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Abstract 

Steam power plants, which contribute to over 50% of energy production globally, rely on 

condensers to control system-level energy efficiency. Due to the high surface energy of common 

heat exchanger materials, the vapor condenses by forming a continuous liquid film with low 

thermal conductivity (filmwise condensation), hindering heat transfer from the vapor side to the 

condenser surface. Hydrophobic surfaces achieved by either chemical methods (e.g., coating 

treatment) or physical methods (e.g. structures design) have shown great promise in enhancing 

condensation heat transfer by promoting dropwise condensation. However, the short lifetime and 

high fabrication cost of most of these hydrophobic surfaces remain a challenge for long-term and 

large-scale industrial applications. A promising solution to enhancing condensation heat transfer 

in a robust and scalable manner is to control the thickness and thermal conductivity of the 

condensate film, which we term thin-film condensation. This can be achieved by sandwiching a 

thin layer of porous metal wick between a hydrophobic membrane and the condenser surface to 

confine the condensed liquid, forming a thin liquid-metal composite film that significantly 

improves the effective thermal conductivity of the condensate-filled porous media. 

In this work, we designed, fabricated, tested, and demonstrated thin-film condensation 

heat transfer using commercially available materials and scalable approaches. First, we proved 

the concept using biphilic, microchannel-assisted hierarchical copper surfaces made of 

commercially available copper foams and copper meshes. Condensation heat transfer on the 

hierarchical copper surfaces was characterized to be up to 2x as compared to the conventional 

filmwise condensation, even with flooding on the surface due to the defects on the mesh and the 

coating. Then, we investigated electrospinning as a potential approach to customize hydrophobic 

membranes for the thin-film condenser surfaces. The key benefit of the hydrophobic membrane 

in the surface design is to generate capillary pressure through micro/nanoscale pores, which acts 

as the driving force for the condensate flow in the metal wick. We conducted a parametric study 

on the effects of several key fabrication parameters on the pore size of the electrospun 

membrane, with the help of the fractional factorial design. Solution feeding rate was found to be 

the most impactful parameter on the membrane pore size and should be considered the most 

during membrane optimization. A heat and mass transfer model was developed to predict the 

heat transfer performance of the thin-film condenser surfaces made of electrospun membranes 

and porous copper wicks. Upon careful design of the surface structures, an over 5x heat transfer 

enhancement is expected on these thin-film condensers, which is comparable to the state-of-the-
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art dropwise condensation. Finally, a techno-economic analysis was conducted on the thin-film 

condensers. The result shows that the additional material for the condenser tube modification 

costs less than 10% of the condenser cost. However, with the expected 5x steam-side 

condensation heat transfer performance, thin-film condensers will be able to increase power 

plants' output by 2-6%, which is equivalent to over $10B of the value proposition for steam 

power plants across the globe. 
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1. Introduction and Background 

1.1 Motivation 

Global energy demand is expected to increase about 50% over the next 30 years, driven 

by population and economic growth1. Energy production has to keep up with the growing energy 

demand in both the short term and the long run. Right now, the majority of the global energy is 

produced by thermal power plants, mostly steam cycles, where water is used as the working fluid 

to absorb heat from various types of heat sources (e.g., fossil fuels, geothermal, nuclear, waste 

heat, solar thermal, etc.) and convert that heat to electricity through a turbine. In the United 

States, over 80% of energy production is currently contributed by thermal power plants, among 

which roughly three quarters are driven by steam cycles2. Despite being the major contributor to 

energy production, thermal power plants account for the largest amount (40% share) of fresh 

water withdrawls3 and one of the largest source (25% share) of greenhouse gas (GHG) pollution4 

in the United States. 

With demands for electrification, water saving, and reduced GHG emissions colliding, 

the world needs more efficient steam power plants. The energy efficiency of steam power plants 

is determined by thermodynamics. Figure 1 shows a diagram for the Rankine cycle, which is the 

typical thermodynamic cycle of a steam power plant. Upon heat exchange with the heat source 

through the boiler, water vaporizes into a high temperature and high-pressure vapor flow, which 

then enters the turbine to generate power. The exhaust vapor coming out of the turbine is cooled 

down to the liquid phase by a condenser and pumped back to the boiler to complete the cycle.  

Figure 1: Thermodynamic cycle of a steam power plant.  

Thermodynamically, condensers hold the key to improving power plant efficiency. The 

energy efficiency of a steam power plant is determined by the temperature difference between 
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the hot side 𝑇H (boiler) and the cold side 𝑇C (condenser), with a theoretical limit given by the 

Carnot efficiency 𝜂Carnot = 1 −
𝑇C

𝑇H
. It is generally difficult to increase the hot side temperature 

due to limitations on the materials (e.g., materials for boilers or turbines in high-temperature 

natural gas power plants) or the heat source temperature (e.g., the temperature of geothermal 

fluids or waste heat). In contrast, lowering the cold side temperature by having a more efficient 

condenser is more approachable, and can significantly enhance energy efficiency. Figure 2 

shows the effect of condenser terminal temperature difference (TTD) on the system level 

efficiency, water consumption, and CO2 emission of a steam power plant. TTD is defined as the 

temperature difference between the turbine exhaust vapor temperature and the condenser cooling 

water outlet temperature. With a more efficient condenser, turbine exhaust vapor temperature 

will be lower and the TTD will become smaller. Figure 2 shows that, as the condenser TTD 

drops about 17°C, the system efficiency will increase roughly 2%, with a reduction in the water 

consumption rate of roughly 35 gal/MWh and a reduction in the CO2 emission of 16 kg/MWh. 

 

Figure 2: The effect of condenser terminal temperature difference on the system level 

efficiency, water consumption, and CO2 emission of steam power plants5. 

Numerous surface coatings and structures have been developed to enhance condensation 

heat transfer of steam over the past century. However, most of these surfaces are limited to lab-

scale prototype and rarely applied to industrial condensers. Here, we introduce state of the art 

surface engineering for condensation heat transfer and the key challenges remained in this field 

that this thesis is aiming to address. 
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1.2 State of the Art Research in Condensation Heat Transfer 

1.2.1 Dropwise Condensation 

A milestone in the long-term exploration of condensation heat transfer enhancement is 

the discovery of dropwise condensation6. In dropwise mode, the condensed water stays as 

discrete drops on the cold condenser surface, grows up to a critical size near the capillary length 

(~2.7mm for water), and finally sweeps off the surface. In this way, the drops keep refreshing the 

cold surface and continuously creating bare surfaces for vapor to condense on. Therefore, the 

dropwise mode has a much lower thermal resistance compared to the conventional filmwise 

mode where the cold surface is covered with a thermal barrier of the water film. As a result, 

dropwise condensation has been demonstrated to exhibit up to an order of magnitude higher heat 

transfer efficiency as compared with filmwise condensation7, as shown by the experimental data 

summarized in Figure 3.  

 

Figure 3: Recent development in surface engineering for condensation heat transfer 

enhancement. Dropwise condensation has shown up to an order of magnitude higher heat 

transfer performance as compared to the conventional filmwise condensation8. 

Surface hydrophobicity, a property that enables surfaces to repel water with a contact 

angle beyond  90°, has been widely applied for promoting dropwise condensation. Self-

assembled monolayers (SAM)9-15 and thin-film of polymer coatings16-22 have been frequently 

used as a chemical treatment technique to achieve surface hydrophobicity and promote dropwise 

condensation. These SAM and polymeric coatings are composed of thermally insulating 
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materials and as a result, have to be ultra-thin (≪1 μm). However, at this thickness limit, these 

SAM and thin polymer coatings typically degrade within days if not hours during condensation 

of water vapor8,23-27, which prevents them from being applied in industrial settings. Figure 4 

gives an example of the degradation of dropwise condenser coating over time: heat transfer 

performance of the hydrophobic coated surface drops to a similar level as filmwise condensation 

after 6 days of condensation. 

 

Figure 4: Dropwise-condenser coatings degrade over time8. 

Micro/Nanoscale surface structures have been incorporated with surface hydrophobicity 

to achieve superhydrophobic surfaces, on which “jumping droplet” was observed and as a result 

of enhanced droplet mobility, further heat transfer enhancement as compared to dropwise 

condensation on hydrophobic surfaces was demonstrated28-34. However, these surfaces could 

only sustain the exceptional heat transfer performance under relatively low surface subcooling; 

under high surface subcooling, flooding would occur and instead of jumping, droplets would pin 

on the surface, significantly degrading heat transfer performance35-38. Furthermore, most of these 

superhydrophobic surfaces rely on non-robust coatings, which suffer from a short lifetime in the 

pure vapor environment and would not survive in industrial condensers for more than a week. 

Plasma treatment39, initiated chemical vapor deposition (iCVD) 40, and fluorine−carbon 

based lipid-like coating-substrate interface41 have shown great promise to improve the robustness 

of hydrophobic coatings, but the feasibility and cost-effectiveness of applying these techniques 

to large-scale condenser surfaces are yet to be demonstrated. Recent studies demonstrated that 

dropwise condensation could be achieved on hydrophilic surfaces without any hydrophobic 

coatings in cases where the contact angle hysteresis of the surface becomes substantially low 
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(<3°)42,43. However, achieving such a low contact angle hysteresis on a large-scale condenser 

surface remains challenging.  

Re-entrant surfaces and double re-entrant surfaces have been recently demonstrated to 

achieve water repellency on intrinsically hydrophilic materials with a careful design of surface 

structures44-50. These surfaces eliminate the dependency on hydrophobic coatings, providing a 

durable solution to achieve surface hydrophobicity. However, in order to realize dropwise 

condensation, the characteristic pitch of these re-entrant structures needs to be smaller than the 

spacing of the condensate nucleation sites, which can be on the order of hundreds of 

nanometers51,52. Dropwise condensation on re-entrant surfaces has been successfully 

demonstrated on a re-entrant surface consisting of isolated reentrant cavities with a pitch on the 

order of 100 nm 53. However, these delicate structures are costly to fabricate and hard to scale up.  

Lubricant infused surfaces (LIS)54-60, where low surface tension lubricants are embedded 

into micro/nanostructured substrates to enable ultra-low contact angle hysteresis and therefore 

formation and removal of water droplets, have been studied extensively to promote dropwise 

condensation as an alternative to hydrophobic coatings. However, lubricant drainage61-66 remains 

a concern that inhibits the application of LIS in the high-purity water environment in steam 

power plants. As a similar idea to LIS, polymer-infused porous surfaces (PIPS)67-69 were recently 

proposed as another strategy to achieve dropwise condensation in a robust manner. In PIPS, a 

porous metal network is used to enhance the effective thermal conductivity of the polymer 

coating and as to help hold the polymer coating in place, enabling heat transfer enhancement as 

well as coating longevity. However, the thickness of the polymer coating on PIPS needs to be 

carefully controlled in order to avoid being insulating while in the meantime ensuring low 

enough contact angle hysteresis on the surface to avoid droplet pinning. To date, PIPS has been 

proven at lab scale to improve the condensation heat transfer of steam to over 750% as compared 

to filmwise condensation67, but its application to large-scale condensers has yet to be 

demonstrated. 
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1.2.2 Thin-film Condensation 

 

Figure 5: Wicking condensation vs, filmwise condensation70. (a): During filmwise 

condensation, water condensed onto the flat hydrophilic surface in the format of a liquid 

film with thickness increasing in the direction of gravity. (b) During wicking condensation, 

water condensed into the pores of the metal wick substrate, forming a thermally conductive 

water-metal composite film with water drainage in the direction of gravity. (c) Projected 

maximum heat transfer coefficient on a wicking condensation surface with a characteristic 

pore size of 0.5 mm. 

A completely different concept, termed wicking condensation70,71, was proposed to 

enhance condensation heat transfer in the format of filmwise, eliminating the need for 

hydrophobic coating or lubricant. In wicking condensation, the condenser surface is decorated 

with a highly permeable, highly thermally conductive porous metal wick that serves as the 

condensing surface. When the vapor condenses onto the wicking condenser surface, it fills into 

the pores of the metal wick due to surface hydrophilicity, and drains out of the wick under the 

gravity force, as shown in the schematic in Figure 5 (b). As compared to the conventional 

filmwise condensation on a flat hydrophilic surface as shown in Figure 5 (a), the liquid film 

formed during wicking condensation has a higher effective thermal conductivity due to the 

existence of the metal wick and therefore can generate more efficient heat transfer. One caveat, 

particularly in the case of water condensation, is that wicking condenser surfaces can flood, in 

which case the gravitational pressure becomes insufficient to drive fluid flow throughout the 

wick, resulting in some of the fluid exiting the front surface of the wick and forming a falling 

fluid film on the surface of the combined wick–condensate composite, thereby degrading heat 

transfer performance. An optimal wick thickness can be derived from the force balance between 

the gravitational driving force and the viscous pressure loss of the fluid flowing through the 

wick, at which point flooding is imminent. This optimal thickness increases with the surface 

(a) (c)(b)



25 

 

subcooling, reducing heat transfer enhancement at high subcooling. However, this thickness 

cannot be infinitely small and is limited by the characteristic length of the wick (i.e., pore size). 

As a result, only marginal heat transfer enhancement can be achieved at subcooling higher than 

5°C, as shown in Figure 5 (c). 

Capillary-enhanced wicking condensation has been proposed and modeled in a previous 

study where an external pump is used in wicking condenser surfaces to provide a capillary 

driving force to assist with condensate flow72. However, the pump consumes extra energy and 

the implementation of the pump with appropriate pumping force at the exit port of the wick 

structure is non-trivial.  

Hydrophobic pores provide a solution to generate capillary pressure in a passive way. 

Several recent studies have explored the use of hydrophobic porous structures for capillary-

driven thin film condensation, where a hydrophobic porous top layer is generating a capillary 

pressure that can hold the condensed liquid film within a controlled thickness until a certain 

amount of surface subcooling. Wen et al.73 experimentally demonstrated film-to-droplet sucking 

flow condensation on a hydrophobic hierarchical copper mesh with an enhanced condensation 

heat transfer that is even superior to dropwise condensation over a wide range of surface 

subcooling. On such a hydrophobic hierarchical copper surface (as shown in Figure 6(a)-(b)), 

water droplets coalesced and filled into the porous copper mesh layer, and eventually came out 

of the mesh pore in the format of mobile droplets following the film-to-droplet sucking flow 

driven by capillary pressure. Despite the exiting droplets, the whole surface maintained a thin 

film of water-copper composite, which contributed to the enhanced heat transfer. With a similar 

concept, Oh et al. demonstrated thin-film condensation on a biphilic nickel inverse opal surface74 

(as shown in Figure 6(c)-(d)). Condensed water was constrained within the thin layer of nickel 

inverse opals under the capillary pressure generated by the hydrophobic layer and filmwise 

condensation was confined to thicknesses <10 µm was demonstrated with a predicted heat 

transfer coefficient of 50 kW/m2K, which is comparable to dropwise condensation. 
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Figure 6: Hydrophobic porous structures for capillary-enhanced thin-film condensation. 

(a) and (b)73: Hierarchical copper mesh coated with hydrophobic coating shows sucking-

flow condensation where the condensed droplets coalesce into the condensate film, 

maintaining a thin film until being sucked by a draining droplet coming out of the mesh 

pore. (c) and (d)74: a porous biphilic nanostructure made of nickel inverse opals (NIO) and 

a thin (<20 nm) hydrophobic top layer coating shows thin-film condensation, where 

condensed water is maintained within the NIO by capillary pressure. 

 Other biphilic structures such as micropillar arrays with PTFE coatings on the top75 and 

an anodic aluminum oxide (AAO) membrane with a hydrophobized top layer have been 

fabricated to explore capillary-driven thin-film condensation76, as shown in Figure 7(a) and (c), 

respectively. Under an environmental scanning electron microscope (ESEM), condensed water 

film was observed to form beneath the hydrophobic PTFE-coated top layer, as shown in Figure 

7(b)75. Continuous condensation caused the liquid film to eventually flooded onto the top of the 

PTFE coating layer through local bursting sites, while the rest of the condensing surface 

maintained a thin film. Liu et al. modified an AAO membrane with a top layer of hydrophobic 

coating, as shown in the schematic in Figure 7(c)76. In a humid-air environment, this biphilic 

AAO membrane was able to absorb condensed water into the hydrophilic bottom layer, 

achieving “dry” surface atop the hydrophobic layer, as shown in the circle area in Figure 7(d)76. 

(a) (b)

(c) (d)



27 

 

A 2x heat transfer enhancement compared with filmwise condensation was estimated based on 

the condensation rate measured on the surface. 

 

Figure 7. Biphilic porous structures for promoting thin-film condensation75,76. (a) 

Hydrophilic silicon micropillar arrays with hydrophobic PTFE coatings on top. (b) Under 

an environmental scanning electron microscope (ESEM), condensed water film was 

observed to be formed beneath the hydrophobic PTFE-coated top layer. (c) Anodic 

aluminum oxide (AAO) membrane with a hydrophobized top layer. (d) In a humid-air 

environment, the biphilic AAO membrane was able to absorb condensed water into the 

hydrophilic bottom layer, achieving “dry” surface atop the hydrophobic layer. 

 

1.3 Challenges and Opportunities in Condensation Heat Transfer of Steam 

While dropwise condensation has been developed for almost a century for condensation 

heat transfer enhancement, its application to industrial steam condensers remains challenging due 

to concerns about the coating delamination (especially in the case of SAM and thin polymer 

coatings), lubricant drainage (in the case of lubricant-infused surfaces), material and fabrication 

cost (especially in the case of re-entrant structures), and scalability of the surface 

structures/coatings (e.g., polymer infused porous surfaces).  

On the other hand, enhanced filmwise condensation enabled by thermally conductive 

wicking structures has shown promises to enhance condensation heat transfer without the use of 

hydrophobic coatings, providing a pathway to enhance the condensation of steam in a robust and 

cost-effective manner. However, in wicking condensation, when the driving force for the 

condensed water to exit the wick layer is purely gravity, condensed water can easily flood the 

(a) (b)

(c) (d)

5 μm
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wicking structures; otherwise, the wick becomes so thick that the heat transfer enhancement is 

marginal. Additional driving forces are required to assist gravity with pushing the condensed 

water out and maintaining a flooding-free surface for wicking condensation. Recent studies have 

proposed and demonstrated the use of a hydrophobic porous layer to generate capillary force as a 

driving force to achieve enhanced filmwise condensation by sustaining a thin liquid film during 

condensation. Combining capillary-driven thin-film condensation with wicking condensation is a 

promising approach to enhancing the condensation heat transfer of steam, but the following 

research is missing in the current literature: 

1. Existing capillary-driven thin-film condensers rely on hydrophobic coatings73-76. 

Although these coatings may experience less shear force from the condensed water 

than the shear force the coatings would experience in dropwise condensation, 

delamination of these coatings over time remains a concern for their industrial 

applications. A capillary-driven thin-film condenser made of intrinsically 

hydrophobic materials could address the longevity concern. 

2. Most capillary-driven thin-film condensers that have been studied do not have a 

thermally conductive wicking layer75,76, or the dimension of the wicking layer and the 

hydrophobic layer are coupled73. However, the wicking layer and the hydrophobic 

layer carry different functionalities. The wicking layer needs to be highly permeable 

and thermally conductive, while the hydrophobic layer should contain small pore 

sizes to generate high enough capillary pressure. A separately designed wicking layer 

could better improve the thin-film condensation heat transfer performance. 

3. There have been few direct heat transfer measurements for capillary-driven thin-film 

condensers in pure steam environments. And for the existing heat transfer 

measurements73, there have been very few design guidelines for the structure of the 

capillary-driven thin-film condensers.  

 

1.4 Description of the Concept 

We propose to combine wicking condensation with capillary-driven thin-film condensation to 

enhance the condensation of steam, as illustrated in the schematic shown in Figure 8. The 

condenser surface is composed of a layer of robust hydrophobic membrane on top of a layer of 

high-thermal-conductivity, high-porosity, and high-permeability metal wick. In the process of 
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condensation, water condenses from the vapor environment surrounding the condenser tube onto 

the condenser surface, fills into the porous wick, and drains out through the designated shedding 

port as discrete droplets. The thin water-wick composite film, which is confined by the capillary 

pressure generated by the top layer hydrophobic membrane, enhances condensation heat transfer 

by minimizing the thermal resistance of the liquid film. This proposed approach has several key 

advantages as compared to what has been available in the literature: 

1. Having separate layers of structures for the wick and the hydrophobic membrane 

decouples the driving force for the condensate drainage (i.e., capillary pressure 

generated by the membrane layer) and the viscous pressure resistance (i.e., viscous 

pressure loss occurring inside the wick layer). This opens up great opportunities for 

surface design. For example, we can have a nanoscale membrane pore size that 

generates an enormous capillary pressure while having a millimeter scale wick pore 

size that allows for low-friction condensate flow. 

2. The use of a robust, intrinsically hydrophobic membrane eliminates the need for 

ultra-thin hydrophobic coatings, which addresses the concerns about coating 

delamination over time. Since the hydrophobic membrane is used for generating 

capillary pressure to hold the condensed liquid film beneath the membrane rather than 

for serving as a condensing surface, the membrane layer can be relatively thick as 

long as it is porous enough for vapor to travel through with minimal pressure loss.  

