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Abstract 
Condensation is a ubiquitous process often observed in nature and our daily lives. The large amount of 

latent heat released during the condensation process has been harnessed in many industrial processes such 

as power generation, building heating and cooling, desalination, dew harvesting, thermal management, and 

refrigeration. Condensation has two modes: dropwise mode and filmwise mode. Although it has been 

known for decades that dropwise condensation outperforms filmwise condensation in heat transfer owing 

to the droplet shedding effects which can efficiently reduce thermal resistance, filmwise condensation still 

dominates industrial applications currently due to the high costs, low robustness and technical challenges 

of manufacturing dropwise coatings. During water condensation, dropwise mode can be readily promoted 

with thin hydrophobic coatings. Superhydrophobic surfaces made out of hydrophobic coatings on micro- 

or nano-engineered surfaces have shown further heat transfer enhancement in dropwise condensation of 

water; however, the applications of these micro- or nanoscale structured surface designs have been 

restricted by the high manufacturing expenses and short range of subcooling limit. Recent studies have 

shown that the combination of millimeter sized geometric features and plain hydrophobic coatings can 

effectively manipulate droplet distribution of water condensate, which provides opportunities to locally 

facilitate dropwise condensation at relatively low manufacturing expenses as compared to those delicate 

micro- and nano-structured hydrophobic surfaces. Low surface tension fluids such as hydrocarbons pose a 

unique challenge to achieving dropwise condensation, because common hydrophobic coatings are not 

capable of repelling low surface tension fluids. Recent development in lubricant infused surfaces (LIS) 

offers promising solutions to achieving dropwise condensation of low surface tension fluids by replacing 

the solid-condensate interface in conventional hydrophobic coatings with a smooth lubricant-condensate 
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interface. However, only a few experimental studies have applied LIS to promoting dropwise condensation 

of low surface tension fluids (γ as low as 15 mN/m).  

 

In this work, we investigated dropwise condensation of both water (γ ≈ 72 mN/m) and a low surface 

tension fluid, namely butane (γ ≈ 13 mN/m) on structured surfaces. For water condensation, we studied 

the effects of millimeter sized geometric structures on dropwise condensation heat transfer under two 

different environments: pure vapor and an air-vapor mixture. Our experimental results show that, although 

convex structures enable faster droplet growth in an air-vapor mixture, the same structures impose the 

opposite effect during pure vapor condensation, hindering droplet growth. We developed a numerical model 

for each case to predict the heat flux distribution along the structured surface, and the model shows good 

agreement with experimental results. This work demonstrates that the effects of geometric features on 

dropwise condensation are not invariable but rather dependent on the scenario of resistances to heat and 

mass transfer in the system. For butane condensation, based on a design guideline we recently developed 

for lubricant infused surfaces, we successfully designed an energy-favorable combination of lubricant and 

structured solid substrate, which was further demonstrated to promote dropwise condensation of butane. 

 

The fundamental understanding of dropwise condensation of water and low surface tension fluids on 

structured surfaces developed in this study provides useful guidelines for condensation applications 

including power generation, desalination, dew harvesting, and thermal management. 
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Chapter 1 

1. Introduction 
1 . 1  M O T I V A T I O N  

Condensation is a useful approach for energy transport due to the large amount of latent heat released during 

the phase change process. Condensation of water vapor has been routinely observed in nature [1-3] and 

commonly utilized in a wide range of applications such as desalination systems [4, 5], steam cycles [6, 7], 

water harvesting [8, 9] and nuclear reactors [1-3, 10, 11]. Condensation of low surface tension fluids such 

as refrigerants and hydrocarbons also plays an important role in refrigeration cycles [12, 13] and natural 

gas processing [14, 15]. In these applications, enhancement of the condensation heat and mass transfer 

performance can significantly contribute to energy efficiency, economic performance, and environmental 

sustainability of the overall system. Filmwise condensation (Figure 1) is standard in industrial applications 

due to the high surface energy of common condenser materials, but this mode of condensation suffers from 

its intrinsic barrier to heat transfer created by the condensed liquid film. On the other hand, dropwise 

condensation, which has been demonstrated to exhibit up to an order of magnitude higher heat transfer 

coefficients (Figure 2) compared to filmwise condensation [16], has attracted much research interest since 

its discovery in 1930 [17].  

 

 

Figure 1. Filmwise condensation on a bare copper condenser tube (a) and dropwise condensation on a copper 
tube functionalized with a monolayer hydrophobic coating (b), adapted from [18]. 
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Figure 2. Water condensation heat flux as a function of subcooling for a fixed vapor temperature of 100ºC, 
adapted from [3]. Dropwise condensation experiments conducted on flat hydrophobic surfaces before 2000 

are plotted in dark grey lines grouped within a shaded ‘dropwise regime’ region ; other condensation 
experiments with surface modification via roughing and coatings are plotted in color; and the Nusselt 

filmwise condensation model is plotted as a dashed grey line for comparison. 

 

1 . 2  B A C K G R O U N D  

The performance enhancement obtained by dropwise condensation is due to the gravity-induced removal 

of discrete droplets upon growing to a critical size near the capillary length, allowing renucleation and 

growth of small droplets; therefore, facilitating droplet growth plays a critical role in dropwise 

condensation. As such, droplet growth has been studied at great length, both theoretically and 

experimentally. An early dropwise condensation theory combined the heat transfer rate through a single 

drop with the expression for drop size distribution to obtain the condensation heat flux on the surface [19]. 
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Following this work, more advanced models have been developed by considering precise descriptions for 

droplet size distribution [20] and the effect of large contact angles [21, 22]. Among experimental studies, a 

variety of micro- and nanoscale surface structures have been used to manipulate droplet growth. High 

droplet mobility and rapid droplet removal have been demonstrated on nanowires [23], nanocones [24], and 

hierarchical structures [25]. In addition, spatial control of micro-droplet arrays has been achieved on micro-

pillar arrays [26], mesh-screen structures [27] and hybrid surfaces [28]. Furthermore, superhydrophobic 

nanotextured copper oxide surfaces [29-31] have been developed to enable micrometer-sized droplets to 

jump off of a surface regardless of gravity, which yields a higher condensation heat transfer coefficient 

compared with state-of-the-art dropwise condensing surfaces [18, 32-35].  

 

1 . 2 . 1  D R O P W I S E  C O N D E N S A T I O N  O F  W A T E R  O N  M I L L I M E T R I C  

G E O M E T R I C  F E A T U R E S  

In contrast to micro- or nano- scale structures that require relatively intricate and costly manufacturing 

processes and are often prone to physical wear and destruction, recent studies have reported that millimeter-

sized convex structures can effectively manipulate dropwise condensation of water. Park et al. [36] 

designed slippery asymmetric bumps (Figure 3) which significantly facilitate droplet growth and departure 

and thereby show a sixfold-higher droplet growth rate compared to flat surfaces. Keeping track of droplet 

size distribution on the bumpy surface, they experimentally demonstrated that millimetric bumps alone can 

enhance condensation on the top of the bumps. Medici et al. [37] also studied the effect of millimeter-sized 

geometric features (corners, edges, grooves and scratches) on droplet growth during condensation (Figure 

4). They concluded that millimetric surface discontinuities can modify droplet growth rates such that 

droplets near outer corners and edges grow faster than those near inner corners, in agreement with Park’s 

result. They also mentioned that this geometric effect disappears when condensing on a substrate with poor 

thermal conductivity. However, they attributed this phenomenon to the low thermal conductivity of the 

substrate material and did not consider the effects of the material property on the overall thermal resistance 

network, which is the critical aspect to the condensation profile. 



14 
 

Figure 3. Dropwise condensation of water on millimetric convex bumps vs. flat surfaces, adapted from [36]. 
(a) A profilometer image of a hexagonal array of millimetric spherical-cap-shaped bumps (left), and the 
boundary of the diffusion layer (green dash-dotted line, right), within which diffusion is the dominant 

mechanism of mass transport (depletion layer thickness δ ≫ H). (b) Time-lapsed images of droplets growing 
on the apex of the bumps (top row) compared to a flat region with the same height H (bottom row).  

 

 

 

 

 

 

 

 



15 
 

Figure 4. Dropwise condensation of water on millimetric grooves, corners and edges, adapted from [37]. (a) 
Schematic of the structured condenser substrate. (b) Droplet distribution on the structured condenser surface 

during the condensation process. 

 

Indeed, these two studies of millimeter-scale geometric effects on dropwise condensation are of great 

importance, since the condensation situation that is being considered there, i.e., vapor condensation in air, 

is ubiquitous in a variety of applications such as desalination [38], water harvesting [9], air cooling [39] 

and waste heat recovery [40]. However, these previous works did not take into account that the condensation 

performance is affected not only by geometric features but also by vapor conditions, i.e., the presence of 

non-condensable gases (air, in this case). Vapor condensation in the presence of non-condensable gases 

(NCGs) is hindered by the required vapor diffusion across a boundary layer introduced by NCGs 

accumulation near the liquid-vapor interface [41-43]. It has been demonstrated that NCGs introduce 

additional heat and mass transfer resistance and therefore significantly degrade condensation performance 

in both the filmwise and dropwise modes [44]. In an early experimental demonstration of the filmwise 

mode [45], a decrease of nearly 50% in condensation heat transfer coefficient was observed in the presence 

of 0.5% NCG volume fraction. In accordance with this, a numerical study on laminar filmwise condensation 



16 
 

[46] showed that the presence of a few percent of NCGs can substantially reduce condensation heat transfer 

and furthermore introduce a dramatic change in the temperature profile. The temperature of the liquid-vapor 

interface was calculated to be as high as the bulk vapor temperature in the absence of NCGs, but decreased 

to almost the cold wall temperature in the presence of 2% mass fraction of NCGs. A similar temperature 

profile altered by NCGs was observed in an experimental study where filmwise condensation with and 

without NCGs inside a vertical tube was investigated [47], and the authors attributed the altered temperature 

profile to the prominent influence of NCGs on the thermal resistance network. The wall temperature was 

observed to be close to the bulk vapor temperature in the pure-steam condensation mode because the gas 

side had negligible thermal resistance; however, it approached the coolant temperature when the NCGs on 

the gas side almost fully controlled the overall thermal resistance network. This viewpoint of NCGs-

influenced thermal resistance network was also explored in an experimental study [48] where the dropwise 

and the filmwise modes resulted in a similar range of heat transfer rates when condensing air-steam 

mixtures, owing to the governing role of the air-rich diffusion boundary layer in the thermal resistance 

network dominating that of the condensation modes.  

 

Prior work has compared condensation heat transfer performance with and without NCGs [45-47, 49], and 

recent work has shed light on geometrically enhanced dropwise condensation with NCGs [36, 37], but 

geometric effects on dropwise condensation performance with and without NCGs have not been considered 

simultaneously. 

