking performance of the structured surfaces. The recording of this dynamic process is helpful 

to extra useful information to understand the characterizations of the structured surfaces. 

The contact angles on the testing surfaces are measured before the heat transfer 

experiments by sessile drop method with a high speed camera under room temperature and 

atmospheric pressure. The testing system as shown in Figure 4.2 consists of a high speed camera 

working at 1000 frame per second (fps), a syringe that can deliver 0.5—25 μL water droplet, a 

micro-translation stage for the sample, a ground glass light diffuser, and a 250 W halogen lamp 

that can provide enough light for the camera under high speed shooting condition.  

The tip of the syringe is kept 4 mm above the testing surface to eliminate the effect of the 

different kinetic energy of the water droplet which can result in impact on the spreading behavior 
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of the liquid on the surface.88 10 to 11 μL DI water is used to realize the dynamic process. The 

amount of the DI water is chosen based on the bond number of the droplet so that gravity won’t  

 
Figure 4. 2  Schematic of the contact angle testing system 

 

affect the shape of the droplet on the surface. The diameter of the 11 μL DI water droplet is ~ 2.7 

mm. Based on the free falling body movement of the droplet after leaving the tip of the syringe, 

the velocity of the droplet before contacting with the surface is ~0.16 m/s. Thus the bond number 

of the droplet can be calculated as: 

𝐵𝑜 =
𝜌𝑤𝑔𝐷

2

𝜎
 (4.1) 

where ρw is the density of water,σ is the surface tension of the water, g is the gravitational 

acceleration, and D is the diameter of the droplet. In our study, Bo ≈ 0.9 <1 so that gravity has no 

effect on the shape of the water on the surface which is a sphere cap (part of a sphere).89 Whether 

the liquid spreading on the structured surface is driven by the capillary force depends on two 

dimensionless numbers which are the Weber number (We) and the Ohnesorge number (Oh): 

𝑊𝑒 =
𝜌𝑤𝐷𝑈

2

𝜎
 (4.2) 

𝑂ℎ =
𝜂

√𝐷𝜎𝜌𝑤
 (4.3) 

where U is the speed of the droplet right before contact, η is the dynamic viscosity of water. In this 

study, We ≈ 0.91 <1 and Oh ≈ 0.002 <<1. The liquid spreading after the droplet contacting with 
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the surface can be regarded as almost inviscid and capillarity driven flow. 90  Therefore, the 

information about liquid spreading on the structured surface can be obtained.  

The liquid spreading performance on the structured surface is represented by the volume 

rate of water sucked by the structure under capillary force. The calculation of the water volume 

sucked by the structure can be realized by subtracting the volume of the water sphere cap on the 

surface from the initial volume of the water droplet before contact. The volume of the water sphere 

cap as shown in Figure 4.3 is  

𝑉𝑠𝑐 =
1

3
𝜋𝑅𝑠𝑐

3 (2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃) (4.4) 

where Rsc is the radius of sphere cap and θ is the contact angle of the sphere cap. Rsc can be 

calculated based on the contact angle and the length of the contact line 

𝑅𝑠𝑐 =
𝑏

2𝑠𝑖𝑛𝜃
 (4.5) 

  

 
Figure 4. 3  Schematic of the contact angle, contact line, and the radius of the water 

sphere cap 

 

Once the water droplet is realized onto the structured surface, the contact angle decreases from 

180° at the beginning of the contact until the static contact angle is achieved. A typical series of 

photos of this dynamic process from the recording of the high speed camera is shown in Figure 

4.4. As we can see from the process, at the beginning of the contact, the shape of the liquid on the 

surface is not sphere cap and the outline of the liquid can’t be obtained. Due to the oscillation of 
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the outline of the water sphere cap resulted from the kinetic energy and the surface tension of the 

water droplet, the volume of the water sphere cap can’t be measured. The fluctuation of the 

dynamic contact angle in Figure 4.5 is the result of the oscillation. Since  

 
Figure 4. 4 Dynamic process of a water droplet contacting with structured surface 
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Figure 4. 5 Relation between time and contact angle or the length of the contact line 

 
Figure 4. 6 Relation between time and volume and linear fitting result 

 

viscous diffusion exists, the oscillation is underdamped oscillation. The time scale for the decay 

is90  
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𝜏 =
0.035𝐷2

𝜈
 (4.6) 

where ν is the kinematic viscosity. The oscillation damps away after ~ 250 ms in our study. What’s 

more important, the length of the contact line stops changing after ~20 ms as shown in Figure 4.5, 

which coincides with the conclusion from ref 90 on smooth surface. Although the length of the 

contact line stops changing, the contact angle keeps deceasing after that time point, which indicates 

that from then on the reduction of the sphere cap volume is the only result of the liquid spreading 

resulted from the capillary force. Therefore, the volume changing rate resulted from the capillary 

force can be calculated by using the points after 250 ms. The length of the contact line is calculated 

by comparing the length of the contact line in the photos with the width of the syringe which is 

0.55 mm in the photos. Since the time scale for bubble generation before departure is ~ 5 ms,33 the 

volume changing rate is obtained by linear fitting the time-volume relation in a 5 ms range as 

shown in Figure 4.6. The results of the static contact angles and the liquid spreading performance 

which is the volume changing rate on our testing samples are listed in Table 4.1 and 4.2, 

respectively. 

Table 4.1. Contact angle measurement results 

plain Cu surface 89.5° 

20μm×20μm Cu micropillared surface 23.4° 

45μm×45μm Cu micropillared surface 31° 

surface with 4.7μm long Cu nanowires 28.7° 

surface with 27μm long Cu nanowires 18.6° 

nanowire/micropillared hierarchical structured surface 5.1° 

Table 4.2. Water spreading performance on different structured surfaces 

20μm×20μm Cu micropillared surface  43.73 μL/s 
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45μm×45μm Cu micropillared surface  33.47 μL/s 

surface with 4.7μm long Cu nanowires  16.02 μL/s 

surface with 27μm long Cu nanowires  26.94 μL/s 

nanowire/micropillared hierarchical structured surface  48.61 μL/s 

 

4.2 Testing system and data reduction 

4.2.1 Testing system 

The pool boiling heat transfer experiments were conducted in an open system using steady 

state method. Figure 4.7 (a) shows the schematics of the pool boiling testing system which was 

adapted from reference 91. An aluminum vessel with a diameter of 19 cm and a depth of 22 cm 

holds deionized (DI) water with two guard-heaters outside to keep the DI water saturated. Two 

thermocouples, TC4 and TC5, were placed about 5mm above the boiling surface to monitor the 

saturated temperature of the DI water. A non-porous ceramic was mounted in the vessel as the 

thermal insulation material. An oxygen-free Cu bar with 8mm×8mm square top surface was used 

to conduct heat from the Cu cylinder at the bottom to the sample on the top. The 0.8 mm thick heat 

transfer surfaces prepared as described in Supporting Information section1 were cut into 8 mm × 

8 mm squares and then soldered onto the top of the Cu bar. A photo of the assembly of the sample 

is shown in Figure 4.7 (b).Three K-type thermocouples, TC1, TC2, and TC3, were soldered into 

the center of the Cu bar for the temperature and the heat flux measurements. TC1 was placed 1 

mm below the top surface of the Cu bar and the distance between each two adjacent thermocouples 

was 8 mm. Heat was provided by the main heater which was clamped to the Cu cylinder.  