3. Both the hydrophobic membranes and the high-thermal-conductivity metal wicks are 

commercially available and have great potential for scaling up. For example, 

intrinsically hydrophobic membranes such as poly(tetrafluoroethylene) (PTFE) and 

polyvinylidene fluoride (PVDF) membranes have been frequently used in the 

membrane distillation and water treatment industries77-81. Porous metal wicks such as 

sintered metal powders, metal meshes, metal foams, microscale metal grooves and 

fins have been fabricated on a large scale in the heat pipe industry and the condenser 

industry82-85. 
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Figure 8: Rendering of the proposed capillary-driven thin-film condensation on a 

condenser tube. Water condenses from the vapor environment surrounding the condenser 

tube onto the condenser surface, fills into the porous wick, and drains out through the 

designated shedding port as discrete droplets. The thin water-wick composite film, which is 

confined by the capillary pressure generated by the top layer hydrophobic membrane, 

enhances condensation heat transfer by minimizing the thermal resistance of the liquid 

film. Robust materials are used for long-term applications. 

1.5 Thesis Objective and Outline 

The objective of this thesis is to improve the condensation heat transfer of steam via 

novel surface engineering designs based on capillary-driven thin-film condensation. Scalable 

materials and fabrication approaches are adopted for the potential application in industrial 

condensers. 

 In Chapter 1, the motivation for enhancing condensation heat transfer of steam was 

discussed. State-of-the-art surface designs, remaining challenges, and opportunities in the field 

were explained. 

 In Chapter 2, we developed a heat and mass transfer model to predict the heat transfer 

performance and flooding scenario for capillary-driven thin-film condensers which advises the 

selection of several key parameters of the membrane and the wick layer structures.  

 In Chapter 3, we fabricated a proof-of-concept sample based on commercially available 

copper foams and meshes. Condensation heat transfer performance of the sample was 

characterized in an environmental vacuum chamber and an up to 2x heat transfer enhancement 
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was demonstrated on the hierarchical copper sample even when the surface was flooded. 

Strategies to prevent flooding were discussed. 

 In Chapter 4, we investigated the scalable fabrication of hydrophobic membranes using 

electrospinning. We built an electrospinning setup and conducted a parametric study on the 

effects of several key fabrication parameters on the membrane morphology using fractional 

factorial design. The future direction for optimizing the electrospun membrane for the capillary-

driven thin-film condenser was discussed. We explored the preliminary fabrication of a 

capillary-driven thin-film condenser surface made of electrospun fibrous membranes and porous 

copper wicks. An electrospun membrane-covered copper foam was characterized during vapor 

condensation under an ESEM. The remaining challenges in large-scale fabrication and the 

potential solutions are discussed.  

 In Chapter 5, we conducted a techno-economic analysis on the capillary-driven thin-film 

condensers based on the material cost, installation and shipping cost, and the value proposition 

for a steam power plant. We segmented the steam power plant market into different types based 

on the heat sources and the thin-film condensers were found to be most impactful on geothermal 

power plants. 

 In Chapter 6, perspectives on future work are presented. 
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2. Modeling 

In this chapter, we developed a heat and mass transfer model to predict the heat transfer 

performance and flooding scenario for capillary-driven thin-film condensers which advises the 

selection of several key parameters of the membrane and the wick layer structures in the 

capillary-driven thin-film condenser surfaces. 

A capillary-driven thin-film condenser is composed of two main parts, as shown in 

Error! Reference source not found.(a). First, a highly permeable, high-thermal-conductivity 

metal wick is placed on the condenser substrate. Second, a robust, intrinsically hydrophobic 

membrane is attached to the top of the wick. The porous metal wick serves as the structural 

support for the hydrophobic membrane and allows the passage of condensed water within its 

structure while enhancing the effective thermal conductivity of the liquid film. The hydrophobic 

membrane serves to confine the condensed water inside the hydrophilic wick layer and to 
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generate capillary-driving pressure to push the condensed water through the wick to the 

designated exit port. 

 

Figure 9: System schematics for the capillary-driven thin-film condenser (a) and system-

level thermal resistance network (b). 

Several assumptions are made in the system-level model:  

(1) The system reaches steady state heat and mass transfer. 

(2) Vapor at the top surface of the membrane has the same temperature as the far field vapor 

temperature Tv. 

(3) Liquid-vapor interface is pinned at the membrane-wick boundary. 

(4) Neglect heat loss on the sidewalls and assume heat transfer occurs in one dimension. 

(5) The hydrophobic membrane has straight hole geometry and is characterized by constant 

permeability. 

(6) Neglect disjoining pressure at the liquid-vapor interface so that Young-Laplace equation 

arrives at 𝑃𝑙,in − 𝑃𝑣,in = 2𝛾𝐻. 

(7) Neglect gravity in the porous wick, i.e., capillary force is the dominated driving force. 

(8) Neglect convection and radiation heat transfer in the system. 

2.1 Heat and Mass Transfer 

Heat and mass transfer through the capillary-driven thin-film condenser can be divided 

into two processes in series, as illustrated by the thermal resistance network shown in Error! 

Reference source not found.(b). The first process is the heat and mass transfer through the 
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hydrophobic membrane, which occurs in two pathways86: (1) release of the latent heat associated 

with the condensed water vapor traveling through the membrane pores, as denoted by the 

thermal resistance 𝑅J,m; (2) conduction heat transfer through the membrane layer, as denoted by 

the thermal resistance 𝑅cond,m. After the condensation heat flux travels through the membrane 

layer, it passes through the porous metal wick to the condenser substrate through conduction heat 

transfer, as denoted by the thermal resistance 𝑅cond,w in Figure 9(b).  

The thermal resistance 𝑅J,m is determined by the mass transfer of vapor through the 

membrane pores. The vapor can flow through the membrane pores in two major regimes. First, 

the vapor molecules can travel through a pore with minimal collisions between molecules, and 

most collisions with the membrane walls. This type of flow is named free-molecule flow or 

Knudsen flow. In the other regime, molecule-molecule collisions dominate over wall-molecule 

collisions.  This is called viscous flow, or Poiseuille flow, and the equations for this type of flow 

are well developed87. There is a regime called the transition regime which considers molecule 

behavior from both the Knudsen and the Poiseuille flow regime88. To determine which regime 

we are in, the mean free path is compared against the pore diameter. The mean free path is the 

average distance that a molecule travels before it collides with another molecule. The mean free 

path is given by the following relation89  

𝜆 =
𝑘B𝑇

√2𝑃𝜋𝑑c
2
 

(1) 

where 𝑘B is the Boltzmann constant 1.3806485×10-23 J/K, 𝑇 is the absolute temperature of the 

vapor, P is the vapor pressure, and 𝑑c is the collision diameter for water molecules, 2.641×10-10 

m.  

The ratio between the mean free path and the pore diameter 𝑑p is called the Knudsen 

number, 𝐾n = 𝜆/𝑑p , which gives a measure of the flow regime. If 𝐾n > 10 there is free-

molecule or Knudsen flow. If 𝐾n < 0.01, Poiseuille flow ensues. If we are in between, 0.01 <

𝐾n < 10, we are in the transition region where both effects should be included.  

One of the most well-known models that describe the flow through porous media is the 

dusty-gas model90. This model can describe free-molecule flow, viscous flow, and continuum 
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diffusion as part of its development. Our system consists of single water molecules, which 

simplifies the equations significantly. 

At a vapor saturation temperature of 35 ºC (which is within the typical range of the 

condensation temperature in steam power plants91,92), the resultant mean free path is around 2.4 

μm. Thus, different flow types can occur below and above a 2 μm diameter. Pore diameters 

below 200 nm can be said to be in the Knudsen flow regime and those above 200 μm in the 

Poiseuille flow regime. We consider pore diameters between 0.1μm to 10μm, which is in the 

transition regime. For the transition regime, we must account for both the Knudsen and the 

Poiseuille flow contribution.  

The pure, vapor-pressure-driven mass flux in the transition region can be described by 

𝐽 = 𝐾∆𝑃 (2) 

where  ∆𝑃 is the pressure drop across the membrane pore, given by 

∆𝑃 = (𝑃v − 𝑃v,in) = (𝑃v − 𝑃sat(𝑇in)) (3) 

where 𝑃v is the vapor pressure at far field, and 𝑃v,in is the saturation pressure at the vapor outlet 

(bottom) of the membrane pore, here approximated as the saturation pressure right outside the 

liquid-vapor interface. 

�̅� in equation (2) is the mean flow permeability for a pure gas given by 

�̅� =
1

𝑅𝑇𝑡m
(𝐷𝑖𝐾 +

�̅�𝐵o

𝜇v
) 

(4) 

where 𝑡m is the membrane thickness, 𝑅 is the gas constant 8.3144598 J/mol/K, 𝑇 is the absolute 

temperature, �̅� is the average vapor pressure in the pore, 𝐷𝑖𝐾 is the Knudsen diffusion 

coefficient, 𝐵o is the viscous flow parameter, and 𝜇v is the dynamic viscosity for pure vapor. The 

Knudsen diffusion coefficient can be shown to be proportional to the mean molecular speed from 

the kinetic theory of gasses,  

𝐷𝑖𝐾 =
4

3
𝐾o�̅� 

(5) 

where 𝐾o is the Knudsen flow parameter or permeability coefficient in the free molecule or 

Knudsen flow regime, and �̅� is the mean molecular speed and is given by, 
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�̅� = (
8𝑅𝑇

𝜋𝑀
)

1
2
 

(6) 

where 𝑀 is the molar mass. For the simple case of a porous membrane consisting of cylindrical 

pores of length tm and diameter dp, the Knudsen and Poiseuille flow parameters are simply 

related as 𝐾o = 𝑑p/4 and 𝐵o = 𝑑p
2/32 respectively. Thus, the mean flow permeability 

becomes93 

�̅� =
1

𝑅𝑇𝑡m
(

1

3
𝑑p  (

8𝑅𝑇

𝜋𝑀
)

1
2

 + �̅�
𝑑p

2

32𝜇v
 ) 

(7) 

The first term inside the brackets is the Knudsen flow permeability, which is directly 

proportional to the pore radius. The second term is the viscous or Poiseuille flow permeability, 

which is proportional to the pore diameter squared. As such, we can note that with increasing 

pore radius, the permeability increases faster in the Poiseuille regime than in the Knudsen 

regime. Equation (7) above is for the transition region, and through the dusty-gas model, simple 

additivity of both effects is implemented to account for both contributions. Usually, it is up to 

individual experiments to determine how good this approximation is, though previous work is 

stated to have shown excellent agreement. Critiques of this assumption can be found in the 

literature90.  

The unit in equation (2) is moles/m2/s. To convert this to a mass flow rate, we multiply 

by the molar mass 𝑀 in kg/mol. This quantity refers to the mass flux in one pore, so we multiply 

by the total frontal surface area 𝐴T and the membrane porosity 𝜙m to obtain the total mass flow 

rate through the membrane. The mass flow rate through the pore is then given by 

�̇� = �̅�∆𝑃𝑀𝐴T𝜙m (8) 

Assuming a circle shape to the frontal condensing surface of radius R, 𝐴T = 𝜋𝑅2. The 

mass flow rate is proportional to the porosity of the membrane. Maximizing membrane porosity 

can increase the vapor mass flow rate across the membrane. The membrane pore size determines 

both the membrane mass flux and the driving force for condensate flow (capillary pressure). 

Therefore, optimizing the pore diameter is crucial.  
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An enthalpy balance yields the following equation, accounting for condensation in each 

pore through the frontal surface area,  

𝑞J𝐴T = �̇�ℎfg (9) 

Here, 𝑞J is the surface-area-averaged condensation heat flux contributed by the vapor mass 

transfer through the membrane pores. 

The other branch of heat flux through the membrane layer, i.e., conduction heat flux 

through the membrane layer, can be calculated by86 

𝑞cond,m =
𝑘eff,m

𝑡m
∆𝑇m =

(𝜙m𝑘v + (1 − 𝜙m)𝑘m)

𝑡w
(𝑇v − 𝑇in) 

(10) 

where 𝑘eff,m is the effective thermal conductivity of the vapor filled membrane layer; 𝑘v and 𝑘m 

are the thermal conductivity of the vapor and the membrane material, respectively; 𝑇in is the 

temperature at the liquid-vapor interface. 

 Total condensation heat flux that’s flowing through the membrane layer is the sum of the 

two components described above: 

𝑞 =  𝑞J + 𝑞cond,m (11) 

 Assuming 1D heat transfer, this total condensation heat flux is identical to the conduction 

heat flux flowing through the porous metal wick layer, which can be described by 

𝑞cond,w =
𝑘eff,w

𝑡w
∆𝑇m =

𝑘eff,w

𝑡w
(𝑇in − 𝑇b) 

(12) 

where 𝑘eff.w are the effective thermal conductivity of the water-filled wick layer, and 𝑇b is the 

wall temperature at the interface between the porous metal wick layer and the condenser 

substrate as shown in Figure 9(a). 

 

2.2 Flooding Criterion 

Flooding is an undesirable scenario for the capillary-driven thin-film condensation where 

the viscous pressure loss for the condensed liquid to exit through the wick layer becomes so large 

that the capillary driving force generated by the membrane cannot hold the condensed water 

inside the wick layer anymore. When flooding occurs, condensed water would burst out of the 
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membrane pores instead of maintaining a thin liquid film inside the wick layer, significantly 

adding thermal resistance to the system and therefore deteriorating the heat transfer performance. 

Careful consideration should be taken in the surface design to prevent flooding. Figure 

10(a) shows the direction of vapor and liquid flow through a capillary-driven thin-film condenser 

in an ideal scenario, where a thin liquid-metal wick composite film is confined by the 

hydrophobic layer and all condensed water would exit out of the wick through designated exit 

ports. To ensure such a scenario, the viscous pressure loss experienced by the condensed water 

through the porous metal wick needs to be compensated by the driving face provided by the 

capillary pressure generated by the membrane pores. Figure 10 (b) shows the pressure profile of 

the condensate flow in the case of a flat, circular condenser surface with radius R. Pressure at the 

liquid side of the liquid-vapor interface 𝑃l,in can be calculated by adding the capillary pressure 

generated by the liquid-vapor interface curvature 𝑃cap to the pressure at the vapor side of the 

liquid-vapor interface 𝑃v,in, as shown in Figure 9(a) and Figure 10(b): 

𝑃l,in = 𝑃v,in + 𝑃cap = (𝑃v − ∆𝑃p) + 𝑃cap (13) 

where ∆𝑃p is the vapor pressure drop across the membrane layer and 𝑃cap is limited by the pore 

size of the membrane 𝑑p and the advancing water contact angle on the membrane material 𝜃adv: 

𝑃cap ≤
−4𝛾cos𝜃adv

𝑑p
 

(14) 

Here, we compare the maximum viscous pressure loss (viscous pressure loss at the exit 

port) to the maximum driving force (contact angle at the vapor-liquid interface approaching 

cos𝜃adv), and utilize the following criterion for flooding prediction: 

0 < 𝑃∗ =
𝑃vis,max

𝑃l,in − 𝑃v
< 1 

(15) 

Flooding would occur if 𝑃∗ is out of the (0,1) range. In the case of a flat, circle shape 

condenser surface as shown in Figure 9(b), 𝑃vis can be derived as following using 1D Darcy’s 

law94,  

�̇�(𝑟)

2𝜋𝑟𝑡w
= −

𝜅𝑑𝑃

𝜇𝑑𝑟
 

(16) 
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where �̇�(𝑟) is the volumetric flux at radius r, and can be expressed in terms of condensation heat 

flux q by mass conservation: 

�̇�(𝑟) =
𝜋𝑟2𝑞

𝜌lℎfg
 

(17) 

where 𝜌l is the density for liquid water, ℎfg is the latent heat of the water. Note that gravity is 

neglected here since we expect the capillary pressure to be the dominant driving force. 

Assuming the side wall of the wick layer to be the exit port of the capillary-driven thin-

film condenser, the maximum viscous pressure loss that the condensed water would experience 

in the ideal scenario should be the viscous pressure loss from the center of the condenser surface 

to the edge of the condenser surface (i.e., r = R). Integrating the viscous pressure loss along the 

radius of the condenser surface, the maximum viscous pressure loss can be obtained as follows: 

𝑃vis,max = 𝑃vis(𝑟 = 𝑅) =
𝜇𝑅2𝑞

4𝜌lℎfg𝜅𝑡w
 

(18) 

 

Figure 10: Direction of condensate flow in the capillary-driven thin-film condenser (a) and 

the pressure profile of the condensate flow in the case of a flat, circular condenser surface 

with radius R. 

 

2.3 Parametric Study 
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In order to maximize heat transfer performance and to prevent flooding from occurring, 

both the structures of the metal-wick and the hydrophobic membrane must be designed. 

Important parameters for the porous wick layer are the wick permeability  𝜅, the effective 

thermal conductivity of the wick-water composite 𝑘eff,w, and the wick thickness 𝑡w.  Important 

parameters for the hydrophobic membrane layer are the membrane pore size 𝑑p, the membrane 

porosity 𝜙m, water contact angle (advancing) 𝜃adv, and the membrane thickness 𝑡m.  These 

seven parameters are chosen to investigate their effects on the system-level heat transfer 

performance. When one parameter is varied, the other seven parameters are kept as constant as 

listed in Table 1. 

Table 1: Default values for the parametric study. 

Item Value 

Membrane pore size 𝑑p [µm] 5 

Water contact angle (advancing) on membrane 𝜃adv [°] 100 

Membrane porosity 𝜙m [/] 0.8 

Membrane thickness 𝑡m [µm] 100 

Wick thickness 𝑡w [µm] 200 

Wick permeability 𝜅 [m2] 5×10-11 

Wick effective thermal conductivity 𝑘eff,wW/mK] 100 

Thermal conductivity of membrane materials [W/mK] 0.295 

Far-field vapor temperature Tv [°C] 35 

Condenser wall temperature Tb [°C] 30 

Diameter of the circular-shape, flat condenser R [m] 0.0127 

Figure 11 shows the modeling strategy for calculating the temperature profile and the 

corresponding heat flux during the capillary-driven thin-film condensation. For a given vapor 

temperature Tv  (35 °C) and a prescribed liquid-vapor interface temperature Tin,1, through the 

membrane model discussed in equations (2)-(11), total heat flux q can be calculated by adding 
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the heat flux components contributed by the vapor mass transfer and the conduction heat 

transfer. Plugging in the derived heat flux and the given wall temperature Tb (30 °C) into the 

wick model (equation (12)), a new liquid-vapor interface temperature Tin,2 can be derived. The 

two temperatures Tin,1 and Tin,2 are iterated until a converged value is found. 

 

Figure 11: Modeling strategy for calculating the temperature profile and the corresponding 

heat flux during the capillary-driven thin-film condensation. 

Once the temperature profile is solved, we can derive the pressure profile following 

equations (13)-(18) and determine if flooding would occur. In our model, we calculate the heat 

flux assuming that the thin-film condensation is achieved without flooding. However, when the 
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flooding criterion P* is out of the required range of (0,1), we know that flooding would occur 

and the heat flux predicted by the model would not reflect the actual heat transfer performance. 

 

Figure 12: Parametric study on the effects of key membrane parameters on the heat 

transfer performance and the flooding criterion, assuming these parameters are 

independent of each other. Black dashed line shows the baseline filmwise condensation heat 

flux for the given vapor temperature (35 °C) and surface subcooling (5 °C), as predicted by 

the Nusselt model. The blue line shows the heat transfer performance of the capillary-

driven thin-film condenser assuming no flooding occurs. The orange dotted line shows the 

flooding criterion P* which needs to be in the range of (0,1) to prevent flooding. (a) 

Membrane pore size varies from 0-10 μm. (b) Membrane porosity varies from 0.1-1. (c) 

Membrane thickness varies from 10-1000 μm. (d) The advancing contact angle of water on 

membrane materials varies from 90-150°. 

Figure 12 shows the parametric study on the effects of key membrane parameters on the 

heat transfer performance and the flooding criterion, assuming these parameters are independent 

of each other. Black dashed line shows the baseline filmwise condensation heat flux for the given 

vapor temperature (35 °C) and surface subcooling (5 °C), as predicted by the Nusselt model. The 

blue line shows the heat transfer performance of the capillary-driven thin-film condenser 
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assuming no flooding occurs. The orange dotted line shows the flooding criterion P* which 

needs to be in the range of (0,1) to prevent flooding.  

Figure 12(a) shows that the heat transfer performance of the thin-film condenser gets 

enhanced almost linearly with the increase in the membrane pore size. This is due to the 

enhanced vapor flow through the membrane pores and the reduced mass transport resistance 

given by the larger membrane pore size. When membrane pore size is extremely small (i.e., 

below 1.7 μm), heat transfer through the membrane layer becomes so poor that the overall heat 

transfer performance of the thin-film condenser becomes worse than a conventional filmwise 

condensation, even though flooding is prevented. Meanwhile, P* increases significantly with 

increasing membrane pore size, although it keeps within the non-flooding regime (0,1) for the 

range of membrane pore size considered. It is worth noting that the rate of the increase in P* also 

increases as membrane pore size gets larger. The major reason for this is that the capillary 

driving force is inversely proportional to the pore size. As pore size gets larger, the capillary 

pressure (which determines the denominator in the expression for P*) decreases dramatically, 

leading to an increasingly larger P*.  Therefore, membrane pore size is crucial for balancing the 

tradeoff between the heat transfer enhancement and flooding development. A maximized 

membrane pore size that is within the non-flooding regime is desired. 