 

1 . 2 . 2  D R O P W I S E  C O N D E N S A T I O N  O F  L O W  S U R F A C E  T E N S I O N  F L U I D S  O N 

L U B R I C A N T  I N F U S E D  S U R F A C E S  ( L I S )  

Although dropwise condensation of water vapor could be readily promoted via various surface designs, the 

properties of these surfaces are limited by their inability to induce dropwise condensation in systems where 

low surface tension fluids such as hydrocarbons and refrigerants are being used. Fluids with low surface 

tensions are expected to exhibit low contact angles and spread over conventional hydrophobic surfaces, 

resulting in filmwise condensation, because conventional hydrophobic coatings that used to repel water (γ 

≈ 72 mN/m) are hardly capable of repelling fluids with low surface tensions (γ < 30 mN/m). Previous 

studies have proposed to use reentrant and doubly-reentrant structured surfaces to repel low surface tension 

impinging fluids [50, 51]; however, these structured surface designs do not work for condensation of low 

surface tension fluids where nanoscale nucleation of the condensates could occur within the structures and 

consequently render the surface hydrophobic [28, 52]. 
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Recently developed idea of utilizing a thin film of lubricating liquids trapped in micro/nanoporous media 

to repel impinging fluids (Figure 5), i.e., lubricant infused surfaces (LIS), as independently reported by 

LaFuma and Quére and Wong et al. [53, 54], has paved a novel way to achieve dropwise condensation with 

low-surface-tension fluids. By taking advantage of the chemical homogeneity and physical smoothness of 

the liquid-liquid interface of LIS, dropwise condensation with low surface tension fluids such as toluene, 

octane, hexane and pentane have been experimentally demonstrated and a heat transfer enhancement up to 

five times over filmwise mode has been measured [55, 56]. In addition to experimental demonstrations on 

condensation performances of LIS, some other studies have focused on understanding the mechanisms 

behind the performance, such as investigations on wetting behaviors of droplets [57], droplet growth and 

distribution [58], and design guidelines for the combination of condensates, lubricants, and solids [59], etc.    

 

Figure 5. Schematics showing the fabrication of lubricant infused surfaces by infiltrating a porous solid 
substrate with a low-surface-energy, chemically inert liquid to form a physically smooth and chemically 

homogeneous lubricating film on the surface of the substrate, adapted from [54]. 
 

Butane, one of the most typical natural gas liquid products from a gas processing plant [60], has extremely 

low surface tension (γ ≈  13 mN/m) and therefore poses a unique challenge to achieving dropwise 

condensation. According to the design guideline for LIS developed in a recent study [59], dropwise 

condensation of butane is promising upon appropriate combination of solid substrate and infused lubricant. 

In the same study, LIS with repellency to impinging liquid butane was successfully developed, where 

silicon micro-pillars and hexafluoroisopropanol (6F-IPA) were used as the solid substrate and the lubricant, 

respectively (Figure 6). However, experimental demonstration of dropwise condensation of butane on LIS 

has not been reported yet in the literature. 
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Figure 6. Behavior of liquid butane impinging on a LIS made of 6F-IPA infused silicon micropillars, adapted 
from [59]. Photos (a) – (d) are time lapse images of droplets moving on the LIS after being sprayed on the 
surface. The dashed red circles indicate when droplet coalescence events are about to occur, and the red 

arrows indicate droplets sliding on the surface. 
  

1 . 3  T H E S I S  O B J E C T I V E S  A N D  O U T L I N E  

The objective of this thesis to experimentally investigate dropwise condensation with water and low surface 

tension fluids on structured surfaces. For water condensation, we investigated the effects of millimetric 

geometric features on dropwise condensation under different vapor conditions by examining the heat 

transfer performance in two cases (air-vapor mixture vs. pure vapor). To provide an improved 

understanding of the physical phenomenon, we developed numerical models for both case studies based on 

analysis of the thermal resistance network involved in the heat and mass transfer process. The good 

agreement between experimental results and modeling predictions demonstrates that the enhancement 

effect of geometric features on dropwise condensation is not absolute, but rather is determined by the 

specific thermal resistance scenario involved in the given case of heat and mass transfer, which can be 

completely altered by the presence of NCGs.  For dropwise condensation of low surface tension fluids, we 

designed a lubricant infused surface (LIS) to achieve dropwise condensation of an extremely low surface 

tension hydrocarbon, namely butane, based on a design guideline recently developed for LIS. Dropwise 

condensation of butane was successfully demonstrated on the designed LIS.  The structure of this thesis is 

outlined below: 

 

In Chapter 1, the motivation for studying dropwise condensation of water and low surface tension fluids is 

discussed. Previously studied modes of condensation and significant contributions to the field are explored. 

Recent advances in facilitating dropwise condensation through structured surfaces are reviewed. 
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In Chapter 2, dropwise condensation of water on a millimetric structured surface under two different vapor 

conditions, i.e., pure vapor and air-vapor mixture, are experimentally investigated. Numerical models are 

also developed to compare with the experimental results. 

 

In Chapter 3, dropwise condensation of an extremely low surface tension fluids, namely butane (γ ≈ 13 

mN/m), is experimentally demonstrated using a specifically designed lubricant infused surface. 

 

In Chapter 4, perspectives on the current work are summarized and future directions are discussed. 
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Chapter 2 

2. Dropwise Condensation of Water on Millimetric 

Geometric Features 

2 . 1  M A T E R I A L S  A N D  M E T H O D S  

2 . 1 . 1  C O N D E N S A T I O N  S U B S T R A T E  

A metal block 2.03 cm in width, 1.83 cm in height, and 2.11 cm in length, including a bump 0.38 cm in 

width, 0.38 cm in height, and 2.11 cm in length on the top surface, was milled to serve as the geometric-

featured substrate for the present study (Figure 7). In order to guarantee that heat would conduct from the 

top to the bottom surface of the block during condensation and to prevent condensation on the sidewalls, 

thermal insulation for the block sidewalls was provided with a 0.5 mm-thick polyetherimide (Ultem) frame 

snugly fit around the sides of the condensation block.  

 

In order to demonstrate opposite condensation scenarios on the same substrate under the two vapor 

conditions (air-vapor mixture vs. pure vapor), we deliberately designed reverse thermal resistance scenarios 

under the two conditions by selecting titanium as the block material upon a preliminary thermal resistance 

analysis. The thermal resistance of the titanium block can be estimated using a simplified 1D conduction 

model by the following equation: 

 

th /R kδ= ,  (1) 

 

where δ  denotes the characteristic thickness of the geometric feature in the conduction direction (0.38 cm), 

and k  is the thermal conductivity of the block material (for titanium, k =15.6 W/(mK)). Consequently, the 

thermal resistance of the condensation block is on the order of 10-4 m2K/W, almost 2 orders of magnitude 

between the characteristic thermal resistances of condensation in pure vapor and condensation in an air-

vapor mixture, which can be estimated by the following equation: 

 

th 1/R h= ，   (2) 
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where h is the condensation heat transfer coefficient (1/h is on the order of 10-6~10-5 m2K/W for pure vapor 

and 10-2~10-1 m2K/W for the air-vapor mixture) [6, 16, 38, 40, 61]. 

 Figure 7. A titanium block including a rectangular bump on the top surface was milled to serve as the 
condenser surface. The block was thermally insulated by polyetherimide. The schematic and a photo of the 

condenser surface with surrounding insulation are shown in a) and b), respectively, adapted from [62]. 
 
In order to achieve dropwise condensation, the titanium block was functionalized by depositing a 

fluorinated silane (trichloro(1H, 1H, 2H, 2H-perfluorooctyl)-silane, Sigma-Aldrich) in the vapor phase. 

Detailed procedures of the coating deposition can be found in the Appendix. 

 

We performed wetting characterization of the sample with a goniometer to capture images while injecting 

water from a droplet on the flat surface of the sample, then analyzing the images with ImageJ software to 

determine the advancing contact angle. A typical contact angle measurement result given by ImageJ 

analysis of an image captured in the goniometer is shown in Figure 8.  

Figure 8 Advancing contact angle measurement from an image captured in the goniometer and processed by 
ImageJ software.  

 

Ti Block
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The advancing contact angle was measured to be 120.2±3.1 degrees, which is in a good agreement with 

previous publications [18, 24, 63]: 

Table 1. Advancing contact angle of water on trichloro(1H, 1H, 2H, 2H-perfluorooctyl)-silane 
coating in previous literature 

 
Reference 

aθ  

J.D. Smith, A.J. Meuler, H.L. Bralower, R. Venkatesan, S. Subramanian, R.E. Cohen, 
G.H. McKinley, K.K. Varanasi, Hydrate-phobic surfaces: fundamental studies in 
clathrate hydrate adhesion reduction, Physical chemistry chemical physics : PCCP, 
14(17) (2012) 6013-6020. 

120.8 0.8± °  

N. Miljkovic, R. Enright, Y. Nam, K. Lopez, N. Dou, J. Sack, E.N. Wang, Jumping-
droplet-enhanced condensation on scalable superhydrophobic nanostructured surfaces, 
Nano Lett, 13(1) (2013) 179-187. 123.4 2.5± °  

T. Mouterde, G. Lehoucq, S. Xavier, A. Checco, C.T. Black, A. Rahman, T. 
Midavaine, C. Clanet, D. Quere, Antifogging abilities of model nanotextures, Nat 
Mater,  (2017). 120 2± °  

 

2 . 1 . 2  E X P E R I M E N T A L  S E T U P  

We tested the heat transfer performance of the condensation block under two vapor conditions (air-vapor 

mixture vs. pure vapor) in a controlled condensation chamber (Figures 9) in which the total pressure can be 

accurately measured. 

 

The custom environmental chamber used for this work (Kurt J. Lesker) consists of a stainless steel frame 

with a door (sealed with a rubber gasket), two viewing windows, and apertures for various components. 

Resistive heater lines were wrapped around the exterior of the chamber walls to prevent condensation at 

the inside walls and then insulated on the exterior walls. The output power of the resistive heater lines was 

controlled by a voltage regulator (Variac). Two thermally insulated stainless steel water flow lines 

(Swagelok) were fed into the chamber via a KF flange port (Kurt J. Lesker) to supply cooling water to the 

chamber from a large capacity chiller (System III, Neslab). A flowmeter (7 LPM MAX, Hedland) with an 

accuracy of ± 2% was integrated along the water inflow line. 

 

A secondary stainless steel tube line was fed into the chamber via a KF adapter port that served as the flow 

line for the incoming water vapor supplied from a heated steel water reservoir. The vapor reservoir was 

wrapped with a rope heater (120 W, Omega) and thermally insulated to limit heat losses to the environment. 

The access tubes were welded to the vapor reservoir, each with independently-controlled valves. The first 

valve (Diaphragm Type, Swagelok), connecting the bottom of the reservoir to the ambient, was used to fill 
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the reservoir with water. The second valve (BK-60, Swagelok), connecting the top of the reservoir to the 

inside of the chamber, provided a path for vapor inflow. K-type thermocouples were located along the 

length of the water vapor reservoir to monitor temperature. 

 

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the ambient 

and inside of the chamber. In order to monitor temperatures within the chamber, J-type thermocouple 

bundles were connected through the chamber apertures via a thermocouple feed through (Kurt J. Lesker). 