The steady state measurement method92, 93 was used to test the pool boiling performance 

of all the samples under atmospheric pressure. The DI water was boiled for at least two hours to 

remove the dissolved gas in the water before it was added to the vessel. During the testing, the DI 

water was kept saturated. Heat supplied to the sample started from around 1 W/cm2 and was 
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increased until CHF was reached.  The increment of heat supplied was around 20 W/cm2 at the 

beginning and about 5 W/cm2 when it was close to the CHF. When the temperature fluctuation of 

TC1 in a 10-minute period was not greater than 0.2 °C under a given heat flux, we regarded this 

as one steady state and recorded the temperatures for a 3-minue period using an Agilent 34980A 

data acquisition system (more than 200 data points were recorded to take an average). 

4.2.2 Data reduction 

The temperature differences between the adjacent thermocouples are similar to each other 

in all tests. A typical relation between the temperature differences and the heat flux from the 

boiling heat transfer experiment on the surface with 27μm long Cu nanowires is shown in Figure 

4.8.  

Thus, the heat loss from the Cu bar through the insulating ceramics is negligible and one-

dimensional heat conduction can be used to calculate the heat flux and the surface temperature.  

 

 

a b 

Figure 4. 7 (a) Schematic of the open system for pool boiling measurement and (b) photo 

of the assembly of the sample 
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Figure 4. 8 A typical relation between the temperature differences and the heat flux on 

the surface with 27μm long Cu nanowires 

 

The heat flux q’’ conducted by the Cu bar is  

𝑞′′ = 𝐾𝐶𝑢(𝑇𝑇𝐶2 − 𝑇𝑇𝐶1)/𝑡𝑇𝐶 (4.7) 

In Eq. 4.7, KCu is the thermal conductivity of the oxygen-free Cu, with a value of 401 W/m 

K, and tTC is the distance between two neighboring thermocouples in the Cu bar.  

The surface temperature is then extrapolated by the one dimensional heat conduction model 

using T1 and the heat flux in the Cu bar. Since all the Cu samples were soldered onto the top of 

the Cu bar, an interface thermal resistance was introduced by the solder layer. We have repeatedly 

calibrated the interface thermal resistance to obtain a value of RITR=0.085825 K/W, which has been 

taken into account when obtaining the surface temperature of the sample. 

The wall temperature Tw can be calculated as  

𝑇𝑊 = 𝑇𝑇𝐶1 − 𝑞′′(𝑡𝑠𝑇𝐶1 𝐾𝐶𝑢⁄ + 𝑅𝐼𝑇𝑅) (4.8) 

The heat transfer coefficient heff then can be calculated as 

ℎ𝑒𝑓𝑓 = 𝑞′′/(𝑇𝑊 − 𝑇𝑠𝑎𝑡) (4.9) 
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In Eq. 4.8 and Eq. 4.9, tsTC1 is the total thickness between the top surface of the sample and 

TC1, and Tsat is the saturated temperature of the DI water.  

We have employed the error propagation method to estimate the uncertainty of the 

experiment. All three equations can be written in the form of y=f(xi). The error (when only first 

order items of Taylor expansion are considered) then can be expressed as  

𝜎2(𝑦) =∑(
𝜕𝑓

𝜕𝑥𝑖
)2𝜎𝑥𝑖

2 + 2∑ ∑
𝜕𝑓

𝜕𝑥𝑖

𝜕𝑓

𝜕𝑥𝑗
𝜎𝑥𝑖𝜎𝑥𝑗𝜌𝑖,𝑗

𝑛

𝑗=𝑖+1

𝑛−1

𝑖=1

𝑛

𝑖=1

 (4.10) 

where ρi,j is the correlation coefficient between xi and xj. We assumed that all the variables in Eq. 

4.7—Eq. 4.9 were correlated, which means ρi,j=1, so that the errors obtained were all at their 

maximum values. The equation for error calculation transformed into  

𝜎𝑚𝑎𝑥(𝑦) =∑|
𝜕𝑓

𝜕𝑥𝑖
| 𝜎𝑥𝑖

𝑛

𝑖=1

 (4.11) 

Based on Eq. 4.11 the uncertainties of the superheat, the heat flux, and the heat transfer 

coefficient are expressed as  

𝜎𝑚𝑎𝑥(𝑇𝑊 − 𝑇𝑠𝑎𝑡) = 𝜎(𝑇𝑠𝑎𝑡) + 𝜎(𝑇𝑇𝐶1) + (
𝑡𝑠𝑇𝐶1
𝐾𝑐𝑢

+ 𝑅𝐼𝑇𝑅) 𝜎(𝑞
′′) +

𝑞′′

𝐾𝐶𝑢
𝜎(𝑡𝑠𝑇𝐶1) (4.12) 

𝜎𝑚𝑎𝑥(𝑞
′′) =

𝐾𝐶𝑢

𝑡𝑇𝐶
2

(𝑇𝑇𝐶2 − 𝑇𝑇𝐶1)𝜎(𝑡𝑇𝐶) +
𝐾𝐶𝑢
𝑡𝑇𝐶

𝜎(𝑇𝑇𝐶2) +
𝐾𝐶𝑢
𝑡𝑇𝐶

𝜎(𝑇𝑇𝐶1) (4.13) 

𝜎𝑚𝑎𝑥(ℎ𝑒𝑓𝑓) =
1

𝑇𝑊 − 𝑇𝑠𝑎𝑡
𝜎(𝑞′′) +

𝑞′′

(𝑇𝑊 − 𝑇𝑠𝑎𝑡)2
𝜎(𝑇𝑊) +

𝑞′′

(𝑇𝑊 − 𝑇𝑠𝑎𝑡)2
𝜎(𝑇𝑠𝑎𝑡) (4.14) 

The uncertainty of the temperature is ±0.2 °C, which was estimated from the largest 

temperature fluctuation of the measurement of the temperature during the steady state. The 

uncertainties of the thickness measurement and the positioning of the thermocouples were 0.005 

mm, and 0.005 mm respectively, which were estimated from the accuracy of the caliper. The 
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uncertainties of the superheat, the heat flux, and the HTC can be calculated accordingly under each 

heat input and be presented in the boiling curves and the relations between heat flux and HTC. 

4.3 Testing results 

Figure 4.9 shows the pool boiling curves (heat flux q v.s. superheat Tw-Tsat) on the 

hierarchical structured surface, two micropillared surfaces, and two nanowired surfaces in 

comparison with that on plain surface. The CHFs on the hierarchical structured surface, the 20 

μm×20 μm micropillared surface, the 45 μm×45 μm micropillared surface, the 4.7 μm long 

nanowired surface, and the 27 μm long nanowired surface are 248.8 W/cm2, 234 W/cm2, 195.6 

W/cm2, 161.9 W/cm2, and 203.7 W/cm2 respectively while the CHF on the plain surface is 

140.3W/cm2. As expected the hierarchical structured surface has the best enhancement in terms of 

CHF which is ~ 77% higher than that on the flat surface. However, the micro structured surfaces 

have better CHF enhancement than that of the nanowired surfaces, which is unexpected before the 

experiments. Figure 4.10 (a) and (b) compare the relation between the CHF and the contact angles 

and the relation between the CHF and the water spreading speed. Figure 4.10 (a) shows that the 

relation between the CHF and the contact angle is not monotonic, as described in Kandlikar’s 

model47 when the contact angle is smaller than 30°. Apparently, contact angle is not  
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Figure 4. 9 Pool boiling curves on all the 

structured surfaces in comparison w/ that of 

the plain Cu surface. 