Figure 12(b) shows that higher membrane porosity will enhance the heat transfer 

performance of the system and simultaneously increase the P*. As membrane porosity increases, 

more vapor can travel through the membrane holes, and therefore resistance to mass transfer is 

lower. Consequently, heat flux transferred through the membrane increases. As a result of the 

increased heat flux, viscous pressure loss within the wick layer also increases. Thus, P* also 

increases. In order to get at least 2x heat transfer enhancement as compared to the filmwise 

condensation, a membrane porosity of at least 45% is needed. Although higher porosity could 

increase P*, the effect of porosity on the P* is not as significant as the effect of pore size on the 

P*. P* remains in a safe range (<0.05) throughout the parametric sweep of the membrane 

porosity from 10% to 100%.  

Figure 12(c) shows that as membrane thickness gets larger, the heat transfer performance 

of the condenser degrades significantly, and P* decreases correspondingly. A thicker membrane 

increases both the thermal resistance related to the conduction heat transfer through the 
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membrane layer and the resistance to vapor transport through the membrane pores. Therefore, 

when increasing membrane thickness, heat transfer performance declines. However, the reduced 

heat flux will generate less viscous pressure loss inside the porous wicks. As a result, P* gets 

smaller when the membrane gets thicker, which means it is less likely to flood. The effect of 

membrane thickness on the thin-film condenser’s heat transfer performance and flooding 

development is most significant when the membrane is thin (i.e., below 100 μm). This is because 

the heat transfer rate (both the mass transfer part and the conduction heat transfer part) through 

the membrane layer is inversely proportional to the membrane thickness. At a small membrane 

thickness, this heat transfer rate drops dramatically as the membrane gets thicker. Figure 12(c) 

also shows that, in order to obtain at least 2x heat transfer enhancement as compared to the 

filmwise condensation, the membrane needs to be thinner than 175 μm. An ideal membrane 

thickness should be minimized while ensuring that P* is in the non-flooding regime. 

Figure 12(d) shows that the hydrophobicity of the membrane material does not have an 

impact on the thin-film condenser’s heat transfer performance when the surface is not flooded. 

However, at a low advancing contact angle of water (i.e., less than 92°), the membrane pore may 

not be able to generate enough capillary pressure to even compensate for the pressure loss 

experienced by the vapor traveling through the membrane pore, as indicated by the negative P* 

regime shown in Figure 12(d). Once 𝜃adv is higher than 95°, P* drops to below 0.1 and the effect 

of 𝜃adv on the flooding development becomes a minor concern. 

Figure 13: Parametric study on the effects of key wick parameters on the heat transfer 

performance and the flooding criterion. 

Figure 13 shows the parametric study on the effects of key wick-layer parameters on the 

heat transfer performance and the flooding criterion, assuming these parameters are independent 

of each other. Like Figure 12, here the black dashed line represents the baseline filmwise 

condensation heat flux for the given vapor temperature (35 °C) and surface subcooling (5 °C); 
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the blue line shows the heat transfer performance of the capillary-driven thin-film condenser 

assuming no flooding occurs; the orange dotted line shows the flooding criterion P* which needs 

to be in the range of (0,1) to prevent flooding. 

Figure 13(a) highlights the significant impact of the wick permeability on the flooding 

development of the thin-film condenser surface especially when the permeability is low. When 

permeability is below 1.8×10-12 m2, P* exceeds 1, which means that flooding would occur. When 

permeability exceeds 1.8×10-11 m2, P* drops below 0.1, and the effect of permeability on the 

flooding development becomes minimal. P* drops the fastest at the smallest permeability. This is 

because according to equation (18), the viscous pressure loss (the numerator of the expression 

for P*) is inversely proportional to the wick permeability. As a result, P* is most sensitive to the 

changes in the wick permeability when the permeability is low. The heat transfer performance of 

the thin-film condenser stays as constant regardless of the change in the wick permeability. This 

is because of the assumption that the wick permeability is independent of other properties of the 

wick that could affect its heat transfer performance (i.e., thickness, effective thermal 

conductivity). 

Figure 13(b) shows that increasing the effective thermal conductivity of the wick layer 

has a significant impact on the heat transfer performance of the thin-film condenser especially 

when this effective thermal conductivity is low. Here, we sweep the effective thermal 

conductivity from a lower bound of 5 W/mK to a higher bound of 400 W/mK (thermal 

conductivity of copper). Increasing the effective thermal conductivity of the wick layer can 

reduce the thermal resistance associated with the conduction heat transfer through the wick layer 

and therefore improve overall heat transfer. Once the effective thermal conductivity becomes 

large enough (in this case, 𝑘eff,w > 50W/mK), the dominant thermal resistance in the system 

becomes the membrane layer and the effects of 𝑘eff,w on the system level heat transfer declines. 

Increased heat flux generates higher viscous pressure loss inside the wick layer. Consequently, 

P* increases with increasing 𝑘eff,w, though the increase is negligible as compared to 1. 

Figure 13(c) shows the effect of the wick layer thickness on the heat transfer performance 

and the flooding development on the thin-film condenser. At the given effective thermal 

conductivity of the wick (𝑘eff,w=100 W/mK) and the given membrane properties, the thermal 

resistance associated with the wick layer is relatively small as compared to the membrane layer 
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even when the wick thickness approaches 1 mm. Therefore, the total condensation heat flux only 

gently decreases with the wick thickness varying from 10 μm to 1000 μm. On the other hand, as 

shown in equation (18), the viscous pressure loss (the numerator of the expression for P*) is 

inversely proportional to the wick thickness. Therefore, P* drops strikingly with the increase in 

the wick layer thickness when the wick is thin. Once the wick is thicker than 70 μm, P* drops 

below 0.1, and the effect of 𝑡w on the flooding development becomes negligible. 

 

2.4 Conclusions and Guidelines on Material Selections 

In this chapter, we developed a heat and mass transfer model to predict the heat transfer 

performance and the flooding scenarios of the capillary-driven condenser. We performed a 

parametric study on the effect of the following key design parameters on the system level heat 

transfer performance and flooding development: membrane pore size 𝑑p, membrane porosity 

𝜙m, membrane thickness 𝑡m, membrane water contact angle (advancing) 𝜃adv, wick permeability 

𝜅, the effective thermal conductivity of the wick layer 𝑘eff,w, and the wick layer thickness 𝑡w. 

Key findings from the parametric study and the guidelines for the material selections for the 

capillary-driven thin-film condenser surfaces are: 

• Membrane thickness and membrane pore size are the top two important 

parameters for heat transfer enhancement. A minimized membrane thickness with 

a maximized membrane pore size within the non-flooding regime are highly 

desired. 

• An increase in membrane porosity has a gently positive impact on the heat 

transfer performance and can marginally develop flooding incidents, while 

membrane hydrophobicity is less important unless 𝜃adv becomes less than 95°. 

• Wick permeability is crucial for flooding prevention especially when the 

permeability is low. When permeability is below 1.8×10-12 m2, flooding would 

occur. 

• Effective thermal conductivity of the wick layer has minimal impact on the 

flooding development, but its increase can significantly enhance the heat transfer 

performance of the thin-film condenser when its value is low. Once the effective 
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thermal conductivity becomes large enough ( 𝑘eff,w > 50W/mK), its impact on 

the heat transfer becomes gentle. 

• Increasing wick thickness will gently decrease the heat transfer performance but 

will dramatically prevent flooding from occurring especially when the wick is 

thin. Once the wick is thicker than 70 μm, P* drops below 0.1, and the effect of 𝑡w 

on the flooding development becomes negligible.  

Note that in the parametric study we assumed that the parameters are independent of each 

other and that we can pick a value for them in a wide range of variations. This is an ideal 

assumption. In reality, some parameters may be interconnected and cannot vary independently 

with each other. For example, the wick permeability may affect the effective thermal 

conductivity of the wick, as these two are commonly affected by the arrangement of the metal 

network inside the wick layer. In addition, there are practical limitations on what value we can 

choose for certain parameters. For instance, intrinsically hydrophobic membrane materials we 

can find on the market such as PTFE, PE and PVDF usually have advancing contact angles of ~ 

100°. We do not have much choice about 𝜃adv there. Nevertheless, the model framework we 

developed and the parametric study we conducted provides a design guideline and optimization 

direction for the capillary-driven thin-film condenser surfaces with any materials and structures 

that are available to us. 
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3. Condensation Experiment on Hierarchical Copper 

In this chapter, as a proof of concept study, we experimentally fabricated and tested a 

capillary-driven thin-film condenser made of commercially available materials. Starting with 

materials selection guided by the model framework developed in Chapter 2, we down-selected 

porous copper foams as the wick layer materials and a thin copper mesh as the membrane layer. 

We chose to modify the thin copper mesh with a hydrophobic coating over to use an intrinsically 

hydrophobic membrane due to several practical challenges. We observed thin-film condensation 

on a biphilic, microchannel-assisted hierarchical copper sample, and we experimentally 

measured an up to 2x heat transfer performance as compared to a filmwise condensation even in 

the case of flooding on our sample. Achieving a flooding-free condensation on the hierarchical 

copper sample is challenging due to the fragility of the mesh pores. The design of microchannels 

into the wick layer can improve the permeability of the wick layer and delay surface flooding. 

 

3.1 Sample Fabrication and Characterization 

This section entails the rationale for using copper foams and copper mesh as the wick 

layer and the membrane layer for the proof-of-concept sample fabrication. We characterized the 

permeability of the copper wick, which is a critical property that determines flooding incidents. 

The hierarchical copper sample was fabricated by diffusion bonding under high temperature and 

pressure followed by a biphilic coating procedure, as detailed below. 

3.1.1 Commercially Available Choices and Materials Down Selection 

To achieve thin-film condensation with scalable materials, we reviewed commercially 

available material candidates and down-selected the wick and the membrane materials. 

3.1.1.1  Materials Selection for the Wick Layer 

The wick layer is a core component of the capillary-driven condenser design, which 

reduces the thermal resistance through integrating the condensate liquid film with a high-thermal 

conductivity structured wick of a required thickness. According to the model framework, a wick 

with higher permeability, higher thermal conductivity, and less thickness is preferable. 
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Various types of structured wicks are available commercially. Compared to wire cloth, 

perforated sheets are more rigid and durable for a longer service life in harsh environments. 

However, both wire cloth and perforated sheets are closed-cell structures that constitute 

individual enclosures. On the other hand, metal foams consist of cells that are all interconnected, 

allowing the condensate fluid to pass through the wicking structure. Metal foams also provide a 

higher porosity than other types of metal wicks, with a potential to be more permeable than other 

types of wicks.  

The thickness of the metal wicks determines the thickness of the condensate film and 

therefore plays an important role in the condensation heat transfer performance. Pore size or grid 

size of the porous metals effectively determines the flooding scenarios, mainly through the wick 

permeability, which usually increases with increasing pore size. Permeability needs to be 

optimized when considering the pore size of the wick structures.  

The metal thermal conductivity and the volumetric porosity are critical to the effective 

thermal conductivity of the porous metal materials, keff,w, although keff,w not only depends on the 

relative density and the thermal conductivity of the structure but also on the actual geometry of 

the porous structure and the contact conditions of the metal network70,96 A wick structure with 

higher interconnection such as porous metal foams would allow heat to be conducted through the 

metal part more easily and thus enable a higher effective thermal conductivity. A disconnected 

porous metal structure such as channels would have a lower effective thermal conductivity due to 

the presence of the bulk, low-thermal-conductivity water in between the disconnected metal 

parts97. From an ideal and physical perspective, the maximum value for the effective thermal 

conductivity of a porous metal wick can be achieved through a parallel arrangement for the heat 

to flow through the metal part and the liquid-filled void, while a series arrangement would result 

in the lowest effective thermal conductivity, as shown in  

𝑘eff,max = (1 − 𝜙)𝑘s + 𝜙𝑘l (19) 

𝑘𝑒𝑓𝑓,𝑚in = [
(1 − 𝜙)

𝑘s
+

𝜙

𝑘l
]

−1

 
(20) 

where 𝜙 denotes the volumetric porosity of the porous metal wick, 𝑘s and 𝑘l are the thermal 

conductivity of the solid phase (metal) and the liquid phase (water inside the voids) of the water-

metal wick composite. A simple comparison of the effective thermal conductivity of commonly 
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used porous metal wicks and the theoretical upper and lower boundaries for their effective 

thermal conductivity are shown in Figure 14. 

 

Figure 14: Upper and lower boundaries for the effective thermal conductivity of porous 

metal wick and a comparison of the effective thermal conductivity of commonly used 

porous structures made of the same metal material. 

As regard to cost-effectiveness, steel wire cloth has a relatively low unit price as 

compared to other materials, but its thermal conductivity is also relatively low. Copper has the 

best thermal conductivity among the listed materials and has a mid-range price.   

We chose copper foams as sample materials for fabricating the wick structures because of 

their high scalability, high thermal conductivity, high permeability as compared to other wicking 

structures, and a wide range of thickness options. According to the modeling results, a thinner 

wicking structure can reduce the thermal resistance through the liquid-wick composite layer and 

therefore enhance condensation heat transfer. However, the thickness of the copper foam is 

limited by its characteristic structure size, lower than which the pores may not be complete and 

the copper foam structures may not be interconnected anymore — in which case both the 

effective thermal conductivity and the permeability of the wick structure can be reduced 

significantly and the heat transfer performance of the thin-film condenser will deteriorate.   

Commercially available copper foams usually have a thickness above 0.5 mm, but they 

can be milled or roller-pressed to be thinner while keeping their functions if pores remain 

connected. The thinnest copper foams we could find on the market are the ones that were roller-

pressed from a high-purity, electrodeposited copper foam. Figure 15 shows an optical image and 

an SEM image of one of the copper foams we have used. This copper foam has pore sizes 

ranging from tens of microns to up to ~300 μm with an average pore size of ~200 μm.  The 

copper foam is composed of highly packed layers of copper nets in the direction perpendicular to 

its surface. The copper nets are well-connected in directions tangential to its surface plant, while 

the contact between each layer of the copper nets is less tight. Therefore, its effective thermal 
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conductivity along the x-y plane of its surface can be superior to its effective thermal 

conductivity along the z-direction. Since it contains multiple layers of identical porous metal 

nets, it can potentially be machined to be even thinner.  

 

Figure 15: Optical image and SEM image for a porous copper foam with a characteristic 

pore size of ~220 μm and porosity of ~70%. 

A detailed description of the three copper foam structures we have used in this thesis can 

be found in Table 2. All three copper foams are composed of compressed layers of copper nets as 

shown in Figure 15(b), with different porosity and thickness measured. Permeability 

characterization of these copper foam structures will be discussed in Section 3.1.2. 

Table 2. The geometry of the three copper foam samples selected as wick layer candidates. 

Copper foam ID Porosity Thickness Geometry 

1 70% 220 μm Compressed layers of 

copper nets as shown 

in Figure 15(b). 
2 85% 180 μm 

3 50% 130 μm 

 

3.1.1.2  Materials Selection for the Membrane Layer 

The hydrophobic membrane is another core component of the capillary-driven thin-film 

condenser design, which provides capillary pressure to drive the condensate transport into the 

wick structures below the membrane. Many hydrophobic membrane materials are commercially 

available, such as polytetrafluoroethylene (PTFE), polycarbonate (PC), polypropylene (PP) and 

polyvinylidene difluoride (PVDF).  
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PTFE membranes are intrinsically hydrophobic, chemically stable, and applicable to 

large scale industrial applications. They have a relatively wide range of pore size (0.1-10 µm) 

and thickness that are commercially available, and their prices vary from several hundred to 

several thousands of dollars per meter squared depending on the geometry. The unlaminated 

PTFE membranes do not have a supportive layer, while the laminated ones have a supportive 

layer of PP or polyester (PE) to enhance the mechanical performance of the membrane.  

Another intrinsically hydrophobic potential membrane material is PP. PP membranes are 

strong, flexible, and compatible with a broad range of chemicals. They also have a relatively 

wide range of pore sizes and thicknesses that are commercially available, though for large pore 

sizes (>0.2 µm) the pores are no longer cylindrical and the nominal pore size is used as a 

representation. PP membranes have a similar range of costs as PTFE membranes. PVDF 

membranes are also intrinsically hydrophobic, but they have relatively higher prices as compared 

to other membrane materials. 

Although these commercially available hydrophobic membranes all have water contact 

angles (advancing) above 100°, which generates a high capillary pressure driving force, there are 

rare membrane materials that have a large pore size and a small thickness. Membranes with pore 

sizes no smaller than 5 μm usually come with a thick supportive layer to enhance the mechanical 

performance of the membrane or have a thickness beyond 150 μm. Only a few membrane 

options have a thickness below 100 μm and they typically have a pore size smaller than 1 μm. 

However, according to the design guideline provided by the model framework, the heat transfer 

performance of the thin-film condenser gets enhanced with increasing membrane pore size and 

decreasing membrane thickness. A membrane thinner than 175 μm with a pore size larger than 5 

μm is desired for heat transfer enhancement.  

In addition to the challenge of finding a hydrophobic membrane with an ideal geometry, 

obtaining a robust bonding between the hydrophobic membranes and the porous metal wicks 

remains challenging. Therefore, for proof of concept, we chose to use a simpler technique to 

fabricate the membrane layer: make hydrophobic a thin layer of metal mesh capillary condenser 

surfaces, which can be diffusion bonded to the copper wick in a robust manner. 

Figure 16 shows an SEM image for the copper mesh we selected as the membrane 

material for the proof of concept study. It has a pore size of 11 μm and a thickness of 5 μm. 
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Figure 16: SEM image of the 1500-mesh-size copper mesh selected as the membrane 

material for the hierarchical copper sample. 

3.1.2 Material Characterization 

We measured the thickness of the copper foams using a micrometer and the results are 

shown in Table 2. The porosity of the copper foam is derived by its weight and volume, and the 

results are listed in Table 2. One key parameter that is unknown is the permeability of the copper 

foam, which can by measuring the propagation of fluid through the copper foam sample as a 

function of time following a well-known procedure70. Figure 17 shows a schematic of the testing 

apparatus for measuring the permeability of the copper foam samples. The testing apparatus is 

comprised of a fluid reservoir filled with deionized water, a copper foam sample that is held 

stationary by a sample clip, a translation stage to control the vertical location of the sample clip, 

a light source for supplemental illumination (not shown in the schematic), and a camera for 

recording the propagation of water inside the copper foam sample.  
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Figure 17: Schematic of the testing apparatus for measuring the permeability of the copper 

foams. 

Prior to the measurement, a rectangular copper foam sample was cleaned with acetone in 

an ultrasonic cleaner for 5 minutes, followed by ethanol-IPA rinsing, and then dipped into 2 M 

hydrochloric acid in water for 1 minute, rinsed with water, acetone, ethanol, and IPA, dried with 

a clean nitrogen stream, and finally, plasma cleaned with argon plasma for 15 minutes, at which 

point the contact angle on copper was approximately zero degree. After the plasma cleaning 

process, the sample was immediately mounted on the sample clip, and was lowered slowly until 

contact was made between the sample and the deionized water in the fluid reservoir, at which 

point the wicking process was observed with the speed camera. The propagation of the liquid 

wicking front was quantified by post-processing the videos using Image J. 

To determine the permeability of the sample copper foams with the experimental data, we 

modelled the fluid propagation with the one-dimensional Darcy’s law with gravitational effects 

included to account for liquid propagation against gravity over a distance greater than the 

capillary length: 

𝑑𝑦

𝑑𝑡
=

−𝜅

𝜇𝜙
(
−∆𝑃cap

𝑦
+ 𝜌𝑔) 

(21) 

where y is the propagation length measured from the liquid wicking front to the water level in 

the reservoir, t is the propagation time, 𝜇 and 𝜌 are the viscosity and density of the testing fluid 

(water in this case), 𝑔 is the gravitational acceleration, and 𝜙 is the porosity of the copper foam 

sample, which has been determined by measuring the apparent density of the copper foams;  𝜅 

and ∆𝑃cap are permeability and capillary pressure of the copper foam sample, respectively, which 

can be determined from fitting the model solution to the experimental data as follows.  
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The solution to the Darcy’s law expressed as equation (21) can be found explicitly for 

time as a function of the distance over which the fluid has propagated: 

t = −
𝐴𝑙𝑛(𝐴 − 𝐵𝑦) + 𝐵𝑦 − 𝐴𝑙𝑛(𝐴)

𝐵2
, 𝐴 =

𝜅∆𝑃𝑐𝑎𝑝

𝜇𝜙
, 𝐵 =

𝜅𝜌𝑔

𝜇𝜑
 

(22) 

Substituting the values for the physical parameters 𝜇, 𝜙, 𝜌 and 𝑔 into the above solution, 

and plotting the measured propagation time 𝑡  versus the measured propagation length 𝑦, the two 

unknown parameters 𝜅 and ∆𝑃cap for the copper foam sample can be determined by fitting the 

experimental data to the solution curve. Note that the permeability of the copper foam 𝜅 is a 

geometric parameter that does not change when using different fluids for the wicking test, while 

the capillary pressure ∆𝑃cap does change from fluid to fluid. However, if all the fluids considered 

have the same contact angle (e.g., zero degree), then the ratio of capillary pressure ∆𝑃cap for two 

different fluids through a given copper foam is equivalent to the ratio of their surface tensions. 

 

Figure 18: Experimental data (blue dots) and fitted curve (red solid line) showing the 

propagation time as a function of the distance over which the deionized water has 

propagated within the first copper foam sample. Permeability was measured to be 6.3×10-11 

m2. 