A pressure transducer (925 Micro Pirani, MKS) was attached to monitor pressure within the chamber. The 

thermocouple bundles and the pressure transducer were both electrically connected to an analog input 

source (9205&9213, National Instruments), which was interfaced to a computer for data recording. A 

second bellows valve (Kurt J. Lesker) was integrated onto the chamber for the vacuum pump, which brought 

down the chamber to vacuum conditions prior to vapor filling. A liquid nitrogen cold trap was incorporated 

along the line from the chamber to the vacuum which served to remove any moisture from the pump-down 

process and ultimately assist in yielding higher quality vacuum conditions. A tertiary bellows valve (Kurt 

J. Lesker) was integrated on a T fitting between the vacuum pump and liquid nitrogen reservoir to connect 

the vacuum line to the ambient to release the vacuum line to ambient conditions once pump down was 

achieved. In order to visually capture data, a digital SLR camera (EOS Rebel T3, Canon) was placed in line 

with the 5” viewing windows on the chamber. The schematic of the exterior of the chamber setup is depicted 

in Figure 9 (a).  Images of the front and rear of the chamber setup are shown in Figures 9 (b) and (c), 

respectively. 
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Figure 9. Chamber setup for water condensation experiments, adapted from [18]. (a) Schematic of 
experimental setup (not to scale). (b) Image of the experimental setup shown from the front (camera and data 
acquisition system not shown). (c) Image of the experimental setup from the rear of the chamber showing the 

cooling water inlet and outlet and water vapor reservoir. 
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The schematic (not to scale) and the images taken from the outside and the inside of the condensation 

chamber for the condensation test rig are shown in Figure 10 a), b), and c), respectively. Pure vapor was 

supplied from a heated water reservoir to the chamber. Vapor condensation took place on the top surface 

of the horizontally placed condensation block, where droplets grew without removal of condensate due to 

the absence of favorable gravity. The titanium condensation block was cooled down by being attached to a 

2.54 cm×2.54 cm×1.27 cm copper block cooling stage through a thin layer of double sided copper tape. 

Just beneath the copper tape, a small groove was carved on the cooling stage surface from its center to the 

midpoint of one of its edges, in which a J-type thermocouple was tightly embedded to monitor the local 

temperature. Considering the small thickness (0.09 mm) and the high conductivity (≥5 W/(mK)) of the 

copper type, the thermal resistance of the copper tape, which could be estimated as  

th,copper tape copper tape copper tape/R kδ= ≤1.8×10-6 m2K/W,  is much less than the thermal resistance of the 

titanium block (on the order of 10-4 m2K/W). Therefore, the temperature drop through the copper tape could 

be neglected and it is justifiable to regard the measurement from the center thermocouple as the bottom 

surface temperature of the titanium block, Tb. A 6.35 mm-diameter hole was drilled through the cooling 

stage, into which a copper cooling tube with the same outside diameter was inserted for internal chiller 

water flow. Visualization of the condensation development was achieved through a viewing window on the 

chamber, where the camera was placed in line with the viewing window. A mirror tilted at an angle of 45° 

was fixed above the condensation block to reflect an image of the top surface of the block for the camera 

to capture both the sidewall and the top surface of the bump. For the air-vapor mixture condensation 

experiment, both dry bulb temperature and wet bulb temperature of the bulk air-vapor mixture were 

measured by J-type thermocouples suspended in the chamber. The relative humidity calculated by the 

measured dry bulb and wet bulb temperatures were further compared with the reference value measured by 

a humidity meter (RH820, OMEGA) placed in the chamber.  

 

 
Figure 10. The schematic (not to scale) and the images taken from the outside and the inside of the chamber 

for the condensation test rig are shown in (a), (b) and (c), respectively, adapted from [62].  
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2 . 1 . 3  E X P E R I M E N T A L  P R O C E D U R E S  

A set of strict procedures was followed throughout the experiments. For both case studies (air-vapor mixture 

and pure vapor), the same preparatory steps including preheating the chamber, degassing the water vapor 

reservoir and installing the test sample were followed.  

 

The first step was to turn on the voltage regulator to heat the condensation chamber walls up to a 

temperature over 35°C such that vapor would not condense on the chamber wall. Meanwhile, the water 

vapor reservoir was degassed through the following procedures. Initially, 3.5 liters of DI water (99% full) 

was filled into the reservoir using a syringe through a vapor release valve on the reservoir. Then, the vapor 

release valve was closed and a vapor inflow valve connecting the water vapor reservoir to the chamber was 

opened, when the rope heater around the reservoir was turned on with its maximum power (120 W). Two 

K type thermocouples were installed in the water vapor reservoir monitoring the temperature at the top and 

at the bottom section of the reservoir respectively. The top section temperature was measured to be higher 

than the bottom section temperature, because of the water thermal-mass present at the middle/bottom 

section. Thus, we ensured that the regions in the reservoir with higher thermal capacity were brought to a 

sufficiently high temperature for boiling. Once boiling occurred and both the top section temperature and 

the bottom section temperature of the reservoir were measured to be higher than 95°C for more than 10 

minutes, the vapor inflow valve was closed. The excess water that spilled inside the chamber during the 

degassing process was removed. In order to install the test sample onto the rig, the two ends of the copper 

cooling tube were connected to two 90-degree male elbow connecters on the rig. After all 

adapters/connecters were tightened without leaks that could influence vapor conditions, the bellow tubes 

were connected to the water lines for circulating cooling water and the test setup was placed onto the steel 

supports. Then, the mirror was fixed onto the steel supports facing towards the test sample with a tilting 

angle of 45° to reflect the top surface of the bumpy structure to the camera placed in line with the viewing 

window outside the chamber. All of the tubes for cooling water flow inside the chamber except the section 

inside the cooling stage were insulated and the mirror was attached to a heating pad (power 5W, 3M), in 

order to avoid vapor condensation on them. 

 

Both the experiments (air-vapor mixture condensation and pure vapor condensation) were carried out in the 

condensation chamber with the chamber door closed. The difference between these two experiments is the 

control over the vapor condition (i.e., the content of NCGs). In the air-vapor mixture case, the bellows valve 

connecting the inside of the chamber to the outside ambient was kept open in order to maintain an ambient 

pressure inside the chamber with inlet air.  In the pure vapor case, the bellows valve was kept closed 

throughout the experiment, and the condensation chamber was evacuated to a vacuum of P<1.0 Pa to 



27 
 

eliminate NCGs prior to introducing the pure vapor from the reservoir. This vacuum condition was reached 

by following a standard pump-down procedure. First, the liquid nitrogen cold trap was filled to about half 

capacity. The ambient exposed valve connecting the chamber and the vacuum pump was closed and the 

valve connected to the liquid nitrogen cold trap was opened. Then, the vacuum pump was turned on, starting 

the pump-down process, during which the chamber pressure was continuously monitored. Typically, the 

satisfactory vacuum conditions (0.5 Pa<P<1 Pa) was reached after one hour of the pump-down process.  

 

After the vapor condition was satisfied in each case (air-vapor mixture vs. pure vapor), the heater around 

the water vapor reservoir was turned down to 5% power and the vapor inflow valve was slowly opened 

until the operating conditions were achieved. Simultaneously, the camera was turned on to record 

condensation development. A light source (KL 2500 LCD, SCHOTT) was properly fixed next to the camera 

outside the viewing window of the chamber for supplementary illumination. It took about two minutes of 

full operation to achieve steady state performance. For the air-vapor mixture case, the steady state condition 

was obtained at a bulk fluid temperature of 56°C with a relative humidity of 80%. For the pure vapor 

condensation experiment, a steady state at vapor pressure of 6 kPa was maintained, which is a typical 

operation pressure for power plant condensers [12, 64]. 

 

2 . 1 . 4  N U M E R I C A L  M O D E L I N G  

In order to understand the experimental results, we modeled each of the environmental conditions explored 

in the present work.  Numerical models for dropwise condensation in both the air-vapor mixture and in pure 

vapor were developed for comparison with experimental results based on the following assumptions: 

(1) Condensation occurred at a steady state.  

(2) Variations in temperature or vapor concentration in the z direction (Figure 7) were negligible (2D 

model). 

(3) Adiabatic conditions (no heat transfer or mass transfer in the horizontal direction) were applied to the 

two vertical boundaries of the considered 2D region, which is justifiable for the symmetric situation 

where an array of the same geometric features is used. 

(4) In the case of air-vapor mixture condensation, the gas region occupied the largest thermal resistance 

and therefore the condensation block could be treated as isothermal at the bottom surface temperature 

Tb. Mass transfer of water vapor occurred in a diffusion boundary layer where convection effects were 

negligible [65]. 
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(5) In the case of pure vapor condensation, the gas region had negligible thermal resistance compared with 

the solid region. Therefore, the vapor was assumed to be saturated homogeneously in the chamber 

(including at the liquid-vapor interface on the block) at the bulk temperatureT∞ .   

Note that here we approximated the surface temperature of the block Ts to be equivalent to the bottom 

surface temperature of the block Tb in the air-vapor mixture case and to the saturation temperature of the 

bulk vapor T∞ in the pure vapor case, based on analysis of the thermal resistances. During the experiments, 

we used this approximation instead of measuring the surface temperature directly because adding 

thermocouples onto the block surface would affect the droplet growth rate measurement during the image 

processing work.  

 

For the air-vapor mixture condensation, large amounts of NCGs accumulated near the condensation surface, 

forming a boundary layer within which mass diffusion of water vapor was driven by the concentration 

gradient of water vapor. For the present study, the boundary layer thickness was approximated using the 

method of shape factor, based on the analogy between the heat conduction problem and the mass diffusion 

problem described as follows.  

 

Consider a conduction heat transfer problem where a thin rectangular plate with length L and width W 

(W>L) at a uniform temperature T1 is attached to a semi-infinite medium with a far-field temperature of T2, 

as shown in Figure 11.  

Figure 11. A thin rectangular plate of length L (into page), width W with a uniform temperature of T1 
attached to a semi-infinite medium having isothermal surface. The far-field temperature and the isothermal 

surface temperature for the semi-infinite medium are the same as T2. 
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At steady state and with a constant thermal conductivity of the rectangular plate, the governing equation 

for this heat transfer problem can be simplified as: 

2 2 2

2 2 2 0T T T
x y z

∂ ∂ ∂
+ + =

∂ ∂ ∂
  (3) 

 

In addition, two boundary conditions need to be satisfied: 

plate 1 far-field 2; .T T T T= =   (4) 

 

Thereby, Equation (3) along with boundary conditions (4) completely describe the conduction heat transfer 

problem mentioned above.  

 

For a steady-state conduction problem where heat is conducted between two isothermal surfaces (or 

objects), the conduction shape factor S is defined such that  

Q kS T= ∆ ,   (5) 

where Q  denotes the total amount of heat being conducted, k is the thermal conductivity of the material 

within which heat is transferred, and T∆ represents the temperature difference between the two isothermal 

surfaces (or objects). 

 

For the case of a thin rectangular plate at T1 exchanging heat with a semi-infinite medium at T2, as shown 

in Figure 12, the conduction shape factor has been given as [66]: 

, ( ).
ln(4 / )

WS W L
W L
π

= >   (6) 

 

Therefore, the total amount of heat being conducted can be calculated as: 

ln(4 / )
Wk TQ kS T

W L
π ∆

= ∆ = .  (7) 
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Now consider the mass diffusion problem in the case of air-vapor mixture condensation in the current study. 

Seeing that the bumpy geometric feature is small compared to the whole condensation block and that the 

condensation block can be treated as isothermal according to assumption (4), we can simplify the 

condensation block to a thin, 2.11 cm×2.03 cm plate with a vapor concentration of cs at its surface, being 

attached to a semi-infinite medium with a far-field vapor condensation of c∞.  

