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Abstract 

The evaporation of droplets on a flat solid surface has been extensively studied, and it 

is well known that droplets evaporate from the liquid–vapor interface to the 

surroundings. However, the evaporation of droplets on micro/nanostructured surfaces 

and the evaporation of droplets surrounded by adjacent droplets is not well understood. 

In the former case, the contribution of the solid–liquid–vapor three phase interface 

formed near the macroscopic contact line to droplet evaporation become significant in 

addition to the liquid–vapor interface. In this work, the effects of solid–liquid–vapor 

three phase interface and adjacent droplet array on droplet evaporation are investigated 

theoretically, experimentally, and numerically. In addition, it was clarified that droplets 

surrounded by adjacent droplet arrays are inhibited from evaporating due to synergistic 

effects such as arrangement of adjacent droplets and interfacial wettability. 

The scale of the solid–liquid–vapor three phase interface was estimated to be in the 

range of 253-940 μm for the measured droplet of 4μL on micro/nanostructured surfaces. 

In addition, the results show that the scale of the solid–liquid–vapor three phase 

interface and the amount of evaporation from it increase as the initial contact angle 

decreases and the droplet volume increases. It was further shown that the contribution of 

the solid–liquid–vapor three phase interface to the droplet evaporation is 16-48%, and it 

was clarified that the evaporation from solid–liquid–vapor three phase interface cannot 

be ignored for micro/nanostructured surfaces. 

We have found that the arrangement of droplets, such as the number, size and spacing 

of adjacent droplets, significantly affects the evaporation of the reference droplets. The 
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evaporation rate of a reference droplet in the array decreases monotonically as the 

number of adjacent droplets increases, and this suppression effect decreases as the 

distance between adjacent droplets increases. We found that the adjacent droplets do not 

affect the evaporation of the reference droplet if the size of the adjacent droplets is 

sufficiently smaller than that of the reference droplet. 

It was also shown that the reference droplets surrounded by adjacent droplet arrays 

are inhibited from evaporating due to synergistic effects such as arrangement of 

adjacent droplets and interfacial wettability. We developed a model involving a contact 

angle function to accurately predict the evaporation rate of reference droplets on flat 

surfaces with an arbitrary contact angle in the array. We demonstrate that the contact 

angle function introduced in the present model should not be ignored when predicting 

the evaporation rates of reference droplets in an array on hydrophobic surfaces. 

The results obtained in this research are expected to deepen our understanding of 

droplet evaporation phenomena on solid surfaces and can be applied in a wide range of 

scientific and engineering fields such as inkjet printing systems and bio-measurement. 

Keywords: Diffusion, Droplet, Evaporation, Wetting, Liquid–vapor interface, Solid–

liquid–vapor interface, Array, Adjacent droplets.  
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𝑚̇ evaporation rate, kg s-1 
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𝜃 contact angle, ° 
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D diffusion coefficient, m2 s-1 

M vapor molecular weight, kg mol-1  

A surface area, m2 

t time, s 

Ra surface roughness average, m 
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Ds center to center distance between droplets, m 
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0 initial value 
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∞ ambient 

sat saturated  
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v vapor 
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Chapter 1 

1 Introduction 

1.1 Background of droplet evaporation 

The evaporation of droplets is a subject of ever-growing interest due to its important 

role in many industrial, scientific, and medical applications [1–10]. Ivring Langmuir 

pioneered the field in the early 20th century and established fundamental theories for 

the prediction of the evaporation rates for stationary droplets suspended in ambient air 

[11].  

 

Fig. 1.1 Background of the droplet evaporation.  
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At first glance, it seems like a common phenomenon where a few vapor molecules 

leave the surface of the liquid and enter the nearby air. However, this phenomenon is a 

complex multidisciplinary problem that is not limited to fluid mechanics, heat transport, 

physical chemistry, etc. The fundamental background of droplet evaporation is 

illustrated in Fig. 1.1, that summarizes numerous governing aspects as: (1) vapor 

transport in the gas domain, (2) liquid convection within the droplet, wettability, droplet 

scale, surface tension, liquid–vapor interface, solid–liquid interface, solid–liquid–vapor 

interface, etc. With the advancement in the field of micro/nano scale engineering, the 

above aspects have been recently studied rigorously to further improve the fundamental 

understanding about their governing role in droplet evaporation. 

1.1.1 Interfacial tension and surface wettability 

At the macroscopic scale, the interface between liquid and vapor is considered a 

sharp boundary[12]. However, on the microscopic scale, there is a transition region 

between liquid and vapor phases, the thickness of which depends on the temperature 

[13]. In the liquid phase, there are isotropic intermolecular interactions such as van der 

Waals forces or hydrogen bonds. However, in the transition region, free liquid 

molecules are attracted from the vapor phase, leading to anisotropic intermolecular 

interactions. This leads to a tension in the direction of the transition region, which is 

called the interfacial tension or surface tension. The surface tension depends on the type 

of fluid as well as temperature and pressure conditions. Energy minimization occurs due 

to surface tension to form a spherical droplet in air. However, for a droplet wetted on a 

solid surface, equilibrium is established between the three forces, as shown in Fig. 
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1.2(a). These forces exist at the apparent contact line of the droplet between the liquid-

vapor, solid-liquid, and solid-vapor phases. These stresses can be characterized by the 

contact angle of the droplet.  

 

(a) 

 

(b) 

Fig. 1.2 Schematic illustration of surface wettability (a) interfacial tensions (b) contact 

angle. 

The contact angle depends on the chemical composition of the surface, the surface 

tension of the liquid and the morphology of the surface as shown in Fig. 1.2(b) [14]. For 

a flat surface, the water contact angle of the droplet on the surface only depends on the 

chemical composition of the surface and is called the young contact angle [15]. The 

young contact angle is measured with an optical microscope on a perfectly flat surface. 

However, on a microstructured surface, the apparent contact angle of a droplet is 

different from the young contact angle and depends on both the chemical composition 

of the surface and the geometric morphology of the structures. The wettability of 

structured surfaces is related to their wetting state, which is determined by the ratio of 

the wetting area to the total solid surface under the droplet. There are three wetting 
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states, commonly referred to as wetting, non-wetting and partially wetting, as shown in 

Fig. 1.3[16]. The Cassie-Baxter state, which is a non-wetting state, corresponds to the 

minimum solid–liquid contact area under the droplet[17]. In contrast, the Wenzel model, 

which is in a fully wetting state, has the maximum solid-liquid contact area under the 

droplet[18]. Recently, a partial wetting model has been proposed for an intermediate 

state between the Cassie-Baxter and Wenzel states[19]. The wettability of the droplet on 

the surface will decide the mode of the droplet evaporation and is of particular 

importance in understanding the pinning and depinning mechanics during droplet 

evaporation[20].  

 

(a) (b) (c) 

Fig. 1.3 The wetting states of droplet at the micro/nano structured surface. (a) fully 

wetting state, (b) non-wetting state, and (c) partial wetting state. 

1.1.2 Evaporation modes 

It is important to understand the different types of evaporation to determine the life of 

a drop [21]. The instantaneous volume of the droplet is calculated with the contact 

radius and the contact angle at given time. Therefore, the decrease in droplet volume 

during evaporation depends on either the decrease in contact radius or contact angle or 

both simultaneously [22]. The way in which the volume of the droplet changes during 

evaporation is called the evaporation mode. Based on these assumptions, Picknett and 
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Bexon proposed two basic evaporation modes, namely constant contact radius (CCR) 

mode and constant contact angle (CCA) mode, as shown in Fig.1.4 [23].  

 

(a) (b) 

Fig. 1.4 Modes of droplet evaporation (a) constant contact angle mode and (b) constant 

contact radius mode. 

In the CCR mode of droplet evaporation, the contact radius remains constant during 

droplet evaporation, but at the expense of a reduction in the contact angle [24]. In the 

CCA mode of droplet evaporation, on the other hand, the contact radius decreases while 

the contact angle remains the same [25]. In addition to the two basic evaporation modes, 

there is a third mode called mixed mode. In mixing mode, both the contact angle and 

the contact radius of the droplet decrease. The droplet that is wetted on the flat surface 

evaporates in all three evaporation modes. However, for the hydrophilic case, where the 

young contact angle is less than 90 degrees, the CCR mode is the dominant mode 

among all three evaporation modes. However, for hydrophobic surfaces, the CCA mode 

is the dominant evaporation mode. For microstructured surfaces, the contact line of the 

droplet is fixed, and the droplet evaporates completely in the CCR mode of evaporation. 
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1.1.3 Vapor transport in the gas phase 

Vapor transport around the droplet is important for understanding the evaporation 

[26]. There are two modes of vapor transportation around the droplet during evaporation 

known as diffusion and convection as shown in Fig. 1.5 [27].  The primary mode of the 

vapor transport from the droplet is diffusion of vapor from the liquid–vapor (lv) 

interface to the ambient air in the gas phase. In diffusion, the air at the liquid vapor 

interface is saturated with the vapor and is less saturated far from the droplet 

characterized by relative humidity of the air. The density difference of vapor is the 

driving force for the vapor transportation in the gas phase through diffusion. When the 

relative humidity of the ambient air at ambient temperature is less than 1, the number of 

liquid molecules leaving the lv interface of the droplet is greater than the number of 

vapor molecules condensing back into the droplet. According to the kinetic theory of 

evaporation, the net transfer of liquid molecules to the air leads to a reduction in droplet 

volume. This mass loss over time can be characterized by the evaporation rate of the 

droplet. The vapor transportation in diffusion has been extensively understood with 

theoretical models, numerical simulations, and experiments.  

However, in addition to diffusion, outward flow is generated to assist evaporation 

from the droplet, due to the change in density of the air at the interface and far from the 

droplet [28]. These flows are referred to in the literature as buoyant convection. For the 

droplets evaporating on the heated substrate and alcohol droplets evaporating in the 

ambient environment, the buoyant convection is particularly important in addition to the 

diffusion [4]. Kelly–Zion et al. have recently shown with experiments that the vapor 
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distribution around the evaporating droplet is largely different from that calculated from 

the widely accepted diffusion-limited models [29]. 

 

Fig. 1.5 Vapor transport mechanism in the humid air surrounded by an evaporating 

droplet. 

It was found that the isotropic vapor density gradient around the drop is no longer 

valid under certain experimental conditions. For alcohol droplets evaporating on flat 

surfaces in the environment, the evaporation rate with the diffusion-limited model will 

underestimate the results of the experiments. Therefore, new models have been 

developed to address this problem and to complement the mass transfer rate predicted 

by the diffusion model, especially from the combustion community. The Spalding 

evaporation model is the basic model that accounts for part of the side stream 

convection (Stefan flow) in addition to the diffusion flow [30]. Recently, new models 

have been proposed to predict the diffusive and convective contribution of vapor 

transport during evaporation, but their application is limited to certain fluids [31]. 
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1.1.4 Flow inside the droplet 

There are three types of internal flows inside the droplet during evaporation, namely 

evaporation-induced flows, buoyant convection and thermocapillary convection, as 

shown in Fig. 1.6. The net internal flows result from competition between the above. 