Figure 18 shows the experimental data and the fitted curve for the propagation time 

against the propagation length for the first copper foam sample (thickness ~ 220 μm). By fitting 

the experimental data to the solution to the Darcy’s law (equation (22)), the permeability 𝜅 of the 

first copper foam sample was determined to be 6.3×10-11 m2, which according to the modeling 

result shown in Figure 13(a) should be high enough to have small impacts on the flooding 

development of the thin-film condensation. 
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3.1.3 Diffusion Bonding Procedure 

We started fabricating capillary-driven thin-film condensers based on a 1-inch diameter 

copper block, which was fabricated by mechanically and then chemically polishing the end of a 

copper block followed by solvent and acid cleaning the surface. In order to obtain good thermal 

contact between the copper condenser block, the copper foam wick, and the metal mesh 

membrane, we diffusion-bonded the copper foam and the metal mesh to the block under high 

temperature and pressure.  

A schematic and an image of the diffusion bonding assembly are shown in Figure 19(a) 

and (b). The copper block condenser substrate, the copper foam, and the copper mesh with the 

same diameter (1 inch) were aligned one by one in between two thin (0.125 inch-thick) ceramic 

plates, which have a shallow dent of 1.02-inch-diameter circle in the middle for the copper parts 

to fit in. The use of the ceramic plates is to prevent possible diffusion bonding from occurring 

between the stainless steel and the copper. The slightly larger diameter of the dents on the 

graphite plates is to accommodate the thermal expansion of the copper parts under the high 

Figure 19: An image (a) and a schematic (b) of the diffusion bonding assembly. The copper 

block, the copper foam, and the copper mesh are aligned in between two thin ceramic 

pieces, which are clamped together by two stainless-steel plates in parallel. 
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temperature during the diffusion bonding process. The two ceramic plates with the copper parts 

between them are clamped together by a pair of customized stainless-steel parallel clamps with a 

given torque which is equivalent to a pressure of ~14 MPa. Different materials for the parallel 

plates, the threaded rods, and the nuts were chosen to prevent potential diffusion bonding 

between parts made of the same materials. Ultra-high-temperature 330 stainless steel parallel 

plates, super-corrosion-resist 316 stainless steel threaded rods, and high-strength A286 stainless 

steel hex nuts are used in the diffusion bonding assembly. 20 inch-lbs torque was applied on the 

nuts, which could generate a uniform clamping pressure (~14 MPa) over the stainless-steel 

parallel plates, holding the three copper parts together during the diffusion bonding process. 

The overall assembly was placed inside a 3.5-in-diameter tube furnace for the diffusion 

bonding process, as shown in Figure 20(a). The furnace was purged and kept under forming gas 

(Airgas, 5% hydrogen, 95% argon) throughout the bonding procedure. The furnace was heated 

from room temperature to a maximum temperature of 780°C at a ramp rate of 6 °C/min and 

maintained at Tmax for 5 hours, then allowed to cool to room temperature over the course of ~4 

hours. During the diffusion bonding process, the controlled temperature inside the furnace is 

plotted against time as shown in Figure 20(b). 

 

Figure 20: (a) The high-temperature furnace where the diffusion bonding is conducted 

following a well-controlled ramp-up and ramp-down temperature cycle shown in (b). 

An SEM image of a diffusion bonded hierarchical copper composed of a 1500-mesh-size 

copper mesh and a copper foam with ~200 µm pore size is shown in Figure 21. The structures of 
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the copper mesh and the copper foam were bonded together without noticeable structure 

deformation except a few broken pores on the mesh layer. Because the copper mesh is ultra-thin 

(5 μm, which is great for vapor transport through the mesh), it is almost inevitable that a few of 

the mesh pores would get damaged during the clamping and the diffusion bonding process. As 

we will discuss later, these broken pores can shift the flooding scenarios and significantly 

degrade the heat transfer performance of the thin-film condenser. 

3.1.4 Coating Procedure 

Vapor deposition using FAS ((heptadecafluoro-1,1,2,2-tetrahydrodecyl) trimethoxy 

silane) has been applied in the literature98 to form a conformal hydrophobic coating on metal 

surfaces and was adopted in the current study.  

The details of the coating procedure are as follows. First, we cleaned the copper foam 

samples with acetone, ethanol, isopropanol, and water in sequence to remove potential 

hydrocarbon contaminants. Then, we dipped the sample in to an HCL solution (2 M) for 30 

seconds to remove oxides. After the samples are rinsed with water and dried with nitrogen, we 

put them into a sealed bottle. Along with the porous copper samples, we also put 800 μL of FAS 

in toluene solution (5 V%) into a small beaker, which sat beside the samples to be coated. The 

sealed bottle was placed in an over at 100°C for 3 hours, during which the FAS was coated onto 

Figure 21: SEM image of a diffusion bonded hierarchical copper composed of a 1500 mesh 

size copper mesh and a copper foam with ~200 µm pore size. 
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the porous copper sample via vapor phase deposition. Finally, the samples were taken out of the 

furnace and cooled down to room temperature in the fume hood. A schematic of the coating 

process illustrated in Figure 22(a). 

 

Figure 22: (a) Vapor deposition of FAS ((heptadecafluoro-1,1,2,2-tetrahydrodecyl) 

trimethoxy silane) in a furnace and (b) the resulting wetting performance on a flat copper 

sample. A high contact angle hysteresis was observed. 

We characterized the wetting behavior of a coated flat copper piece using DI water with a 

goniometer in the lab. As shown in Figure 22 (b) and (c), after the vapor deposition of FAS, the 

copper became hydrophobic with an advancing contact angle of ~115°. However, the contact 

angle hysteresis was measured to be high with a receding contact angle of 50°. This may be 

caused by the residue from the protective peel-off film that was attached to the mirror-like 

polished copper piece that we chose to use. The material we used for making the hierarchical 

sample did not come with any protective films and should not have these residue concerns. 

 As we will discuss in section 3.4, a completely hydrophobic coating is proven to be 

undesired in a thin-film condenser, as water would not fill into the hydrophobic wick layer and 

instead burst out through the mesh pores. Therefore, we developed a method to selectively coat 

the diffusion bonded hierarchical copper to make the mesh layer hydrophobic, while maintaining 

the wick hydrophilic. The resultant surface is therefore biphilic.   

Figure 23 shows the biphilic coating procedure conducted on a hierarchical copper 

sample and the SEM images of the sample prior and after the biphilic coating. To selectively 

coat the structure, we first cleaned the hierarchical copper with acetone, ethanol, isopropanol, 
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followed by 15 minutes of argon plasma cleaning. Right after the plasma cleaning, we protected 

the wick layer (copper foam) with a photoresist with low viscosity by dipping the edge of the 

sample into a photoresist reservoir. The photoresist was observed to climb up against gravity 

inside the porous copper foam up to ~0.5-inch-high over 2 minutes, as shown in Figure 23 (a)-

(c). Rotating the circular surface while keeping its edge dipped into the photoresist allowed us to 

obtain complete wicking of the protective photoresist into the wick layer. Then, photoresist-

covered hierarchical copper was baked in a 110 °C furnace for 10 minutes to remove the solvent 

in the photoresist and to solidify the photoresist.  

An SEM image of a photoresist-protected hierarchical copper right after the curing step is 

shown in Figure 23 (d). As shown in the SEM image, the majority of the copper foam was 

successfully covered by the photoresist, with a portion of the copper foam unprotected. This 

should not be a concern as long as there were connected regimes on the coper foam surface that 

would stay hydrophilic. Note that as shown in Figure 23 (d), many of the copper mesh pores 

were coated with the photoresist as well, though the top surface of the mesh remained clean of 

photoresist. This is because the solvents in the photoresist evaporated before the photoresist 

reached the top of the mesh layer. To ensure the top surface of the mesh layer is coated as 

hydrophobic, this surface needs to be exposed rather than covered by the photoresist. Any 

additional photoresist that was deposited on top of the mesh layer should be removed. To do this, 

we plasma cleaned the photoresist-protected sample with oxygen for 20 minutes under a power 

of 20W. This step could help remove any photoresist residue on the top of the mesh layer. Post 

the O2 plasma cleaning, the sample underwent the FAS coating procure, followed by 5 minutes 

of ultrasonic cleaning with acetone. After the ultrasonic cleaning, the photoresist that was 

protecting the wick layer surface got washed away, exposing the hydrophilic wick surface with 

the topmost mesh surface being hydrophobic. An SEM image of the same hierarchical copper 

after the last step of acetone ultrasonic cleaning is shown in Figure 23 (e), which confirms that 

there was no residue of photoresist on the surface. 

Two types of photoresists with similar viscosities were used in the study (i.e., AZ 3312, 

and 1:1: volume ratio of SPR700-1 in isopropanol). Mixing the photoresist with isopropanol was 

found to help improve the photoresist’s fluidity (thus the photoresist could wick further in the 

wick layer) while maintaining the protective functionality of the photoresist. 
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3.2 Simplified Modeling and Performance Prediction 

Upon the selection of the membrane material and the wick material for the proof-of-

concept experiment, we revisited the heat and mass transfer model for its application to the 

hierarchical copper sample that we fabricated. Due to the special geometry of the mesh layer, 

i.e., ultra-small thickness (5 μm) with a relatively large mesh pore size (11 μm), and considering 

the advancing contact angle of 115° given by the FAS coating, the mass transport resistance 

through the membrane (mesh) is negligible and the heat transfer modal can be significantly 

simplified. With the simplified heat transfer model, we predicted the heat transfer performance 

of the hierarchical copper samples we fabricated. 

3.2.1 Heat Transfer Model for Hierarchical Copper Sample 

Figure 23: Biphilic coating procedure relies on a photoresist to protect the hydrophilic wick 

layer. (a)-(c): time lapse images of photoresist wicking into a hierarchical copper sample 

piece. Note that the top right portion of this sample piece was purposely left as copper foam 

(no mesh coverage) for comparing the photoresist coverage on the mesh and the wick layer 

under the SEM. (d) SEM image of the hierarchical copper right after the photoresist 

curing. (e) SEM image of the same hierarchical copper after the post-coating ultrasonic 

cleaning. 
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During the condensation of the hierarchical copper samples, the pores of the copper mesh 

layer would be partially filled with condensed water due to the curvature of the liquid-vapor 

interface and the shallow geometry of the mesh layer. At the given advancing contact angle of 

115°, the curvature height of a liquid-vapor interface pinned at the bottom of the 11 μm mesh 

pore can be estimated by 𝐻curv =
𝑑p

2
tan(𝜃adv −

𝜋

2
)~2.6 μm. Depending on the depth of the 

deposition of the hydrophobic coating into the mesh pores, this curvature can be either inside the 

mesh pore (in the case of complete hydrophobic coating) or extruding out of the mesh pore (in 

the case of biphilic coating), with a total thickness of the water filled mesh layer to be no more 

than 7.6 μm, which is almost more than 20x smaller than the thickness of the copper foam layer, 

even though the copper mesh and the copper foam have similar porosity and their effective 

thermal conductivity should be similar on the order of magnitude. As a result, we simplified our 

analytical model for the heat and mass transfer process based on the following assumptions:  

(1) The resistance for mass transfer and viscous pressure loss through the mesh pores is 

negligible due to the large pore size and the small mesh thickness;  

(2) Any water condensed on top of the copper mesh would be merged into the liquid-

filled membrane pores;  

(3) Heat transfer through the membrane and the wick follows steady-state 1D conduction;  

(4) The thermal resistances given by the mesh layer can be neglected and the thermal 

resistance of the wick layer can be calculated using its effective thermal conductivity. 

A schematic of the simplified heat transfer model for the hierarchical copper and the 

corresponding thermal resistance network are shown in Error! Reference source not found..  

Figure 24: Schematic of the hierarchical copper surfaces during condensation and the 

correspondingly simplified thermal resistance network. 
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One key parameter in calculating the conduction heat transfer through the wick is its 

effective thermal conductivity. Due to the porous nature of the wick structure, conventional 

techniques for determining the thermal conductivity of a homogeneous material such as the laser 

flash method99 could not be used. Direct measurements of a material's thermal conductivity 

through 1D conduction heat transfer such as in the guarded-hot-plate method100 often rely on the 

substantial temperature drop across the materials. However, the small thickness and the high 

thermal conductivity of the copper in the copper foams that we chose would cause big 

uncertainties in the temperature drop measurement and the heat flux measurement if 

characterized with a 1D conduction heat transfer apparatus.  

Many analytical or empirical models have been developed for predicting the effective 

thermal conductivity of porous metal wicks of different geometries97,101-104. Table 3 summarizes 

some of the commonly used models for estimating the effective thermal conductivity of various 

porous metal wicks. 

Table 3: Commonly used models for estimating the 𝒌𝐞𝐟𝐟 of porous media. 

Model Expression for 𝑘eff Application 

Maxwell 

𝑘eff,Maxwell =
2 + 𝑘𝑙/𝑘𝑠 − 2𝜙(1 −

𝑘𝑙

𝑘𝑠
)

2 +
𝑘𝑙

𝑘𝑠
+ 𝜙(1 − 𝑘𝑙/𝑘𝑠)

 

A continuous solid phase 

containing a random 

dispersion of randomly 

sized spheres of liquid. 

Assuming no interaction 

between liquid spheres. 

Maxwell 

𝑘eff,Maxwell =
2 + 𝑘𝑠/𝑘𝑙 − 2𝜙(1 −

𝑘𝑠

𝑘𝑙
)

2 +
𝑘𝑠

𝑘𝑙
+ 𝜙(1 − 𝑘𝑠/𝑘𝑙)

 

A continuous phase of 

liquid surrounding a 

random dispersion of 

randomly sized spheres 

of solid. Assuming no 

interaction between solid 

spheres. 
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Bruggeman 
𝜙

𝑘s − 𝑘eff,Bruggeman

𝑘s + 2𝑘eff,Bruggeman

+ (1 − 𝜙)
𝑘l − 𝑘eff,Bruggeman

𝑘l − 𝑘eff,Bruggeman
= 0 

 

A random distribution of 

both phases with 

consideration of 

interactions among metal 

particles with a 

percolation threshold of 

∼33% 

Rayleigh 
𝑘eff,Rayleigh =

𝛽 − 𝜀

𝛽 + 𝜀
𝑘𝑙 

where 𝛽 = (1 +
𝑘s

𝑘l
) (⁄ 1 −

𝑘s

𝑘l
) 

𝜀 = 1 − 𝜙 

A dispersion consisting 

of a square array of 

uniform cylinders. 

Effective 

medium 

theory 

modified 105 

𝑘eff,EMT

=
1

4
[(3𝜙 − 1)𝑘𝑙 + [3(1 − 𝜙) − 1]𝑘𝑠

+ √[(3𝜙 − 1)𝑘𝑙 + (3(1 − 𝜙) − 1)𝑘𝑠]2 + 8𝑘𝑠𝑘𝑙] 

can be simplified to 𝑘eff,EMT =
(2−3𝜙)

2
𝑘𝑠 when 

𝑘𝑠 ≫ 𝑘𝑙 

Isotropic, heterogeneous 

materials where both the 

phases form continuous 

media 

Li and 

Peterson106 
𝑘eff,stag mesh = 1.42

𝑘𝑠(𝑀 × 𝑑)2

𝑡
2𝑛𝑙𝑎𝑦𝑒𝑟𝑑 

Staggered copper screen 

mesh 

Upper limit 𝑘eff,max = (1 − 𝜙)𝑘s + 𝜙𝑘l Parallel thermal 

resistance 

Lower limit 
𝑘𝑒𝑓𝑓,𝑚in = [

(1 − 𝜙)

𝑘s
+

𝜙

𝑘l
]

−1

 
Thermal resistance in 

series 
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Considering the anisotropic geometry of the copper foam we chose to use, and its 

similarity to the shape of staggered copper screen meshes, we adopted Li and Peterson’s model 

to estimate the effective thermal conductivity of the copper foams106 

𝑘eff,stag mesh = 1.42
𝑘𝑠(𝑀 × 𝑑)2

𝑡
2𝑛𝑙𝑎𝑦𝑒𝑟𝑑 

(23) 

where 𝑀 in the mesh number (i.e., number of meshes per meter of distance), 𝑑 is the diameter of 

the copper wire, 𝑡 is the thickness of the overall material,  𝑘𝑠 is the thermal conductivity of the 

solid phase (for copper, 𝑘𝑠 = 390 W/mK), and 𝑛𝑙𝑎𝑦𝑒𝑟 is the number of layers of copper mesh 

that are staggered together.  

 With SEM images, we approximated the copper foam structures to staggered copper 

meshes with mesh number and copper wire diameter directly measured from the SEM images. 

𝑛𝑙𝑎𝑦𝑒𝑟 was derived by dividing the total weight of the copper foam samples by the weight of a 

single-layer copper mesh with the approximated mesh number and copper wire diameter. With 

the measured 𝑀, 𝑑, and the derived 𝑛𝑙𝑎𝑦𝑒𝑟, the effective thermal conductivities of the three 

copper foams we chose were calculated with equation (23). The results are compared to the 

effective thermal conductivities calculated by the Maxwell equation (upper bound and lower 

bound). All the effective thermal conductivities we calculated are within the upper and lower 

bounds given by the Maxwell model, as shown in Error! Reference source not found.Error! 

Reference source not found.  

We experimentally characterized the permeability of these copper foams after a heating 

and compressing process under the same condition as the diffusion bonding process. The results 

for the measured permeability and the estimated effective thermal conductivity for the three 

copper foams are shown in Table 4. 

Table 4: Geometric and thermal properties of the three copper foams. 

Copper foam ID Porosity Thickness Permeability after 

diffusion bonding 

Effective thermal 

conductivity 

1 70% 220 μm 2×10-11 m2 42.3 W/mK 

2 85% 180 μm 5×10-11 m2 18.4 W/mK 
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3 50% 130 μm 1×10-11 m2 95.7 W/mK 

 

3.2.2 Model Prediction 

Heat flux and fluid flow were analytically solved under an environmental condition with 

vapor temperature of 35°C and surface subcooling up to 5°C. This vapor condition is normally 

seen in steam power plant condensers and we aimed to achieve this condition during our 

experiments. Conventional filmwise condensation heat transfer predicted by the Nusselt model 

was used as the benchmark. Figure 25(a), (b), and (c) show the model-predicted heat transfer 

performance of the three hierarchical copper samples: (1) copper mesh covered copper foam #1, 

(2) copper mesh covered copper foam #2, and (3) copper mesh covered copper foam #3. All 

three hierarchical copper structures share the same type of copper mesh, which is a 1500 mesh 

size, 5 μm thick copper mesh as shown in Figure 16. The y-axis on the left shows heat flux, and 

the y-axis on the right shows the flooding criteria P*, which is the ratio of the viscous pressure 

loss for condensate to travel through the wick layer and the capillary pressure given by the 

hydrophobized mesh pores. In order to prevent flooding from happening, we should operate the 

experiments within the regime 0<P*<1. Otherwise, flooding would occur and greatly deteriorate 

the heat transfer performance of the condensing surface. The flooding regime is shown in gray. 

All three hierarchical copper samples are expected to outperform the traditional filmwise 

condensation, as shown by the blue lines (representing heat transfer performance of the 

hierarchical copper surfaces) and the dashed black lines (representing filmwise condensation 

heat transfer predicted by the Nusselt model). In addition, for all three hierarchical copper 

Figure 25: Heat transfer enhancement given by the three hierarchical copper surfaces 

predicted by the analytical model. 
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samples, the heat transfer enhancement as compared to the filmwise condensation is expected to 

get more significant as the subcooling increases, until the surface is flooded. This is because 

during the capillary-driven thin film condensation on a hierarchical copper surface, the major 

thermal resistance generated by the water-filled copper wick layer stays as constant as the wick-

water composite film is confined at a fixed thickness by the hydrophobic copper mesh. 

Therefore, condensation heat flux increases linearly with the increasing surface subcooling, until 

the surface gets flooded. On the other hand, during a traditional filmwise condensation, 

condensate film gets thicker with increasing subcooling. The analytical model solved by Nusselt 

shows that film thickness in a filmwise condensation is proportional to the surface subcooling to 

the ¼ power. As a result, heat flux in a filmwise condensation only increases proportional to the 

surface subcooling to the power of ¾. Consequentially, with increasing subcooling, the 

enhancement over a filmwise condensation offered by the hierarchical copper thin-film 

condenser gets larger.  

As shown in Figure 25(a) and (b), flooding would not occur for the range of subcooling 

considered (up to 5 °C). This is contributed to the relatively high permeabilities of these two 

copper foams as well as the relatively moderate heat flux given by these two hierarchical copper 

surfaces. The sample made of copper foam #1 has a slightly larger thickness, but has a much 

lower porosity. As a result, the effective thermal conductivity of the first hierarchical copper 

sample is higher than that of the second hierarchical copper sample, resulting in a better heat 

transfer performance. The higher heat flux and lower permeability of the first sample as 

compared to the second one induces a higher flooding criterion P* in the first sample as 

compared to the P* in the second sample. At the maximum subcooling considered (5 °C), the 

first hierarchical copper is expected to achieve a heat flux of 960 W/m2, which is ~ 13x 

enhancement as compared to the conventional filmwise condensation predicted by the Nusselt 

model. At the same subcooling, the second hierarchical copper is expected to achieve 510 W/m2, 

which is ~7x enhancement as compared to the conventional filmwise condensation. 