Figure 4. 10 (a) Relation between 

contact angle and CHF 

  

Figure 4. 10 (b) Relation between water 

spreading and CHF 

Figure 4. 11 Force analysis on the vapor-

liquid interface of a bubble 

  

the only factor influencing the CHF. Figure 4.10 (b) shows that the CHF changes with the water 

spreading speed monotonically.  

4.4 Discussions 

It is reasonable to assume that the mechanism for the CHF to occur is still the force balance 

on the bubble interface but the heat flux is tuned by the liquid spreading. Ahn51 proposed to add 

the spreading effect to Kandlikar’s model to modify the CHF prediction as shown in the following 

equation:  

𝑞𝐶𝐻𝐹
′′ = 𝑞𝐶𝐻𝐹_𝐾𝑎𝑛𝑑𝑙𝑖𝑘𝑎𝑟

′′ + 𝑞𝑠𝑝𝑟𝑒𝑎𝑑𝑖𝑛𝑔
′′

= 𝑠ℎ𝑓𝑔𝜌𝑔
1 2⁄ (

1 + 𝑐𝑜𝑠𝜃

16
) [
2

𝜋
+
𝜋

4
(1

+ 𝑐𝑜𝑠𝜃)𝑐𝑜𝑠𝜑]1 2⁄ [𝜎𝑔(𝜌𝑙 − 𝜌𝑔)]
1 4⁄ +

𝑑𝛷

𝑑𝑡

𝜌𝑙ℎ𝑓𝑔

𝐴ℎ𝑒𝑎𝑡𝑖𝑛𝑔_𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 

(4.15) 

where hfg is the latent heat of water, ρg and ρl are the density of the water vapor and the water, θ is 

the apparent contact angle, φ is the angle of the heating surface with respect to the horizontal plane, 

σ is the surface tension, Φ is the volume of the water that spreads into the structures, Aheating_surface 
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is the area of the heating surface, and s is a coefficient by fitting the experiment data. Since the 

liquid spreading plays an important role in pool boiling heat transfer and determining the CHF, the 

wettability effect on CHF will be attenuated when the contact angle is smaller on structured 

surfaces. dΦ/dt represents the water spreading speed. Eq. 4.15 mentioned above introduced the 

effect of liquid spreading and showed that the predicted data could match the experimental data. 

However, Eq. 4.15 didn’t explain how the liquid spreading affects the CHF fundamentally. Since 

Kandlikar’s model was based on the force analysis on the vapor-liquid interface of a bubble before 

CHF, the liquid spreading that delays the CHF must apply certain force onto the interface. The 

capillary force drives the liquid to flow to the bubble. The liquid flow imposes resistance force on 

the interface to prevent the interface from spreading out. Thus, the force from the liquid spreading 

works the same way as the surface tension to hold the interface against the moment resulted from 

the vaporization. To introduce the effect of liquid spreading, a force analysis is given as shown in 

Figure 4.11. The force balance on the vapor-liquid interface of a bubble is 

𝐹𝑀 = 𝐹𝑆1 + 𝐹𝑆2 + 𝐹𝐺 + 𝐹𝑆𝑃 (4.16) 

where FM resulted from the change in moment as vapor leaves the interface is the driving force for 

the interface to expand, FS1 and FS2 are the surface tension, FG is the force due to gravity, and FSP 

is the force imposed by liquid spreading. Since the liquid spreading or the liquid volume changing 

rate is known from the spreading tests, FSP can be deducted as  

𝐹𝑆𝑃 = �̇�𝑣 = 𝜌𝑙
𝑑𝛷

𝑑𝑡
𝑣 (4.17) 

where �̇� is the liquid mass flow rate, v is the liquid spreading speed or the speed of the liquid front, 

and ρl is the liquid density. When a liquid droplet contacts a structured surface, the liquid spreads 

radically.94 The liquid spreading speed that is related to the volume change can be expressed as: 
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𝑣 =
2

𝜋ℎ𝐷

𝑑𝛷

𝑑𝑡
 (4.18) 

where h is the height of the structure and D is the diameter of the liquid front. Plug Eq. (4.18) into 

Eq. (4.17) and set the diameter in Eq. (4.18) as the effective diameter of the bubble, the force 

generated by liquid spreading is  

𝐹𝑆𝑃 = 𝜌𝑙
𝑑𝛷

𝑑𝑡

2

𝜋ℎ𝐷

𝑑𝛷

𝑑𝑡
=

2𝜌𝑙
𝜋ℎ𝐷

(
𝑑𝛷

𝑑𝑡
)2 (4.19) 

Based on Kandlikar’s analysis47 and the bubble geometry, the force generated from the 

vaporization, the surface tensions, and the gravity force can be expressed as: 

𝐹𝑀 = (
𝑞𝐼
′′

ℎ𝑓𝑔
)2

1

𝜌𝑣
𝐻𝑏 (4.20) 

𝐹𝑆1 = 𝜎𝑙𝑣𝑐𝑜𝑠𝜃 (4.21) 

𝐹𝑆2 = 𝜎𝑙𝑣 (4.22) 

𝐹𝐺 =
1

2
𝑔(𝜌𝑙 − 𝜌𝑣)𝐻𝑏

2 (4.23) 

where hfg is the latent heat, ρv is the vapor density, g is the gravitational acceleration, qI
’’ is the heat 

flux on the interface, and Hb is the height of the bubble which can be expressed as 

𝐻𝑏 =
𝐷𝑏
2
(1 + 𝑐𝑜𝑠𝜃) (4.24) 

Db is the effective diameter of the bubble and was set to be  

𝐷𝑏 = 𝜋[
𝜎𝑙𝑣

𝑔(𝜌𝑙 − 𝜌𝑣)
]
1
2⁄  (4.25) 

Plug Eq. (4.19) and Eq. (4.21)-(4.25) into Eq. (4.20), we get 
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𝑞𝐼
′′ = ℎ𝑓𝑔[

𝜌𝑣
𝐻𝑏

𝜎𝑙𝑣(1 + 𝑐𝑜𝑠𝜃) +
1

2
𝜌𝑣𝑔(𝜌𝑙 − 𝜌𝑣)𝐻𝑏 +

𝜌𝑙𝜌𝑣
𝜋ℎ𝐷𝑏𝐻𝑏

(
𝑑𝛷

𝑑𝑡
)2]

1
2⁄

= ℎ𝑓𝑔𝜌𝑣
1 2⁄ [

2

𝜋
+
𝜋

4
(1 + 𝑐𝑜𝑠𝜃)

+ 𝜌𝑙√
𝑔(𝜌𝑙 − 𝜌𝑣)

𝜎𝑙𝑣
3

1

1 + 𝑐𝑜𝑠𝜃

2

𝜋3ℎ
(
𝑑𝛷

𝑑𝑡
)2]1 2⁄ [𝜎𝑙𝑣𝑔(𝜌𝑙 − 𝜌𝑣)]

1 4⁄  

(4.26) 

Thus the CHF can be calculated as: 

𝑞𝐶𝐻𝐹
′′ =

(1 + 𝑐𝑜𝑠𝜃)

16
𝑞𝐼
′′

=
(1 + 𝑐𝑜𝑠𝜃)

16
ℎ𝑓𝑔𝜌𝑣

1 2⁄ [
2

𝜋
+
𝜋

4
(1 + 𝑐𝑜𝑠𝜃)

+ 𝜌𝑙√
𝑔(𝜌𝑙 − 𝜌𝑣)

𝜎𝑙𝑣
3

1

1 + 𝑐𝑜𝑠𝜃

2

𝜋3ℎ
𝑠(
𝑑𝛷

𝑑𝑡
)2]1 2⁄ [𝜎𝑙𝑣𝑔(𝜌𝑙 − 𝜌𝑣)]

1 4⁄  

(4.27) 

Since the real height of the liquid front is not known, a coefficient s is added to the liquid 

spreading item. The coefficient can be obtained by fitting the experiment data with Eq. (4.27). 