 

Figure 12. Simplified schematic for vapor condensation on the block in the presence of air. The block is 
simplified as a 2.11 cm×2.03 cm thin plate with a constant vapor concentration of cs at its surface. The air-

vapor mixture has a far-filed vapor concentration of c∞. Mass transfer mainly occurs through vapor diffusion 
in a near-surface boundary layer of thickness. 

 

A schematic for the diffusion problem is shown in Figure 12. At steady state and with a constant diffusion 

coefficient, the governing equation for this mass transfer problem can be simplified as: 

2 2 2

2 2 2 0c c c
x y z
∂ ∂ ∂

+ + =
∂ ∂ ∂

.  (8) 

 

In addition, two boundary conditions need to be satisfied: 

plate s far-field; .c c c c∞= =   (9) 

 

Equation (8) and boundary conditions (9) provide a complete description for the diffusion mass transfer 

problem.  
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From a comparison between the governing equations and boundary conditions for the conduction heat 

transfer problem and the diffusion mass transfer problem mentioned above, it is obvious that these two 

problems are analogous to each other in mathematics, and hence should have analogous forms of solutions.  

Therefore, it is reasonable to utilize the shape factor in the conduction problem to approximate the boundary 

layer thickness in the diffusion problem, as described below. 

 

On the one hand, as an analogy to Equation (7), the total vapor molecules being transferred per unit time 

through diffusion can be calculated as: 

ln(4 / )
WD cJ DS c

W L
π ∆

= ∆ = .  (10) 

 

On the other hand, under the assumption that mass transfer mainly occurs within a diffusion boundary layer 

with thickness ζ [36, 65], the total vapor mass being transferred can be derived based on Fick’s law: 

( )c cJ A D LW D
ζ ζ

   ∆ ∆
= =   

   
 ,  (11) 

where A denotes the surface area of the plate and equals to the product of W and L. 

 

Combining Equations (10) and (11) gives a diffusion boundary layer thickness of 0.92 cm. In the numerical 

modeling, we approximated the value to be 1 cm as the boundary layer thickness, which is in a good 

agreement with previous studies [36, 37]. The vapor diffusion within the boundary layer followed: 

0c j
t
∂

+∇ ⋅ =
∂




,  (12) 

where the first term represents the variation of vapor concentration with time and was set as zero under 

assumption (1). j


 is the diffusion flux of water vapor, which can be determined by Fick’s law: 

j D c= − ∇




,  (13) 

where D is the diffusion coefficient of vapor in air, which is related to temperature and pressure. For 

simplicity, a constant value of 3.0×10-5 m2/s was assigned to D [67], due to the small range of variation in 

temperature and pressure considered in the present study. 

 

In order to solve the concentration profile of water vapor in the gas region, the following boundary 

conditions were applied: (i) c at the bottom of the gas region equaled to cs, corresponding to the saturation 
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state of water vapor at the top surface temperature of the condensation block Ts, which was approximated 

to be as same as Tb due to assumption (4); (ii) c beyond the diffusion boundary layer equaled to c∞ , 

corresponding to the concentration of the bulk air-vapor mixture with temperature, total pressure and 

relative humidity measured from the experiment; and (iii) adiabatic conditions on the two vertical 

boundaries. 

 

The complete vapor concentration profile in the gas region was solved through a finite element method 

(schematically shown in Figure 13) by iterating until convergence. Once the concentration profile was 

determined, we derived the heat flux distribution along the top surface of the condensation block combining 

the mass flux distribution with density and latent heat of the water vapor. 

 

For the pure vapor condensation, the water vapor had negligible thermal resistance compared to the titanium 

condensation block, as discussed in section 2.1.1. Hence, we could assume that the top surface temperature 

of the block equaled to the saturation temperature of the bulk vapor, and then derived the temperature profile 

inside the condensation block using the conduction equation: 

p 0Tc q
t

ρ ∂
+∇⋅ =

∂




,  (14) 

where the first term represents the variation of block temperature with time and was assigned zero under 

assumption (1). q is the heat flux through the condensation block, which was calculated by Fourier’s law:  

q k T= − ∇




   (15) 

 

In order to solve the temperature profile in the condensation block, the following boundary conditions were 

applied: (i) T at the bottom surface of the block equaled to the value measured from the experiment; (ii) T 

at the top surface of the block sT  equaled to T∞ , corresponding to the saturation temperature of the bulk 

vapor; and (iii) adiabatic conditions on the two vertical boundaries. 

 

Similar to solving the vapor concentration profile in the gas region, the complete temperature profile of the 

condensation block was solved through a finite element method (schematically shown in Figure 13) under 

the constant curvature constraint by iterating until convergence. Heat flux distribution along the top surface 

of the condensation block was then derived from the block temperature profile. 
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Figure 13. Schematics of the numerical models for dropwise condensation with and without NCGs, adapted 
from [62]. For the air-vapor mixture case, the gas region dominates the thermal resistance, thus Ts was equal 
to Tb and the concentration profile was determined by the diffusion equation, as illustrated by the boundary 

conditions and the governing equations shown in (a) and (b). For the pure vapor case, the solid region 
dominated the thermal resistance and thus Ts was equal to T∞ and the concentration profile was determined 
by the conduction equation, as illustrated by the boundary conditions and the governing equations shown in 

(c) and (d). 

 

2 . 2  R E S U L T S  A N D  D I S C U S S I O N  

2 . 2 . 1  C O N D E N S A T I O N  P R O F I L E  O N  T H E  M I L L I M E T R I C  S T R U C T U R E D  

S U R F A C E  

Droplet growth on the top surface of the substrate was visually recorded throughout the condensation 

experiments. Images of the condensation development on the substrate’s top surface with air-vapor mixture 

and with pure vapor are shown in Figure 14 (a) and (c), respectively. The upper images in the figures show 

the reflection of the block’s top surface in the mirror, and the lower images show the sidewall of the bump. 

In both cases the substrate displayed dropwise condensation of water vapor, while the condensation rate 

and the droplet size distribution differed. When exposed to air, water vapor condensed mostly on the top 
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surface of the bump, especially at the outer edges of the bump, but few condensed droplets were found in 

the inner corners of the bump, as shown in Figure 14 (a). This observation agrees with those from previous 

studies about geometric effects on dropwise condensation [36, 37], demonstrating that the bumpy geometric 

feature provides local enhancement on dropwise condensation. However, in the pure vapor condensation 

experiment, the droplet size distribution pattern was reversed: vapor was observed to condense mostly in 

the inner corners of the bump, while little vapor condensed on the top surface of the bump, as shown in 

Figure 4 c), which demonstrates that the bump has a local degradation effects on dropwise condensation. 

These results indicate that the same geometric feature with the same material property (in this study, the 

bump) can impose completely opposite enhancement effects on dropwise condensation under different 

vapor conditions (air-vapor mixture vs. pure vapor).  

 

The condensation profile in the two case studies as discussed above could be determined by the 

concentration profile in the gas region (in the air-vapor mixture case) or the temperature profile in the solid 

region (in the pure vapor case), which was numerically solved based on the analysis of the thermal 

resistance network. The vapor concentration profile in the diffusion boundary layer for the air-vapor 

mixture case and the temperature profile in the condensation block for the pure vapor case, solved by the 

numerical models, are shown in Figure 14 (b) and (d), respectively. For the air-vapor mixture condensation, 

the largest thermal resistance existed in the gas region due to the presence of a large amount of NCGs. 

Hence, the bottom boundary of the gas region just above the condensation block was treated as isothermal 

at Tb and the water vapor concentration there was fixed as a constant corresponding to the saturation 

condition. The condensation profile could be determined from vapor diffusion driven by the concentration 

gradient in the gas region. As a result, vapor preferably condensed on the outer edges of the bump where 

vapor concentration gradient reached the maximum value. In contrast to the case of the air-vapor mixture 

condensation, in the pure vapor condensation experiment, pure vapor had a negligible thermal resistance 

compared to the condensation substrate. Thus, the upper boundary of the solid region just below the water 

vapor was treated as isothermal at T∞ and the condensation profile could be determined from the heat 

conduction driven by temperature gradient in the solid region. Consequently, in the pure vapor case, vapor 

condensation was most likely to occur in the inner corners of the bump where the temperature gradient 

reached the maximum value.  
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Figure 14. Condensation profile of two case studies (air-vapor mixture vs. pure vapor). (a) Time-lapsed 
photographs of condensation development on the bumpy condensation substrate in the presence of air. (b) 
Numerical calculation of concentration profile in the air-vapor diffusion boundary layer for the case of air-

vapor mixture condensation. (c) Time-lapse photographs of condensation development on the bumpy 
condensation substrate with pure vapor. (d) Numerical calculation of temperature profile in the condensation 

block for the case of pure vapor condensation.  
 

 

2 . 2 . 2  C O N D E N S A T I O N  H E A T  T R A N S F E R  P E R F O R M A N C E  O N  T H E 

M I L L I M E T R I C  S T R U C T U R E D  S U R F A C E  

In order to quantify the condensation heat transfer performance in the experiments and to compare it with 

numerical modeling results, the heat flux distribution along the top surface of the condensation substrate 

was extracted from experimental data through image processing. Images for droplet growth development 

were continuously captured every 5 seconds for over 1000 seconds after condensation reached a steady 

state. The condensate mass increased almost linearly with time for the early stage of dropwise condensation 

where droplet coalescence did not significantly impact the heat transfer performance [39]. Thus, the 

condensation rate (mass per unit time) on the condensation substrate was reasonably obtained by dividing 

the total condensate mass difference between two selected times (within the early stage) by the time interval. 
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In order to distinguish local heat transfer performance, the apparent area on the top surface of the 

condensation block (in the images) was evenly divided into several grids within which heat flux could be 

obtained from condensation rate.  

 

For each case of the condensation experiments (i.e., air-vapor mixture or pure vapor), two photographs 

captured at different time points during the early stage of the steady state dropwise condensation were 

carefully selected for image processing.  In order to evaluate the local heat transfer performance, the 

apparent top surface of the condensation block in each photograph was evenly divided into 22 rows, as 

shown in Figure 15. For each row, the center 1/5 part was selected as the representative grid for calculating 

condensation rate in that row. The reasons for this simplification include: (i) The variations in temperature 

in the z direction (Figure 7) were assumed to be negligible (2D model), thus ideally each column should 

have the same condensation rate; (ii) Heat loss to the insulation frame in z direction was inevitable in reality, 

and the center part experienced the least undesirable heat loss, as expected. 

 

Figure 15. Division of the apparent area of the condensation block’s top surface in the photograph for 
condensation rate analysis. 

 

For each unit grid, we used a pixel-counting software to measure the radius R of each droplet with diameter 

larger than 2 pixels and summed up their volume, which can be calculated by: 
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3
3

drop
2 cos( cos )
3 3

V R θπ θ= − + ,  (16) 

where θ is the advancing contact angle. Then, the average heat flux in each row can be derived by 

integrating the condensation rate, the density and the latent heat of the water: 

drop, drop,t t t
fg

V V
q h

A t
ρ+∆ −

= ⋅ ⋅
⋅∆

∑ ∑ ,  (17) 

where q is the average heat flux of one row, t denotes the time; A is the surface area of one row; ρ  and fgh

represent the density and the latent heat of the water, respectively. 