In comparison, flooding is predicted to occur at subcooling of 1.6°C on the third 

hierarchical copper sample, as indicated by the out-of-range value for P*. This is due to the ultra-

high heat flux enabled by the high thermal conductivity of the copper foam and the low 

permeability of the third copper foam. As we can see in this case, the effective thermal 

conductivity and the permeability of the wick layer can be conflicting: a wick with a more 
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packed metal skeleton usually has a higher effective thermal conductivity but a lower 

permeability. Regardless of the early flooding predicted on the third hierarchical copper sample, 

it is predicted that this sample can achieve a heat transfer enhancement over 45x before flooding 

occurs. 

 

3.3 Experimental Setup and Data Acquisition 

We characterized the condensation heat transfer performance of the hierarchical copper 

samples under pure vapor conditions in a controlled environmental vacuum chamber in which 

the total pressure can be maintained at ~ 5.2 kPa, which corresponds to a saturated vapor 

temperature of 34 °C. A detailed description of the chamber setup and the data acquisition 

procedure is as follows. 

3.3.1 Environmental Vacuum Chamber and Experimental Procedure 

We experimentally characterized the heat transfer performance of the fabricated sample 

surfaces in a controlled environmental chamber. The front and back sides of the chamber are 

shown in Figure 26(a) and (b). A Pirani gauge was installed on the chamber to accurately 

monitor the chamber pressure under the pumping process. Another pressure transducer with a 

higher measurement range (Omega, MMA030V5B3MB0T3A5CE) was installed on the chamber 

for vapor pressure measurement. A vacuum-sealed stainless-steel canister was used as a water 

reservoir that was surrounded by a resistance heater controlled by a PID controller. During 

condensation experiments, the reservoir was set at a temperature that is slightly higher than the 

boiling point of water under 1 atm to prevent any leaking of non-condensable gases (NCGs) 

from the lab environment into the boiler. PID-controlled heaters were attached to each side of the 

chamber to maintain a constant chamber temperature. These heaters were covered by thick 

insulation materials to prevent heat loss to the lab environment. A thermal couple probe was 

installed at the vapor inlet port inside the chamber to monitor the inlet vapor temperature. This 

temperature was found to be 1-2 °C higher than the universal vapor temperature measured inside 

the chamber. This is due to the transient state of the hot vapor diffusing from the vapor inlet pipe 

into the chamber. Dry-bulb and wet-bulb temperatures inside the chamber were measured by an 

exposed thermocouple probe and a paper towel-covered thermocouple probe, as shown in the 
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schematic in Figure 26(d). These two temperatures should be close to each other when the 

chamber is operating under a steady-state, pure vapor environment. 

The sample copper block was installed onto a test rig inside the chamber, as shown in 

Figure 26 (c) and (d). An array of five thermocouple probes were inserted into the Teflon-

insulated copper block along its length to monitor the temperature distribution along the copper 

block. Assuming 1D (linear) conduction heat transfer, heat flux flowing through the copper 

block could be extracted from the temperature measurements by Fourier’s law. The linear fit for 

the temperature measurements had an R2 value of over 99% for each measurement throughout 

our experiments, indicating that the assumption of linear conduction was valid and heat transfer 

through the block walls was negligible. The back side of the copper block was cooled with 

chilled water provided by an external chiller (Fisher Scientific, Isotemp II), and the front side of 

the copper block, where the hierarchical copper surface was attached, was served as the 

condenser surface. The temperature at the condenser surface (right below the copper wick layer) 

was determined by extrapolating the linear temperature distribution along the copper block 

measured by the thermocouple array.  
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Figure 26: Experimental setup and the condensation test rig assembly. The front and the 

back sides of the environmental vacuum chamber are shown in (a) and (b). (c)-(d): Image 

and schematic of the condensation test rig assembly inside the chamber. 

Non-condensable gases (NCGs) are known to degrade condensation heat transfer of vapor 

significantly even with a 0.5% concentration107. Therefore, careful procedures have been taken to 

eliminate the existence of NCGs in the vacuum chamber throughout the experiments. Before 

every experiment, we pre-pumped the chamber overnight with the condensation testing rig 

(except the sample) inside the chamber and with wall heaters on to maintain a chamber 

temperature of 32°C. This would allow the potential outgassing materials inside the chamber 

(e.g., the plastic connections of the thermocouple probes, the paper towel used for covering the 

wet bulb thermocouple, and the insulation materials) to outgas thoroughly overnight. Usually, 

chamber leak rate of 7Pa/hr at an absolute vapor pressure of 0.5Pa could be achieved after 

overnight pumping. After the overnight pre-pumping, a clean sample was mounted onto the 

condensation test rig and the chamber door was closed. The vacuum pump would pump the 
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chamber pressure below 0.5Pa to eliminate non-condensable gases (NCGs), before any 

experiments. Right before the experiments, the vapor reservoir was degassed thoroughly to 

eliminate any NCGs inside it. 

3.3.2 Data Acquisition and Error Propagation 

Following removal of NCGs, pure, degassed vapor was introduced into the chamber from 

a heated, temperature-controlled water reservoir (as shown in Figure 26 (b)), and allowed to 

condense on the condenser surface. The vapor pressure inside the chamber was manually 

maintained at a constant (~5.2 kPa) by opening the valve on the reservoir and measuring the 

pressure by the pressure transducer. When at steady state, dry bulb and wet bulb temperatures 

agreed with each other with a discrepancy falling under the uncertainty of the thermocouple 

readings (0.15 °C).  Condensation heat flux flowing through the copper block and the surface 

temperature of the condensing surface were extracted from the temperature distribution 

measured by the five-thermocouple array using Fourier’s law Then, surface subcooling was 

determined by subtracting the measured vapor temperature by the extracted surface temperature, 

and the experimentally measured condensation heat transfer coefficient was determined by 

dividing the heat flux by the surface subcooling.  

The surface subcooling was controlled by tuning the chiller temperature while 

maintaining a constant vapor pressure inside the chamber. We typically collected 5 data points 

for each sample. We started with a chiller temperature of 5°C, and increased its temperature by 

5°C at each data point until the chiller reached 25°C. For each data point, we waited for over 20 

minutes to make sure steady state was reached, and the data point was collected by averaging 

measurements over a period of 5 minutes. Visualization of the condensation development was 

achieved through a viewing window on the chamber, where a camera was placed towards the 

viewing window outside the chamber. 

Figure 27 shows a schematic of linear fitting of the five temperatures measured by the 

five-thermocouple array inserted into the sample side wall. The least square approximation of 

linear functions was used to linearize the temperature measurements from the five-thermocouple 
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array. Setting the location of the front surface of the condenser as x = 1, using the five 

temperatures 𝑇𝑖  (𝑖 = 1, 2, 3, 4, 5) measured at the five locations 𝑋𝑖(𝑖 = 1, 2, 3, 4, 5), the extracted 

slope and the temperature at the front surface (𝑇(𝑋 = 0)) given by the least square method are 

𝑑𝑇

𝑑𝑋
= −
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The condensation heat flux can be derived from Fourier’s law: 

𝑞 = −𝑘
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The surface subcooling can be calculated by: 

∆𝑇 = 𝑇𝑣,𝑑𝑟𝑦−𝑏𝑢𝑙𝑏 −
(∑ 𝑇𝑖

5
𝑖=1 − 𝐴 ∑ 𝑋𝑖

5
𝑖=1 )

5
 

(27) 

where 𝑇𝑣,𝑑𝑟𝑦−𝑏𝑢𝑙𝑏 is the vapor temperature directly measured by the dry bulb thermocouple. This 

temperature was in great agreement with the wet bub temperature during the experiments. 

For each variable 𝑈𝑖 shown in equations (26) and (27), uncertainty was analyzed by 

accounting for both the precision error and the bias error: 

𝑈𝑖 = √(𝑃2 + 𝐵2) (28) 

Figure 27: representation of the least square linear fitting for the five thermocouple 

readings as a function of their locations. 
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where 𝐵 is the precision error. All thermocouple probes were calibrated to a high-accuracy RTD 

prior to the experiments. The precision error for the temperature measurement was 0.15 °C. 𝑃 is 

the bias error, which can be represented by the standard deviation of the measurements. 

𝑃 = 𝜎𝑌 = [∑ (
𝜕𝑌

𝜕𝑋𝑖
𝜎𝑋𝑖

)
2𝑁

𝑖=1

]

1/2

 

(29) 

 The overall uncertainty for the heat flux measurement and the subcooling measurement 

can be calculated by integrating the uncertainties of each variable in the expressions for the heat 

flux and for the surface subcooling 

𝑈𝑌 = [∑ (
𝜕𝑌

𝜕𝑋𝑖
𝑈𝑖)

2𝑁

𝑖=1

]

1/2

 

(30) 

 

3.4 Experimental Results and Discussion 

Condensation with hierarchical copper surfaces fabricated with different types of copper 

foams was conducted in the environmental vacuum chamber. We first observed surface flooding 

on a completely hydrophobic hierarchical sample and a biphilic hierarchical sample, but 

successfully proved the concept of thin-film condensation on a biphilic, microchannel-assisted 

hierarchical copper, which highlights the importance of surface permeability in flooding 

prevention. Next, we experimentally characterized the heat transfer performance of three 

biphilic, microchannel-assisted hierarchical copper surfaces. The discrepancy between the 

modeling result and the experimental data and strategies for flooding prevention will be 

discussed at the end of this session. 

3.4.1 Visualization Study 

As a proof-of-concept study, we fabricated hierarchical copper surfaces based on the first 

copper foam shown in Table 4. According to the model prediction shown in Figure 25(a), at 

surface subcooling up to 5 °C, this hierarchical copper sample would be able to generate up to 

13x higher heat transfer performance as compared to the conventional filmwise condensation 

without flooding. A photo and an SEM image of this hierarchical copper surface are shown in 

Figure 28. 
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Figure 28: (a) a hierarchical copper surface made by diffusion bonding a 1500 mesh size 

copper mesh with a copper foam with a porosity of 70% is shown in photo (a). The top 

surface geometry of such a hierarchical copper structure was characterized through an 

SEM as shown in (b). 

For the visualization study, we functionalized the sample surfaces completely by 

depositing a fluorinated silane (trichloro (1H,1H,2H,2H-perfluorooctyl)-silane, Sigma-Aldrich) 

following a well-developed procedure108. This hydrophobic coating gives an advancing contact 

angle of 120° of water on a smooth surface. The hydrophobic coating is not robust in a long 

term; however, its lifetime (~1-2 days) is long enough to be tested in a vacuum chamber and 

experimentally validate the model prediction. The resulted sample surfaces exhibit over 100° 

contact angle with water, demonstrating hydrophobicity. The sample was loaded into the 

chamber right after the coating procedure to avoid contamination from the air in the lab 

environment109. 

As a comparison to the completely hydrophobic sample, a biphilic hierarchical copper 

sample functionalized with the same hydrophobic coating but only with the mesh layer being 

coated was fabricated following the biphilic coating procedure described in section 3.1.4. The 

comparison between this and the previous samples indicates the significant impact of having a 

hydrophilic wick layer, as shown by the time-lapse images taken on the two samples during the 

condensation of pure vapor inside the chamber. 

Figure 29 shows a series of time-lapse images of the completely hydrophobic hierarchical 

sample during the pure vapor condensation inside the environmental vacuum chamber at a chiller 

temperature of  5°C and a transient vapor temperature that eventually stabilized at ~34°C. 

Unexpectedly, we observed droplets shedding off the sample surface from various locations of 
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the sample throughout the condensation process. Figure 29(a) shows the dry sample surface right 

before we introduced water vapor into the chamber (T = 0 s). When we first introduced vapor 

into the chamber, condensation was initiated everywhere on the sample surface, as shown by the 

randomly distributed tiny droplets in Figure 29(b). As condensation continued on the sample 

surface, the individual droplets shown in the early stages grew, coalesced with each other, and 

finally shed off the surface due to gravity, as shown in Figure 29(c)-(d). We also observed that, 

unlike conventional dropwise condensation, the droplets atop the mesh layer not only grew by 

absorbing water vapor surrounding it, but also seemed to absorb water from the wick layer 

beneath the mesh layer. As a result, we did not observe thin-film condensation behavior on the 

completely hydrophobic hierarchical sample. One potential reason for the dropwise pattern we 

observed on this sample is that the homogeneous hydrophobic coating deposited on the copper 

foam could impede the transport of the condensed water inside the wick layer. Instead of 

confining a condensate-metal composite during condensation, the wick layer in the completely 

hydrophobic surface may have vapor trapped inside the pores of the hydrophobic wick layer, 

impeding condensate flow and heat transfer.  

 Maintaining a hydrophilic wick layer could address the concern of having a hydrophobic 

wick layer that repels condensate. An additional benefit of having a hydrophilic wick layer is that 

the condensation nucleation barrier for the hydrophilic surface is much lower than the 

hydrophobic surface110. Therefore, water would first condense and fill the pores of the 

hydrophilic wick layer in the case of a biphilic hierarchical copper structure. 

Figure 29: Time-lapse images of the completely hydrophobic hierarchical sample composed 

of the 1500 mesh size copper mesh and the 70% porosity copper foam during the pure 

vapor condensation at a chiller temperature of 5°C and a transient vapor temperature that 

eventually stabilized at ~34°C. 
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Figure 30: Time-lapse images of the biphilic hierarchical sample composed of the 1500 

mesh size copper mesh and the 70% porosity copper foam during the pure vapor 

condensation at a chiller temperature of 5°C and a transient vapor temperature that 

eventually stabilized at ~34°C. 

Error! Reference source not found. shows a series of time-lapse images of the biphilic 

hierarchical cooper sample during the pure vapor condensation inside the environmental vacuum 

chamber at a chiller temperature of  5°C and a transient vapor temperature that eventually 

stabilized at ~34°C. Note that the only difference between this and the previous sample is the 

wettability of the copper foam layer. 

Interestingly, condensation behavior on the biphilic hierarchical copper was different 

from that on the completely hydrophobic hierarchical copper from the beginning. Here, time is 

set to zero right before vapor was introduced into the system, as shown in Error! Reference 

source not found.(a).  Right after we introduced water vapor into the environmental chamber, as 

shown in Error! Reference source not found.(b), we observed scattered droplets emerging on 

the top of the mesh layer, with a much lower density than what we observed during the 

beginning of condensation on the completely hydrophobic hierarchical copper sample. The 

distribution of the droplets we observed on the biphilic hierarchical copper is different from the 

random distribution of condensed droplets we normally would see on a dropwise surface. As 

shown in Error! Reference source not found.(c), after droplets formed on the biphilic 

hierarchical copper surface, they grew up independently with minimal coalescence and shed off 

the surface from several fixed locations. These locally bursting droplets seem to be local 

flooding incidents on the biphilic hierarchical copper before a connected liquid film was formed 

inside the copper foam layer. As the condensation continued, the biphilic hierarchical copper 

surface eventually reached a steady-state condensation, as shown in Error! Reference source 
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not found.(d). At this stage, the majority of the top surface of the mesh layer became free of 

droplets, though a few bursting spots remained throughout the condensation. 

 

Figure 31: Fabrication of microchannel embedded, hierarchical copper. (a) 19 

microchannels of 100 μm width and 100 μm height were machined into the copper foam 

layer at an evenly distributed spacing of 1.27mm. A schematic of the channel geometry is 

shown in (b). The top edge of the copper foam was intentionally left as channel-free to 

avoid potential drainage of condensed liquid from the top of the surface. (c) After the 

machining of the microchannels, the copper foam bonded sample went through another 

round of diffusion bonding under high temperature and pressure inside a forming gas 

furnace to bond the top layer 1500 mesh size copper mesh onto the foam layer. 

Although the permeability of the first type copper foam (2×10-11m2) was high enough to 

prevent flooding at low surface subcooling, flooding could potentially occur at local defects such 

as broken mesh pores, which were hardly evitable during the fabrication process. In order to 

further prevent flooding incidents, we machined microchannels on the copper foam layer to 

facilitate condensate drainage with a channel depth of 100 μm. as shown in Figure 31 (a). The 

microchannels were machined using a carbide slitting saw. Only one end of the microchannels 

was machined all the way to the edge of the sample to ensure directional condensate flow. The 

channel width, channel depth, and distance between the microchannels were selected as 100 μm, 

100 μm, and 1.27 mm, respectively. These dimensions were chosen based on the tools available 

and were used for a test study. Further modeling for optimizing the design of the microchannels 

will be discussed as anti-flooding strategies at the end of this chapter.  

Figure 32 shows the condensation of pure water vapor developed on a biphilic 

hierarchical copper sample with microchannels. Note that the only difference between this 

sample and the second sample discussed above is the existence of the 19 microchannels. Figure 

32 (a) shows that the sample was completely dry and kept under a vacuum right before we 
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introduced water vapor into the chamber. The same experimental procedure as the previous 

experiments was repeated on this sample. Similar to the biphilic hierarchical copper sample, this 

biphilic hierarchical copper sample with microchannels also showed local flooding/bursting 

droplets with relatively low density at the very beginning of the experiments, as shown in Figure 

32 (b). As condensation continued (after the first minute), the bursting droplets that we saw at the 

beginning of condensation grew and shed off the surface, with a decreasing density of the 

bursting droplets on the surface over time, as shown in Figure 32 (c). The decreasing density of 

bursting droplets on the surface over time can be explained by the development of interconnected 

water film formed inside the wick layer. During the very beginning of the condensation, the 

copper foam wick might be partially filled with water patches with voids in between, resulting in 

local bursting spots on top of the hydrophobic meshes. As condensation continued, an 

interconnected water film was formed inside the copper foam wick, which could absorb any 

condensed droplets that were forming on the hydrophobic mesh layer.   

Figure 32: Time-lapse images of the microchannel-embedded, biphilic hierarchical sample 

composed of a 1500 mesh size copper mesh and a 70% porosity copper foam during the 

pure vapor condensation at a chiller temperature of 5°C and a transient vapor temperature 

that eventually stabilized at ~34°C. 

Even more interestingly, across the surface of the hierarchical copper with 

microchannels, the capillary force generated at the hydrophobic copper mesh layer was able to 

keep most of the surface free of droplets, proving the concept of a thin-film condensation, as 

shown in Figure 32 (d). This was achieved by having the microchannels as additional exit ports. 

The flow resistance through the microchannels was less than the bursting pressure of most 

broken mesh pores. Therefore, even though there were local defects on the copper mesh layer, 

we did not observe many bursting droplets on the top of the surface. In addition, the condensed 
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water was found to exit from either the local bursting spots or the bottom of the channels, leaving 

the surface from the bottom regardless of the direction of the channels 

One thing to note is that we found that the hierarchical surfaces hydrophobized by the 

trichloro(1H,1H,2H,2H-perfluorooctyl)-silane exhibited an ultra-high contact angle hysteresis, 

with a receding contact angle approaching zero, which can induce droplet pinning and impede 

shed-off of any bursting droplets on the surface. Therefore, we only used this type of 

hydrophobic coating for the visualization study, and for the rest of the study, we switched to 

another hydrophobic coating (FAS, as mentioned in section 3.1.4) that has been known in the 

literature to deliver a better surface modification with an easier approach.  

3.4.2 Heat Transfer Measurements  

Before testing the heat transfer on the hierarchical copper samples, a flat copper sample 

was tested inside the environmental vacuum chamber under an identical vapor condition and 

followed the same experimental procedure as we would do to the hierarchical copper samples. 

Prior to the experiment, the flat copper sample was cleaned as follows. First, the sample was 

ultrasonically cleaned in acetone, followed by ethanol and isopropanol rinse. After the 

isopropanol evaporated away, the sample was dipped into a 2M solution of hydrochloride acid 

(HCL) in water for at least a minute to remove copper oxides. Next, the sample was taken from 

the HCL solution into a beaker of DI water to rinse away the HCL residue, followed by a series 

of rinses with acetone, ethanol, and isopropanol. Finally, the sample was dried with pure nitrogen 

gas and plasma cleaned by argon plasma for 15 minutes to remove hydrocarbons. 

Condensation experiments were conducted with a constant vapor condition (Pv ~5.2 kPa, 

Tv ~34 °C) that was manually controlled by a vapor inlet valve. Five data points were taken at 

five different subcools achieved by the following five chiller temperatures: 5°C, 10°C, 15°C, 

20°C, and 25°C. At each subcool, we waited for at least 20 minutes to ensure a steady state 

before data collection. As shown in Figure 33(a), we observed a continuous liquid film on the 

flat copper surface during condensation, demonstrating filmwise condensation. The condensed 

water film accumulated at the bottom of the condensing surface and eventually shed off under 

gravity. Figure 33(b) shows the heat flux measured at the flat copper sample under different 

subcools as compared to the expected heat flux for filmwise condensation calculated by the 

Nusselt model. The red data points represent experimental data, and the blue curve represents the 
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Nusselt model prediction. A good agreement was achieved between the Nusselt model and the 

experimentally measured heat transfer data for filmwise condensation, validating the reliability 

of the chamber condition and the experimental procedure. 

 

Figure 33: Filmwise condensation on a flat copper sample. (a) A continuous liquid film was 

observed on the flat copper surface during condensation. (b) Experimental data measured 

on the filmwise sample shown in red data points were in good agreement with the Nusselt 

model represented by the blue curve. 