The evaporation-induced flows, first proposed by Deegan et al [32,33], occur in the 

direction of the apparent contact line on the side of the bulk of a pinned evaporating 

droplet. This is because the evaporation rate at the apparent contact line is higher than at 

the top of the droplet[34]. Due to this mechanism, a radially outward flow is created to 

compensate for the liquid at the contact line. Due to the evaporation–induced flows, the 

particles or impurities inside the drop accumulate at the contact line, which is shown in 

the 'coffee ring effect".  

 

(a) (b) (c) 

Fig. 1.6 The flow inside the droplet. (a) evaporation induced flow, (b) buoyant 

convection, and (c) thermo-capillary convection. 

Buoyant convection takes place due to the temperature and density gradient across 

the height of the drop [35]. Buoyant convection is important for large droplets 

evaporating on heat carriers or for alcohol droplets under ambient conditions. The 

contribution of side convection can be characterized by the Rayleigh number [35]. The 

surface temperature at the interface of the drop is non-uniform, which also leads to 

surface tension gradients [36]. The result is a thermocapillary flow from warmer regions, 
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where the surface tension is lower, to colder regions[37]. Thermocapillary flow was first 

observed by Marangoni and is therefore characterized by the Marangoni number[6,38]. 

For small water droplets evaporating on flat surfaces in ambient conditions, buoyant 

convection and thermocapillary convection are negligible[38]. In this case, their effect 

on the evaporation rate of the droplet can be ignored.  

1.1.5 Solid–liquid interface  

Thermal transport at the solid–liquid (sl) interface is important in governing heat 

transfer inside that is coupled to evaporation. On a microscopic scale, a discontinuity in 

temperature exists at sl interface and the temperature changes abruptly at the interface 

due to the significantly different thermal properties between solid and liquid as shown 

in Fig. 1.7. This temperature jump will cause additional resistance to the fluid flow in 

addition to the droplet and solid surface and is characterized by Kapitza length lk. In 

recent years, the chemical and physical properties of the slv interface have been 

modified to control the interfacial thermal resistance based on experiments and 

simulations.  
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Fig. 1.7 Description of solid–liquid interface and thermal slip length [39]. 

Recent studies concluded that for tiny droplets evaporating on heat surfaces, the 

contribution of this interface is significant as the Kapitza length, lk become equal to the 

droplet size. Nagayama et al., has measured the Kaptiza length of Si water system inside 

microchannel cooling problem [39]. However, the direct experimental measurements of 

thermal transport in nanoscale systems are still challenging for a droplet evaporation 

problem. 

1.1.6 Liquid–vapor interface and evaporation cooling 

The understanding of heat and mass transport at the liquid–vapor (lv) interface is 

important because evaporation occurs at lv interface [40]. On the macroscopic scale, the 

lv interface exists when the same molecules are present on the bulk side of the liquid 

and vapor phases. However, at the microscopic scale, the liquid-vapor interface is 

typically a few molecular diameters thick, as shown in Fig. 1.8. There is a transition 

region between the liquid and vapor phases that determines the evaporation mechanism 

[41]. Evaporation at the liquid interface is well described by the kinetic theory of 

evaporation, which includes the evaporation coefficient. The evaporation coefficient 

describes the net mass transfer from the lv interface, and its value shows that all 

molecules leaving the interphase do not condense back, which is the case of perfect 

evaporation. The evaporation coefficient is difficult to measure experimentally and is 

usually calculated using molecular dynamics simulations. Recently, numerous studies 

have approximated the evaporation coefficient, which is called the accommodation 

coefficient for droplet evaporation. 
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Fig. 1.8 Microscopic illustration of the liquid-vapor interface [42]. 

The lv interface of the drop is cooled by the latent heat of absorption generated by the 

phase change between liquid and vapor [43]. Evaporative cooling reduces the 

temperature of the lv interface relative to that of the wall, creating temperature gradients 

that drive heat transfer in the solid, liquid, and gaseous phases. Evaporative cooling at 

the lv interface depends on the wettability, the size of the droplets, the type of solid and 

liquid, and the boundary conditions at the solid surface [44]. Pan et al. found that 

evaporative cooling at the superhydrophobic surface is intense for water droplets 

evaporating under ambient conditions [45]. For water droplets evaporating on 

hydrophobic surfaces, the effects can be neglected. F. G. H. Schofield al. also found that 

evaporative cooling is very strong for substrates with low thermal conductivity [46]. For 

organic liquids like alcohols, evaporative cooling is much more intense compared to 

water [47]. 

1.2 Recent problems in droplet evaporation  

1.2.1 Solid–liquid–vapor Interface  

The solid–liquid–vapor (slv) interface is of particular interest because it is believed 

to be the main contributor toward droplet evaporation [48]. An slv interface is often 
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referred to as a three-phase contact line [49], static puddle [50], contact region [51], 

wetting meniscus [52], thin film [53], or precursor film [54]. However, its underlying 

physics still corresponds to that of a nearly flat thin liquid film with a thickness ranging 

from 10 nm to a few micrometers, extending ahead of the macroscopic contact line of 

the droplet formed as shown in Fig. 1.9,  owing to a capillary and disjoining pressure 

gradient [55]. The formation mechanism and physical stability of the slv interface of an 

evaporating droplet have been extensively studied using theoretical models [56]. Pham 

et al. presented a theoretical model to determine the scale of the slv interface of an 

evaporating droplet [57]. However, in their model, both the scale and the evaporation 

rate at the slv interface are unknown; and the model can only be applied to fully wetted 

evaporating droplets. The scales of the slv interfaces of droplets wetted on flat surfaces 

have been experimentally investigated using scanning electron microscopy [58], laser 

interferometry [59], nanoparticle image velocimetry [60], atomic force microscopy [61], 

and reflection interference contrast microscopy [62].  
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Fig. 1.9 Confocal laser microscope image of solid-liquid-vapor interface of water 

droplet on silicon surface [63]. 

The contribution of the slv interface in the kinetically driven evaporation of a droplet, 

where the temperature difference between the wall and the pure vapor in the vicinity is 

the driving force, has been extensively studied and has been reported to be significantly 

high [64]. This is because the thermal resistance at the slv interface is lower compared 

with that at the liquid–vapor (lv) interface, which promotes droplet evaporation [65]. In 

contrast, in diffusion-driven droplet evaporation, both the slv and lv interfaces are in 

thermodynamic equilibrium with the ambient air. The vapor concentration gradients at 

the slv and lv interfaces drive droplet evaporation, which depends on the surface area of 

each interface [66]. In this case, increasing the scale of the slv interface is one of the 

most efficient methods for enhancing droplet evaporation [67]. A previous study found 

the slv interface of an n-octane meniscus on a flat Si surface to be ~10 μm, whereas that 

of the lv interface was on the order of millimeters [68]. In a similar experiment, the 

scale of the slv interface of a water droplet wetted on a flat Si surface was 

experimentally measured and found to be negligible compared to the contact radius of 

the droplet [58,61]. Therefore, as the lv interface plays a dominant role and the slv 

interface makes little contribution. A good agreement has been observed between 

theoretical and experimental results when predicting droplet evaporation rates on flat 

surfaces [22,69–71]. 

Recently, researchers have proposed that the scale of the slv interfaces of a droplet 

can be artificially increased by growing micro/nanostructures on flat surfaces [55,72,73]. 

When a droplet is wetted on such a micro/nanostructured surface, the liquid spreads 
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owing to the capillary and the disjoining pressure gradient near the macroscopic contact 

line. Simultaneously, liquid wicking occurs within the micro/nanostructure [74]. This 

coupled spreading and wicking artificially increases the scale of the slv interface. For 

example, Chen et al. fabricated Zn oxide nanowires and porous Cu structures and 

observed an enlarged slv interface whose scale was dependent on the geometrical 

morphology of the micro/nanostructure [67]. Moreover, the slv interface on an 

irregularly nanostructured ZnO nanowire surface was larger than that on a regularly 

microstructured porous Cu surface. Shiomoto et al. [55] and Gimenez et al. [73] 

developed porous thin films on flat surfaces and observed the formation of large slv 

interfaces around droplets. They reported that an internal flow between the slv and lv 

interfaces occurred owing to wicking during droplet deposition. Furthermore, Poudel et 

al. fabricated regularly patterned microporous nanochannels at Si surface; they reported 

that significant wicking and evaporation occurred in the vicinity of the droplet’s contact 

line inside the nanochannels through the micropores on the surface [72]. 

However, thus far, details regarding the relative contribution of the slv interface to 

that of the lv interface for droplet evaporation at micro/nanostructured surfaces have not 

been reported. In particular, the relationships between the contributions of the slv 

interface, surface wettability, and droplet volume of droplet evaporating at 

micro/nanostructured surfaces warrant in-depth evaluations.  

1.2.2 Evaporation of droplet array 

The droplet arrays not only have attention in wide range of practical scientific and 

engineering applications but also can be found in our everyday life as shown in Fig. 

1.10. The presence of adjacent droplets around an evaporating droplet in array at a solid 
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surface increases vapor accumulation in the vicinity of liquid-vapor interface. This 

vapor accumulation referred to as shielding effect will suppress the evaporation rate of a 

droplet in array as compared to an isolated droplet under the same conditions.  

 

Fig. 1.10 Droplet array on the glass windows. 

Extensive recent studies have been conducted to understand the evaporation rate of a 

droplet in array. The presence of adjacent droplets has been shown to change the 

internal flow structure, induce convection in vapor phase, influence the shape of the 

final deposits and result in shrinking final morphologies of the evaporating droplet 

being surrounded in array.  Chen et al. found that the evaporation lifetime for an arrayed 

droplet prolongs compared to its isolated state even with large droplet spacing in an 

ordered array [75]. Khilifi et al. found that evaporation rate of droplets can be reduced 

by almost 55% compared to isolated droplets when the droplets are close enough [76]. 

Pardhan et al. analyzed the dissolution of binary droplets for both single and adjacent 

droplets at room temperature [77]. They reported that the adjacent droplets influenced 

the evaporative heat flux of each other, and as the distance of the droplets increased, the 

droplets tended to show the behavior of a single droplet. Edward et al. used laser 

interferometric technique to measure simultaneously the suppression in evaporation rate 

of all droplets in ordered and random two-dimensional array and found no evidence of 
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convection and thermal interactions [78]. Pandey et al. studied the extend of droplet 

confinement with various designs of two-dimensional array of evaporating droplets [79]. 

They found that the droplet lifetime in the array is remarkably independent of the 

relative position of the adjacent droplet and asymmetric nature of the droplet array.  