 

Figure 4. 12 Comparison of model predictions and experiment data 
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The CHFs have been calculated based on the modified model (Eq. 4.27) with our tested 

spreading speed and the contact angles and compared with Kandlikar’s model, as shown in Figure 

4.12. The modified model clearly predicts the trend of the CHF with the change of the contact 

angles and the spreading speed in our tests. With this non-monotonic relation and a wider range of 

contact angles, the effect of liquid spreading on CHF is well clarified. Small contact angle together 

with fast liquid spreading deliver the highest CHF on the hierarchical structured surface.  

The HTC in pool boiling is closely related to the superheat level, the specific surface 

structures, and surface conditions (contact angle etc.). In general, researches have been focused on 

the relation between the heat flux and bubble dynamics such as the bubble release frequency and 

the bubble departure diameters.49, 50 The previous study of bubble dynamics highly depends on the 

observation of the boiling process with high speed camera. However, due to the relation between 

the water supply and the bubble dynamics, the heat flux can be also estimated by studying the 

liquid spreading and heating process without the help of a high speed camera. Kim49 reviewed the 

heat transfer modes in pool boiling. The most important two heat transfer modes are the intensive 

evaporation (latent heat) at the micro-layer region which is a liquid layer about 10-7~10-8 m50 thick 

underneath the bubble close to the three phase line and the liquid superheating process (sensible 

heat) at an active nucleate site as shown in Figure 4.13. Heat dissipated from the heated solid 

surface first heats the liquid from the saturated temperature to a superheated level before CHF 

occurs and then further heats the superheated liquid to superheated vapor by evaporation. The 

heated and evaporated liquid mass comes from the liquid delivered by the surface structures to the 

active nucleate sites. The liquid spreading speed on the surface is therefore directly related to the 

heat flux at an active nucleate site. The heat flow at one active nucleate site based on the 

evaporation is 
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𝑞𝑒𝑣𝑝
′′ = �̇�ℎ𝑓𝑔 = 𝜌𝑙

𝑑𝛷

𝑑𝑡
ℎ𝑓𝑔 (4.28) 

where �̇� is the water mass flow rate to the active nucleate site. The heat absorbed by the liquid to 

be heated to a certain superheat level is 

𝑞𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡
′′ = �̇�𝐶𝑝∆𝑇𝑠𝑎𝑡 = 𝜌𝑙

𝑑𝛷

𝑑𝑡
𝐶𝑝∆𝑇 (4.29) 

where Cp is the specific heat of water and ΔT is the superheat that is the difference between the 

temperature of the heated surface and the saturated water Tsat. The total heat flux on a surface is:  

𝑞′′ = 𝑁𝑎(𝑞𝑒𝑣𝑝
′′ + 𝑞𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡

′′ ) = 𝑁𝑎𝜌𝑙
𝑑𝛷

𝑑𝑡
(ℎ𝑓𝑔 + 𝐶𝑝∆𝑇) (4.30) 

where Na is the active nucleate site density. The active nucleate site density Na is determined by 

the surface structure, the superheat, and influenced by the contact angle. 95,96 The active nucleate 

site density is proportional to the inverse of the square of the critical cavity mouth radius R as: 

Na~R-2 (4.31) 

where the critical cavity mouth radius R is proportional to the inverse of the square of the superheat 

∆T 97 as: 

𝑅 =
2𝜎𝑇𝑠𝑎𝑡
𝜌𝑔ℎ𝑓𝑔∆𝑇

 (4.32) 

Substituting Eq.(4.32) into Eq. (4.31), the active nucleate site density is proportional to the 

square of the superheat as:  

Na~C1ΔT2 (4.33) 

C1 is a constant and chosen to be 0.034.98 Substituting Eq.(4.33) into Eq. (4.30), the heat flux that 

includes the effect of the liquid spreading is then: 

𝑞′′ = 𝑁𝑎𝜌
𝑑𝛷

𝑑𝑡
(ℎ𝑓𝑔 + 𝐶𝑝∆𝑇) = 0.034∆𝑇2𝜌

𝑑𝛷

𝑑𝑡
(ℎ𝑓𝑔 + 𝐶𝑝∆𝑇) (4.34) 
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Since the active nucleate site density relation is based on plain surface, a coefficient k is 

presented in the heat flux equation to correct the active nucleate site density due to the existence 

of the surface structures. The heat flux on a structured surface is then 

𝑞′′ = 𝑘(0.034∆𝑇2)𝜌
𝑑𝛷

𝑑𝑡
(ℎ𝑓𝑔 + 𝐶𝑝∆𝑇) (4.35) 

To identify the coefficient k, the possible nucleate sites on different structured surfaces 

were analyzed. In micropillared surfaces, the bubbles usually form at the root of the micropillars 

and there is likely only one bubble around one micropillar.99 Thus the ratio between the micropillar 

size and the pitch 20 μm/100 μm =0.2 for the 20 μm × 20 μm pillars and 45 μm/200 μm=0.225 for 

the 45 μm × 45 μm pillars are reasonable coefficients of the micropillared surfaces. Based on 

classic thermal dynamics theory,100, 101 it is difficult for nano gaps to form bubbles under the 

superheat range in this study. Micro cavities are the possible nucleate sites. The 4.7 μm long 

nanowire arrays have standing alone nanowires and nano gaps between nanowires. Since the 

uniform nanowires grew conformably on the substrate, the surface covered by standing alone 

nanowire arrays preserved the surface topology of the substrate so that the micro cavities on the 

substrate are the possible nucleate sites. Then it is reasonable to use 1 as the coefficient k of the 

4.7 μm nanowire arrays covered surface. Since the nanowires agglomerate to form micro size 

nanowire bundles when the nanowires are long enough, it is important to figure out where the 

potential nucleate sites might form before estimating the coefficients for the 27 μm long nanowire 

arrays and the hierarchical structured surfaces. The cavities that could be activated have to fulfill 

two criterions. Firstly, the cavities have to be able to trap vapor so that bubbles can form based on 

the accumulation of vapor. Secondly, the cavities that could trap air have to reach a certain size to 

be activated. The contact angle 18.6° on 27 μm long nanowired Cu surface is larger than the 

maximum cavity mouth angle of 8.5° on the surface, which indicates that part of the micro-gaps 
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between the nanowire bundles are able to trap air/vapor. The significant amount of micro gaps on 

the 27 μm long Cu nanowired surface ranges between 600 nm to 10 μm in size and can be activated 

in the superheat range of tests from 0 to 5°C. Treating the nanowire bundles as micropillars, the 

coefficient for the 27 μm long nanowired surface is 13 μm (average bundle size) /17 μm (average 

pitch) =0.76. The effective contact angle on the hierarchical structure is 5.1° while the average 

cavity mouth angle on the nanowired Cu surface in the valley of the hierarchical structure is 7.2°. 