Following the validation of the chamber condition and the experimental procedure with 

filmwise condensation, we fabricated and experimentally characterized the heat transfer 

performance of three different hierarchical copper samples, as detailed in Table 5. Heat transfer 

coefficient, the ratio of heat flux over subcooling, which is a direct indicator of surface’s heat 

transfer performance, is abbreviated as HTC in the remaining content of the thesis. 

Table 5: Surface designs for biphilic, microchannel-assisted hierarchical copper.  

Sample 

ID 

Wick material Membrane 

material 

Coating Microchannel 

(W×H) 

Model 

prediction 

HierCu- 

1 

Copper foam #2: 

0.85 porosity, 

5×10-11m2 

permeability,  

180 μm thickness 

1500 mesh 

size copper 

mesh: 5 μm 

thickness, 

Biphilic 

coating with 

FAS: 

hydrophobic 

mesh 

3 evenly 

spaced 100 μm 

×150 μm 

microchannels  

No flooding, 5-

7x HTC 

enhancement in 

the 5°C 
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48% 

porosity 

+hydrophilic 

foam 

subcooling 

range 

HierCu- 

2 
Copper foam #3: 

0. 50 porosity, 

1×10-11m2 

permeability,  

130 μm thickness 

3 evenly 

spaced 100 μm 

×100 μm 

microchannels  

Flooding at 

1.6°C subcool, 

over 30x HTC 

enhancement 

before flooding 

HierCu-

3 

7 evenly 

spaced 100 μm 

×100 μm 

microchannels  

 Inspired by the visualization study, we incorporated microchannels into the surface 

designs for all three samples. Adding microchannels to the hierarchical copper has two major 

effects. First, as we demonstrated in the proof-of-concept study, microchannels can help prevent 

flooding incidents by improving the permeability of the copper foam. Second, as we mentioned 

in Figure 14, channels can decrease the thermal conductivity of the surface, as they can split the 

surface into disconnected islands and cause non-uniform temperature distribution across the x-y 

plane of the surface, inducing a thermal resistance network that is close to the in-series mode. In 

order to leverage the anti-flooding advantages of microchannels while minimizing their impacts 

on the effective thermal conductivity of the copper foam wick, we minimized the number of 

channels to 3 in the first sample, considering that model predicts this surface to have a pretty 

high flooding threshold (Figure 25 (b), P*<0.2 at subcooling of 5°C). The second and the third 

sample were fabricated with the same copper foam with a high density. The model predicts that 

they would flood at subcooling of 1.6°C if there is no microchannel to improve the permeability 

of the copper foam (Figure 25 (c), P* exceeds1 at subcooling of above 1.6 °C). Therefore, we 

fabricated two versions of the microchannels for the two samples made of the dense copper 

foam: one with 3 microchannels and the other with 7 microchannels. All the microchannels were 

engraved into the copper foam layer with even spacings. The smallest dimension we could make 

on the microchannels was 100 μm, which was limited by the size of the carbide slitting saw we 

used to machine the channels. We minimized the channel width to 100 μm to minimize its 

impact on the effective thermal conductivity of the surface. For the channel depth, we 
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approached the thickness of the copper foams to obtain the best permeability out of the channels. 

Considering the different thicknesses of the two copper foams, we machined microchannels with 

a depth of 100 μm in #2 copper foam and 150 μm in #3 copper foam. All three samples share the 

same membrane layer (the 1500 mesh size copper mesh) and the same coating method (biphilic 

coating with FAS), as detailed in Table 5. For simplicity, we name the three samples shown in 

Table 5 as HierCu-1, HierCu-2, and HierCu-3 for the rest of this section. 

For the condensation experiments with all three samples, we followed the identical 

experimental procedure as what we did in the filmwise condensation experiment, except that 

rather than doing an argon plasma clean on the sample before the experiment, the hierarchical 

copper samples were installed onto the test rig right after the biphilic coating step. Following the 

experimental procedure, we constantly held a 5.2 kPa vapor pressure environment throughout the 

experiments and started with a 5°C chiller, and then moved the chiller temperature up to 25°C 

with a 5°C increase at each data point. The condensation heat flux and surface subcooling were 

extracted from temperature measurements at steady states. The maximum heat flux we could 

obtain was limited by the cooling capacity of the chiller. Therefore, with an enhanced 

condensation heat transfer, we would expect a lower surface subcool. 
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Figure 34: Condensation on the HierCu-1 sample. (a) We observed partial flooding on the 

surface during steady state condensation. (b) experimental data measured on the sample 

shown in red data points exceeds filmwise condensation by 51%-58%.  

Figure 34 shows the experimental results of condensation heat transfer on the HierCu-1. 

Similar to what we observed in the visualization study, the surface was covered with scattered 

droplets when the vapor was first coming into the chamber; as condensation developed into a 

steady state, the condensation pattern on the sample surface became stabilized. As shown in 

Figure 34 (a), we observed partial flooding on the HierCu-1 surface during a steady state. 

Specifically, areas above the microchannels remained day while the space between these areas 

were covered by water patches. The flooding incident significantly degraded the heat transfer 

performance of the surface, as shown in Figure 34 (b). Although the model predicts a 5-7x heat 

transfer enhancement as compared to filmwise condensation, here we measured a roughly 1.5-

1.6x heat transfer enhancement as compared to filmwise condensation predicted by the Nuseelt 

model. Note that with the same vapor condition and chiller temperature, subcooling measured on 

the hierarchical copper sample was lower than the subcooling measured on the flat copper 

sample shown in Figure 33(b), indicating a heat transfer enhancement. We also noticed that even 

though we switched the coating materials, the FAS coating also had a large contact angle 

hysteresis of water on the mesh layer, inducing serious pinning of the condensed water on top of 

the mesh layer which degraded heat transfer performance. 
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Figure 35: Condensation on the HierCu-2 sample. (a) Observed partial flooding on the 

surface during steady state condensation. (b) Experimental data measured on the sample 

shown in red data points exceeds filmwise condensation by 37%-56%. 

Figure 35 shows the experimental results of condensation heat transfer on the HierCu-2. 

Similar to HierCu-1, condensed water first formed scattered droplets on top of the mesh surface 

and eventually formed a steady pattern as shown in Figure 35(a). HierCu-2 has the same number 

of microchannels as HierCu-1, although here a denser copper foam with a 5x lower permeability 

is used as the wick layer. Due to the high effective thermal conductivity and the ultra-thin wick 

layer, the model predicts that this surface could achieve a heat transfer enhancement of above 

30x as compared to the filmwise condensation—before the flooding occurs at 1.6°C. During the 

experiment, we started with the highest subcooling around 2.5°C under the limitation of the 

chiller capacity. We observed severe flooding on the surface at this subcool. As shown in Figure 

35 (a), while the surface area above the three microchannels remained dry, the majority of the 

rest of the surface was covered by water patches, which significantly degrades heat transfer 

performance. Not surprisingly, we obtained a heat transfer enhancement that was much lower 

than what the model predicted. As shown in Figure 35 (b), the heat transfer performance 

measured on the HierCu-2 sample was roughly 37%-56% better than the filmwise condensation 

predicted by the Nusselt model. Note that even though HierCu-2 has a much higher effective 

thermal conductivity and a thinner structure than HierCu-1, it did not achieve a heat transfer 

performance that was better than HierCu-1. This is mainly due to the more severe flooding that 
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occurred on HierCu-2, where the flooded water patches dominated the thermal resistance and 

significantly degraded heat transfer. 

 

Figure 36: Condensation on the HierCu-3 sample. (a) We observed partial flooding on the 

surface during steady state condensation with a slightly less flooding coverage than 

HierCu-2. (b) experimental data measured on the sample shown in red data points exceeds 

filmwise condensation by 68%-88%. 

Error! Reference source not found. shows the experimental results of condensation heat 

transfer on the HierCu-3. Similar to the previous two samples, condensed water first formed 

scattered droplets on top of the mesh surface and eventually formed a steady pattern as shown in 

Error! Reference source not found.(a). HierCu-3 uses the same copper foam as Hier-2 with the 

only difference being having 7 microchannels instead of 3 microchannels in HierCu-2. With the 

increased number of microchannels, we expect a high permeability and higher flooding threshold 

for the HierCu-3. Starting with a 5°C chiller and a 5.2kPa vapor pressure, the HierCu-3 surface 

arrived at surface subcooling of ~2.7°C, which is within the flooding regime predicted by the 

model for the same hierarchical copper structure without microchannels. As shown in Error! 

Reference source not found.(a), we observed partial flooding on the surface during steady state 

condensation with a slightly less flooding coverage than HierCu-2. This is contributed by the 

additional microchannels that improved the permeability of the copper foam layer and 

consequently elevated the flooding threshold. However, with the local flooding on top of the 

mesh surface, heat transfer enhancement given by this surface was significantly reduced. As 

shown in Figure 36(b), we measured a heat transfer enhancement over filmwise condensation by 
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roughly 70-90%. The improved heat transfer performance as compared to that of HierCu-2 

highlights the importance of microchannels in flooding prevention on these capillary-driven thin-

film condensers. 

3.4.3 Discussion and Strategies for Flooding Prevention 

As we observed in the condensation heat transfer experiments, all three samples were 

impeded by surface flooding to obtain great heat transfer enhancement. When flooding occurs on 

a hierarchical copper sample, the water patches pinning on top of the flooded areas, forming 

thick water patches with film thickness up to the capillary length of water (2.7mm). The flooded 

water patch dominates the thermal resistance and significantly degrades heat transfer. Here, we 

developed a simple heat transfer model to understand the impact of surface flooding on the heat 

transfer performance of hierarchical copper surfaces. Assuming a parallel pathway for the heat to 

go through either the flooded area or the unflooded area, the thermal resistance network of the 

overall system can be represented in the schematic shown in Figure 37. Note that the parallel 

thermal resistance assumption gives the theoretical upper bound for the effective thermal 

conductivity of the composite surface. Therefore, this model provides an upper bound of the heat 

transfer performance of a flooded hierarchical copper surface. 

Figure 37: Thermal resistance network of a flooded hierarchical copper surface based on a 

parallel thermal resistance assumption. The resistance highlighted in the light orange box 

is the term associated with the flooded water patch. FAR: flooded area ratio, which is the 

ratio of flooded area to the total surface area. 

  

 

Figure 38 shows the modeling result for the heat transfer performance and the effective 

thermal conductivity of hierarchical copper as a function of flooded area ratio and flooded film 
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thickness, with HierCu-1. Although the hierarchical copper surface is hydrophobized, its large 

contact angle hysteresis induces pinned water patches with a film thickness of up to the capillary 

length of water. Here, we swept the flooded film thickness up to the capillary length of water and 

the flooded area ratio from 0 to 100%. Figure 38(a) shows the heat transfer enhancement as 

compared to filmwise condensation as a function of the flooded area ratio and the flooded film 

thickness. The flooded area ratio has a dominant effect on the heat transfer performance of the 

flooded HierCu-1 except in the case when the flooded film is ultra-thin (below 100 μm). This is 

due to the extremely low thermal conductivity of water (0.6 W/mK) as compared to the copper 

foam wick (18.4 W/mK for HierCu-1). When more than half of the surface is covered with 

flooded water, the heat transfer enhancement provided by the HierCu-1 sample drops below 2x. 

For the same reason, the effective thermal conductivity of the flooded hierarchical copper drops 

significantly as the flooded area ratio increases from zero to one, as shown in Figure 38 (b). 

To prevent flooding from occurring, we need to understand the cause of it. Although our 

model predicts that HierCu-1 should be free of flooding under the given experimental conditions, 

we still observed flooding on it. We suspect two major reasons for the flooding incident to occur 

before the model predicted threshold, as shown in Figure 39. 

Figure 38: Modeling results for (a) the heat transfer performance and (b) the effective 

thermal conductivity of a flooded HierCu-1 as a function of flooded area ratio and flooded 

film thickness. 
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Figure 39(a) shows a broken mesh pore found on a hierarchical copper sample. Due to 

the fragility of the ultra-thin copper mesh, it is almost inevitable that some mesh pores got 

damaged during the diffusion bonding prosses where a pressure of 14 MPa was applied to the 

surface. Broken mesh pores would result in a larger effective pore size at the damaged area, 

which remarkably shifts the flooding regime, as the capillary pressure driving force provided by 

the mesh layer scales with 1/dp. 

Figure 39(b) shows the overfilled photoresist after the photoresist wicking step in the 

biphilic coating process. Due to the rough surface of the copper foam and the small thickness (5 

μm) of the copper mesh, the photoresist was deposited unevenly across the hierarchical surface. 

Although the oxygen plasma has been proven to be a reliable method to remove photoresists, 

there might still be some photoresist residue staying on the top of the mesh layer after the oxygen 

plasma cleaning. These photoresist residues could protect the local mesh wire from being 

hydrophobized, and result in local coating defects that would not be able to generate capillary 

pressure driving force and would induce severe liquid pinning on the surface. 

Figure 40 shows the model prediction for the flooding criterion P* as a function of 

surface subcooling and the number of connected broken mesh pores for (a) HierCu-1 and 

(b)HierCu-2/HierCu-3, neglecting the effects of microchannels on the permeability and the 

effective thermal conductivity of the copper foam. With increasing numbers of connected broken 

pores, P* increases and induces earlier flooding. The impact of broken pores on the P* gets more 

100 μm 100 μm

(a) (b)

Figure 39: Optical image and SEM image showing defects on the hierarchical surface: (a) 

broken mesh pore highlighted in the red circle; (b) overfilled photoresist as shown by the 

dark regions. 
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significant with surfaces with lower thermal resistances, as the condensation heat flux are higher 

on these surfaces, challenging the surfaces’ resistance to flooding. 

 

Figure 40: Flooding criterion P* as a function of surface subcooling and the number of 

connected broken mesh pores for (a) HierCu-1 and (b)HierCu-2/HierCu-3, neglecting the 

effects of microchannels on the permeability and the effective thermal conductivity of the 

copper foam. 

There are two direct ways to improve the capillary-driven thin-film condenser surfaces to 

be more resilient against flooding: (1) improving the permeability of the wick layer, and (2) 

increasing the capillary pressure driving force generated by the membrane layer.  

 As we have observed in the condensation experiment with the hierarchical copper 

sample, microchannels can help with fast drainage of the condensate, especially in the case 

where the hydrophobic membrane has defected pores which could cause local flooding/bursting 

out of the membrane. A few considerations should be taken when adding microchannels to the 

capillary-driven condenser design. First and foremost, microchannels can decrease the effective 

thermal conductivity of the metal wick layer as it would break the continuous connection of 

metal network for efficient thermal transport. Therefore, the addition of microchannels should be 

just enough to prevent the membrane from flooding. When designing the geometry of the 

microchannels, the viscous pressure loss associated with the process of the condensed water 

traveling through the porous wick and finally exiting through the microchannel (the route is 

shown as the blue arrow in Figure 41) should be less than the viscous pressure loss the same 

amount of condensed water would experience if it exits directly through the metal wick layer 

without traveling through the microchannel (route as shown in the red arrow in Figure 41). 
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Figure 41: Schematic of capillary-driven condenser composed of a substrate, a porous 

metal wick layer with microchannels, and a top-layer hydrophobic membrane. The blue 

arrow shows the route through which the condensed water can exit from the microchannel. 

The red arrow shows the route through which the condensed water can exit directly from 

the metal wick. The key dimensions involved in this structure are the width of the wick 

layer Wwick, the width of the microchannel Wchannel, and the thickness of the wick layer tw. 

Taking one microchannel and its neighboring metal wick block as a unit of interest. The 

viscous pressure loss that occurred inside the porous metal wick can be described by 1D Darcy’s 

law: 

 
𝑢m,wick =

�̇�(𝑥)

𝐴c
= −

𝜅d𝑃𝑤𝑖𝑐𝑘

𝜇d𝑥
 

(31) 

where 𝑢m,wick is the average flow velocity in the direction of flow, x is the direction of 

condensate flow, 𝜅 is the permeability of the metal wick, 𝜇 is the viscosity of the condensed 

water, �̇�(𝑥) is the volumetric flow rate of the condensate in the direction of x, 𝐴c is the surface 

area of the cross-section of the metal wick layer perpendicular to the x direction. In the case of 

the condensed water traveling across the wick layer into the microchannel (as shown in the blue 

arrow), 𝐴c = 𝐿𝑡w; in the case of the condensed water exiting directly from the wick layer (as 

shown in the red arrow), 𝐴c = 𝑊wick𝑡w. 

For laminar flow (Re<2300), which is usually the case for the capillary-driven thin-film 

condensation, the viscous pressure drop that occurred inside a rectangular microchannel can be 

calculated by  

 d𝑃channel

d𝑥
= −

2𝑓𝜌𝑙𝑢m,channel
2

𝐷H
 

(32) 

where 𝐷H is the hydraulic diameter of the rectangular channel: 



91 

 

 
𝐷H =

4𝐴c

𝑃w
=

4(𝑡w ∗ 𝑊channel)

2(𝑡w + 𝑊channel)
 

(33) 

𝜌𝑙 is the density of the fluid, 𝑢m is the mean flow velocity, and the Fanning friction factor 

𝑓 for a rectangular channel can be derived from the following equation: 

 𝑓𝑅𝑒 = 24(1 − 1.3553𝛼c + 1.9467𝛼c
2 − 1.7012𝛼c

3 + 0.9564𝛼c
4

− 0.2537𝛼c
5) 

 

(34) 

where 𝛼c = 1/𝛼 = 𝑊channel/𝑡w is the ratio of channel width to channel width. 

Substituting equations (33) and (34) into (32), we can obtain 

 d𝑃channel

d𝑥
= 𝐶𝑓𝑛(𝑡w, 𝑊channel) 𝑢m,channel 

(35) 

where 𝐶 is a constant related to fluid’s physical properties, and 𝑓𝑛(𝑡w, 𝑊channel) is a function of 

the channel geometry. 

Due to the different permeability of the wick and the microchannel, a fluid with the same 

flow rate would experience a different pressure gradient inside the two regions. There exists a 

sweet spot where there is a certain amount of condensed water joining the microchannel from the 

wick layer such that the pressure drop across the wick material along the direction of the 

microchannel is the same as the pressure drop across the microchannel. At steady state, the 

pressure gradient along the direction of flow inside the channel and inside the wick materials 

achieve the same. Otherwise, there will be condensate flowing from the higher-pressure region to 

the lower-pressure region to balance the pressure difference, in which case the pressure gradient 

in the two regions will become the same at each x location eventually. Equaling  
d𝑃channel

d𝑥
 to 

d𝑃wick

d𝑥
 in equations (31) and (35), we can derive that 

 𝑢m,channel =  𝐶12𝑢m,wick (36) 

where 𝐶12 is a function of channel geometry and wick’s permeability: 

𝐶12 =
𝐷𝐻

2

48(1 − 1.3553𝛼𝑐 + 1.9467𝛼𝑐
2 − 1.7012𝛼𝑐

3 + 0.9564𝛼𝑐
4 − 0.2537𝛼𝑐

5)𝜅
 

( 

(37) 
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According to the mass conservation of condensed water, �̇�(𝑥) across a surface width of 

W can be expressed as a function of the condensation heat flux q as 

 
d�̇�(𝑥) = d(𝑢m(𝑥)𝑡w𝑊) =

𝑞𝑊d𝑥

𝜌𝑙ℎfg
 

(38) 

where 𝑢m(𝑥) is the mean flow velocity at the cross-section of the microchannel-embedded wick 

at location x, and can be expressed as 

 
𝑢m(x) =

𝑢m,wick(𝑥)𝑊wick + 𝐶12𝑢m,wick(𝑥)𝑊channel

𝑊channel + 𝑊wick
 

(39) 

Substituting equation (38) into (37), we can derive the expression of 𝑢m,wick  

 
𝑢m,wick(x) =

𝑞(𝑊wick + 𝑊channel)

𝜌𝑙ℎfg𝑡w(𝐶12𝑊channel + 𝑊wick)
𝑥 

(40) 

Substituting equation (39) into (35), we can derive the expression of ∆𝑃channel−wick(𝑥) 

which is the viscous pressure drop that the condensed liquid would experience after flowing 

inside the microchannel-embedded wick over a distance of x: 

 
∆𝑃channel−wick(𝑥) = −

𝜇𝑞(𝑊wick + 𝑊channel)

2𝜅𝜌𝑙ℎfg𝑡w(𝐶12𝑊channel + 𝑊wick)
𝑥2 

(41) 

where the expression for C12 is shown by equation (37). 

For a pure wick material with permeability 𝜅 and thickness 𝑡w , we derive the expression 

of ∆𝑃wick(𝑥) as follows 

 ∆𝑃wick(𝑥) = −
𝜇𝑞

2𝜅𝜌𝑙ℎfg𝑡w
𝑥2 (42) 

Comparing ∆𝑃channel−wick(𝑥) to ∆𝑃wick(𝑥) , we can derive the following relationship: 

 ∆𝑃channel−wick(𝑥)

∆𝑃wick(𝑥)
=

(𝑊wick + 𝑊channel)

(𝐶12𝑊channel + 𝑊wick)
 

(43) 

where 𝐶12 is simply a function of the channel geometry as shown by equation (37). 

 Equation (43) shows that, assuming a uniform heat flux across the microchannel-

embedded wick layer (which is a valid assumption in cases where the microchannels only 

occupy negligible surface area of the wick), the ratio of the pressure drop of fluid flow through 
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the microchannel-embedded wick layer to the pressure drop of fluid flow through a pure wick 

layer with the same wick permeability and thickness can be expressed by simply the geometry of 

the wick and the channel. With this understanding, we revisited the design of microchannels in 

the hierarchical copper sample. 