Laghezza et al. demonstrate the effect of the array size on the evaporation time of 

droplets in the center of the array [80]. They reported that evaporation time of the 

droplet in the center of the large size array increases as much as 60% compared to 

isolated droplets under identical conditions due to the shielding effect by adjacent 

droplets. However, for a small size array, no significant increase of the evaporation time 

was reported.  

Although these studies have aimed in fundamental conceptualization of physical 

phenomenon that involve an increase in evaporation time of a droplet surrounded by 

adjacent droplets during evaporation. However, little is known about the explicit 

significance of the physical parameters of the adjacent droplets on the evaporation rate 

of the droplet in center of the array. As an isolated droplet evaporates in three modes; 

the constant contact radius (CCR), the constant contact angle (CCA) and mix modes 

depending on the surface and liquid properties.  However, the presence of the adjacent 

droplet will alter the time that a droplet spends in each mode during droplet evaporation 

in array and will be influenced by the physical parameters of the adjacent droplets. The 

effect of the configuration of adjacent droplets on the evaporation dynamics and mode 

of evaporation of a droplet in array is not yet fully understood. Further, existing 

theoretical models for predicting the evaporation rate of droplets in the array neglect the 

important factor of surface wettability. 
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1.3 Research objectives  

Evaporation of a single droplet on a flat surface has been studied extensively and it is 

well-known that the liquid–vapor (lv) interface dominates droplet evaporation kinetics. 

However, in practice, droplets may evaporate on a micro/nanostructured surface or be 

surrounded by adjacent droplets. In the former case, the solid–liquid–vapor (slv) 

interface formed in the vicinity of the macroscopic contact line becomes significant, 

while the contribution of the slv interface to droplet evaporation remains an open 

question. In the latter case, existing theoretical models neglected the important factor of 

surface wettability and thus the synergistic effects of adjacent droplet’s configuration 

and surface wettability on droplet evaporation in an array is still unknown. The main 

objectives of this thesis are described as follows: 

(1) To estimate the scale of slv interface and its contributions to the droplet 

evaporation. 

(2) To clarify the effects of the surface wettability and droplet volume on the scale 

and evaporation at slv interface. 

(3) To investigate the contribution of adjacent droplets to droplet evaporation in array. 

(4) To clarify the effect of surface wettability on the evaporation rate of the droplet 

array. 

Upon completing these objectives, we look forward to understanding the physical 

mechanism of droplet evaporation in a wide range of applications.  
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1.4 Outline 

In this thesis, we proposed a new methodology to estimate the droplet evaporation 

rate from the slv interface and the physical scale of the slv interface for a wide range of 

surface wettability. We found that contribution of the slv interface to droplet evaporation 

was more significant than that of the lv interface at micro/nanostructured surfaces. We 

also conducted numerical simulations and experiments to verify a model involving the 

synergistic effects of droplet configuration and surface wettability on droplet 

evaporation in an array. We verified our model and found the evaporation from the lv 

interface with adjacent droplets was suppressed due to vapor-mediated interactions 

between the droplets. The rest of thesis consists of the following three chapters: 

Chapter 2, Contribution of solid–liquid–vapor interface to droplet evaporation 

estimates the evaporation rate at the slv interface of a droplet on a microstructured 

surface, based on the difference between the theoretical evaporation rate at the lv 

interface and the experimental evaporation rate. The scale of slv interface and its 

contributions to the droplet evaporation were estimated, and the effects of the surface 

wettability and droplet volume were clarified.  

Chapter 3, Contribution of adjacent droplets to droplet evaporation describes how 

droplet evaporation is hindered by the presence of adjacent droplets due to vapor-

mediated interactions. The contribution of the adjacent droplets to droplet evaporation 

was realized through theoretical modeling, numerical simulations, and experiments. 

Section 3.1 explains the effect of array configuration on droplet evaporation by varying 

the number, size, and spacing of adjacent droplets relative to a single reference droplet. 

In section 3.2, we clarified the effect of surface wettability on the evaporation rate of the 
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droplet array. We developed a model involving a contact angle function to accurately 

predict the evaporation rate of droplets on flat surfaces with an arbitrary contact angle in 

the array. We demonstrate that the contact angle function introduced in the present 

model should not be ignored when predicting the evaporation rates of droplets in an 

array on hydrophobic surfaces. 

Chapter 4 summarizes the main findings of this thesis and discusses future work.  
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Chapter 2 

2 Contribution of solid–liquid–vapor interface to 

droplet evaporation 

2.1 Introduction 

A solid–liquid–vapor (slv) interface is formed by a capillary and disjoining pressure 

gradient near the macroscopic contact line of a droplet. At a micro/nanostructured 

surface, the scale of the slv interface increases, such that it can significantly contribute 

toward droplet evaporation. However, the relative contribution of the slv interface to 

that of the lv interface for droplet evaporation at micro/nanostructured surfaces have not 

been reported. In particular, the relationships between the contributions of the slv 

interface, surface wettability, and droplet volume of droplet evaporating at 

micro/nanostructured surfaces warrant in-depth evaluations. Therefore, the wettability 

of the micro/nanostructured surface and droplet volume may affect this contribution and 

warrant further clarification. In this chapter, the evaporation rate of a droplet at a 

macroscopic liquid–vapor (lv) interface was derived theoretically and that at fabricated 

surfaces was measured experimentally. Considering droplet mass conservation, the 

evaporation rate at the slv interface was estimated based on the difference between the 

experimental results and theoretical evaporation rate at the lv interface. The 

corresponding scale of the slv interface was estimated and further validated with 

experiments. Further, the effects of the surface wettability and droplet volume on the 

scale and evaporation at slv interface is clarified. 



Chapter 2. Contribution of solid–liquid–vapor interface to droplet evaporation 

Graduate School of Engineering, Kyushu Institute of Technology, Japan 

   16 

2.2 Problem definition 

A droplet with an initial volume V0, a contact radius 𝑅𝑑0, and a contact angle 𝜃0 is 

considered to evaporate at a solid surface under isothermal ambient conditions. There 

are two interfaces for the possible evaporation of the droplet: the lv and slv interfaces. 

Diffusion-driven droplet evaporation is the governing mechanism, where the 

evaporation rates depend on the scale of the slv and lv interfaces. The scale 𝛿𝑠𝑙𝑣 has 

been found to be negligible compared to 𝑅𝑑0  for a flat surface through experiments 

[58,61]; therefore, its contribution to droplet evaporation is smaller. This has been 

confirmed by the good agreement between experimental and theoretical results during 

prediction of the evaporation rate at the lv interface [22,69–71]. Therefore, the lv 

interface dominates droplet evaporation at flat surfaces. However, in case of a structured 

surface, the scale 𝛿𝑠𝑙𝑣 of the slv interface has been found to be significantly enlarged 

[67,74]; thus, the slv interface may contribute more toward droplet evaporation, 

warranting further investigation.  

 

Fig. 2.1 Schematic of sessile droplet evaporating from lv and slv interfaces on a 

structured surface from an initial state. 
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A model is proposed in Eq. (2-1) and illustrated in Fig. 2.1, where the total 

evaporation rate 𝑚̇𝑒𝑣 of a droplet at a structured surface comprises the evaporation rates 

at the lv and slv interfaces, i.e., 𝑚̇𝑙𝑣 and 𝑚̇𝑠𝑙𝑣, respectively. 

𝑚̇𝑒𝑣 = 𝑚̇𝑙𝑣 + 𝑚̇𝑠𝑙𝑣 (2-1) 

In this model, 𝑚̇𝑒𝑣 is measured experimentally, 𝑚̇𝑙𝑣 is obtained theoretically, and 𝑚̇𝑠𝑙𝑣 

is estimated from the difference between 𝑚̇𝑒𝑣 and 𝑚̇𝑙𝑣.  

2.3 Theoretical modeling of droplet evaporation 

There are three types of internal flows during droplet evaporation: (1) Marangoni 

flow due to the surface tension gradient, (2) buoyant convection due to gravity, 

temperature gradient etc., and (3) the Deegan flow [32] due to the capillary and 

disjoining pressure gradient [48,49]. Since we used pure water as the working fluid for a 

1-4 l droplet, the Marangoni number can be estimated to be lower than 10-4, and the 

Rayleigh number is much lower than 10-1. Hence, we can ignore both the Marangoni 

flow and the buoyant convection in the present study [35]. On the other hand, the 

Deegan flow is of importance to keep the mass conservation during droplet evaporation 

as the mass transport rate of the Deegan flow is equal to evaporation rate 𝑚̇𝑠𝑙𝑣 at the slv 

interface. The following assumptions were used for the derivation of 𝑚̇𝑙𝑣:  

(1) The droplets are sufficiently small to be not affected by gravity as 𝑅𝑑0 < 3𝑚𝑚, 

which is less than the capillary length [21].  

(2) The governing mechanism for evaporation from the lv interface is limited to 

diffusion, and gas-phase convection can be ignored as the Rayleigh number for vapor is 

estimated less than 12 [81].  
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(3) Evaporative cooling at the lv interface, caused by latent heat transfer, has a 

negligible influence on the evaporation rate [45]. 

(4) Evaporation under isothermal ambient conditions occurs in a quasi-steady state 

because the ratio of the diffusion time to the evaporation time is considerably smaller 

than 1 (𝑡∗ = 𝐶𝑠−𝐶∞

𝜌𝑣
< 1) [70]. 

For the boundary condition at the lv interface of an evaporating droplet, pure vapor is 

assumed at the lv interface, which is in saturation with a concentration corresponding to 

the vapor-saturated density: 

𝐶𝑠 =
𝑀𝑃𝑠𝑎𝑡(𝑇)

𝑅𝑔𝑇
, (2-2) 

where 𝑃𝑠(𝑇) is the saturated partial vapor pressure at ambient temperature T, 𝑀 is the 

molecular weight of the vapor, and 𝑅𝑔  is the universal gas constant. The boundary 

condition far from the lv interface corresponds to the ambient air–vapor mixture under 

relative humidity RH, with concentration 𝐶∞ = 𝑅𝐻 × 𝐶𝑠 [70]. The Laplace equation can 

be used to determine the vapor transport around the droplet under steady-state 

conditions, i.e., ∇2𝐶 = 0, where the vapor concentration gradient ∇C, which is normal 

to the lv interface of the droplet, is the driving force for evaporation. The evaporation 

rate at the lv interface is described by Fick’s law [82]: 

𝑚̇𝑙𝑣 = −𝐷𝐴𝑙𝑣𝛻𝐶, (2-3) 

where the diffusion coefficient of the vapor into ambient humid air D is calculated as 

𝐷(𝑇) = 22.5 × 10−6(𝑇 273.15𝐾⁄ )1.8  [83], and 𝐴𝑙𝑣  is the surface area of the lv 
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interface. The concentration gradient ∇𝐶 depends on the contact angle 𝜃 formed by the 

lv interface and the surface of the droplet [70].  