Therefore, only limited number of micro gaps in the valley can trap air/vapor to serve as nucleate 

sites. Thus most of the bubbles are likely to generate at the roots of the nanowire-micro-pyramids, 

which indicates that micro structures dominate the pool boiling dynamics. However, the 

coefficient for the hierarchical structured surface should be larger than that for the 20 μm × 20 μm 

micropillared surface since the micro-pyramids are made of nanowires that contain more cavities 

and there are still possible sites in the valley. Assume that the coefficient k for the hierarchical 

structured surface is twice of that of the 20 μm × 20 μm micropillared surface. Therefore, 

k=0.2×2=0.4. 

 
 

Figure 4. 13 Two main heat transfer 

modes, micro-layer evaporation and 

water superheated process, at an active 

nucleate site 

Figure 4. 14 Experiment and model 

predicted boiling curve comparison on five 

different structured surface 
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When the superheat is not high enough, the nucleate boiling is not in the fully developed 

boiling regime so that the bubbles generated at one active nucleate site don’t form vapor columns. 

There exists a waiting time after the departure of a bubble and before the formation of a new bubble. 

Thus, liquid can reach the active nucleate site from above the site before the formation of the vapor 

column. Another coefficient describing the distribution of the liquid amount reaching the nucleate 

site is needed. Since the development regime is related to the superheat, it is reasonable to use the 

ratio between the superheat at CHF and the superheat as a coefficient. The heat flux-superheat 

relation thus becomes 

𝑞′′ = 𝑘(0.034∆𝑇2)𝜌
𝑑𝛷

𝑑𝑡
(ℎ𝑓𝑔 + 𝐶𝑝∆𝑇)

∆𝑇𝐶𝐻𝐹
∆𝑇

 (4.36) 

Figure 4.14 shows the experiment and the model predicted relations between the heat flux 

and the superheat. The superheat is chosen to be larger than 10°C to make sure all the data is in 

the nucleate boiling regime. The model predicted curves match the experiment results from the 

nanowire based structured surfaces well while deviate from those from the micropillared surfaces. 

From the comparison in the figure it is clear that the predictions match the experimental data well 

at the largest superheat. The predictions for the micropillared surfaces are not as good as those of 

the nanowired surfaces and the hierarchical surface. According to the fabrication processes of the 

two nanowired surfaces and the hierarchical structured surface, the nanowires grew conformably 

on the surfaces. The nanowire based surfaces therefore reserved the substrates’ topology, 

especially when there were no nanowire bundles. The nucleate sites on uniform well-arranged 

micropillared surfaces, on the other hand, have less substrate topology information reserved. Since 

the active nucleate site density relation used in this study came from plain surface which has 

random distribution of nucleate sites, the predictions for the surfaces with nanowires match the 

experiment data better compared to those for uniform well-arranged micro structured surfaces. 
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When the heat flux approaches CHF, the predicted data matches the experiment data well on all 

the testing surfaces. When the heat flux is close to the CHF, vapor columns form due to the 

intensive generation of the vapor bubbles. The waiting period in a bubble cycle is missing and the 

re-wetting of the active nucleate site is fully accomplished by the liquid spreading resulted from 

the capillary force. No liquid can reach the active nucleate site from above the site after bubble 

departure. Thus Eq. 4.36 describes all the possible heat transfer paths so that the predicted data 

matches the experiment data well. 
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Chapter 5 Thermal Ground Plane Heat Transfer Enhancement 

5.1 Sample Characterizations 

The patterned Cu nanowire array wicking structure with square nanowire bundles and 

micro-scale gaps are shown in Figure 5.1. Two patterned Cu nanowire array wicking structures 

with nanowire bundle sizes (p) of 70 μm and 50 μm and gap sizes (s) of 45 μm and 65 μm were 

fabricated. The height of the nanowire bundles of two wicking structures were kept the same at 60 

μm as shown in Figure 5.1. The shape corners from the mask were well reserved. Due to the 

roughness of the patterned PAA template, gaps formed and left space for electrolyte solution to 

penetrate. Unwanted Cu grains of ~ 1 μm size therefore deposited outside the patterns on the Cu 

sheet. Since the Cu grains were grown outside the patterns and small in size, the heat transfer 

performance won’t be influenced. 

 
Figure 5. 1 SEM photos of the top and tilted view of the wicking structure 

 

5.2 Testing system and data reduction 

5.2.1 Testing system 

The 200 μm thick Cu sheet with wicking structures was cut to 4 cm × 4 cm square with 3 

cm × 3 cm structured area. The 5 mm wide edges were used for sealing purpose. A 1 mm thick 

and 5 mm wide Cu frame with a 1 mm diameter Cu tube was used to define the thickness of the 

vapor core. A sandwich structure was built to form a temporary TGP testing fixture. The sandwich 

structure consists of the alignment of the wicking structure, a 50 μm thick silicone washer, the 1 

mm thick Cu frame, another 50 μm thick silicone washer, and a 3 mm thick glass plate with 1 mm 
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diameter stainless steel spacers on one side. Two stainless steel frames with 16 screws were used 

to clamp the TGP. By tightening the screws, pressure was applied to the TGP and the vapor 

chamber was sealed. The TGP was pumped down to ~2×10-6 torr vacuum level for ~ 24 h and 

charged with degassed DI water which was boiled for more than 2 h from the Cu tube on the Cu 

frame.  

 

Figure 5. 2 The schematic of the testing system 

 

The parameters to characterize the heat transfer performance of the TGP are the heat flux 

transferred by the TGP and the average temperature difference between the evaporation side and 

the condensation side. A testing system was built to measure the two parameters as shown in Figure 

5.2. Two Cu blocks with thermocouples embedded were soldered onto the back side of the wicking 

structure. The two Cu blocks were placed at the two corners of a diagonal. The 5 mm × 5 mm × 5 

mm Cu block was connected to an 8 mm × 8 mm ceramic heater (Watlow Inc.) with MX-4 thermal 

paste to provide uniform heat to the evaporation area and the other “I” shaped Cu block that has 2 

cm × 2 cm contact area with the wicking structure was connected to a cold plate with MX-4 thermal 

paste to extract heat. The temperature of the cold plate was kept at 10 °C. The cold plate was 

powered by a circulator bath (HAAKE Phoenix II, Thermo ELECTRON Corp.) which is capable 
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to remove as much as 500 W heat flow. The heat input was calculated by the product of the voltage 

and current from the heater power supply. The heat output was calculated from the thermocouple 

readings through one-dimensional heat conduction relation. The two Cu blocks were insulated 

with shaped glass fiber while the whole system was insulated with micro-fiber materials to reduce 

convective heat loss.    

5.2.2 Data reduction 

The thermocouples to measure the temperature of the evaporation side (TC1, TC2, and 

TC3) and the condensation side (TC4, TC5, and TC6) were embedded on the surfaces of the two 

Cu blocks that contact with the TGP along a diagonal. The average temperature of the evaporation 

side and the condensation side is calculated as: 

𝑇𝑒𝑣𝑝
′ =

𝑇𝐶1 + 𝑇𝐶2 + 𝑇𝐶3

3
 (5.1) 

𝑇𝑐𝑜𝑛𝑑
′ =

𝑇𝐶4 + 𝑇𝐶5 + 𝑇𝐶6

3
 (5.2) 

It is quite clear that the average temperature calculated directly from the measured data don’t 

reflect the real temperature of the TGP. The thermal resistance from the solder layer needs to be 

calibrated. 