 We use the microchannel-embedded sample HierCu-1 as a case study. For simplicity, we 

fix the geometry of the microchannel height as the same as the wick thickness 180 μm. We 

assume the microchannels are evenly distributed on a surface of 2.54 cm by 2.54 cm (here for 

simplicity, we approximate the 1-inch circle surface to be a 1-inch by 1-inch square). The only 

two variables are the width of the channel and the number of microchannels to be engraved into 

the copper foam of HierCu-1. 

Figure 42 shows the ratio of the pressure drop of a fluid flowing through a microchannel-

embedded wick layer to the pressure drop of a fluid flowing through the same wick layer without 

microchannels as a function of the channel width and the number of channels being machined. 

The properties of the copper foam in the HierCu-1 sample is used as a case study. A closer-to-

zero pressure drop ratio indicates a great improvement in the wick permeability of the sample, 

while a closer-to-one pressure drop ratio indicates a small improvement in the wick permeability. 

Both increasing the channel width and increasing the number of channels can reduce the viscous 

pressure drop occurring in the wick layer. At the same area ratio of the channeled area over the 

un-channeled surface area, increasing the channel width is a more efficient strategy to decrease 

Figure 42: Pressure drop ratio 
∆𝑷𝐜𝐡𝐚𝐧𝐧𝐞𝐥−𝐰𝐢𝐜𝐤

∆𝑷𝐰𝐢𝐜𝐤
 as a function of channel width and number of 

channels engraved into the copper foam wick of 180 μm thickness.  
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the pressure drop ratio. For example, by increasing the number of 100 μm wide microchannels 

from 4 to 8, the pressure drop ratio only decreases from 84% to 74%. However, at the same 

channel area ratio, having 4 of the microchannels with doubled width could decrease the pressure 

drop ratio to 50%. Note that this model assumes a uniform condensation heat flux across the 

microchannel-embedded hierarchical copper surface. When the channel width or the number of 

channels becomes large, this assumption may not be valid anymore. With the developed model, a 

more permeable hierarchical copper sample can be designed for better anti-flooding properties 

by integrating the microchannel designs.  

For the second strategy to prevent flooding, i.e., increasing the capillary pressure 

generated by the membrane pores, we come up with a completely different solution other than 

dealing with the fragile mesh pores and the unrobust hydrophobic coatings, which is to 

customize an intrinsically hydrophobic membrane with robust materials and tunable pore sizes. 

We will explore this topic in the next chapter. 

 

3.5 Conclusions 

  In this chapter, we experimentally demonstrated the concept of capillary-driven thin-film 

condensation with commercially available copper meshes and foams. Using a biphilic, 

microchannel-embedded hierarchical copper sample, we measured an up to 2x condensation heat 

transfer as compared to the filmwise condensation even when the surface was flooded. Flooding 

was observed to occur before model predicted flooding thresholds, with the major causes being 

broken mesh pores and coating defects. Strategies to improve the thin-film condenser surfaces’ 

robustness against flooding were discussed, including improving the wick-layer’s permeability 

and improving the membrane layer’s robustness. We developed a model to design microchannel 

as a strategy to improve wick permeability and prevent flooding. We will discuss the fabrication 

of a robust membrane layer in the next chapter. 
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4. Scalable Fabrication of Hydrophobic Membranes using 

Eletrospinning 

In this chapter, we proposed to use electrospinning as a low-cost and scalable way to 

fabricate intrinsically hydrophobic and robust membrane layers for the capillary-driven thin-film 

condensers. During electrospinning process, many parameters could influence the morphology of 

the electrospun membranes. A parametric study was conducted to determine the most impactful 

parameter and thus the most efficient way to optimize the membrane morphology. 

4.1 Motivation 

In an effort to fabricate a scalable, robust, and cost-effective capillary-driven condenser, 

we fabricated intrinsically hydrophobic membranes based on electrospinning. Electrospinning is 

a sophisticated technique for fabricating nano- and microfiber membranes, which has been 

applied to various industries such as water desalination111, oil-water separation112, 

microfiltration113, batteries114, biomedical devices115, and water harvesting116. We see the 

potential of using electrospinning to directly deposit fibers atop porous metal wick to fabricate 

capillary-driven condensers in a scalable way. 

4.1.1 Electrospinning 

Electrospinning, an easily tunable technique that utilizes the force balance between the 

electrostatic force and the solution surface tension to fabricate nanofibrous membrane, is 

promising for a wide range of applications. Compared to traditional phase inversion techniques 

for membrane fabrication, electrospinning enables the formation of interconnected pores with 

porosity exceeding 90%117, which makes it a promising technique for fabricating the 

hydrophobic membrane layer in the capillary-driven thin-film condensers.  

Morphology of the electrospun membrane is directly related to its performance. During 

an electrospinning process, many factors can affect the morphology of the products, such as 

properties of the solution, voltage supply, needle distance, feeding rate of the solution, and the 

electrospinning time. The wide range of tunable parameters allows a design space for optimizing 

the morphology of the electrospun membrane for any given application. In the capillary-driven 

thin-film condensers, membrane pore size is the most important morphological character to be 

optimized, followed by membrane thickness and membrane porosity. Effective parametric study 
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is needed to optimize the fabrication of electrospun membrane such that the ideal morphology of 

the electrospun membrane can be achieved by optimizing the most important parameters. 

Many polymer materials exist for electrospinning hydrophobic membranes, such as 

polytetrafluoroethylene (PTFE), polypropylene (PP), and poly(vinylidenefluor-ide) (PVDF). In 

addition, Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), a type of copolymer 

of PVDF, possess superior hydrophobicity, uniform pore distribution, and high porosity78. 

Therefore, we selected PVDF-HFP as our membrane materials for electrospinning. 

4.1.2 Fractional Factorial Design (FFD) 

Investigating the effects of each independent parameter (full factorial design) tends to be 

laborious and redundant. In statistics, fractional factorial design (FFD) is a powerful tool for 

reducing the experimental burden while recognizing the major effects118. 

FFD consists of a carefully chosen subset (fraction) of the experimental runs of a full 

factorial design, identifying the most important parameter to the response of interest. Figure 43 

shows a schematic representation of a fractional factorial design118. When we know that the 

edges are orthogonal to each other in a cube, we only need 4 points instead of 8 points to 

determine the cube. Similarly, a full 8-run factorial design with three parameters can be reduced 

to a 4-run fractional factorial design. + or – in the figure indicates if the parameter is being 

maximized or minimized.  

During an electrospinning process, many factors could affect the morphology of the 

products, such as viscosity of the solution, voltage supply, discharge distance, feed rate of the 

solution, and electrospinning time. In this work, we investigated the impacts of three of the most 

Figure 43: Schematic representation of a full 8-run factorial design with three parameters 

in comparison to a reduced 4-run fractional factorial design. 
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important parameters on the morphology of electrospun fibrous membrane based on the 

fractional factorial design: voltage supply, discharge distance, and feeding rate of the solution. 

4.2 Experimental Setup 

We built a customized electrospinning set up, as shown in Figure 44. Two major 

components of the electrospinning setup are the high voltage power supply and the syringe 

pump. A polymer solution (PVDF-HFP in our current test) is loaded onto the syringe and 

extruded from the needle tip where a positive charge is applied. An aluminium foil covered 

copper plate is used as the fiber collector and is connected to a ground wire. The high voltage 

difference across the needle and the collector drives the polymer solution to spin onto the 

collector in a form of nano- or microfibers, under the counteractions of electrostatic force and 

surface tension experienced by the solution. The electrospinning process involves many 

operation parameters, some of which are critical to the fiber/membrane fabricated by the process. 

Some key parameters include voltage being applied, the distance between the needle and the 

collector, the concentration of the polymer solution, and the time the electrospinning process 

lasts. We focus on electrospinning PVDF-HFP since this polymer is intrinsically hydrophobic 

and is known to form uniform membrane pores.  

Figure 44: Schematic (a) and photo (b) of the custom-built electrospinning setup. The setup 

is composed of an acrylic enclosure with a vent line to the fume hood, a high voltage supply 

(20kV), a syringe pump that extends into the enclosure through a Teflon tube, a moving 

stage that is grounded, and a temperature and humidity sensor. 

In the current study, we fixed the concentration of the electrospun fiber sample to be 15 

wt% PVDF-HFP solutions in a 3:7 vol ratio of N,N-dimethylacetamide/acetone. This 

concentration was chosen based on trial and error to ensure that a continuous, bead-free fiber 

could be produced. The solution was prepared the night before the electrospinning and stirred on 

a hot plate of 80 °C for about12 hours before the electrospinning. 
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4.3 Sample Characterization 

Three properties of the membrane are critical to vapor transport and heat transfer through 

the membrane layer: pore size, thickness, and porosity. For electrospun fibrous membranes, the 

pore size is usually proportional to the fiber diameter. In order to characterize these important 

properties, several techniques were used as detailed below. 

Scanning electron microscopy (SEM) images were taken to help us characterize the 

morphology of the electrospun fibers, as shown in  

Figure 45. SEM images could clearly show important information of independent fibers 

(e.g., fiber diameter, presence of beads) and how the fibers are being aligned into a membrane. 

However, due to the random alignment of the electrospun fibers, it was hard to characterize pore 

size of the membrane using SEM.  

Figure 45: SEM images of electrospun membrane samples. Fiber diameter and 

morphology can be characterized accurately using SEM. However, pore size distribution is 

hard to define due to the random alignment of the fibers. 
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However, pore size distribution is an important information we need in order to predict 

the capillary pressure that the membrane can generate and the vapor transport resistance through 

the membrane. Therefore, in addition to the SEM, we used a capillary flow porometry 

(POROLUX™ 1000) to characterize pore size distribution of the electrospun membrane. 

Figure 46 shows how a capillary flow porosity works to get the pore size distribution. We 

first wetted our sample membrane with a known fluid (Galpore, surface tension 15.6 mN/m) and 

put it into the porometer for the wet curve measurement. During the measurement, a nitrogen 

flow was applied to the membrane sample with incremental pressure difference across the 

membrane. At each pressure, flow rate of nitrogen gas was recorded. At the beginning of the 

measurement, flow rate stayed at zero since all the pores were blocked by the liquid. At one 

point, nitrogen started to flow through the membrane, which denoted that the biggest pore inside 

the membrane (i.e., bobble point pore size) was opened up by the gas flow. After this point, the 

nitrogen gas flow rate would keep increasing until a point when the smallest pore inside the 

membrane was open, i.e., the membrane became completely dry. Following the wet curve 

measurement, another round of gas flow rate measurement was repeated on the dry sample with 

the same incremental pressure being applied, resulted in a dry curve. A curve with 50% of the 

dry curve slope was plotted as “half-dry curve”, as shown in Figure 46.  Pore size at which 50 % 

of the total gas flow can be accounted (half the flow is through pores larger than this diameter) is 

defined as the mean flow pore (MFP) diameter. Pore size distribution could be extracted from the 

wet curve and dry curve measurements, as shown in Figure 47. Electrospun PVDF-HFP has been 

known for its uniform pore size. The pore size distribution measured by the porometer validated 

the uniform pore sizes of our electrospun PVDF-HFP membranes. 
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Figure 46: Wet curve and dry curve of an electrospun membrane sample given by the 

capillary flow porometer (POROLUX™ 1000). 

 

Figure 47: Pore size distribution of an electrospun membrane sample given by the capillary 

flow porometer (POROLUX™ 1000). 

Typically, the fiber diameter of an eletrospun fibrous membrane is positively related to 

the pore size of the membrane, although the arrangement of the fibers and the shape of the fibers 
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(i.e., bead-free or not) can also impact the pore size. Here, two electrospun fibrous membranes of 

different morphologies were made with different fabrication parameters. We characterized the 

fiber size distribution on these two samples by analyzing their fiber diameters in SEM images 

using Image J. Pore size distribution on the same samples was characterized using a capillary 

flow porometer. The characterization results are shown in  Figure 48. (a)-(c) shows the SEM 

image, the fiber size distribution, and the pore size distribution of the first electrospun 

membrane. (d)-(f) shows the SEM image, the fiber size distribution, and the pore size 

distribution of the second electrospun membrane. As shown in the SEM images, it is visually 

distinguishable that the first electrospun membrane has a smaller fiber diameter than the second 

one. This is confirmed by the fiber diameter distribution shown in (b) and (e). Pore size 

distribution was found to follow the same trend as the fiber diameter distribution. 

 

Figure 48: SEM images of two electrospun PVDF-HFP samples (top, bottom) and their 

corresponding fiber diameter distribution and pore size distribution. Fiber diameter is 

positively correlated to membrane pore size. 

We chose to use fiber diameter as an indicator for pore size of the membrane for the 

parametric study. This is mainly because the porometer was not as accessible as the SEM during 

the course of this study. In addition, it is slightly more time-consuming to characterize the pore 

size using a porometer, and we had many samples to characterize. After the completion of a 

parametric study based on fiber diameter measurements, we ran a quick round of pore size 
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characterization and confirmed that the conclusion we obtained with the pore size information 

was the same as what we got from the parametric study based on fiber diameter measurements. 

4.4 Parametric Study Guided by Fractional Factorial Design (FFD)  

The thickness of the electrospun membrane was easily tunable by increasing or 

decreasing the electrospinning time. Membrane porosity of the electrospun PVDF-HFP is known 

to be high and has been measured to be within the range of 80% to 90% for all the samples we 

made. Therefore, for the parametric study, we focus on studying the impact on the membrane 

pore size (represented by fiber size) from three important fabrication parameters: needle-

collecter distance, voltage supply, and the solution feeding rate. 

We experimentally determined the variation boundaries for the three parameters 

mentioned above to ensure that a bead-free fiber could be continuously generated at the given 

conditions. Key parameters studied and their variation range are listed in Table 6. 

Table 6: Key parameters studied and their variation range.   

Parameter Lower Bound (-) Upper Bound (+) 

Needle Distance (cm) 15 20 

Voltage Supply (kV) 10 20 

Feeding Rate (mL/hr) 0.1 1 

By using the JMP software, we conducted a design of experiment via fractional factorial 

design (FFD). Table 7 shows the Subset of the experimental runs guided by the fractional 

factorial design. The fractional factorial design simplified a full 8-run parametric study into 4 

runs. Each set of parameters was run for at least 2 times under similar environmental conditions 

and the morphology of the resulted membranes was characterized with SEM. 

Table 7: Subset of the experimental runs guided by the fractional factorial design. 

Patten 

Needle 

Distance 

(cm) 

Voltage 

Supply (kV) 

Feeding 

Rate 

(mL/hr) 

Solution 

Concentration 

(wt%) 

Electrospinning 

Time (min) 

+−− 20 15 0.1 15 60 
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−−+ 10 15 1 15 60 

+++ 20 20 1 15 60 

−+− 10 20 0.1 15 60 

Figure 49 shows the fiber diameter as a function of needle distance, voltage supply, and 

solution feeding rate predicted with experimental data obtained by the FFD. Least squares 

method was used to find the best fit. Confidence intervals are shown in grey. Solution feeding 

rate has the most significant impact on the fiber diameter of the electrospun PVDF-HFP 

membrane. Fiber diameter increases with decreasing solution feeding rate. We expect the 

membrane pore size to also increase with decreasing solution feeding rate. 

In comparison, needle distance and voltage supply only have minimal impact on the fiber 

diameter throughout the variation range we explored. Therefore, to optimize the membrane 

morphology (i.e., fiber diameter), more focus should be put on tuning the feeding rate over the 

other two parameters. 

Figure 49: Fiber diameter as a function of needle distance, voltage supply, and solution 

feeding rate predicted with experimental data obtained by the FFD. Least squares method 

was used to find the best fit. Confidence intervals are shown in grey. 

In order to validate that the same conclusions obtained from the fiber diameter 

characterization are applicable to the pore size of the membranes, we characterized the pore size 

of a set of electrospun membranes fabricated with the parameters shown in Table 7. Using 

membrane mean flow pore (MFP) size as the result for the parametric study, we plotted 
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membrane MFP size as a function of needle distance, voltage supply, and solution feeding rate 

predicted with experimental data obtained. The results about feeding rate shown in Figure 50 are 

in great agreement with the result in Figure 49, validating the importance of solution feeding rate 

in tuning the membrane morphology.  

Note that the impact of voltage supply and needle distance on the membrane pore size as 

shown in Figure 50 were found to be more significant than their impact on fiber diameter as 

shown in Figure 49. This difference can be explained by two factors. First, membrane pore size 

and membrane fiber diameter are not always positively corelated, as membrane pore size is not 

only affected by the fiber diameter but also affected by how the fibers are aligned with each 

other. Therefore, the impact of one fabrication parameter on fiber diameter could be different 

from its impact on membrane pore size. Second, FFD considers a subset of the experimental run 

to be representative for the full factorial run. When analyzing pore size, for simplicity, we only 

fabricated one electrospun membrane for each set of parameters provided by FFD, which might 

introduce statistical errors and might not be representative enough. Fabricating a few more 

membranes for each set of parameters and averaging the measurements would reduce the 

statistical errors.  

Figure 50: Membrane mean flow pore size as a function of needle distance, voltage supply, 

and solution feeding rate predicted with experimental data. 

Furthermore, we experimentally verified that membrane thickness can be adjusted easily 

by increasing or decreasing the electrospinning time without making much difference in the 

membrane morphology. Four sets of different fabrication parameters were tested as shown in A, 

B, C, and D. Fiber diameters after 20 minutes and 60 minutes of electrospinning were compared. 

The effect of electrospinning time on the fiber diameter is negligible, as shown in Error! 
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Reference source not found.. As a result, when optimizing membrane properties for the 

capillary-driven thin-film condenser, we can focus on optimizing the membrane pore size first, 

knowing that membrane thickness can be easily adjusted by changing the electrospinning time. 

Lastly, we report the effects of aging of the PVDF-HFP solution on the fiber morphology 

of the electrospun membrane. The solution was kept stirring on an 80 ̊C hot plate. Two sets of 

parameters were tested on Day 1, 2, and 3 after the solution was prepared. Fiber diameter 

consistently decreases with time, indicating the aging of the solution, as shown in Figure 52. The 

mechanism of the aging is to be further explored. For the current study, we always prepare a 

fresh solution before the electrospinning experiment to prevent solution aging. 

Figure 52: Effects of the aging of the PVDF-HFP solution on the fiber diameter of the 

electrospun membrane. The solution was kept stirring on an 80 ̊C hot plate. Two sets of 

parameters were tested on Day 1, 2, and 3 after the solution was prepared. Fiber diameter 

consistently decreases with time, indicating the aging of the solution. 

Figure 51: Effects of electrospinning time on the fiber diameter of the electrospun PVDF-

HFP membrane. 
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4.5 Combining Electospun Membrane with Porous Metal Wick 

Combining electrospun membrane with porous metal wick is a scalable way to fabricate 

capillary-driven thin-film condensers. Here, we preliminarily tried combining these two 

components together experimentally, and developed a model that predicts the heat transfer 

performance of the electrospun fiber covered porous copper at large scale. 

4.5.1 Preliminary Fabrication and Visualization Study 

We preliminary fabricated an electrospun PVDF-HFP membrane directly on a porous 

copper foam, as shown in Figure 53. A circle piece of copper foam with a diameter of 1 inch was 

directly used as the collector of the fiber, as shown in Figure 53(a). The porous copper foam was 

sitting on a ceramic plate with a 1-inch diameter circle dent in the middle. A thin aluminum foil 

with 1-inch diameter was put in between the porous copper and the ceramic for conducting 

electricity. The aluminum foil has two aluminum legs that were protected by electrical tapes. 

Only the tips of the foil legs were exposed and connected to the ground.  

Figure 53(b) shows the SEM image of the resultant fiber covered porous copper. The 

copper foam has a characteristic pore size that is on the order of 100 μm. Interestingly, the 

membrane fibers were accumulated on top of the copper islands during the beginning of the 

electrospinning, leaving big voids in between the solid islands. This is because at the beginning 

of electrospinning, the voltage potential between the needle and the collector was strongest at the 

top of the metal islands; as a result, fibers were attracted to be deposited onto the metal islands.  

As electrospinning continues, these voids can be covered by fibers that are deposited later. 

However, it is important to guarantee a uniformly thin membrane, as the model predicts that heat 

and mass transfer performance would degrade with increasing membrane thickness.  

We characterized pure vapor condensation on an electrospun fiber-covered porous copper 

foam using ESEM (Zeiss EVO 50 scanning electron microscope), as shown by the time-lapse 

images shown in Figure 54.  As expected, water vapor travelled through the PVDF-HFP fibers, 

nucleating and growing on the hydrophilic copper surfaces, with no condensate found on top of 

the membrane. Due to the large voids in between copper islands, we were not able to show thin 

film condensation confined by the membrane. However, if we can evenly spin the hydrophobic 

fiber on top of the porous metal wick, we expect thin-film condensation to occur. 
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Figure 53: Preliminary fabrication of electrospun PVDF-HFP membrane on top of a 

porous copper foam substrate. (a) A circle piece of copper foam with diameter of 1 inch 

was directly used as the collector of the fiber. The porous copper foam was sitting on top of 

a thin aluminum foil that was kept on a ceramic plate with a 1-inch diameter circle dent in 

the middle. The dent on the ceramic place was used to support the aluminum foil. The 

aluminum foil has two aluminum legs that were protected by electrical tapes. Only the tips 

of the foil legs were exposed and connected to the ground. (b) SEM of the resulted sample 

shows that the membrane fibers were accumulated on top of the copper islands during the 

beginning of the electrospinning, leaving big voids in between the solid islands. 