The evaporation rate at the lv interface of a hemispherical droplet of radius 𝑅𝑑 with 

𝜃 = 90o can be calculated using 𝐴𝑙𝑣 = 2𝜋𝑅𝑑2 and ∇C = 𝐶𝑠 − 𝐶∞ 𝑅𝑑 ⁄  in Eq. (2-3) [11]: 

𝑚̇𝑙𝑣(𝑅𝑑, 90
𝑜) = −2𝜋𝑅𝑑𝐷(𝐶𝑠 − 𝐶∞). (2-4) 

Hu et al. defined the evaporation rate at the lv interface of a droplet with arbitrary 𝑅𝑑 

and 𝜃 using a surface area analogy with a hemispherical droplet, as follows [66]:  

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) = −2𝜋𝑅𝑑𝐷(𝐶𝑠 − 𝐶∞)
1

√1 + 𝑐𝑜𝑠 𝜃
 . (2-5) 

Conversely, the temporal evolution of the lv interface can be obtained as follows:  

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) = 𝜌𝑙
𝑑

𝑑𝑡
[
𝜋𝑅𝑑

3

3

(1 − 𝑐𝑜𝑠 𝜃)2(2 + 𝑐𝑜𝑠 𝜃)

𝑠𝑖𝑛3 𝜃
], (2-6) 

where 𝜌𝑙 denotes the liquid density. 

Multiplying and dividing Eq. (2-5) with √1 − 𝑐𝑜𝑠 𝜃 will yield the following: 

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) = −2𝜋𝑅𝑑𝐷(𝐶𝑠 − 𝐶∞)
√1 − 𝑐𝑜𝑠 𝜃

𝑠𝑖𝑛 𝜃
. (2-7) 

CCR mode of evaporation 

Considering the CCR mode of evaporation, where 𝑅𝑑  is constant and equal to the 

initial contact radius 𝑅𝑑0, Eq. (2-6) can be rewritten as  

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) =
𝜋𝜌𝑙𝑅𝑑0

3

3
[
(1 − cos 𝜃)2(2 + cos 𝜃)

sin3 𝜃
]

′
𝑑𝜃

𝑑𝑡
, (2-8) 

where we assume that 
 

[
(1 − cos 𝜃)2(2 + cos 𝜃)

sin3 𝜃
]

′

=
d

dθ
[
(1 − cos 𝜃)2(2 + cos 𝜃)

sin3 𝜃
]. (2-9) 
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The differential on the right side of Eq. (2-9) is solved as 

d

dθ
[
(1 − cos 𝜃)2(2 + cos 𝜃)

sin3 𝜃
] =

3

(1 + cos 𝜃)2
. (4-10) 

The evaporation rate in Eq. (2-8) is written as 

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) =
𝜋𝜌𝑙𝑅𝑑0

3

3

3

(1 + cos 𝜃)2
𝑑𝜃

𝑑𝑡
. (2-11) 

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) =
𝜋𝜌𝑙𝑅𝑑0

3

(1 + cos 𝜃)2
𝑑𝜃

𝑑𝑡
. (2-12) 

By equating the evaporation rates calculated using Eq. (2-7) and Eq. (2-12), we obtain 

Eq. (7) as follows: 

𝑑𝜃

𝑑𝑡
|
𝐶𝐶𝑅

= −
2𝐷(𝐶𝑠 − 𝐶∞)

𝜌𝑙𝑅𝑑0
2

(1 + 𝑐𝑜𝑠 𝜃)2√1 − 𝑐𝑜𝑠 𝜃

𝑠𝑖𝑛 𝜃
.  

By separating variables 𝜃 and t in Eq. (2-7) and applying definite integrals in the limit 

𝜃 = 𝜃0 to 0  at 𝑡 = 0 to 𝑡𝐶𝐶𝑅 as  

∫
sin 𝜃

(1 + cos 𝜃)2√1 − cos 𝜃

𝜃0

0

𝑑𝜃 = −
2𝐷(𝐶𝑠 − 𝐶∞)

𝜌𝑅𝑑0
2 ∫ 𝑑𝑡

0

𝑡𝐶𝐶𝑅

. (2-13) 

The definite integral function on the left side of Eq. (2-13) is substituted with I as 

I = −
2𝐷(𝐶𝑠 − 𝐶∞)

𝜌𝑅𝑑,𝑠
2

(0 − 𝑡𝐶𝐶𝑅) =
2𝐷(𝐶𝑠 − 𝐶∞)

𝜌𝑅𝑑0
2 𝑡𝐶𝐶𝑅 ′ (2-14) 

where 

I = ∫
sin 𝜃

(1 + cos 𝜃)2√1 − cos 𝜃

𝜃0

0

𝑑𝜃. (2-15) 
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Using substitution method and replacing √1 − cos 𝜃  with x  and cos 𝜃 = 1 − 𝑥2  and 

dx =
sin𝜃

2√1−cos𝜃
dθ , the definite integral limits in Eq. (2-15) are replaced with  

0 → √1 − cos 𝜃0 from 0 → 𝜃0 as 

I = 2∫
1

(√2 − 𝑥)2(√2 + 𝑥)2

𝑥0=√1−cos𝜃0

0

𝑑𝑥. (2-16) 

The integrand function is decomposed into partial fractions as 

1

(√2 − 𝑥)2(√2 + 𝑥)2
=

𝐴

√2 − 𝑥
+

𝐵

(√2 − 𝑥)2
+

𝐶

√2 + 𝑥
+

𝐷

(√2 + 𝑥)2
. 

By taking the respective limits, we can calculate the numerator coefficients as  

A = lim
𝑥→√2

𝑑

𝑑𝑥
(

1

(√2 + 𝑥)
2)

′

= lim
𝑥→√2

2

(√2 + 𝑥)
3 =

√2

16
. 

B = lim
𝑥→√2

1

(√2 + 𝑥)
2 =

1

8
. 

C = lim
𝑥→−√2

𝑑

𝑑𝑥
(

1

(√2 − 𝑥)
2)

′

= lim
𝑥→−√2

2

(√2 − 𝑥)
3 =

√2

16
. 

D = lim
𝑥→−√2

1

(√2 − 𝑥)
2 =

1

8
. 

Eq. (2-16) is rewritten as 

I = 2∫ [
√2

16
(

1

√2 − 𝑥
+

1

√2 + 𝑥
)

√1−cos𝜃0

0

+
1

8
{

1

(√2 − 𝑥)2
+

1

(√2 + 𝑥)2
}] 𝑑𝑥. 

(2-17) 

Integrating Eq. (2-17) as 
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I = [
√2

8
ln (

√2 + 𝑥

√2 − 𝑥
) +

𝑥

2(2 − 𝑥2)
]
0

√1−cos𝜃0

. (2-18) 

By expanding the limits as follows:  

I =
√2

8
ln (

√2 + √1 − cos 𝜃0

√2 − √1 − cos 𝜃0
) +

√1 − cos 𝜃0
2(1 + cos 𝜃0)

. (2-19) 

I =
√2

8
∙ ln

(

 
 
1 +

√1 − cos 𝜃0

√2

1 −
√1 − cos 𝜃0

√2 )

 
 
+
√1 − cos 𝜃0
2(1 + cos 𝜃0)

. (2-20) 

Using the trigonometric hyperbolic function, tanh 𝑧 = 𝑒2𝑧−1

𝑒2𝑧+1
= 𝑦 with z = tanh−1 𝑦 and 

𝑧 =
1

2
ln (

1+𝑦

1−𝑦
). Eq. (2-20) can then be rewritten as 

I =
√2

4
tanh−1 [(

√1 − cos 𝜃0

√2
)] +

√1 − cos 𝜃0
2(1 + cos 𝜃0)

. (2-21) 

Using the double angle formula, sin2 𝜃
2
=
1−cos𝜃

2
 and cos2

𝜃

2
=
1+cos𝜃

2
, Eq. (2-21) is 

rewritten as 

I =
√2

4
tanh−1(√sin2

𝜃0
2
) +

√2 sin2
𝜃0
2

2 ∙ 2cos2
𝜃0
2

. (2-22) 

After simplifying Eq. (2-22), 

I =
√2

4
[tanh−1 (sin

𝜃0
2
) +

tan
𝜃0
2

cos
𝜃0
2

]. (2-23) 

The evaporation time in the CCR mode 𝑡𝐶𝐶𝑅 is calculated by back substituting Eq. (2-23) 

into Eq. (2-14) as 
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𝑡𝐶𝐶𝑅 =
√2𝜌𝑙𝑅𝑑0

2

8𝐷(𝐶𝑠 − 𝐶∞)
[tanh−1 (sin

𝜃0
2
) +

tan
𝜃0
2

cos
𝜃0
2

]. (2-24) 

Further simplifications yield 

𝑡𝐶𝐶𝑅 =
√2𝜌𝑙𝑅𝑑0

2

8𝐷(𝐶𝑠 − 𝐶∞)
{𝑡𝑎𝑛ℎ−1[𝑎(𝜃0)] +

𝑎(𝜃0)

1 −𝑎(𝜃0)2
}, (2-25) 

where 𝑎(𝜃0) = 𝑠𝑖𝑛
𝜃0

2
. The evaporation rate at the lv interface in the CCR mode is  

𝑚̇𝑙𝑣|𝐶𝐶𝑅 = −
𝜌
𝑙
(𝑉
0
/1000)

𝑡𝐶𝐶𝑅
= −

8𝑉0𝐷(𝐶𝑠 − 𝐶∞)

1000 × √2𝑅𝑑0
2 {𝑡𝑎𝑛ℎ−1[𝑎(𝜃0)] +

𝑎(𝜃0)
1 −𝑎(𝜃0)2

}
,  

CCA mode of evaporation 

Considering the CCA mode of evaporation, where 𝜃  is constant and equal to the 

initial contact angle 𝜃0, Eq. (2-6) can be rewritten as  

𝑚̇𝑙𝑣(𝑅𝑑, 𝜃) = 𝜋𝜌𝑅𝑑
2 [
(1 − cos 𝜃0)

2(2 + cos 𝜃0)

sin3 𝜃0
]
d𝑅𝑑
dt
, (2-26) 

The evaporation rates calculated using Eqs. (2-5) and (2-26) are equated to yield as 

𝑑𝑅𝑑
𝑑𝑡
|
𝐶𝐶𝐴

= −
2𝐷 (𝐶𝑠 − 𝐶∞)

𝜌𝑙𝑅𝑑

(1 + cos 𝜃0)

(2 + 𝑐𝑜𝑠 𝜃0)√1 − 𝑐𝑜𝑠𝜃0
 

.  