The thermocouples to measure the heat output (TC7, TC8, and TC9) were embedded into 

the center of the middle section of the condenser Cu block. The thickness of the 2 cm×2 cm section 

of the “I” shaped Cu block is 5 mm. The length of the middle section is 3 cm and the cross-section 

area of the middle section is 1 cm2. TC7 is 1 cm away from the top surface while TC9 is 1 cm 

away from the bottom surface. The 1 cm distance guarantees the heat flux passing through our 

measurement locations is one-dimensional. The distances between TC7-TC8 and TC8-TC9 are 

Δx=1 cm. The output heat flux is calculated as: 

𝑄𝑜𝑢𝑡 = 𝑘𝐶𝑢𝐴𝐶𝑢_𝑐𝑜𝑛𝑑
𝑇𝐶7 − 𝑇𝐶9

2∆𝑥
 (5.3) 
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To test the performance of the insulation and calibrate the thermal resistance resulted from 

the solder layer, the system was first used to test a 1 mm thick Cu reference sample. The 

comparison between heat input and heat output is shown in Figure 5.3. The blue line is the result 

for perfect insulation case and the red squares are the results from the experimental measurement. 

The heat output is mostly ~ 95% of the heat input while the highest heat loss is ~7% under the 

largest heat input. Due to the convective heat loss, the heat flux calculated from the condensation 

side is used as the heat flux that can be transferred exclusively by the TGP. The average 

temperature difference between the evaporation and condensation sides was calculated based on 

the measured temperature on the Cu block surfaces by taking the thermal resistance of the solder 

layers into account. To obtain this information, a finite element model was built to simulate the 

temperature distribution of the testing system with 1mm thick Cu reference sample. The inputs for 

the simulation are shown in the inset of Figure 5.4. Heat input, heat output, and the convective 

heat transfer coefficients which indicate the heat loss from the testing system on all the surfaces. 

The heat input and heat output were directly imported to the model from the experiment data. The 

convective heat transfer coefficients were calculated based on the measured temperature on the 

surfaces from the experiment. With the temperature measured on the surface, the Rayleigh 

numbers on the surfaces can be calculated as:102  

𝑅𝑎 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝛿

3

𝜈2
𝑃𝑟 (5.4) 

where g is the gravitational acceleration, δ,is the characteristic length of the surface geometry, β, 

ν, and Pr are the coefficient of volume expansion, the kinematics viscosity, and the Prandtl number 

of air, respectively. The convective heat transfer coefficients are calculated as: 

ℎ =
𝑘

𝐿
(0.68 +

0.67𝑅𝑎1 4⁄

(1 + (0.492 𝑃𝑟⁄ )9 16⁄ )4 9⁄
) (5.5) 
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where k is the thermal conductivity of air and L is the characteristic length of the surfaces. The 

calculated convective heat transfer coefficients are shown in Figure 5.4. Although the Cu block on 

the condensation side was insulated, there was still heat loss due to the large surface area and  

 
Figure 5. 3 Heat loss testing result of the system 

 
Figure 5. 4 Comparison of FEA model and experiment data of the temperature at 

the thermocouple locations. The inset is the FEA model and boundary conditions. 

 

a temperature that is lower than the room temperature. Since the same kind of solder ribbon was 

used and the reflow soldering technique was employed on both the evaporation side and the 
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condensation side, the two solder layers were set to the same thickness. The thermal conductivity 

of the solder is 20 W/m∙K from the manufacture’s technique specifications. The thermal 

resistances of the solder layers were adjusted by changing the thickness of the solder layers in the 

simulation. With the adjustment of the thickness of the solder layers, the simulated temperature 

finally matched the measured temperature on the Cu block surfaces at the thermocouple locations 

as shown in Figure 5.4. Thus, the thermal resistances of the solder layers were determined and can 

be used to extrapolate the average temperature of the evaporation side and the condensation side 

on the TGP surface by one-dimensional heat conduction relation: 

𝑇𝑒𝑣𝑝 = 𝑇𝑒𝑣𝑝
′ − 𝑄𝑖𝑛𝑅𝑒𝑣𝑝 (5.6) 

𝑇𝑐𝑜𝑛𝑑 = 𝑇𝑐𝑜𝑛𝑑
′ + 𝑄𝑜𝑢𝑡𝑅𝑐𝑜𝑛𝑑 (5.7) 

The temperature difference between the evaporation side and the condensation side thus is  

∆𝑇 = 𝑇𝑒𝑣𝑝−𝑇𝑐𝑜𝑛𝑑 (5.8) 

With Eq. (5.3) and (5.8), we obtained the two parameters to characterize the heat transfer 

performance of our TGP. 

5.3 Testing results 

The heat transfer performance of the TGPs with two different wicking structures is shown 

in Figure 5.5. The x-axis is the heat flux transferred by the TGPs and the y-axis is the average 

temperature difference between the evaporation side and the condensation side of the TGP surface. 

The red line is the testing result of the Cu reference sample while the light blue dash line is the 

result from the simulation on a Cu reference sample. The two lines are close to each other, which 

indicates that the thermal resistance from the simulation can be used to calculate the average 

temperature difference between the evaporation and the condensation sides on the TGP surfaces. 

Since the temperature on the evaporation side or the heated side was larger than 120 °C under 50 

W/cm2 on the Cu reference sample, the experiment was terminated. Therefore, the heat transfer 

performance on the Cu reference sample didn’t span the whole heat flux range. 
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The heat transfer performance of both TGPs is better than that of the Cu reference sample 

since as the heat flux increases, the temperature difference of the TGPs is much smaller than that 

of the Cu reference sample. In low heat flux region, the temperature difference increases with the 

increase of the heat flux. This is the start-up stage of the TGPs. Then the temperature difference  

 

Figure 5. 5 The heat transfer performance of copper reference and two TGPs 

 

keeps almost the same at ~30°C in the heat flux range of ~40W/cm2 to ~140W/cm2, which is a 

typical characteristic of heat pipes due to the nature of the phase change heat transfer.  The further 

increase of the heat flux results in dry-out of the evaporation section. The maximum heat fluxes 

before dry-out are~160W/cm2 on the TGP with 70μm nanowire bundles and ~200W/cm2 on the 

TGP with 50μm nanowire bundles. The ratio between these two maximum heat fluxes is 

198/156=1.26. As we know, the maximum heat flux is limited by the wicking performance and is 

proportional to the ratio between the permeability and the effective pore radius of the wicking 

structures, K/Reff. The K/Reff can be obtained from the wicking performance measurement. Analysis 

and measurement of the wicking performance of the patterned nanowire array wicking structures 

are necessary. 



72 
 

5.4 Discussions 

When the liquid flows within the patterned nanowire array wicking structures, there are 

two time scales as shown in Figure 5.6.  

 
Figure 5. 6 Liquid flow within the patterned nanowire array wicking structure 

 

t1 is the time for liquid to flow from one nanowire bundle to the adjacent one through the micro 

scale gap while t2 is the time for liquid to flow from one edge of the nanowire bundle to the other 

within the nanowire bundle. t1 is determine by the size of the gap s, the height h and the size of the 

nanowire bundle p  

𝑡1~
𝑠2

[ℎ2𝑝 (𝑝 + 𝑠)2⁄ ]
 (5.9) 

while t2 is determined by the size of the nanowire bundle, the diameter Φ and the pitch d of the 

nanowire.87 

𝑡2~
𝑝2

𝛷ln(𝑑 𝛷⁄ )
 (5.10) 

Based on our calculation, t2/t1 ~ p/Φ ~ 100. Therefore, t2 dominates and is about two orders 

larger than t1, which means liquid flows faster on the wicking structure with smaller nanowire 

bundle size. The wicking performance on patterned nanowire array wicking structure with 50μm 

nanowire bundles is better.  