 

Figure 54: Time lapse ESEM images showing the electrospun fiber covered copper foam 

before condensation (a), during condensation nucleation on the copper (b), and during 

continuous growing of the liquid film on the copper (c).  

4.5.2 Modeling Prediction for Thin-Film Condensation with Electrospun Fiber Covered 

Porous Copper 

We used the heat and mass transfer model described in Chapter 2 for predicting the heat 

transfer performance of the electrospun-fiber covered porous copper based on vapor transport 

through the membrane pores and heat conduction through the condensate-filled porous copper. 

To simplify, a parallel model was used to calculate the effective thermal conductivities of the 

(a) (b) (c)
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porous copper wicks. This may overestimate the heat transfer performance of the wick layer, 

depending on how close the thermal resistance in the copper wick is to a parallel mode. Figure 

55 shows the model prediction for condensation heat transfer performance of different capillary-

driven condensers made of electrospun membrane covered porous copper. Three different porous 

copper are used as the wick layer in the model:  

(a) Copper foam with 200 μm thickness, 65% porosity, and 1×10-11 m2 permeability.  

(b) Inverse opal copper with 5 μm thickness, 65% porosity, and 5×10-11 m2 permeability.  

(c) Sintered copper spheres with 200 μm thickness, 50% porosity, and 1.7×10-11m2 

permeability. 

Sample (a) is what we have in lab and is commercially available. Sample (b) is a 

structure that we are fabricating in lab. Sample (c) is a common structure in heat pipe industries 

and we are considering fabricating. All three plots shown in Figure 55 were obtained at a given 

vapor temperature (Tv = 35°C) and subcooling of 5°C. X-axis is pore size of the electrospun 

membrane and y-axis is the corresponding heat flux predicted by the model. Red, blue, and green 

lines correspond to three different membrane porosity: 0.9, 0.8, and 0.7. Different thickness of 

lines means different membrane thickness. The black dash line denotes filmwise condensation 

predicted by the Nusselt model. In our model, heat flux would drop to zero when "flooding" 

occurs; this is not true in reality but is used as an indicator for "flooding" in the modelling 

results. 

Figure 55 (a) and (c) are similar: with higher membrane pore size (increasing x-axis), 

higher porosity (red line), and smaller membrane thickness (10 μm thick denoted by the thinnest 

line), heat transfer gets much enhancement and no flooding occurs throughout the sweep. The 

similarity between these two plots is because we prescribe similar properties for the copper foam 

(corresponding to the Figure 55 (a)) and the sintered copper (corresponding to Figure 55 (c)). 

The lines in Figure 55 (b) (corresponding to inverse opal copper) are not smooth due to 

the incremental sweep other than a continuous sweep we performed. Heat flux given by the same 

membrane increases faster in Figure 55 (b) as compared to the other two plots, but also induces 

flooding easier, which is because the ultra-thin inverse opal (5 μm thick) could greatly reduce the 

thermal resistance of the water-filled porous copper but on the other hand, these thin structures 
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are easier to flood (condenser liquid cannot be completely drained from the edge of the thin 

wick). 

Overall, the model guided us to fabricate a membrane that is thin (on the order of 10 μm), 

highly porous (90%), and has large pore size (on the order of 1 μm). This geometry is achievable 

by electrospinning. A full parametric study is needed for the optimization of the membrane 

structures with a focus on the solution feeding rate as the key parameter to manipulate. As a 

conservative estimation, we expect to see over 5x enhancement on the electrospun membrane 

covered sintered copper powder without flooding under subcooling of 5 °C, as predicted by the 

model. 

 

Figure 55: Condensation heat transfer performance of different types of porous copper 

covered by electrospun fibers, as predicted by heat and mass transfer model. (a) 

Electrospun fibers in combination with a copper foam with 200 μm thickness, 65% 

porosity, and 1×10-11 m2 permeability. (b) Electrospun fibers in combination with inverse 

opal copper with 5 μm thickness, 65% porosity, and 5×10-11 m2 permeability. (c) 

Electrospun fibers in combination with sintered copper spheres with 50 μm sphere 

diameter, 200 μm thickness, 50% porosity, and 1.7×10-11m2 permeability. 

 

4.6 Conclusion 

A parametric study on the effect of three key fabrication parameters (needle distance, 

voltage supply, and solution feeding rate) on the morphology of the electrospun PVDF-HFP 

membrane were conducted using FFD. 

  Solution feeding rate was found to be the most impactful parameter among all three 

parameters on the fiber diameter and the pore size of the membrane. A higher feeding rate would 

produce a smaller fiber diameter and a smaller membrane pore size. 
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The duration of electrospinning was found to be irrelevant to the membrane morphology, 

providing an opportunity to optimize membrane thickness without worrying about changes in 

membrane pore sizes. 

Preliminary fabrication of electrospun membrane covered porous coppers shows 

promises to realize thin-film condensation if a uniformly thin membrane could be obtained. 

Bonding of the eletcrospun membrane to the porous metal wick is a major challenge that needs 

to be solved. 

We conducted a multiparametric analysis on the heat transfer performance of electrospun 

membrane-covered porous metals. A conservative estimation of 5x HTC enhancement is 

predicted for electrospun fiber covered porous copper powders. 
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5. Techno-economic Evaluation for Thin-film Condensers 

5.1 Market Segment 

The economics and operating conditions vary widely by the type of power plants, 

Therefore, we segmented the market into the following three types: nuclear, geothermal, and 

fossil plants. According to the 2020 Annual Technology Baseline (ATB) Cost and Performance 

Data for Electricity Generation Technologies released by the National Renewable Energy 

Laboratory of the U.S. Department of Energy119, the overnight capital cost for different types of 

power plants vary a lot, with the highest value for geothermal power plants being 

$6,397,000/MW and the lowest value for the natural gas steam power plants being 

$903,000/MW. Detailed information about the overnight capital cost and the total capacity in the 

US and internationally of each type of power plant can be found in Table 8. 

Table 8: Market segmentation of steam power plants. 

Plant Type 

Value  

$/Incrementa

l MW 

US 

Capacity 

(MW) 

International 

Capacity 

(MW) 

Global Capacity 

(MW) 

Nuclear 6,031,000 100,899 303,679 404,578 

Natural Gas 

Steam 

903,000 81,515 139,961.9568 221,477 

Natural Gas 

Combined Cycle 

1,044,000 310,758 533,577 844335 

Conventional 

Coal 

4,150,000 233,129 1,716,392 1,949,521 

Geothermal 6,397,000 3,865 8,799 12,664 

 

5.2 Value Proposition for Different Market Segments 

Before we discuss the value proposition, we should first consider the cost of 

manufacturing a thin-film condenser at scale. Based on existing cost data for a steam condenser 

in a 950 MW nuclear power plant120, we estimated material costs to modify an existing 

condenser with PVDF polymer membrane and a porous copper powder wick of 70% porosity 

and 0.1mm thickness. The 950 MW condenser has 23,150 tubes made of 90/10 cupronickel alloy 

with dimensions Do=28.6 mm and L=13.4 m. These plain tubes cost 4.63 Million USD.   
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The raw materials needed to modify plain copper tubes are copper powder ($135/kg) and 

polymer PVDF materials ($1.5/m2). We calculated material costs based on the dimensions of 

condenser tubes in the 950 MW nuclear power plant, with the only modification being the tube 

surface. Assuming the fabrication cost to be 1/3 of the material cost, we estimated $1.5k/MW in 

total modification costs for a condenser. This in addition to the cost of plain condenser tubes 

($4.9k/MW) and shipping (10% of product cost) totals $7k/MW in manufacturing and shipping 

costs for the condenser tubes. Conventional shell and tube condensers cost around $22k/MW to 

manufacture and ship. With the incremental $2.1k/MW in cost from the thin-film condenser 

tubes, we are effectively adding 10% to the manufacturing cost of a shell and tube condenser.  

According to conversations with power plant engineers, power plants almost never 

operate at nameplate capacity – a more efficient condenser could help get closer to the nameplate 

capacity. To quantify the value proposition for different market segments, we developed a 

thermodynamic model to predict the overall capacity improvement that a thin-film condenser can 

provide with each type of power plant. A conservative assumption of 5x steam side heat transfer 

enhancement as compared to filmwise condensation is applied. Assuming using the same 

condenser inlet water temperature and flow rate, an enhanced condenser results in a much lower 

condenser saturation temperature, which enables the working fluid (water) to absorb more heat 

from the given heat source and to generate more power output at the turbine. As shown in Table 

9, Table 10, and Table 11, by replacing a plain condenser with a PVDF-porous copper coated 

thin-film condenser, the output capacity of the nuclear power plant, the geothermal power plant, 

and the coal power plant are roughly 4%, 6%, and 2% respectively. Note that even 1% of 

capacity improvement is regarded as huge in the power plant industry and that we assumed only 

5x steam side heat transfer, which is a conservative assumption for what a thin-film condenser 

can achieve.  

Table 9: Thermodynamic Evaluation for a 950 MW Nuclear Power Plant. 

Item 
Plain 

Condenser 

Thin-film 

Condenser 
Unit 

Boiler heat input Qh 3,125 3,156 MW 

Condenser water Tin 20 20 oC 
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Condenser water Tout 35.58 35.55 oC 

Condenser saturation temperature 46.11 39.74 oC 

Condenser external HTC 8.778 43.891 kW/m2K 

Condenser overall HTC 4.548 7.767 kW/m2K 

Condenser heat rejection/MW 2,175 2,172 MW 

Condenser water volume flow rate 33.394 33.394 m3/s 

Turbine output Wt 950 984 MW 

Increased power output - 34.36 MW 

Capacity improvement - 3.62% - 

 

Table 10: Thermodynamic Evaluation for a 100 MW Geothermal Power Plant. 

Item 
Plain 

Condenser 

Thin-film 

Condenser 
Unit 

Geothermal heat input Qh 512.8 517.5 MW 

Condenser water Tin 20 20 oC 

Condenser water Tout 31.00 30.97 oC 

Condenser saturation temperature 40.04 34.40 oC 

Condenser external HTC 8.951 44.754 kW/m2K 

Condenser overall HTC 4.966 8.928 kW/m2K 

Condenser heat rejection/MW 412.79 411.41 MW 

Condenser water volume flow rate 8.97 8.97 m3/s 

Turbine output Wt 950 984 MW 
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Increased power output - 6.08 MW 

Capacity improvement - 6.08% - 

 

Table 11: Thermodynamic Evaluation for a 950 MW Coal Power Plant. 

Item 
Plain 

Condenser 

Thin-film 

Condenser 
Unit 

Boiler heat input Qh 2657.5 2674.5 MW 

Condenser water Tin 20 20 oC 

Condenser water Tout 36.89 36.86 oC 

Condenser saturation temperature 46.12 41.26 oC 

Condenser external HTC 8.899 44.495 kW/m2K 

Condenser overall HTC 3.776 5.715 kW/m2K 

Condenser heat rejection/MW 1707.5 1707.4 MW 

Condenser water volume flow rate 24.18 24.18 m3/s 

Turbine output Wt 950 970.03 MW 

Increased power output - 20.03 MW 

Capacity improvement - 2.11% - 

 

5.3 Total Addressable Market 

To quantify the capacity improvement we have shown in Table 9, Table 10, and Table 11 

in terms of economic value, we estimated the total addressable market across the globe. 

Assuming a condenser lifetime of 15 years with a 5% plant weighted average cost of capital 

(WACC) and a 20% targeted plant internal rate of return (IRR), we obtained an adjustment factor 

of 0.45. Applying this adjustment factor and assuming a 10% annual turnover rate, we estimated 
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the market value of thin-film condensers for each market segment, and added them to into a total 

addressable market worth ~$13 B. Detailed calculation is shown in Table 12. 

Table 12: Total addressable market estimation for thin-film condensers. 

 

 

5.4 Discussion 

By incorporating thin-film condensers into the steam power plants, we can improve 

power plants’ capacity by 2-6% based on the conservative assumption that thin-film condensers 

are capable of enhancing steam side condensation heat transfer by 5x as compared to a 

conventional filmwise condensation. At this capacity improvement, thin-film condensers provide 

$13B annual value to the global market. 

The condenser’s heat transfer improvement makes a more significant impact in power 

plants that are operating at relatively low efficiencies, such as geothermal power plants. 

A rough estimation on the fabrication and material cost for condenser tube modification 

results in a less than 10% cost increase in manufacturing a condenser. However, scaling up a 
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thin-film condensing surface still needs further development. The key concerns remaining to be 

addressed are: 

• Scaling up highly permeable and thermally conductive porous metal wicks ideally 

with a thickness on the order of tens of microns. 

• Bonding the hydrophobic membrane onto the porous metal substrate remains 

challenging. Having a robust bonding between the membrane and the wick in the 

thin-film condenser is crucial for the reliability of the condenser. 

• The longevity of the condenser surface coatings is critical for its application in 

power plants. Ideally, the lifetime of the thin-film condenser needs to at least 

match the plant’s major maintenance cycle, which occurs every 2-5 years 

depending on the type of the power plant. 

• Although we assumed a perfectly clean condenser surface in the thermodynamic 

model, this is usually not the case in the real world. Scaling, fouling, and 

corrosion can be even more important problems than the steam side heat transfer 

in certain cases. 
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6. Summary and Perspectives 

Enhancing condensation heat transfer of water vapor can significantly improve the 

energy efficiency of a steam power plant, producing more electricity while reducing the carbon 

footprint and freshwater withdrawal. Research in hydrophobic coatings has shown up to an order 

of magnitude better condensation heat transfer of water on hydrophobic surfaces as compared to 

condensation heat transfer of water on bare metal surfaces. However, the durability or scalability 

of these hydrophobic coatings remains challenging, which prevents them from being applied in 

industry. In the current thesis, we proposed a new concept which we termed thin-film 

condensation. This mode of condensation is achieved by stacking a thermally conductive, porous 

metal wick in between a hydrophobic membrane and the condenser substrate. The capillary 

pressure generated by the hydrophobic membrane keeps the condensed water inside the porous 

metal wick, achieving a thin, thermally-conductive condensate film, which can greatly enhance 

the condensation heat transfer of water vapor. By choosing scalable approach and robust 

materials, thin-film condensation shows great promise for application in enhancing condensation 

heat transfer in steam power plants. 

In Chapter 2, we developed a heat and mass transfer model which guides the design of 

the two-layer structures of the thin-film condenser. For simplicity, we assumed that the 

parameters we investigated were independent with each other, and the parametric study shows 

that membrane pore size and wick permeability are the most impactful parameters for enhancing 

the heat transfer performance of the thin-film condenser while preventing surface flooding. 

Followed by the model guideline, in Chapter 3, we fabricated biphilic, hierarchical copper 

samples for the proof of concept of thin-film condensation using commercially available 

materials. Although the model predicts an over 7x heat transfer, an up to 2x condensation heat 

transfer enhancement was experimentally measured on the hierarchical copper sample due to 

surface flooding. Strategies for preventing surface flooding from occurring were discussed, 

including microchannel designs and the use of robust membrane materials. In Chapter 4, we 

proposed to use electrospinning as a scalable approach to make robust membranes for the thin-

film condensers. Fractional factorial design was used to simplify the parametric study and 

solution feeding rate was found to be the most impactful parameters on the pore size and fiber 

size of the electrospun PVDF-HFP membrane. Preliminary test of combining electrospun 

membrane with porous copper wick shows that electrospun fibers would preferably deposit onto 
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the solid regions of the porous metal wick, posing a challenge to obtain a uniformly thin 

hydrophobic membrane. Assuming a uniformly thin membrane can be obtained, a thin-film 

condenser made of electrospun membranes and porous metal wicks can achieve over 5x 

condensation heat transfer enhancement as predicted by the model. In Chapter 5, we conducted a 

techno-economic evaluation on the thin-film condenser made of electrospun membranes and 

porous copper wicks. Thin-film condenser only adds less than 10% cost increase as compared to 

a conventional shell and tube condenser, but can enable power plants to generate 2-6% more 

power capacity, which is equivalent to a $13B value gain across all types of steam power plants 

in this world. 

Although we demonstrated that the concept of thin-film condensation using commercially 

available materials is feasible, several challenges remain to be solved in order to apply this 

concept in an industrial scale setting. Perspectives, challenges, and future directions for the 

development of the thin-film condensers are presented here. 

6.1 Customization of Porous Metal Wicks 

Throughout the current study, we used commercially available copper foams as the 

porous wick layer for thin-film condensers. These copper foams came with limited options of 

thickness, pore size, permeability, and effective thermal conductivity. To further improve the 

performance of the thin-film condensers, the porous metal wick layer can be customized in a 

scalable way such as electrochemistry or sintering. For example121, Figure 56 shows the SEM 

images of a group of copper foams with 3D interconnected pores obtained by electrodeposition. 

Figure 56: Electrodeposited copper foam with 3-dimensionally interconnected spherical 

pore network121. 
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6.2 Bonding Between Porous Metal Wicks and Hydrophobic Membranes 

Two major challenges remain in bonding the hydrophobic membranes to the porous 

metal wicks. First, the bonding needs to be strong enough to hold the membrane in place. On a 

tubular surface, this bonding could be strengthened by the self-limiting effect of the fibers. On a 

flat porous metal substrate, we noticed that the electrospun membrane could be easily peeled off 

after being directly electrospun onto the porous metal substrate. Our preliminary testing with 

heat treatment suggests that preheating and heating the porous metal substrate during the first 

few seconds of electrospinning could allow the electrospun polymer to melt onto the metal 

structures, which could then enable better bonding between the polymer-coated metal substrate 

and the upcoming electrospun fibers. We also noticed that the bonding between the porous metal 

wicks and the membrane layer varies with the geometry of the porous metal wicks. As shown in 

Figure 57, electrospun PVDF-HFP membrane was found to form stronger bonds with a 200 µm-

pore-size copper foam than with a 100-mesh-size copper mesh after electrospinning on the 

heated substrate. 

 

Figure 57: Electrospun PVDF-HFP membrane formed stronger bonds with a 200 µm-pore-

size copper foam than with a 100-mesh-size copper mesh after electrospinning PVDF-HFP 

on a heated substrate. 

  Second challenge, as we have discussed in Chapter 4, is to form a uniformly thin 

electrospun membrane on a porous metal wick. Multi-needle electrospinning or electrospinning 

on a rotating/moving collector could potentially help with obtaining a membrane with uniform 

thickness on a porous metal. Alternatively, one can first fabricate a thin sheet of electrospun 

membrane before bonding it onto a porous metal wick, although bonding these two independent 

layers could be more challenging than directly electrospinning fibers on to a porous metal wick. 
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6.3 Design of Condensate Drainage Ports 

When implementing thin-film condensation on a large-scale condenser tube, careful 

considerations need to be made about condensate drainage. Since the viscous pressure loss 

increases with the travel distance of the condensed water, it is important to design drainage ports 

along the length of the condenser tube to ensure that condensed water exits from drainage ports 

instead of bursting out of membrane pores. 

Figure 58 shows two different condensate drainage designs for a thin-film condenser 

tube. Figure 58(a) shows the schematic of a thin-film condenser tube composed of a bottom layer 

of porous metal wick and a top layer of hydrophobic membrane with condensate drainage 

channel across the wick and the membrane at the bottom of the tube. With this design, condensed 

water needs to travel half of the perimeter of the tube to exit from the drainage channel at the 

bottom. Here, the continuous drainage channel at the bottom of the condenser tube may pose 

challenges for the bonding of the membrane on the wick layer. Figure 58(b) shows another 

design for the drainage ports, where the thin-film condenser tube is designed with microchannels 

for fast drainage and with spotted drainage pores located at the bottom of the each microchannel. 

The microchannels help direct the condensed water to exit from the designated exit ports on the 

bottom of the membrane layer. Here, the exit ports are designed as independent open ports 

throughout the membrane layer and located at the bottom of each microchannel rings. Having the 

exit ports as independent holes instead of a straight channel at the bottom of the condenser tube 

would allow the hydrophobic membrane to keep stronger attachment to the condenser tube 

during the condensation process. 
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6.4 Other Challenges with Power Plant Condensers 

In this thesis, we only focused on steam condensation and the impact of its enhancement 

to the energy efficiency of steam power plants. In reality, steam power plants are facing multiple 

challenges, such as low heat transfer efficiency, fouling or scaling caused by the cooling water, 

and corrosion of the condenser tubes. Depending on the operation condition of the power plant, 

enhancing the steam-side condensation may or may not be sufficient for improving the overall 

energy efficiency of the power plants. Strategies to overcome these other issues in addition to the 

application of thin-film condensation would allow steam power plants to achieve an even higher 

energy efficiency.  

exit channel 

on membrane

metal wick membrane

substrate water

coolant

exit port on 

membrane

microchannel 

inside metal wick

metal wick membrane

substrate water

coolant

(a)

(b)

Figure 58: Schematics of two different condensate drainage designs for a thin-film 

condenser tube. (a) Thin-film condenser tube composed of a bottom layer of porous metal 

wick and a top layer of hydrophobic membrane with condensate drainage channel across 

the wick and the membrane at the bottom of the tube. (2) Thin-film condenser tube with 

microchannels for fast drainage and with spotted drainage pores located at the bottom of 

the each microchannel. 
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