 

Due to symmetry, we obtained the heat flux in rows 12-22 by directly mirroring the data for rows 1-11 

along the symmetrical line. The image processing results are shown in Figure 16. Error bars indicate the 

propagation of error associated with the droplet diameter measurement (±1 pixel) during the image 

processing.    

 

Figure 16. Condensation heat flux distribution along the top condenser surface in two cases: (a) condensation 
with air-vapor mixture, and (b) condensation with pure vapor, adapted from [62]. The bump region is 

highlighted in red with deep red for the top-surface region and light red for the sidewall region. Black data 
points are extracted from image processing on photographs taken from the experiments. Heat flux 

distribution derived from the numerical model is shown by the blue solid line. 
 
Figure 16 (a) and (b) quantitatively show the condensation heat flux distribution along the top surface of 

the condensation block during the condensation experiments with air-vapor mixture and with pure vapor, 

respectively. The black data points were extracted from the images obtained during the two experiments by 

image processing. The blue solid lines show the heat flux distribution obtained from the numerical model. 

In the air-vapor mixture case, the maximum heat flux was reached at the outer edges of the bump, and there 
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was little heat flux at the inner corners, as shown in Figure 16 (a). However, in the pure vapor case, the 

outer edges had almost no heat flux, and the maximum heat flux was reached at the inner corners, as shown 

in Figure 16 (b). The completely different heat flux distribution in the two cases is mainly due to the 

different thermal resistance network altered by the presence of NCGs, as discussed. In both case studies, 

the experimental data and the modeling results show reasonable agreement with each other, especially the 

good agreement in the bump region and the similar trends in heat flux distribution. The discrepancy 

occurring at the flat regions was mainly due to the fact that in our experiment, we only used one bump and 

there was inevitable heat/mass dissipation on the vertical boundaries of the solid/gas regions, which differs 

from the assumption (3) we used in our modeling. Adding a heat flux dissipation term into the heat transfer 

equation in the pure vapor case model,  or adding a mass flux dissipation term into the mass transfer 

equation in the air-vapor mixture case model, would mitigate this difference between the modeling and the 

experimental results. However, the focus of the current numerical modeling work is to build a general model 

to illustrate the effects of geometric features on condensation heat transfer under different vapor conditions. 

Modeling the heat dissipations from the boundaries could deviate the focus of the current study. Therefore, 

we did not revise the model to compensate for the inevitable heat dissipation occurred in the experiments. 

Despite the discrepancy in the flat regions, the reasonable agreement in heat flux distribution profile 

between experimental and modeling results demonstrates that the effects of the geometric features on 

dropwise condensation are not only determined by the geometric features themselves, but also significantly 

influenced by the vapor condition, which is capable of completely altering the thermal resistance network 

involved in the heat and mass transfer process. Based on our understanding, the condensation profile is 

determined by the overall thermal resistance network which is affected by many factors including the 

geometry of the condensation substrate, the material of the condensation substrate, and the vapor condition, 

rather than dependent on any one of these factors alone. 

 

It is also worth noting that the heat flux obtained in the pure vapor condensation was generally much higher 

than the one obtained in the air-vapor mixture condensation. Averaging the local heat flux data along the 

block surface gave an average heat flux of 401±20 W/m2 for the air-vapor mixture case study and 

8676±551W/m2 for the pure vapor case study. Direct comparison between the two heat flux values is not 

meaningful since they were measured at different degrees of subcooling, ΔT=(T∞-Ts). However, seeing that 

the heat flux value in the pure vapor case was over 20 times larger than that in the air-vapor mixture case, 

and that the subcooling in the pure vapor case was maintained at almost 0 °C which was much smaller than 

that in the air-vapor mixture case, from a scaling perspective, we can infer that the heat transfer coefficient, 

which is the ratio of the heat flux to the subcooling, has a much larger value in the pure vapor case than in 
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the air-vapor mixture case. Therefore, the NCGs in the air-vapor mixture case significantly degrade 

condensation heat transfer.  
 

2 . 2 . 3  E X P E R I M E N T A L  V A L I D A T I O N  O F  T E M P E R A T U R E  P R O F I L E  

A S S U M P T I O N  

In the numerical modeling, based on thermal resistance analysis for the two cases, we made the 

approximation that the top surface temperature of the sample block Ts equaled to the bottom 

temperature of the block Tb in the air-vapor mixture case and to the saturation temperature of the 

bulk vapor T∞  in the pure vapor case. We validated this approximation through direct temperature 

measurement for the two case studies. 

 

In order to obtain the temperature profile on the top surface of the block, we attached three 36 gage 

(AWG, 0.13 mm in diameter) thermocouples at three different locations on the top surface of the 

block: (1) on the edge of the flat region; (2) on the top surface of the bump; and (3) on the sidewall 

of the bump. The thermocouples were attached to the surface using silver epoxy and cured for over 

24 hours to ensure stable attachment to the block surface before the experiments. All 

thermocouples were calibrated by an Ultra Precise RTD Sensor (Omega) in a temperature-

controlled water bath (Lauda RE 207) before use. The updated experimental configuration is 

shown in Figure 17. 

 

Figure 17. Three thermocouples were attached at different locations on the top surface of the block for direct 
temperature measurement. 
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Similar experimental conditions as those in the initial experiments for the two case studies were 

achieved when condensation occurred. During the condensation process, the surface temperature 

of the block Ts was recorded at the three different locations: the edge of the flat region (denoted 

by Ts,f), the top surface of the bump (denoted by Ts,t) and the sidewall of the bump (denoted by 

Ts,s). 

 

In the case of air-vapor mixture condensation, the steady state condition was obtained at a bulk 

fluid temperature of 54.3°C with a relative humidity of 85%. For the pure vapor condensation, a 

steady state at vapor pressure of 5.9 kPa was maintained. The average values from direct 

temperature measurements for the two cases are listed in Table 2. 

 

Table 2. Experimental conditions and direct temperature measurements 

Case T∞ (°C ) Pressure (kPa) RH(%) Tb (°C) Ts,f (°C) Ts,t (°C) Ts,s (°C) 
Air-Vapor Mixture 54.3 101.3 85.0  12.4 15.3 16.9 16.4 

Pure Vapor 35.8 5.9 100.0 22.5 33.9 35.4 35.4 
 

In both cases, the temperature measurement results agree with our model’s assumption that the 

surface temperature of the block Ts should be much closer to the temperature of the element of the 

thermal resistance network with the much lower resistance  (i.e., (Ts-Tb )<<(T∞ -Ts) in the air-vapor 

mixture case, where the thermal resistance of the air-vapor mixture dominates, and (Ts-Tb )>>(T∞

-Ts) in the pure vapor case, where the thermal resistance of the block dominates). In particular, for 

the pure vapor case, all of the temperatures on the surface of the block were measured to be almost 

the same as the temperature of the saturated vapor inside the chamber T∞ . This observation 

validated our approximation that Ts≈T∞  in the pure vapor case. For the air-vapor mixture case, 

the direct measurement results show that there was a temperature difference of ~4°C between Ts 

and Tb, which could be attributed to two causes. First, the thermocouple measuring Tb was not in 

perfect contact with the bottom of the block due to the inevitable thermal resistance of the copper 

tape and the interfacial effects; therefore, the real value of Tb would be higher than the measured 

value. Second, the conduction and convection effects could decrease the thermal resistance on the 

gas region side, though these effects were small and thus neglected in our model. Although there 

was a small temperature change throughout the block, this value was less than one tenth of the 
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temperature difference between the block and the bulk fluid temperature (T∞ -Ts). Therefore, our 

approximation that Ts ≈ Tb in the air-vapor mixture case was justified. 
 
2 . 3  A D D I T I O N A L  C A S E  S T U D Y  

Our work described in previous sections mainly focused on two extreme situations where the thermal 

resistance network is dominated by one side (either the gas region or the solid region). This great contrast 

in thermal resistance of the two regions enabled us to approximate the side with negligible resistance to be 

isothermal (assumptions (4) and (5)) and simplified our numerical modeling. However, it is also interesting 

to consider more complicated situations where some of the simplifications or assumptions are not valid 

anymore. For example, in the case where the thermal conductivity of the condensation substrate is so low 

that the thermal resistance of the substrate is comparable to that of the air-vapor mixture above the substrate, 

it is no longer feasible to approximate the substrate surface as isothermal. Nevertheless, it is still applicable 

to carry out a comprehensive thermal resistance analysis to obtain condensation profile, as long as careful 

consideration is taken into the energy balance among conduction heat flux of the substrate, latent heat flux 

released by condensation, and conduction heat flux of the air-vapor mixture (when convection is neglected). 

 
In this section, we extend our discussion onto more complex thermal resistance scenarios. In order to 

demonstrate the applicability of the thermal resistance analysis, we exemplify a case study where we are 

able to predict the condensation profile through analysis of the thermal resistance network.  Our prediction 

is then validated by numerical calculation results obtained from COMSOL Multiphysics [68]. 

 

For this case study, the geometry of the condensation substrate is the same as shown in Figure 7, but the 

substrate material is changed from titanium to another material with a low thermal conductivity of  k=0.125 

W/(mK), such that the thermal resistance of the geometric feature ( / kδ ) is estimated to be on the same 

order of magnitude as the thermal resistance of the air-vapor mixture (1/h) according to the literature [40, 

61]. Therefore, it is no longer valid to assume the condensation substrate is isothermal and to obtain the 

condensation heat flux by simply solving the concentration profile in the gas region, as we did in the 

previous air-vapor mixture condensation case study presented in the main text.  

 

The same boundary conditions as the previously considered air-vapor mixture case study are applied: (i) 

the bottom surface temperature of the condensation block is maintained at a constant Tb=12°C; (ii) the vapor 

temperature and relative humidity outside the diffusion boundary layer are kept at 56°C and 80%, 
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respectively; and (iii) adiabatic boundary conditions (no heat transfer or mass transfer in the horizontal 

direction) are applied to the two vertical boundaries of the considered 2D region.  

 

Although it is no longer valid to assume the condensation block to be isothermal, the temperature variation 

on the top surface of the block is assumed to be small. Therefore, we can still utilize the shape factor method 

to calculate the diffusion boundary layer thickness, which yields the same thickness of 1 cm as calculated 

previously, since the shape factor method only depends on geometry. Preliminary prediction of the 

condensation profile can be made by comparing the thermal resistance involved in the characteristic solid 

region and gas region, as shown in Figure 18.  

 

Figure 18. Schematic of the heat and mass transfer process occurring around the millimetric geometric 
feature. 

When the heat of the air-vapor mixture reaches position 1, it has two routes to transfer to position 2: (1) 

through conduction in the solid region, as depicted by the blue dashed line; (2) through mass diffusion and 

conduction in the gas region, as depicted by the red dashed line. The preferred option of its travel route is 

determined by the thermal resistance network. For the conduction inside the solid (route (1)), the thermal 

resistance can be calculated by 

th, solid solid/R kδ= .  (18) 

where ksolid is the thermal conductivity of the solid substrate (0.125 W/mK). 
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For the heat and mass transfer in the gas region (route (2)), the total thermal resistance can be calculated by 

its two paralleled components:  

th, gas th,diff th,cond1/ (1/ 1/ )R R R= + .  (19) 

The first component of the resistance in Equation (19) accounts for the mass diffusion process, through 

which latent heat is released at the surface of the substrate:  

fg fg
cq j M h D M h
δ
∆

= ⋅ ⋅ = ⋅ ⋅ ⋅ ,  (20) 

where M denotes the molar mass of water vapor (0.018 kg/mol), D is the diffusion coefficient of vapor in 

air (~3.0E-5 m2/s), hfg is the latent heat of water vapor (~ 2.4E6 J/kg) and c∆ represents the concentration 

difference from position 1 to position 2. 