A capillary rise experiment has been carried out on the patterned nanowire array wicking 

structures. High-speed camera was used to record the propagation of the wicking front at 500fps.  
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Figure 5. 7 Schematic of the capillary rise experiment and the wicking performance of 

the two wicking structures. 

 
Figure 5. 8 Detailed relation between the height of the wicking front and time on two 

different wicking structures. 

Figure 5.7 shows the propagation of the wicking front on two patterned nanowire array 

structures at different time. Although water flew across the entire structured area on both wicking 

structures after long enough time, the wicking front on structure with 50μm nanowire bundle 
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moves faster, which confirms the analysis above. Figure 5.8 shows the detailed relation between 

time and the height of the wicking front. The relation between time and the height of the wicking 

front is described as Eq. 5.11.  

𝑥2~𝐾 𝑅𝑒𝑓𝑓 ∙⁄ 𝑡 휀⁄  (5.11) 

where ε is the porosity of the nanowire bundle since the time consumed during the liquid 

propagation occurs mainly within the nanowire bundles. 

By fitting the data with Eq. 5.11, the K/Reff can be extracted. The coverage of the nanowires 

in the nanowire bundles on two structures is ~50% based on the SEM images. The ratio between 

the two K/Reff that indicates the maximum heat flux ratio is 1.14, which matches the experimental 

measured result well and is only 10% lower. The possible reason is that the water charging amount 

is right to saturate the wicking structure with 50μm nanowire bundles which is too much for the 

wicking structure with 70μm nanowire bundles. This will result in flooding in the condensation 

area, and thus a lower maximum heat flux than expected. Therefore, the ratio from experiment is 

larger. 
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Chapter 6 Summary and Future Work 

The phase change heat transfer performance was greatly enhanced with Cu nanowire based 

structures in our study. The movement of the three phase contact line has been proved to play an 

important role in the phase change heat transfer enhancement. The CHF on the 

nanowire/micropillar hierarchical structured surface is more than 70% higher than that on the 

smooth surface. When the contact angle is smaller than 30°, the effect of wettability (contact angle) 

on CHF attenuates while the effect of liquid spreading becomes important. The liquid spreads on 

the surface due to the capillary force and the flow resistance resulted from the structures. By 

carefully design and choose the structure, liquid can be pumped to the active nucleate site under 

extremely high heat flux so that the CHF is delayed. The HTC on the SAM coated hydrophobic 

nanowired surface is more than four times higher than that on the smooth surface at its maximum 

value and the occurrence of the Wenzel state droplets has been delayed to ~ 10 K. The pull-out 

movement and shrinking of the contact line guarantees a high HTC with the jumping removal 

mode. The carefully chosen solid fraction of the nanowire keeps the contact line short to delay the 

occurrence of the Wenzel state droplets. The maximum heat flux transferred by the TGP with 

patterned nanowire array wicking structure reached 200 W/cm2. Better wicking performance 

provides better liquid feeding to the heated area so that the higher heat flux can be transferred by 

the TGP before dry out occurs. The wicking performance is the movement of the three phase 

contact line which is heavily influenced by the nanostructures on the surfaces. 

6.1 Summary for dropwise condensation enhancement 

A condensation chamber had been built for dropwise condensation chamber under limited 

NCG condition. Dropwise condensation experiments were conducted on SAM coated hydrophobic 

smooth surface and three hydrophobic nanowired surfaces with lengths from 10 μm to 30 μm. The 
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condensation heat transfer performance on the 10 µm to 30µm long nanowired surfaces has similar 

trend and is better than that on the smooth surface for a subcooling range from ~0.3 K to ~15 K. 

A transition occurs on the 10 µm to 30µm long nanowired surfaces at ~8 K while the condensation 

heat transfer curve on the smooth surface grows smoothly. As subcooling further increases, the 

condensation heat transfer performance on all the surfaces is almost the same.  

The images recorded with the condensation process show that as the subcooling increases 

the droplet states can gradually change from Cassie or partially-wetting Cassie state to steady 

Wenzel state and the droplet removal mode can gradually change from coalescence induced 

jumping off to sweeping on the 10 µm to 30µm long nanowired surfaces while only sweeping 

removal mode exist on smooth surface. When the partially-wetting Cassie state is the only wetting 

state and the jumping-off is the only removing mode on the nanowired surfaces, the dropwise 

condensation heat transfer performance was enhanced. In contrast, once Wenzel state droplets and 

sweeping removal mode appeared on the surface, the heat transfer performance started to degrade. 

As soon as the Wenzel state droplets and sweeping removal are the only state and removing mode 

on the surfaces, the heat transfer performance were all the same on all the surfaces. The occurrence 

of the Wenzel state droplet has been confirmed as the failure of the dropwise condensation 

enhancement. 

The nanowired surfaces in this study are Cassie stable surfaces due to the hydrophobic 

coating and the nanostructures. Calculation shows that once the droplet grows out of the tips of 

the structures the condensate can’t wet downward into the structures. The appearance of the 

Wenzel state droplets can only be the result of the increasing condensation intensity. Under small 

subcooling, the nucleation of the droplets occurs on discrete locations which results in enough time 

for droplets in partial wetted Cassie state to grow before interaction with the neighboring 
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condensate. The released energy from droplets coalescence can easily overcome the resistance at 

the contact line and result in jumping off of the coalesced droplet from the surface. The high heat 

transfer rate of the partial wetted Cassie droplets and the fast jumping off removal mode makes 

the heat transfer performance on the nanowired surfaces better than that on smooth surface. As 

subcooling increases, condensate in neighboring nanowire gaps interacts with each other due to 

the increase of the nucleate site density to increase the wetting area beneath a droplet. The HTC 

enhancement starts to decrease. Although the condensate droplets are still able to jump from the 

surface after coalescence, the liquid bridges remain in the structures. As a consequence, the dry 

area for re-nucleation reduces, which results in the decrease of the HTC. As subcooling further 

increases, the liquid bridge grows larger and coalescence induced jumping can’t occur. The 

coalesced droplet experiences temporary shrinking of the contact line. Due to the fast growth of 

condensate in the nanowire gaps, the coalesced droplets will change to Wenzel state. A model 

based on the surface energy conservation has been developed to calculate this process and explain 

the reason why the occurrence of the Wenzel state droplets can be delayed on our structures. An 

optimum range of solid fraction has been calculated. When the solid fraction falls in this range, 

the occurrence of the Wenzel state droplet can be delay and enhanced dropwise condensation can 

be realized for a long subcooling range. When the surface is fully covered with Wenzel state 

droplets under high subcooling condition, droplets can only be removed by sweeping. The same 

droplet wetting state and the same removal mode result in the same heat transfer performance on 

all the surfaces. 

The existence of the nanowires on the surface makes the partial wetting Cassie state 

droplets and jumping off removal mode possible so that the dropwise condensation heat transfer 

performance on nanowired surface is enhanced compared to that on smooth surface. The carefully 
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chosen solid fraction of the nanowired surfaces can sustain enhanced dropwise condensation in a 

large range of subcooling. 