By separating variables 𝑅𝑑 and t in Eq. (2-8) and applying definite integrals in the limit 

𝑅𝑑 = 𝑅𝑑0  to 0  at 𝑡 = 0 to 𝑡𝐶𝐶𝐴:  

∫ 𝑅𝑑𝑑𝑅𝑑

𝑅𝑑0

0

= −
2𝐷(𝐶𝑠 − 𝐶∞)

𝜌𝑙

(1 + cos 𝜃0)

(2 + cos 𝜃0)√1 − cos 𝜃0
∫ 𝑑𝑡
0

𝑡𝐶𝐶𝐴

. (2-27) 

The definite integrals are solved as follows: 
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𝑡𝐶𝐶𝐴 =
𝜌
𝑙
𝑅𝑑0

2

4𝐷(𝐶𝑠 − 𝐶∞)
{
(2 + 𝑐𝑜𝑠𝜃0)√1 − 𝑐𝑜𝑠𝜃0

(1 + 𝑐𝑜𝑠𝜃0)
}. (2-28) 

The evaporation rate at the lv interface in the CCA mode is given as 

𝑚̇𝑙𝑣|𝐶𝐶𝐴 = −
𝜌
𝑙
(𝑉
0
/1000)

𝑡𝐶𝐶𝐴
= −

4𝑉0𝐷 (𝐶𝑠 − 𝐶∞)

1000 × 𝑅𝑑0
2 {
(2 + 𝑐𝑜𝑠 𝜃0)√1 − 𝑐𝑜𝑠𝜃0

(1 + 𝑐𝑜𝑠 𝜃0)
}

 . (2-29) 

Wilson et al. has proposed a model [84] with a complex double integral function for 

the initial contact angle 𝜃0 , which requires numerical integration to predict the 

evaporation rate at the lv interface. Nevertheless, the present model proposed an 

algebraic function of the initial contact angle 𝜃0. It can be easily solved without any 

assumptions to predict the exact evaporation rate corresponding to the experimental 

conditions.  

2.4 Materials and methods 

2.4.1 Sample preparation and characterization 

A 18 mm × 18 mm × 1 mm glass sample, denoted as FS-1, was employed in this 

study. Further, a 15 mm × 15 mm × 0.35 mm Si sample was cut from an n-type Si 

wafer, and subsequently cleaned with acetone, isopropanol alcohol, and water for 10 

min to remove organic impurities. The Si sample was then treated with a diluted piranha 

solution to obtain FS-2. An oxide layer was deposited on the Si sample through 

chemical vapor deposition to obtain FS-3. Subsequently, FS-4 was prepared by treating 

the Si sample with 1% buffered hydrofluoric (BHF) acid to remove the natural oxide 

layer. To prepare microstructured irregular Cu samples MS-(1–4), wet chemical etching 
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was employed as shown in Fig. 2.2. The 0.3-mm-thick Cu foil was cut into 15 mm × 15 

mm samples. The natural oxide layer was mechanically removed using SiC sandpaper 

with grit sizes of 600 µm and 1000 µm, in succession. The polishing debris was 

removed via ultrasonic-assisted chemical cleaning with acetone, isopropanol alcohol, 

and water for 10 min each. The etchant solution for wet chemical etching was prepared 

by mixing 2 mol/L HCl with 0.83 mol/L H2O2. The cleaned and polished Cu samples 

were immersed in an etchant and maintained at a constant temperature of 60 oC to 

ensure uniform etching. The etched Cu samples were cleaned with isopropanol alcohol, 

followed by deionized water, and then air-dried before evaporation. Thus, a porous 

surface with hierarchical structures was obtained on top of the Cu samples. A similar 

trend was reported in [85] during the wet chemical etching of Al samples. The surface 

roughness 𝑅𝑎 of the samples depends on the etching time, provided the concentration of 

the etchant remains constant. The longer the etching time, the greater is the surface 

roughness of MS-(1–4), as illustrated in Fig. 2.3(b). Regular microstructured cavities 

with the surface parameters described in Table 2-2 were fabricated on the flat Si 

surface. MS-4 was produced using mask-based photolithography and anisotropic KOH 

wet-etching. MS-(5–7) were developed using maskless lithography (NEOARK, DDB-

701- MS) and reactive ion etching (SAMCO, RIE-400iPB) over a 9 mm × 9 mm area as 

shown in Fig.2.2(b). The correlation between 𝜃0 and the structural parameters of the 

microstructured samples has been previously described by Zhang et al. [86].  

A scanning probe microscope (SPM, Shimadzu, SPM-9700HT) and a scanning 

confocal laser microscope (SCLM, Olympus, LEXT OLS3100) were used to observe 

the surface morphologies of the flat and microstructured samples, respectively. Detailed 
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properties of the flat and microstructured samples are listed in Tables 2-1 and 2-2, 

respectively. The surface roughness across the centerline of the scan area is illustrated in 

Fig. 2.3.  

Table 2-1 Samples with flat surfaces. 

Cases Material 𝑅𝑎 [nm] 𝜃0 [°]  

FS-1 Glass 1.11 ± 0.72 34.6 ± 1.6 

FS-2 Piranha-treated Si 1.92 ± 0.58 40.2 ± 3.4 

FS-3 Oxide-coated Si 0.49 ± 0.27 51.4 ± 0.5 

FS-4 BHF-cleaned Si 0.82 ± 0.35 80.2 ± 0.9 

Table 2-2 Samples with microstructured surfaces. 

Cases Material 𝑅𝑎/ Structure 
parameters [μm] 𝜃0 [°]  

MS-1 

Etched Cu 

3600 s 2.64 ± 0.99 24.3 ± 4.3 

MS-2 2700 s 2.02 ± 0.65 34.4 ± 3.5 

MS-3 1200 s 1.68 ± 0.63 53.0 ± 6.3 

MS-4 300 s 1.1 ± 0.3 62.1 ± 4.1 

MS-5 Wet-etched Si 
 

a = 10, b = 1, h = 8 

93.0 ± 3.0 

MS-6 

Deep RIE Si  
a = 20, b = 20, h = 10 

103 ± 2.0 

MS-7 a = 60, b = 20, h = 10 110 ± 2.5 

MS-8 a = 180, b = 20, h = 10 128 ± 2.4 
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(a) 

 

 
(b) 

Fig. 2.2 Schematic of the fabrication process of microstructured (a) Cu and (b) Si 

samples. 
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(b) 

Fig. 2.3 Surface morphologies of (a) flat and (b) microstructured samples. 

The stability and uniformity of the fabricated surfaces were evaluated based on the 

plots of dimensionless 𝜃0 (i.e., 𝜃0,0 𝜃0⁄ ) versus time and initial volume 𝑉0 versus 𝜃0, as 

shown in Fig. 2.4. The initial contact angle after attaining equilibrium state at the start 

of the stability evaluation test (0 min) is denoted as 𝜃0,0. The results in Fig. 2.4(a) show 

that the dimensionless 𝜃0 values of the samples do not change significantly over 30 min, 

which is considerably shorter than the evaporation times of droplets at the surfaces 

considered in this study. This indicates that the fabricated surfaces are negligibly 

affected by the formation of the natural oxide later; the random variation in 

dimensionless 𝜃0 over time only corresponds to the experimental non-uniformity of the 

surfaces. Furthermore, Fig. 2.4(b) shows that 𝑉0 does not significantly affect 𝜃0 of the 

microstructured samples.  
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Fig. 2.4 (a) Dimensionless 𝜃0 vs. time and (b) 𝜃0 vs. 𝑉0.  

2.4.2 Measurement method 

A digital optical microscope (Keyence, VHX200) equipped with an adjustable 

backlight source was used to capture a high-resolution video from the side of the droplet 

during evaporation. A three-axis mechanical stage was employed to adjust the droplet 

positions according to a fixed imaging system. An acrylic cover was used as the 

measurement cell to prevent convection around the droplets during evaporation. A 

thermal recorder (T&D Cooperation, TR-72Ui) was used to measure the ambient 

temperature and humidity in the vicinity of the droplet inside the measurement cell. A 

micropipette (Hamilton, 701RN) was used to precisely and gently disperse microliter-

sized droplets onto the surface without entrapping air. An environmental chamber 
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(Espec, TBL-4HWOP3A) was used to precisely control the temperature and humidity 

of the environment. An open-source image analysis code (ImageJ, v-1.53) [87] was 

used to calculate V, 𝜃 , and 𝑅𝑑 of the droplets using the recorded high-resolution videos. 

In all the experiments, high-purity water (Wako, LC /MS 214-01301) was used for the 

droplets to avoid the effects of solid containments. The experiments were repeated at 

least five times under strictly controlled ambient conditions, and the uncertainty of the 

results was calculated using the mean and standard deviations of the experimental 

dataset. A detailed schematic of the experimental setup is presented in Fig. 2.5. 

 

Fig. 2.5 Schematic of the measurement system. The inset shows the measurement cell 

comprising a (a) temperature and humidity recorder, (b) micropipette, and (c) substrate. 

The temporal measurements of the ambient temperature 𝑇 and relative humidity 𝑅𝐻 

during the evaporation of a 4 µL droplet are illustrated in Fig. 2.6. 𝑇 and 𝑅𝐻 in the 

measurement cell varied within small ranges (i.e., 𝑇 = 25 ± 1oC and 𝑅𝐻 = 40 ± 3%). 

These findings demonstrate that the ambient conditions remained unchanged during 

droplet evaporation at both the flat and microstructured surfaces. 
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Fig. 2.6 Temporal measurements of (a, b) T and (c, d) RH during droplet evaporation at 

the flat and microstructured surfaces. Symbols correspond to the arithmetic mean of the 

experimental data set. 

2.5 Results and discussion 

2.5.1 Evaporation dynamics 

The temporal evolutions of 𝑅𝑑 , 𝜃,  and 𝑉  of the droplet during evaporation are 

illustrated in Fig. 5 for the flat and microstructured samples. In Fig.2.7, the symbols 

correspond to the arithmetic mean of the experimental data, while the error bar is from 

five measurements for each sample. Since part of the measurement error at the end of 

evaporation varies largely, few of the error bars are not presented to retain the 

readability of the experimental data. 

Microstructured Samples Flat Samples (a) (b) 

(d) (c) 
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Fig. 2.7 Temporal evolution of (a, b) 𝑅𝑑 , (c, d) 𝜃 , and (e, f) 𝑉  during droplets 

evaporation at flat and microstructured surfaces. 

Figs. 2.7(a) and (b) demonstrate that 𝑅𝑑 remains constant during evaporation at the 

microstructured surfaces. For the flat samples, as illustrated in Fig. 2.7(a), 𝑅𝑑 generally 

remains constant for the maximum duration of the evaporation; however, depinning of 

the contact line occurs at the end of evaporation for FS-3 and FS-4. This phenomenon 

occurs because the pinning force is strong at microstructured and hydrophilic flat 

samples, and evaporation occurs mainly in the CCR mode at the expense of a decrease 

in θ, as illustrated in Figs. 2.7(c) and (d). However, there exists a linear decrease in 𝑉 in 

all the cases, as illustrated in Figs. 2.7(e) and (f), yielding a quasi-steady time course.  
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2.5.2 Comparison between theory and experiments 

The same ambient conditions of T and RH, which are 25 oC and 40%, respectively, 

were used to predict the theoretical evaporation rate 𝑚̇𝑙𝑣 in line with the experimental 

conditions measured in Fig. 2.6. The measured evaporation rate 𝑚̇𝑒𝑣 was compared with 

the theoretical evaporation rate 𝑚̇𝑙𝑣 calculated using Eqs. (2-25) and (2-29) for the CCR 

and CCA modes of evaporation. The theoretical prediction of the evaporation rate 𝑚̇𝑙𝑣 

was found to be lower for the CCA mode, as compared to the CCR mode. This is 

because the decrease in the surface area of the lv interface during evaporation is 

significant in the CCA mode. As the droplet evaporation at microstructured surfaces 

adopts the CCR mode, it is considered as a reference for comparison between theory 

and experiments.  