 

According to the definition of thermal resistance per unit area: 

th /R T q= ∆ ,  (21) 

the thermal resistance caused by the mass diffusion process can be determined as 

th,diff
fg

fg

/ T TR T q c DMh cD M h
δ

δ

∆ ∆
= ∆ = = ⋅

∆ ∆⋅ ⋅ ⋅
,  (22) 

where T∆  represents the temperature difference between position 1 and position 2. 

 

The second component in Equation (19) represents the thermal resistance due to the conduction effects of 

the air-vapor mixture, which can be calculated by 

th,cond gas/R kδ= ,  (23) 

where kgas denotes the thermal conductivity of the humid air (~0.026 W/mK [37, 69]). 

 

Combining Equations (18-23), we can derive the ratio of the thermal resistance of the two routes, denoted 

by the dimensionless number N: 
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fgth,cond
gas

solid
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1

DMh c
kR kTN DMh cR kk T

δ

δ

−∆
+ ⋅

∆= = =
∆

⋅ +
∆

. (24) 

Based on the dimensionless number N, we can determine the condensation profile in general air-vapor 

mixture cases. If N >> 1, water vapor would preferably condense on the outer edges of geometric features; 

if N << 1, condensation would more likely happen in the inner corners of the features. Note that this 

dimensionless number is not applicable to the case of pure vapor condensation situation since Fick’s law is 

not valid for transport of concentrated species. 

 

For the current case study, although the temperature and the corresponding concentration at positions 1 and 

2 are unknown, one can derive through a simple scaling that in the considered situation, the value of ∆T/∆c 

for water near room temperature is on the order of 10. Substituting the values of all of the variables into 

Equation (24) yields N ≈ 1, which predicts that heat has no preference for which route to travel, i.e., heat 

will transfer from the gas region into the substrate as if the two are the same media. Therefore, the 

isothermal and iso-concentration lines should be a series of horizontal lines. Consequently, condensation 

heat flux will almost be the same on the flat regions and the top surface of the bump, since the temperature 

gradient or concentration gradient in the vertical direction should almost be the same everywhere. However, 

there will be practically no condensation occurring on the sidewalls of the bump because the concentration 

gradient or the temperature gradient in the horizontal direction should almost be zero. 

 

In order to demonstrate our prediction from the thermal resistance analysis, we solved the concentration 

profile in the gas region and the coupled temperature profile in the solid region simultaneously using the 

COMSOL Multiphysics program. The same boundary conditions at the bottom surface of the substrate and 

the gas region beyond the diffusion boundary layer as previously mentioned are applied. At the interface of 

the solid region and the gas region, the conduction heat flux of the solid is balanced by the sum of the 

conduction heat flux of the humid air and the latent heat flux released by the condensation of the water 

vapor. Numerical calculation results for the concentration and temperature distribution is shown in Figure 

19. Furthermore, the condensation heat flux distribution along the top surface of the condensation substrate 

is derived from the concentration profile, as shown in Figure 20. 
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Figure 19. Concentration profile and temperature profile calculated by COMSOL Multiphysics. 
 
 

Figure 20. Condensation heat flux distribution along the top surface of the condenser calculated by 
COMSOL Multiphysics. 

 

The calculation results for temperature profile, condensation profile and heat flux distribution obtained in 

COMSOL Multiphysics are in good agreements with our prediction from the thermal resistance analysis, 

which demonstrates that the predictive power of the thermal resistance analysis is not only suitable for 

simple case studies which we experimentally explored in the previous sections, but also offers useful 

insights to more complicated situations where multiple dominant factors are involved in the thermal 

resistance network. 
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Chapter 3 

3. Dropwise Condensation of Low Surface Tension Fluids on 

Lubricant Infused Surfaces 

3 . 1  D E S I G N  G U I D E L I N E  F O R  L I S  

The design of lubricant infused surfaces (LIS) has been recently developed in terms of surface energies 

[59]. In the ideal case, the impinging fluids or condensates form discrete droplets resting atop the combined 

lubricant-solid layer of LIS and the lubricant remains trapped within the rough solid structured surface 

underneath, as shown in Figure 21.    

Figure 21. Successful design of lubricant infused surfaces. 

 

Typical undesirable or failure modes of LIS can be summarized into five categories:  

(I) The lubricant spontaneously spreads over and “cloaks” the droplet, which does not belong to a 

failure mode but is undesirable considering the depletion of lubricants due to the “cloaking” 

effects;  

(II) The impinging fluid or condensates indefinitely spreads over the lubricant, resulting in 

formation of a film instead of discrete droplets (failure); 

(III) The lubricant does not spread within the rough structured solid surface in the presence of the 

vapor of the impinging fluid or condensate (failure); 

(IV) The lubricant does not spread within the rough structured solid surface in the presence of the 

liquid of the impinging fluid or condensate (failure); 

(V) The impinging fluid is miscible with the lubricant (failure). 

 

Schematics of the five undesirable or failure modes of LIS design are shown in Table 3. For each of these 

undesirable or failure modes, certain energy criterion related to both the surface geometry and the material 

properties of the LIS, needs to be satisfied in order to avoid the corresponding undesirable/failure working 
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condition. The surface geometry of the solid substrate is described by the roughness, r, which represents 

the actual solid surface area divided by the projected area; and the solid fraction, φ, which represents the 

fraction of the solid which contacts the base of an impinging droplet.  Combining the effects of these two 

parameters yields a comprehensive geometric factor R = (r − 1)/(r − φ), which is an important parameter 

characterizing the surface geometry of LIS. The material properties of the LIS are represented by surface 

energies of phases with the surroundings (γA), and interfacial energies between different phases (γAB), 

involved in the system.  Both γA and γAB can be obtained from the statistical thermodynamic model of van 

Oss, Chaudhury, and Good (vOCG) [59, 70]: 

LW +
A A A A2γ γ γ γ −= + ;  (25) 

LW LW LW LW + + + +
AB A B A B A A B B A B A2 2 2 2 2 Bγ γ γ γ γ γ γ γ γ γ γ γ γ− − − −= + − + + − − . (26) 

 

Subsequently, the spreading parameter SAB = γB – (γA + γAB) for each interface in the system can be 

calculated, where the first and second subscripts refer to the spreading phase and the reference phase, 

respectively. Both the geometric factor R and the spreading parameter SAB play important role in the design 

guideline to predict the LIS behavior. Detailed design guidelines regarding the five undesirable/failure 

modes are shown in Table 3, where the subscripts l, s, c and (c) correspond to lubricant, solid, condensate 

and the presence of condensate liquid, respectively. 

Table 3. Undesirable or failure modes of LIS and corresponding design guidelines 
Undesirable/Failure Conditions Schematics Design Guideline [59] 

(I) The lubricant spontaneously 
spreads over and “cloaks” the 
droplet. (Undesirable) 

 

Slc < 0 

(II) The impinging fluid spreads 
indefinitely over the lubricant, 
resulting in formation of a film 
instead of discrete droplets. (Failure) 

 

Scl < 0 

(III) The lubricant does not spread 
within the rough structured solid 
surface in the presence of condensate 
vapor. (Failure) 

 

Sls > − γlR 
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(IV) The lubricant does not spread 
within the rough structured solid 
surface in the presence of condensate 
liquid. (Failure) 

 

Sls (c) > − γclR 

(V) The impinging fluid is miscible 
with the lubricant. (Failure) 

 

γdl > 0 

 

For the present work, an extremely low surface tension fluid, i.e., butane (γ ≈ 13 mN/m), was used as the 

condensate to demonstrate the dropwise condensation behavior on LIS. According to the design guideline, 

dropwise condensation of butane on LIS is promising on the basis of proper combination of structured solid 

and lubricant. Previous study has experimentally shown that the combination of SiO2 micro-pillars (with R 

= 0.71) as solid substrate and hexafluoroisopropanol (6F-IPA) as lubricant would yield a success LIS design 

that could repel impinging butane droplets [59]. The surface energy of each component in this designed 

LIS and the corresponding calculation results for the five design guidelines are shown in Table 4, which 

indicates that the same LIS design is capable of achieving dropwise condensation. 

 

Table 4. Surface energy components [59] and design guideline calculations for the combination of 
SiO2 micropillars (with R = 0.71) infused with hexafluoroisopropanol (6F-IPA) for butane 

condensation 
Condensate Lubricant Structured 

Solid 
Design Guidelines (satisfied if < 0) 

butane 6F-IPA SiO2 
micropillars 

(I) 

Slc 

(II) 

Scl 

(III) 

-(Sls+γlR) 

(IV) 

-(Sls(c)+γclR) 

(V) 

-γdl 

γ = 12.5 
mN/m 

γLW = 12.5 
mN/m 

γ+ = 0.0 
mN/m 

γ− = 0.0 
mN/m 

γ = 14.7 
mN/m 

γLW = 10.4 
mN/m 

γ+ = 0.06 
mN/m 

γ− = 70.0 
mN/m 

γ = 59.8 
mN/m 

γLW = 42.0 
mN/m 

γ+ = 2.0 
mN/m 

γ− = 40.2 
mN/m 

-6.2 
mN/m 

-2.2 
mN/m 

-50.3 
mN/m 

-19.7 
mN/m 

-4.2 
mN/m 
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3 . 2  E X P E R I M E N T A L  S E T U P  A N D  P R O C E D U R E S  

Based on the LIS design guideline, we used the same combination of lubricant and solid substrate, namely 

6F-IPA and SiO2 micro-pillared structured surface (R=0.71) as a designed LIS for butane condensation 

experiments. Figure 22 shows the experimental setup for the demonstration of dropwise condensation of 

butane on the designed lubricant infused surfaces. 

 

Figure 22. Experimental setup for demonstration of butane dropwise condensation on LIS. 
 
Chemically-pure grade butane vapour (Airgas, purity 99.0%) was supplied from a butane cylinder to a 

customized glass vial (G. Finkenbeiner Inc.) through the butane inlet port. Next to the butane inlet port, a 

diverting valve was installed between the butane inflow line and the pump line that was connected to a 

vacuum pump. When the diverting valve was closed, the butane inlet port was only connected to the butane 

cylinder and the butane inflow rate was controlled by the pressure regulator on the butane cylinder. When 

the diverting valve was opened and the pressure regulator on the butane cylinder was closed, the vacuum 

pump pulled gases away and generated vacuum in the glass vial. A cylindrical copper rod was installed into 

the glass vial through the vial’s cap and served as a condenser to transfer heat from its top surface (where 

the LIS sample was attached) to its bottom surface (which was exposed to liquid nitrogen). The sidewall of 

the copper rod was wrapped with Teflon tape for thermal insulation to prevent condensation on the side. 