6.2 Summary for pool boiling 

In summary, we have systematically studied the liquid spreading and pool boiling heat 

transfer performances on Cu micropillared surfaces, Cu nanowired surfaces and a hierarchical 

nanowire/micropillar structured Cu surface. Samples with contact angles spanning from 5 to 30° 

and non-monotonic contact angle-liquid spreading relation was successfully realized. A heat 

transfer performance testing system has been built. A dynamic contact angle testing system with 

high speed camera has also been built to measure the static contact angle and the dynamic liquid 

spreading process. The liquid spreading speed has been accurately extracted from the dynamic 

liquid spreading process. The CHF on the nanowire/micropillar hierarchical is the highest among 

all the testing surfaces. In general, the CHF on the micropillar surfaces is better than that on the 

nanowire surfaces although the contact angles on the nanowire surfaces are smaller than those on 

the micropillar surfaces while the HTC on the nanowire surfaces is better than that on the 

micropillar surfaces. With the smallest contact angle and the fastest liquid spreading speed, the 

nanowire/micropillar hierarchical surface presents the best boiling heat transfer performance. The 

CHF data from the experiments has been compared with a modified CHF model that considers the 

influence the effect of the liquid spreading. The well agreement between the modified CHF model 

and the experiment data indicates the importance of the liquid spreading on CHF with the non-

monotonic contact angle-liquid spreading relation. A heat flux-superheat relation including the 

effect of liquid spreading was built based on the two main heat transfer modes at an active nucleate 

site. The effect of surface structure on active nucleate site density was analyzed in detail and 

included in the coefficient k. The predictions of the heat flux-superheat relation match the 

experimental data of the surfaces with nanowired surfaces and the hierarchical surface well, while 
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derivate from the experimental data of the surfaces with micropillars. Besides, when the heat flux 

is close the CHF, all the predicted data matches the experimental data. The liquid replenishment 

to an active nucleate site is from both the top of a bubble and the structures under capillary force. 

When the heat flux is close to the CHF, the liquid replenishment is only from the structures. That 

explains why the predicted data matches the experimental data when the heat flux is close to the 

CHF.  

6.3 Summary for TGP 

A MEMS/nano fabrication procedure has been developed to fabrication patterned PAA 

template. Two patterned nanowire array wicking structures were successfully fabricated with 

patterned PAA template assisted electro-deposition method. A testing system to measure the 

wicking performance has been built with a high speed camera to measure the wicking performance 

of the patterned nanowire array wicking structures. Analysis about the liquid transportation 

behavior has been carried out and the dominant factor influencing the wicking performance has 

been determined. The measured wicking performance on the wicking structures confirmed the 

analysis. The key factor affecting the maximum heat flux has been extracted from the wicking 

performance measurements. The heat transfer measurement shows that the TGP with patterned 

nanowire array wicking structures have superior heat transfer performance than that of copper 

sheet with the same dimensions. The ratio between the two maximum heat flux from the 

experiment matches the predicted value from the wicking performance measurements. A 

200W/cm2 maximum heat flux was realized from the TGP equipped with patterned nanowire array 

wicking structure with 1 mm thick vapor space, which indicates the potential for TGP to remove 

even higher heat flux with patterned nanowire array wicking structures.  
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6.4 Future work 

The fabrication process of the SAM coated hydrophobic nanowire surface still suffers from 

two major problems although the fabrication process is easy to realize. When the nanowire is not 

long enough (<15 μm), the coverage of the nanowires deviates from the porosity of the PAA 

template. The roughness mismatch between the target surface and the PAA is the reason. This 

limits length range of the investigation of dropwise condensation performance and results in heat 

transfer performance degradation on short nanowire surfaces. The second problem is the SAM 

coating process. In our current study, the sample was coated by immersing into the coating solution. 

The nano scale gap within the nanowires and the agglomeration of the nanowires prevent the 

solution from penetrating into the nanowire structures and applying uniform reaction. Therefore, 

the coating quality is not as stable as expected, which results in large error in the experiments. To 

solve the first problem, the roughness and the rigidity of the PAA needs to be improved so that the 

template can attach to the substrate more conformably. Atomic-layer-deposition (ALD) has been 

applied to coat surfaces conformably no matter how complex the surface structures are and is a 

promising approach to solve the coating problem we met when reasonable and stable coating 

material is chosen. 

Although the optimum solid fraction range has been calculated and the dropwise 

condensation heat transfer enhancement has been realized under extended subcooling range, the 

occurrence of the Wenzel state droplets is still inevitable when the nucleate site saturates on the 

condensation surface. This saturation cannot be avoided just by structure design. To remove the 

condensate effectively before it interacts with the adjacent condensate and keep part of the surface 

dry for re-nucleation are the solution to further delay the occurrence of the Wenzel state droplets. 

Hydrophilic/Hydrophobic hybrid coating on nano structured surfaces has the potential to realize 

what has been mentioned above. The hydrophilic surface serves as nucleate sites at pre-defined 
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locations while the hydrophobic surface makes the highly effective jumping removal manner 

possible. It is possible that the condensate on the surface is attracted to the large droplets on the 

hydrophilic surface area so that there is always dry area for re-nucleation. The challenges in this 

kind of study are the design of the hydrophobic/hydrophilic hybrid patterns, the choosing of the 

base nano structures, and methods to realize the fabrication process. 

The liquid spreading has been proven to play an important role for pool boiling 

enhancement in terms of CHF and HTC. The modified model that incorporates the effect of the 

liquid spreading matches the experiment data well. However, a coefficient was employed in the 

model from data fitting. Although the coefficient which is smaller than 1 shows that when structure 

presents on the surface the effect of the contact angle is attenuated, how does the liquid spreading 

influence the CHF in a mechanistic point of view has been explained yet. The original model was 

deducted from the force field applied at the liquid-vapor interface of a bubble. When structures 

present on the surface, the liquid spreading provides one more force onto the liquid-vapor interface. 

The challenge is that it is difficult to determine the area where the force resulted from the liquid 

spreading is applied on. Besides, when the liquid spreading performance is measured, it is also 

difficult to obtain the thickness of the wicking front which is directly related to the area needed to 

calculate the area where the force is applied on. Once the wicking front thickness is determined, 

the force resulted from the liquid spreading can be applied into the model. In addition, the force 

resulted from the liquid spreading is from the capillary force generated by the surface structures. 

Once the relation between the structures and the capillary force can be obtained, the effect of the 

surface structures can be involved into the model directly. 

The heat transfer measurements show that the TGP with patterned nanowire array wicking 

structures can deliver very high maximum heat flux. Two patterns with different dimensions of 
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nanowire bundles and micro gaps have been tested in our study. This study shows that the wicking 

performance plays an important role in the maximum heat flux and proposes the method to predict 

the maximum heat flux from the wicking performance. Apparently, more patterns are needed to 

provide solid evidence to our conclusions. As a parametric study in the future, the working fluid 

charging amount needs to be optimized to obtain more accurate measuring results for every single 

wicking structure. The dimensions of the patterned nanowire array need more studies since they 

not only influence the wicking performance but also the shape of the menisci. The shape of the 

menisci determines the efficiency of the evaporative heat transfer. The height of the nanowires is 

another important parameter to study. The shape of the menisci and the thermal resistance resulted 

from the bulk water in the menisci are affected by the height of the nanowires. The thickness of 

the vapor core is also important to determine the heat transfer performance of the TGP. When the 

thickness of the vapor core is thin enough, the friction at the liquid-vapor interface may result in 

early dry out. All the heat transfer performance was measured in a temporary testing fixture. To 

make the TGP usable in real world, a reliable process needs to be developed to assemble a real 

device. The reliability of the TGP device is then needed to be investigated. 
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