Fig. 2.8 shows that the experimentally measured 𝑚̇𝑒𝑣 increases with decreasing 𝜃0 

for all the samples. This corresponds to a larger surface area of lv interface for the 

droplet with lower 𝜃0, under a constant 𝑉0 = 4 μL. Notably, for droplet evaporation at 

the flat surfaces, good agreement was noted between Eq. (2-25) and the experimental 

results, indicating that the role of the lv interface in mass transfer was dominant in the 

CCR mode of evaporation. However, for droplet evaporation at the microstructured 

surfaces, Eq. (2-25) yielded significantly underestimated theoretical results, 

corresponding to the missing term of evaporation 𝑚̇𝑠𝑙𝑣  in the presence of the slv 

interface. This deviation become significant for the hydrophilic microstructured Cu 

samples MS-(1─4) than the hydrophobic microstructured Si samples MS-(5─8).  
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Fig. 2.8 Comparison between theoretically calculated evaporation rates at the lv 

interface 𝑚̇𝑙𝑣  and experimentally measured evaporation rates 𝑚̇𝑒𝑣  for the flat and 

microstructured samples.  

A detailed comparison is made with the literature to ensure the authenticity of the 

experiment results in the present study. For this purpose, the experimental data and 

theoretical predictions in Fig. 2.8 are normalized with respect to Eq. (2-25) in Fig. 2.9 

for droplet evaporation at flat and microstructured surfaces for the 𝜃0 range from 0 to 

180°. Good agreement was found between the present experimental data and literature 

data [16,71,88] for droplet evaporation at flat and microstructured surfaces. However, 

the literature data [33] for droplet evaporation at hydrophobic flat surfaces and 

superhydrophobic microstructured surfaces are smaller than the theoretical predictions. 

In these cases, the role of the slv interface to droplet evaporation both for CCR and 

CCA mode is negligible, while the suppression of droplet temperature reduced the 

evaporation rate due to the solid-liquid interfacial thermal resistance [33].  
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Fig. 2.9 Comparison of the experimental results with the literature data for droplet 

evaporation at flat and microstructured surfaces (normalized with respect to Eq. (2-25)). 

Blue and red colors represent experimental evaporation rates at flat and microstructured 

surfaces, respectively. The red dashed line serves as a guide. 

2.5.3 Estimation of slv interface scale and its contribution to droplet 

evaporation 

The evaporation rate 𝑚̇𝑠𝑙𝑣  at the slv interface and its contribution to droplet 

evaporation at the microstructured surfaces are illustrated in Fig. 2.10(a). Here, 𝑚̇𝑠𝑙𝑣 is 

estimated using Eq. (2-1) based on the difference between the experimentally measured 

𝑚̇𝑒𝑣 presented in Fig. 2.8 and the theoretically calculated 𝑚̇𝑙𝑣 determined using Eq. (2-

25). The error bar in Fig. 2.10(a) corresponds to the experimentally measured 𝑚̇𝑒𝑣 and 

estimated 𝑚̇𝑠𝑙𝑣. The contribution of the slv interface increased from 16% to 48% as 𝜃0 
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decreased for a 4 μL droplet; this was related to the increase in the corresponding scale 

of the slv interface 𝛿𝑠𝑙𝑣. This is likely because the higher the capillary and disjoining 

pressure gradient, the larger is the scale of the slv interface, and vice versa. According 

to the Frumkin–Derjaguin model, a decrease in the equilibrium initial contact angle 𝜃𝑌 

at the flat surface increases the disjoining pressure at the slv interface [89]. For the slv 

interface on micro/nanostructured surfaces, the disjoining pressure primarily depends on 

the wetting states inside these structures. Zhao et. al reported a higher disjoining 

pressure and a greater 𝛿𝑠𝑙𝑣 for the fully wetting (Wenzel) state, as compared to those of 

the non-wetting (Cassie–Baxter) state on nanostructured surfaces [90]. As shown in 

Table 2-2, the initial contact angles of the microstructured surfaces range from 24.3 to 

128 ° , corresponding to the fully wetting and intermediate wetting states [19,86]. 

Therefore, samples MS-(1─4) yielded larger 𝛿𝑠𝑙𝑣  values owing to a higher disjoining 

pressure at the slv interface and contributed toward a higher 𝑚̇𝑠𝑙𝑣, as compared to the 

MS-(5─8) samples. Further clarifications regarding the evaporating slv interface in the 

intermediate wetting state are expected in the future. 

Under the thermal equilibrium attained in ambient conditions, the surface areas of the 

slv and lv interfaces of the droplet, 𝐴𝑠𝑙𝑣 and 𝐴𝑙𝑣, respectively, are the principal driving 

mechanisms of evaporation. Therefore, the evaporation rate and the surface area ratios 

at the slv and lv interfaces are proportionally equal: 

𝑚̇𝑠𝑙𝑣
𝑚̇𝑙𝑣

=
𝐴𝑠𝑙𝑣
𝐴𝑙𝑣

=
𝜋((𝑅𝑑0 + 𝛿𝑠𝑙𝑣)

2 − 𝑅𝑑0
2)

2𝜋𝑅𝑑0
2 (1 − 𝑐𝑜𝑠𝜃0)
𝑆𝑖𝑛2𝜃0

=
2𝜋𝑅𝑑0𝛿𝑠𝑙𝑣 + 𝜋𝛿𝑠𝑙𝑣

2

2𝜋𝑅𝑑0
2

(1 + 𝑐𝑜𝑠𝜃0)

. (2-30) 

Eq. (2-30) is an implicit equation for the variable 𝛿𝑠𝑙𝑣 and is solved iteratively using 

the MATLAB function Fzero having a tolerance limit of 1 × 10−9 [91].  



Chapter 2. Contribution of solid–liquid–vapor interface to droplet evaporation 

Graduate School of Engineering, Kyushu Institute of Technology, Japan 

   38 

 

(a) 

0 30 60 90 120 150 180
0

200

400

600

800

1000

1200
 Eq. (2-30)
 Experiment

Sl
v 

In
te

rfa
ce

 w
id

th
, d

sl
v [


m

]

Initial contact angle, q0 [o]  

(b) 



Chapter 2. Contribution of solid–liquid–vapor interface to droplet evaporation 

Graduate School of Engineering, Kyushu Institute of Technology, Japan 

   39 

Fig. 2.10 (a) Estimated contributions of the slv interface to evaporation rate of droplets 

on microstructured surfaces. (b) Slv interface scale 𝛿𝑠𝑙𝑣 versus initial contact angle 𝜃0 

for 4 μL droplets. The fitted dashed line serves as a guide. 

The scale 𝛿𝑠𝑙𝑣 of the slv interface estimated using Eq. (2-30) is plotted against 𝜃0 in 

Fig. 2.10(b) for the droplets evaporating at the microstructured surfaces MS-(1─8). The 

error bar and scattering of the estimated values correspond to 𝑚̇𝑠𝑙𝑣 in Eq. (2-30). 𝛿𝑠𝑙𝑣 

decreased with increasing 𝜃0, corresponding to the trend of 𝑚̇𝑠𝑙𝑣, as illustrated in Fig. 

2.10(a). This finding confirms that the scale of the slv interface depends on the surface 

wettability of the microstructured samples. According to the results shown in Fig. 

2.7(b), the estimated 𝛿𝑠𝑙𝑣 is on the order of 𝑅𝑑0, thereby highlighting the fact that the 

scale effect of the slv interface is prominent for a 4 μL droplet on microstructured 

surfaces. The experimental 𝛿𝑠𝑙𝑣 shown in Fig. 2.10(b) was measured from the top view 

images of the 4 μL droplet on the microstructured Cu samples MS-1 and MS-3 captured 

using the high-speed microscope (Keyence, VW6000). The acquired images were 

analyzed using an open-source image analysis code (ImageJ, v-1.53). The experimental 

𝛿𝑠𝑙𝑣  values agreed well with the values estimated using Eq. (2-30) as shown in Fig. 

2.10(b).  

Experiments were performed to measure the scale 𝛿𝑠𝑙𝑣 from the top view of the 4 μL 

droplet on the microstructured Cu samples MS-1 and MS-3 using a high-speed 

microscope (Keyence, VW6000). Optical magnifications of 30x and 50x were used for 

the droplet on samples MS-1 and MS-3, respectively. The acquired images were 

analyzed using an open-source image analysis code (ImageJ, v-1.53). The results with 

the scale are presented in Fig. 2.11 (b). Note that 𝛿𝑠𝑙𝑣 was measured at three different 
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locations as displayed in Fig. E1(b). The mean values are approximated and plotted in 

Fig. 8(b). 

 

 (a) (b) 

Fig. 2.11 Microscopy images of (a) side view and (b) top view of the droplet at time 

t=0 s for the microstructured Cu samples MS-(1,3). 

2.5.4 Effect of droplet volume on the scale and evaporation rate at the 

slv interface 

The effects of 𝑉0  on 𝑚̇𝑒𝑣 , 𝑚̇𝑠𝑙𝑣 , and 𝛿𝑠𝑙𝑣  for droplet evaporation at the 

microstructured surfaces are shown in Fig. 2.11. Fig. 2.12(a) shows that the contribution 

of the slv interface to the droplet evaporation of 1 μL is approximately of the same order 

of magnitude as that for a 4 μL droplet (see Fig. 2.10(a)). This indicates that the 

contribution of the slv interface to droplet evaporation is not affected by the droplet 

volume in the microliter range. As can be seen in Figs. 2.10(a) and 2.12(a), both 𝑚̇𝑙𝑣 
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and 𝑚̇𝑠𝑙𝑣 decreased with 𝑉0; therefore, the percentage contribution of the slv interface 

remained constant. In  
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Fig. 2.12 Effects of 𝑉0  on (a)𝑚̇𝑒𝑣 , (b) 𝑚̇𝑠𝑙𝑣 , and (c) 𝛿𝑠𝑙𝑣  for droplet evaporation at 

microstructured surfaces. The fitted dashed lines serve as guides. 

Fig. 2.10(b), 𝑚̇𝑠𝑙𝑣 of a 1 μL droplet is smaller than that of a 4 μL droplet. On a related 

note, 𝛿𝑠𝑙𝑣 of a 1 μL droplet is smaller than that of a 4 μL droplet, as illustrated in Fig. 