LIS substrate, i.e. SiO2-coated silicon micro-pillared surface, was rinsed with acetone, ethanol, IPA and DI 

water and plasma-cleaned with argon for 20 minutes before being attached to the copper condenser with 
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copper tape. Lubricant, i.e. 6F-IPA, could be supplied continuously by an injection syringe through another 

inlet port on the glass vial. All the interfaces between the glass vial and the outside environment were 

covered with Teflon tape to reduce invasion of non-condensable gases. A digital SLR camera (EOS Rebel 

T3, Canon) was installed facing the LIS sample to record images. 

 

A set of procedures were followed throughout the experiment. The first step was to cool down the copper 

rod condenser by bringing its bottom surface in contact with liquid nitrogen (temperature of liquid nitrogen 

≈ −195 °C). Meanwhile, we opened the diverting valve to the pump line to pull vacuum in the glass vessel. 

This procedure took less than a few minutes since the volume of the glass vessel was small. Then, we closed 

the diverting valve to the pump line, and infused lubricant (6F-IPA) onto the LIS sample surface through 

the lubricant supply port. The lubricant immediately wicked into the structured SiO2 surface due to the 

strong polar interaction between the lubricant and the solid. Next, we open the pressure regulator on the 

butane cylinder to introduce butane vapor into the glass vessel. When butane vapor reached the cold LIS 

sample surface, condensation occurred and was recorded by the camera. 

 

3 . 3  E X P E R I M E N T A L  R E S U L T S  

During the condensation experiment, we observed continuous generation of discrete butane droplets on the 

condenser surface, as shown in Figure 23. Therefore, we successfully demonstrated dropwise condensation 

of butane on the designed lubricant infused surface. Note that this is the first experimental demonstration 

of condensation in the dropwise mode for extremely low surface tension butane (γ ≈ 13 mN/m). 

 

Figure 23. Dropwise condensation of butane on 6F-IPA infused SiO2 micro-pillared surface. 
 



51 
 

Even more interesting is the transition from filmwise condensation to dropwise condensation after infusing 

6F-IPA on the originally bare SiO2 micro-pillared surface.  Figure 24 shows time lapse images of the 

transition behavior. At the beginning, butane was condensed on the bare SiO2 micro-pillared structured 

surface, forming a layer of liquid film spreading over the structured solid substrate (Figure 24(a)), indicating 

that filmwise condensation was occurring on the bare structured solid substrate. Then, 6F-IPA was 

introduced from a needle of a syringe through the lubricant supply port on the glass vial, as shown in Figure 

24(b). With the supply of the lubricant, we observed that the original liquid film of butane condensates 

covering the structured solid surface was displaced by the lubricant (Figures 24 (c)-(e)), which is in good 

agreement with the calculation result for LIS guideline (IV) in section 3.2. After removing the lubricant 

supply, the lubricant was able to adhere to the solid structured surface and kept promoting dropwise 

condensation of butane on the LIS for several minutes after which the lubricants would be depleted away, 

resulting in degradation and transition to filmwise condensation. 

 

 

Figure 24. Transition of condensation modes on the same SiO2 micro-pillared substrate after infusing 6F-IPA 
as lubricant. (a) Condensation of butane on bare SiO2 micro-pillared structured surface, where butane 

completely wets the surface. (b) Introduction of the syringe to supply 6F-IPA as lubricant to the SiO2 micro-
pillared surface. (c) – (e) Addition of the lubricant via syringe showing displacement of condensed butane by 
the lubricant. (f) Shedding of condensed butane droplets on the 6F-IPA infused SiO2 micro-pillared surface. 

 

(a) (b) (c)

(f)(e)(d)

1 cm
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3 . 4  D I S C U S S I O N S  O N  H E A T  T R A N S F E R  M E A S U R E M E N T S   

In the previous section, we successfully demonstrated dropwise condensation of butane on the 6F-IPA 

infused SiO2 surface, which shed light on promising enhancement in condensation heat transfer. Heat 

transfer measurements of butane condensation on the designed LIS were set up in an environmental 

chamber where the amount of non-condensable gases could be well controlled. However, it was challenging 

to perform the heat transfer measurements due to the volatile nature of the lubricant we used. 6F-IPA has a 

relatively higher vapor pressure (~16 Kpa at 20 ºC) and evaporates away easily. During the experiments, a 

fast depletion rate of the lubricant was observed even before condensation of butane occurred.  

 

In order to keep the SiO2 substrate constantly infused with 6F-IPA, we tried to use a customized glass vial 

with two ports as a lubricant reservoir to keep dripping 6F-IPA onto the SiO2 surface throughout the heat 

transfer experiments. The dripping method worked well for the purpose of adding lubricant continuously, 

but the dripping rate and the dripping time were not under good control. Once we closed the chamber door, 

the reservoir started dripping lubricants and kept the LIS functional for around 30 minutes after which all 

the lubricants in the glass vial were gone. We were not able to achieve steady state condensation before 

running out of lubricants, so no heat transfer measurement data were reported in the present work. 

 

In addition to the difficulty of controllably adding 6F-IPA into the system, the evaporation of 6F-IPA also 

poses a challenge to the heat transfer measurements. Normally, we extrapolate the condensation heat flux 

from the 1D conduction heat flux measured by an array of thermocouples inserted in the condenser 

underneath the sample, assuming that all the latent heat released from condensation is transferred to the 

back of the condenser through 1D conduction. However, when there is a considerable amount of 

evaporation occurring simultaneously on the sample surface, the 1D conduction heat flux measured from 

the condenser would underestimate the actual condensation heat transfer performance. It would be helpful 

to do a scaling comparison between the condensation heat flux and the evaporation heat flux. The latent 

heat of 6F-IPA (~2.5×105 J/kg) and of butane (~3.6×105 J/kg) are on the same order of magnitude. 

Therefore, the significance of the evaporation effects is determined by the mass flux of the lubricant leaving 

the surface. Nevertheless, there is no information we could find about diffusion coefficient of 6F-IPA in 

butane vapor, which retrained us from obtaining a reliable scaling argument for the evaporation heat flux.  

 

Considering that the volatile nature of 6F-IPA brings various challenges and complexities to the heat 

transfer experiments, we have been looking for other lubricants including Krytox GPL 100 oil that could 

possibly work for dropwise condensation of butane, under the guidance of the LIS model developed in 

previous work [59]. However, no substitute for 6F-IPA has been found yet as of the writing of this thesis.  
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Chapter 4 

4. Summary and Future Directions 

4 . 1  D R O P W I S E  C O N D E N S A T I O N  O F  W A T E R  O N  M I L L I M E T R I C  G E O M E T R I C  

F E A T U R E S  

We investigated dropwise condensation of water on millimetric structured surface, both with and without 

the presence of non-condensable gases. Based on the analysis of the thermal resistance network, numerical 

models were developed for condensation heat flux distribution in the two cases. Meanwhile, droplet growth 

rate was experimentally captured and converted to heat flux through image processing. The good agreement 

between modeling and experimental results demonstrates that the same convex geometric feature, or bump, 

can impose opposite effects on dropwise condensation of water under different vapor conditions. Based on 

our analysis, the effects of geometric features on dropwise condensation are not absolute, but rather depend 

on the thermal resistances involved in the system. Moreover, the predictive power of the thermal resistance 

network analysis was demonstrated through an additional case study where more complicated thermal 

resistances were involved.  

 

The focus of this work mainly lies in two extreme cases where the thermal resistance network is dominated 

by only one region, i.e. the vapor-dominated thermal resistance network in the air-vapor case or the solid-

dominated thermal resistant network in the pure vapor case. However, it would be also interesting to 

experimentally explore some other scenarios where multiple thermal resistances are involved, for instance, 

a transition case where the gas region has equivalent thermal resistance to the solid region.  

 

Degradation of condensation heat transfer performance caused by non-condensable gases has been shown 

in the present study, but the content or mass ratio of the non-condensable gases was not well controlled. In 

the future, it would be helpful to quantitively investigate how different contents of non-condensable gases 

would affect the dropwise condensation of water on structured surfaces.  

 

Furthermore, current work considers the effects of only one millimetric geometric feature, i.e., a rectangular 

bump, on the dropwise condensation of water. How different structure shapes or numbers of the millimetric 

structures on the condenser surface could affect the dropwise condensation performance would be an 

interesting direction to explore. 
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4 . 2  D R O P W I S E  C O N D E N S A T I O N  O F  L O W  S U R F A C E  T E N S I O N  F L U I D S  O N  

L U B R I C A N T  I N F U S E D  S U R F A C E S  

Based on a recently developed design guideline for lubricant infused surfaces (LIS), we successfully 

demonstrated dropwise condensation of an extremely low surface tension fluid, i.e., butane, on a 

specifically designed lubricant infused surface composed of SiO2 micro-pillared structured solid and 

hexafluoroisopropanol (6F-IPA) lubricant. This is the first experimental demonstration of condensation in 

the dropwise mode with a condensate with such a low surface tension (γ ≈ 13 mN/m).  

 

Dropwise condensation of butane shown in the current study promises an enhancement in heat transfer 

performance as compared to conventional filmwise condensation. Future work entails quantitative heat 

transfer measurement of dropwise condensation with butane on LIS.  

 

Lubricant depletion rate plays a critical role in the robustness of LIS. Multiple factors contribute to lubricant 

depletion, such as shear force introduced by the shedding droplets, evaporation of the lubricant and 

“cloaking” effects. Although “cloaking” effects do not exist in the present study, a fast lubricant depletion 

rate has been observed during the experiments, which is probably owing to the evaporation effects. 6F-IPA 

is a volatile fluid (boiling temperature ≈ 58.2 °C under 1 bar) and therefore is easy to evaporate away from 

the LIS substrate, which poses a challenge for making a long-lasting LIS design for butane dropwise 

condensation. Research on other lubricants with better performance in longevity, or other solid substrates 

that can hold the lubricant for a longer time, is required for making an applicable and robust LIS design for 

condensing extremely low surface tension fluids such as butane. Variation of lubricant depletion rate with 

respect to different geometry of surface structures would be another insightful direction to explore. 

 

The present study is mainly focused on butane, which is a typical example of low surface tension fluids and 

plays an important role in industrial applications such as natural gas processing. It would be also interesting 

to explore dropwise condensation on lubricant infused surfaces with other low surface tension fluids such 

as propane, which has an even lower surface tension (γ ≈ 8 mN/m) as compared to butane and is an 

important product in natural gas processing and petroleum refining. 
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Appendix 

T F T S  S U R F A C E  F U N C T I O N A L I ZA T I O N  

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TFTS) was deposited onto the titanium block by the 

following procedures. Before silane deposition, the sample was rinsed with ethanol and DI water, and then 

oxygen plasma cleaned for 3 hours to remove organic contaminants on the surface. After clean, the titanium 

block was immediately placed into a solution made of 0.001Mol of TFTS in hexane. Then, the solution was 

heated up to 60 ºC using a hot plate and kept there for an hour with a stir bar placed within the solution. 

The top of the solution was covered with aluminum foil during the heating process to prevent evaporation. 

Afterwards, the titanium block was rinsed in ethanol and DI water, and dried at 120 ºC on a hot plate for 

another hour.  