2.10(c). This implies that, for a given surface, an evaporating droplet with a larger 𝑉0 

spreads more easily, owing to a larger 𝛿𝑠𝑙𝑣. Notably, 𝛿𝑠𝑙𝑣 and 𝑚̇𝑠𝑙𝑣 at the slv interface 

decreased with increasing 𝜃0 , exhibiting similar trends with 𝜃0  for 1 μL  and 4 μL 

droplets. The effect of the droplet volume on 𝛿𝑠𝑙𝑣 and 𝑚̇𝑠𝑙𝑣 can be further investigated 

by decreasing 𝑉0 below 1 μL, which will be addressed in the future. 
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2.6 Summary 

This study provides detailed insights into the contributions of the slv interface toward 

droplet evaporation at micro/nanostructured surface and highlights the effects of surface 

wettability and droplet volume. we found that contribution of the slv interface was more 

significant than that of the lv interface for droplet evaporation at micro/nanostructured 

surfaces, while the lv interface dominated the droplet evaporation at flat surfaces. The 

scale of the slv interface 𝛿𝑠𝑙𝑣 increased at the microstructured surfaces, ranging from 

253–940 μm for 4 μL droplets with contact radii of 796–2280 μm. The contribution of 

the slv interface to the droplet evaporation rate varied between 21% and 48% for 

hydrophilic microstructured Cu surfaces. However, for droplets on hydrophobic 

microstructured Si surfaces, the contribution of the slv interface to the evaporation rate 

was lower and ranged from 16% to 25%. The scale 𝛿𝑠𝑙𝑣 and evaporation rate 𝑚̇𝑠𝑙𝑣 at the 

slv interface increased with a decrease in the initial contact angle 𝜃0 or an increase in 

the droplet volume 𝑉0. However, accurate measurements regarding the scale of the slv 

interface 𝛿𝑠𝑙𝑣 and direct measurement of the evaporation rate at the slv interface 𝑚̇𝑠𝑙𝑣 

remain a challenge. Clarifications on the evaporation at the slv interface in the 

intermediate wetting state are expected in the future. Overcoming these limitations will 

pave the way for practical engineering and medical applications of droplet evaporation 

at micro/nanostructured surfaces.  
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Chapter 3 

3 Contribution of adjacent droplets to droplet 

evaporation 

3.1 Introduction 

Droplet evaporation at a solid surface in an array has scientific relevance in 

applications such as inkjet printing, spray cooling, perspiration on human skin, 

coughing/sneezing, and DNA mapping. The presence of adjacent droplets around an 

evaporating droplet in array at a solid surface increases vapor accumulation in the 

vicinity of liquid-vapor interface. This vapor accumulation referred to as shielding 

effect will suppress the evaporation rate of a droplet in array as compared to an isolated 

droplet under the same conditions. However, little is known about the effects of the 

array configuration of the adjacent droplets on the evaporation rate of droplets in an 

array. Further, As an isolated droplet evaporate in three modes; the constant contact 

radius (CCR), the constant contact angle (CCA) and mix modes depending on the 

surface and liquid properties.  However, the presence of the adjacent droplet will alter 

the time that a droplet spends in each mode during droplet evaporation in array and will 

be influenced by the physical parameters of the adjacent droplets. In this context, we 

demonstrate with numerical simulations and experiments that physical parameters such 

as the number, size, and separation distance of adjacent droplets highly influence 

evaporation rate of droplets in an array. 
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Current diffusion-based theoretical models can accurately predict the evaporation 

rate of an isolated droplet on a flat surface [66,69,70,92]. However, in identical 

conditions, these models overestimate the evaporation rate of a droplet surrounded by 

neighboring droplets in the array [93]. In this context, Carrier et al. introduced the 

concept of "super-droplet" and proposed an analytical expression that describes how its 

evaporation is hindered by the presence of adjacent droplets [76]. A basic assumption of 

this model is that an array of droplets with an arbitrary contact angle can be considered 

as a single flat super-droplet. However, this assumption prevents the model from 

accurately predicting the evaporation rate when the distance between individual droplets 

in the array is larger than a threshold value [79]. To address this limitation, Wray et al. 

[94] proposed a theoretical model by assuming that droplets in the array interact only in 

the gas domain through diffusion. Wray et al.’s model is capable of accounting for the 

relative size and position of each droplet in the array to accurately predict the 

evaporation rate of droplets [94]. Their predictions were experimentally validated by 

Edwards et al.[78], who used an interferometric technique to directly measure the 

individual evaporation rate of droplets on hydrophilic glass surfaces for ten different 

array configurations. 

However, Wray et al.’s model is applicable only to hydrophilic droplets (so-called 

thin droplets) in the array. Therefore, the model is inappropriate to predict the 

evaporation rates of droplets in the array on hydrophobic surfaces[94, 95,96]. In this 

study, we propose a generalized model that considers the important factor of surface 

wettability for accurately predicting the evaporation rate of droplets in array. 
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3.2 Effect of array configuration on droplet evaporation 

3.2.1 Problem definition 

An array of droplets is considered to evaporate on flat surfaces as shown in Fig. 3.1. 

In the given array configuration, the central droplet in array is considered as a reference 

droplet o, as it is uniformly surrounded by 𝑛𝑑 adjacent droplets that ranges between 1 to 

4. The contact radius of the reference and adjacent droplets are denoted as 𝑅𝑑0 and 𝑅𝑑𝑛, 

respectively. While the contact angle 𝜃 of all the droplets are identical and is equal to 

50° .The contact radius of the adjacent droplets is varied between 0 to 2𝑅𝑑0 . The 

adjacent droplets are separated by the constant distance 𝑑𝑠  which ranges from 0 to 

80𝑅𝑑0 .  
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Fig. 3.1 Schematics of droplet array configurations in the present study. 

The ambient conditions (i.e., temperature and relative humidity) are kept constant at 

25℃ and 40%. The continuous diffusion of vapour from the liquid-vapour interface (lv) 

of the droplets in the array with saturation density 𝜌𝑠  to the ambient density 𝜌∞ 

determine the evaporation process. The evaporation is considered to be quasi steady 

because the ratio of diffusion time to the evaporation time (𝑡∗ = 𝜌𝑠−𝜌∞

𝜌𝑠
) is far less than 

one. The evaporation cooling at lv interface caused by latent heat transfer has negligible 

influence on the evaporation rate. The external and internal flows in the liquid and gas 

domains, respectively, are considered weak to influence the evaporation rate. The 

droplets are sufficiently small to be affected by gravity since 𝑅𝑑  is smaller than 

capillary length. 

3.2.2 Simulation system 

A cylinder with a radius and height of 100 𝑅𝑑0, where 𝑅𝑑0 = 1 mm, was used as the 

simulation domain as depicted in Fig. 3.2(a), and it enclosed a droplet array on a surface 

located at the bottom of the system. A non-structured tetrahedral grid was used for the 

spatial discretization of the simulation domain, and the total number of grid elements 

ranged between 1 and 3 million. Fig. 3.2(b) shows the grid in the xy-plane of the 

simulation domain, and its enlarged view in vicinity of the droplet array is shown in Fig. 

3.2(c). The element size of the simulation grid was refined in the vicinity of the lv 

interface of the droplets to improve the simulation accuracy. Simulation grids were 

generated using the preprocessor SALOME[97], and the maximum aspect ratio and 

skewness of the tetrahedral elements in simulations grids were below 5 and 0.85, 
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respectively. Thus, it was ensured that the grid quality was not compromised by the 

presence of the sharp curvature at the lv interface of the droplets in the simulation 

domain. The vapor diffusion from the lv interface to the gas domain is simulated only 

and the internal flow of the droplet is ignored because the liquid is not included in the 

simulation domain. 

  

Fig. 3.2 Simulation system: (a) domain with boundary conditions, (b) grid in the xy-

plane of the simulation domain, and (c) enlarged view of the grid in vicinity of the 

droplet array.  

Fick’s second law can be written as a three-dimensional Laplace equation in terms of 

the vapor density 𝜌 [82]: 

𝑑2𝜌

𝑑𝑥2
+
𝑑2𝜌

𝑑𝑦2
+
𝑑2𝜌

𝑑𝑧2
= 0. (3-1) 

The mass transfer rate based on Fick’s first law can be written as   



Chapter 3. Contribution of adjacent droplets to droplet evaporation 

Graduate School of Engineering, Kyushu Institute of Technology, Japan 

   49 

𝑚̇ = −𝐴𝑙𝑣𝐷(𝑇)
𝑑𝜌

𝑑𝑛
|
𝑙𝑣
. (3-2) 

Here, 𝑑𝜌
𝑑𝑛

 [kg/m4] is the vapor density gradient normal to the lv interface, and 𝑛̂ is a unit 

vector normal to the lv interface. 

The boundary conditions were as follows: (1) at the lv interface of all droplets, the 

vapor density was constant (𝜌 = 𝜌𝑠 = 23 g m3⁄ ); (2) in the far field, the vapor density 

was constant (𝜌 = 𝜌∞ = 9 g m3⁄ ); and (3) at the walls, there was no vapor penetration 

into the wall as 𝑑𝜌
𝑑𝑧
= 0. The contact angle of all the droplets was identical and in the 

range from 10° to 170°, and the number of adjacent droplets 𝑛𝑑 varied between 0 and 4. 

The separation distance 𝑑𝑠 was maintained constant at 10𝑅𝑑 . Grid independence was 

confirmed for all simulations. The governing equations, Eqs. (3-1) and (3-2), were 

solved using the finite volume method in OpenFOAM [98]. The Gauss linear scheme 

was adopted as the Laplacian scheme for discretization, and surface normal gradients 

were corrected. The simulation results were visualized using the post-processor 

Paraview [99]. 

3.2.3 Experimental materials and methods 

An untreated cover glass of 24 mm × 24 mm (Matsunami Glass) with a Young 

contact angle 𝜃𝑌 of 50° ± 2° was used as a hydrophilic surface. Hydrophobic surfaces 

with 𝜃𝑌 = 120° ± 3° were prepared by spraying a commercial water-repellent coating 

evenly onto the cover glass and drying the sprayed glass in a draft chamber for 60 min. 

A scanning probe microscope (SPM, Shimadzu, SPM-9700HT) was used to observe the 

surface morphologies of the hydrophilic and hydrophobic surfaces, and SPM images are 
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shown in Fig. 3.3. The average surface roughness Ra [nm] was found to be 0.75 ± 0.43 

nm for hydrophilic surfaces and 231 ± 87 nm for hydrophobic surfaces. Since Ra of 

both hydrophilic and hydrophobic surfaces is on the nanometer scale, these surfaces are 

considered to be flat surfaces.  

 

Fig. 3.3 SPM images and cross-sectional profiles of (a) hydrophilic and (b) hydrophobic 

surfaces. The insets show the water contact angle images at the surfaces. 