 

D R O P W I S E  C O N D E N S A T I O N  O F  W A T E R  O N  M I L L I M E T R I C  G E O M E T R I C  

F E A T U R E S  M A T L A B  C O D E  

PURE VAPOR CASE: 
clc;clear all;close all; 
x_length=0.8*2.54*0.01; 
y_length=0.57*2.54*0.01; 
h_length=0.15*2.54*0.01; 
l_length=0.325*2.54*0.01; 
w_length=0.15*2.54*0.01; 
a=0.005*2.54*0.01; 
n_x=round(x_length/a); 
n_y=round(y_length/a); 
n_h=round(h_length/a); 
n_l=round(l_length/a); 
n_w=round(w_length/a); 
k=15.6; 
k_ultem=0.122; 
T_top=refpropm('T','P',6,'Q',0,'water'); 
T_bot=20+273.15;%%%temperature measured by thermal couple 
[rho_water_vap] = refpropm('D','T',T_top,'Q',0,'water');  
M_water= 0.01802;  
c_water_vap=rho_water_vap/M_water;  
% BC_top=255*ones(1,x_elements); 
% BC_LHS=[0*ones(1,y_elements)]'; 
% BC_RHS=[0*ones(1,y_elements)]'; 
% BC_bot=0*ones(1,x_elements); 
  
for ix=1:n_x, 
    for iy=1:n_h+n_y-1, 
        temp(iy,ix)=T_top; 
    end 
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end 
BC_bot=T_bot*ones(1,n_x); 
total_temp=[temp;BC_bot]; 
total_temp2=total_temp; 
  
for j=1:30000; 
for ix=1:n_l+1, 
    for iy=2+n_h:n_h+n_y-1, 
        if ix==1,     
            total_temp2(iy,ix)=(total_temp((iy-
1),ix)+total_temp((iy+1),ix)+total_temp(iy,(ix+1)))/3; 
        else 
             total_temp2(iy,ix)=0.25*(total_temp(iy-
1,ix)+total_temp(iy+1,ix)+total_temp(iy,ix-1)+total_temp(iy,ix+1)); 
        end 
    end 
end 
for ix=n_l+2:n_l+n_w-1; 
    for iy=2:n_h+n_y-1; 
         total_temp2(iy,ix)=0.25*(total_temp(iy-
1,ix)+total_temp(iy+1,ix)+total_temp(iy,ix-1)+total_temp(iy,ix+1)); 
    end 
end 
for ix=n_l+n_w:n_x, 
    for iy=n_h+2:n_h+n_y-1; 
        if ix==n_x, 
        total_temp2(iy,ix)=(total_temp(iy-
1,ix)+total_temp(iy+1,ix)+total_temp(iy,ix-1))/3; 
           else 
            total_temp2(iy,ix)=0.25*(total_temp(iy-
1,ix)+total_temp(iy+1,ix)+total_temp(iy,ix-1)+total_temp(iy,ix+1)); 
        end 
    end 
end 
  
         
total_temp=total_temp2; 
converge(j)=total_temp(n_x/2,n_y/2); 
end 
% examine convergence 
figure(1) 
plot(converge) 
set(figure(1),'Name','Convergence'); 
surface(total_temp(end:-1:1,:)) 
%plot heat flux along the surface line of the block 
for i=1:n_x+n_h+n_h, 
    if (i<=n_l), 
       q(i)= k*(total_temp(n_h+1,i)-total_temp(n_h+2,i))/a; 
    else if ((i>n_l)&&(i<n_l+n_h)), 
            q(i)=k*(total_temp((n_l+n_h+1-i),(n_l+1))-total_temp((n_l+n_h+1-
i),(n_l+2)))/a; 
    else if((i>(n_l+n_h+1))&&(i<(n_l+n_h+n_w))), 
            q(i)=k*(total_temp(1,(i-n_h))-total_temp(2,(i-n_h)))/a; 
        else if (i>(n_l+n_h+n_w))&&(i<=(n_l+n_h+n_w+n_h)), 
                q(i)=k*(total_temp((i-n_l-n_h-n_w),(n_l+n_w))-total_temp((i-
n_l-n_h-n_w),(n_l+n_w-1)))/a; 
        else if (i>=(n_l+n_w+n_h+n_h+1)), 
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                q(i)=k*(total_temp(n_h+1,(i-n_h-n_h))-total_temp(n_h+2,(i-
n_h-n_h)))/a; 
            else if 
(i==n_l+n_h)||(i==n_l+n_h+1)||(i==n_l+n_h+n_w)||(i==n_l+n_h+n_w+1), 
                    q(i)=0   
                end 
            end 
            end 
        end 
        end 
    end 
     
     
         
end 
Volume=0; 
h_cool_bubble=refpropm('H','T',T_top,'Q',1,'water'); 
h_cool_dew=refpropm('H','T',T_top,'Q',0,'water'); 
h_fg=h_cool_bubble-h_cool_dew; 
rho_water=refpropm('D','T',T_top,'Q',0,'water'); 
for i=1:n_x+n_h+n_h, 
    jj(i)=i*a; 
    Volume2=Volume+0.832*2.54*0.01*a*q(i)/h_fg/rho_water; 
    Volume=Volume2; 
end 
figure(2) 
plot(jj,q); 
set(figure(2),'Name','Heat flux'); 
  
%transllate real temperature range to 0-255 range for visualization 
for ix=1:n_x, 
    for iy=1:n_h+n_y, 
        total_temp3(iy,ix)=(total_temp(iy,ix)-T_bot)/(T_top-T_bot)*255; 
    end 
end 
figure(3) 
imshow(total_temp3,[0,255]) 
contour(total_temp,17) 
 
AIR-VAPOR CASE: 
clc;clear all;close all; 
x_length=2.54*0.01*0.8; 
y_length=2.54*0.01*0.005*78;%%%m based on boundary layer thickness  
h_length=0.15*2.54*0.01; 
l_length=0.325*2.54*0.01; 
w_length=0.15*2.54*0.01; 
a=0.005*2.54*0.01; 
n_x=round(x_length/a); 
n_y=round(y_length/a); 
n_h=round(h_length/a); 
n_l=round(l_length/a); 
n_w=round(w_length/a); 
T_base = 12+273.15;%experimental data 
T_vap = 55.8+273.15;%experimental data 
dT = T_vap - T_base; 
P_chamber=101;  
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D=0.00003;%diffusion constant of water in air (m^2/s)  
[Ps_base,rho_water_base] = refpropm('PD','T',T_base,'Q',1,'water'); 
[Ps_vap] = refpropm('P','T',T_vap,'Q',1,'water');  
rh=0.90;%relative humidity 
P_vap=Ps_vap*rh; 
[rho_water_vap] = refpropm('D','T',T_vap,'P',P_vap,'water'); 
Ts_vap=refpropm('T','P',P_vap,'Q',1,'water')-273.15; 
M_air=0.029; 
M_water= 0.018; 
c_water_base=rho_water_base/M_water; 
c_water_vap=rho_water_vap/M_water; 
c_top=c_water_vap; 
c_bot=c_water_base;%temperature measured by thermal couple 
% BC_top=255*ones(1,x_elements); 
% BC_LHS=[0*ones(1,y_elements)]'; 
% BC_RHS=[0*ones(1,y_elements)]'; 
% BC_bot=0*ones(1,x_elements); 
  
for ix=1:n_x, 
    for iy=1:n_h+n_y-1, 
        c(iy,ix)=c_bot; 
    end 
end 
BC_top=c_top*ones(1,n_x); 
total_c=[BC_top;c]; 
total_c2=total_c; 
  
for j=1:30000; 
for ix=1:n_l-1, 
    for iy=2:n_h+n_y-1, 
        if ix==1,     
            total_c2(iy,ix)=(total_c((iy-
1),ix)+total_c((iy+1),ix)+total_c(iy,(ix+1)))/3;             
        else 
             total_c2(iy,ix)=0.25*(total_c(iy-
1,ix)+total_c(iy+1,ix)+total_c(iy,ix-1)+total_c(iy,ix+1)); 
        end 
    end 
end 
for ix=n_l:n_l+n_w+1; 
    for iy=2:n_y-1; 
         total_c2(iy,ix)=0.25*(total_c(iy-
1,ix)+total_c(iy+1,ix)+total_c(iy,ix-1)+total_c(iy,ix+1)); 
    end 
end 
for ix=n_l+n_w+2:n_x, 
    for iy=2:n_h+n_y-1; 
        if ix==n_x, 
        total_c2(iy,ix)=(total_c(iy-1,ix)+total_c(iy+1,ix)+total_c(iy,ix-
1))/3; 
        else 
            total_c2(iy,ix)=0.25*(total_c(iy-
1,ix)+total_c(iy+1,ix)+total_c(iy,ix-1)+total_c(iy,ix+1)); 
        end 
    end 
end 
total_c=total_c2; 
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converge(j)=total_c(n_x/2,n_y/2); 
end 
  
% examine convergence 
figure(1) 
plot(converge) 
set(figure(1),'Name','Convergence'); 
%plot mass flux along the surface line of the block 
for i=1:n_x+n_h+n_h, 
    if (i<=n_l-1), 
       J(i)= D*(total_c(n_h+n_y-1,i)-total_c(n_h+n_y,i))/a; 
    else if ((i>n_l+1)&&(i<=n_l+n_h)), 
            J(i)=D*(total_c((n_y+n_l+n_h+1-i),(n_l-1))-
total_c((n_y+n_l+n_h+1-i),n_l))/a; 
    else if((i>(n_l+n_h))&&(i<=(n_l+n_h+n_w))), 
            J(i)=D*(total_c(n_y-1,(i-n_h))-total_c(n_y,(i-n_h)))/a; 
        else if (i>(n_l+n_h+n_w))&&(i<(n_l+n_h+n_w+n_h)), 
                J(i)=D*(total_c((n_y+i-n_l-n_h-n_w),(n_l+n_w+2))-
total_c((n_y+i-n_l-n_h-n_w),(n_l+n_w+1)))/a; 
        else if (i>(n_l+n_w+n_h+n_h+1)), 
                J(i)=D*(total_c(n_y+n_h-1,(i-n_h-n_h))-total_c(n_y+n_h,(i-
n_h-n_h)))/a; 
            else if 
(i==n_l)||(i==n_l+1)||(i==n_l+n_h+n_h+n_w)||(i==n_l+n_h+n_h+n_w+1), 
                    J(i)=0   
                end 
            end 
            end 
        end 
        end 
    end 
         
end 
rho_water=refpropm('D','P',Ps_base,'Q',0,'water'); 
h_cool_bubble=refpropm('H','P',Ps_base,'Q',1,'water'); 
h_cool_dew=refpropm('H','P',Ps_base,'Q',0,'water'); 
h_fg=h_cool_bubble-h_cool_dew; 
for i=1:n_x+n_h+n_h, 
    JJ(i)=J(i)*0.01802*h_fg; 
    jj(i)=i*a; 
end 
figure(2) 
plot(jj,JJ); 
set(figure(2),'Name','Heat flux'); 
  
%transllate real temperature range to 0-255 range for visualization 
for ix=1:n_x, 
    for iy=1:n_h+n_y, 
        total_c3(iy,ix)=(total_c(iy,ix)-c_bot)/(c_top-c_bot)*255; 
    end 
end 
figure(3) 
imshow(total_c3,[0,255]) 
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