A detailed schematic of the experimental setup is presented in Fig. 3.4. Deposition 

positions for the droplet array were manually marked on the rear side of the transparent 

cover glass, and 1 µL pure water droplets were carefully deposited on the marks with a 

micropipette (Hamilton, 701 RN), with the aid of a vertically aligned microscope 

(Sightron, nano capture SP725S). The number of adjacent droplets 𝑛𝑑 was set to four, 

and the separation distance was 10𝑅𝑑 . The droplets in the array were allowed to 

evaporate naturally in a measurement cell under controlled ambient conditions in an 

environmental chamber (Espec, TBL-4HWOP3A). The measurement cell was made of 
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transparent acrylic to prevent convection around the droplets during evaporation. The 

dynamics of the reference droplet was recorded using a horizontally oriented digital 

microscope (Keyence, VHX-200) with a backlight source. The contact angle, contact 

radius, and volume of the reference droplet were then calculated from recorded videos 

using an open-source image analysis code (ImageJ, v-1.53) [87]. A thermo recorder 

(T&D Corporation, TR-72Ui) was used to measure the temperature and relative 

humidity in the measurement cell during droplet evaporation. Experiments were 

repeated five times for each measurement of isolated droplets and the reference droplet 

in arrays on hydrophilic and hydrophobic surfaces. The uncertainty of the results was 

calculated using the mean and standard deviation of the experimental dataset.  

 

Fig. 3.4 Schematic of the measurement system for evaporation of droplet array under 

constant temperature and humidity. 
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3.2.4 Results and discussion 

The steady state density profiles are calculated with the numerical simulation for the 

given conditions and results has been plotted in Fig. 3.5 and 3.6. In Fig. 3.5, the effect 

of the separation distance 𝑑𝑠 and number of adjacent droplets 𝑛𝑑 has been studied for 

the constant contact angle and size of adjacent droplet 𝑅𝑑𝑛.  
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Fig. 3.5 Effect of separation distance 𝑑𝑠 and number of adjacent droplets 𝑛𝑑on vapor 

density distribution in the xy-plane at the bottom of the simulation domain for constant 

contact angle 𝜃 = 50° and size of adjacent droplet 𝑅𝑑𝑛 = 𝑅𝑑𝑛0, where 𝑅𝑑0 = 1mm. 

The vapor density near the reference droplet increases monotonously when the 

number of the adjacent droplets increases from 1 to 4, in comparison with the isolated 

droplet. This implies that the vapor density near the reference droplet in the diffusion 

domain depended on the number of adjacent droplets. However, as the adjacent droplets 

become close to the reference droplet, the vapor density increases sharply. From 

Fig.3.5, it is found that when the 𝑑𝑠 reduces to order of  𝑅𝑑0 the high vapor density 

region increases at the centre of the droplet array in comparison to the isolated droplet 

in particular for 𝑛𝑑  = 4. However, for the 𝑑𝑠 = 20𝑅𝑑0, the extended high vapor density 

region disappears. In Fig. 3.6, the effect of the adjacent droplet size 𝑅𝑑𝑛 and number of 

adjacent droplets 𝑛𝑑  has been studied for the constant contact angle and separation 

distance 𝑑𝑠. Figure 3.6 shows that when a reference droplet is surrounded equally by a 

small adjacent droplet i.e., 𝑅𝑑𝑛 < 𝑅𝑑0, the vapor density around the reference droplet is 

not much affected in comparison to the isolated droplet when 𝑅𝑑𝑛 = 0.1𝑅𝑑0. This result 

shows that the vapor mediated interaction between a large reference droplet surrounded 

by small size adjacent droplets is relatively insignificantly to be week. Contrary, when a 

small reference droplet is surrounded by large sized adjacent droplets as can be seen for 

the 𝑅𝑑𝑛 = 2𝑅𝑑0 , the high vapor density region in the centre of the droplet array 

increases tremendously in comparison to the isolated droplet for the for 𝑛𝑑= 4. Figure 

3.5 and 3.6 therefore depict that the vapor mediated interactions between the 
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evaporating droplet does not remain same for same reference droplet at different 

configurations of the adjacent droplets.  
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Fig. 3.6  Effect of adjacent droplet size 𝑅𝑑𝑛 and number of adjacent droplets 𝑛𝑑on 
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constant contact angle 𝜃 = 50° and separation distance 𝑑𝑠 = 10𝑅𝑑, where 𝑅𝑑 = 1mm. 
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Fig. 3.7 Effect of the number of adjacent droplets 𝑛𝑑 ,size of adjacent droplets 𝑅𝑑𝑛 and 

dimensionless separation distance 𝑑𝑠 𝑅𝑑⁄  on (a) the evaporation rate of the reference 

droplet normalized by the evaporation rate of the isolated droplet 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄ . 

Figure 3.7 shows the relationships plotted between the number of adjacent droplets, 

size of adjacent droplets and separation distance against the evaporation rate of the 

reference droplet normalized evaporation rate 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄ .The number of the adjacent 

droplets 𝑛𝑑  ranges between 1 and 4. The size of the adjacent droplet 𝑅𝑑𝑛  ranges 

between 0.1𝑅𝑑0 and 2𝑅𝑑0.The separation distance ranges between 0 and 80𝑅𝑑0. A value 

of one for the ratio 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  (dashed line) indicates that the reference droplet’s 

evaporation rate was identical to that of the isolated droplet under identical conditions. 

Notably, 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  significantly decreased with a decrease in 𝑑𝑠 𝑅𝑑⁄ , showing that the 

separation distance was a primary factor in the reduction of the evaporation rate of 

droplet arrays. This is in corresponding to in Fig. 3.5, the local vapor density near the 

reference droplet relatively increased in the presence of adjacent droplets when the 

separation distance decreased. Apparently, an extended saturated vapor cloud 

(a) (b) 
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surrounding the reference droplet hindered vapor diffusion in the computation domain, 

resulting in the reduction of 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  irrespective of the contact angle. As the 

separation distance increased is increase to 80𝑅𝑑0, 𝑚̇0 𝑚̇𝑖𝑠0⁄  approached unity, and the 

reference droplet’s evaporation resembled that of an isolated droplet. The additional 

dependence of 𝑚̇0 𝑚̇𝑖𝑠0⁄  on the number of adjacent droplets and size of adjacent 

droplets can be readily discerned in Fig. 3.7(a) and (b), respectively. It shows that the 

number of adjacent droplets and size of adjacent droplets were a secondary factor 

influencing the evaporation rate of droplet arrays. In particular, deviations of 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  

from unity became significant as the number and size of the adjacent droplet increased. 

This is because the area of the saturated vapor cloud surrounding the reference droplet 

increased as shown in Fig. 3.5 and Fig.3.6, respectively.  

The effect of the separation distance 𝑑𝑠 on the temporal variation of temperature T, 

relative humidity RH, contact radius 𝑅𝑑, contact angle 𝜃, volume 𝑉 and evaporation rate 

has been presented in Fig. 3.8. The black and colored symbols represent the isolated and 

arrayed droplets, respectively. The separation distance 𝑑𝑠 is selected as 5, 10 and 15 

times of 𝑅𝑑0. The configuration of droplet array is set to  𝑛𝑑 = 4 and 𝑅𝑑𝑛 = 𝑅𝑑0. Figure 

3.8(a) and (b) shows that T and RH for all the cases remains constant to be 25℃ and 

40%, respectively. Therefore, their role in determining the role of the 𝑑𝑠 can be ignored.  

Figure 3.8(c) and (d) shows that the reference droplet evaporates in constant contact 

radius (CCR), constant contact angle (CCA) and mix modes. Figure 3.8(c) shows that 

the CCR mode of the evaporation extends for the reference droplet as the separation 

distance decreases. Similarly, Fig. 3.8(d) shows that CCA modes also extended for the 

reference droplet as the separation distance decreases. Figure 3.8(e) shows that the 
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evaporation time extends for the reference droplet as the separation distance decreases. 

When the separation distance is reduced to 5𝑅𝑑0, the evaporation time increases from 

600 to 1100s for reference droplet in comparison to the isolated droplet. The 

evaporation gradient is calculated by taking gradient of the mass time curve through 

curve fitting using MATLAB. Figure 7(f) shows that during the early stage of 

evaporation, the evaporation rate of the isolated droplet is highest as compared to the 

reference droplet surrounded by adjacent droplets. The decreases of the separation 

distance will decrease the evaporation rate in the early stage in comparison to the 

isolated droplet. However, a pivot point exists approximately in the middle of the 

evaporation time when the trend of the evaporation rate will be inverse. This means that 

the reference droplet will evaporate at a higher rate than compared to the isolated 

droplet. This is because the surface area of the isolated droplet becomes significantly 

lower after this point in comparison to the reference droplet and therefore the 

evaporation rate decreases after the pivot point. The effect of the contribution of the 

separation distance on evaporation mode has been depicted in Fig. 3.9. As consistent 

with Fig. 3.8(c) and (d), the duration of the CCR and CCA mode for reference droplet 

evaporation is extended when the separation distance decreases. This is due to the 

slower change of the droplet shape and longer pinning period resulting from the 

presence of adjacent droplets. However, the separation distance has negligible influence 

on the mix mode of evaporation of reference droplets. Therefore, the time spent by the 

reference droplet in mix mode of evaporation is of same order to the isolated droplet 

irrespective of the separation distance.   
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Fig. 3.8 Effect of separation distance on temporal variations of the measured (a) 

temperature, (b) relative humidity, (c) contact radius, (d) contact angle, (e) droplet 

volume during droplet evaporation in array, and (f) evaporation rate. The configuration 

of droplet array is set to  𝑛𝑑 = 4 and 𝑅𝑑𝑛 = 𝑅𝑑0.  
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Fig. 3.9 Effect of separation distance on evaporation mode of the reference droplet. The 

configuration of droplet array is set to  𝑛𝑑 = 4 and 𝑅𝑑𝑛 = 𝑅𝑑0.  

The effect of the number of adjacent droplets 𝑛𝑑  on the temporal variation of 

temperature T, relative humidity RH, contact radius 𝑅𝑑, contact angle 𝜃, volume 𝑉 and 

evaporation rate has been presented in Fig. 3.10. The black and colored symbols 

represent the isolated and arrayed droplets, respectively. The number of adjacent 

droplets 𝑛𝑑 is selected as 1, 2 and 4, respectively. The configuration of droplet array is 

set to  𝑅𝑑𝑛 = 𝑅𝑑0 and 𝑑𝑠 = 5𝑅𝑑0. Fig. 3.10 (a) and (b) shows that T and RH for all the 

cases remains constant to be 25℃  and 40%, respectively. Therefore, their role in 

determining the role of the 𝑛𝑑 can be ignored.  Figure 3.10 (c) and (d) shows that the 

reference droplet evaporates in constant contact radius (CCR), constant contact angle 

(CCA) and mix modes. Figure 3.10(c) shows that the CCR mode of the evaporation 

increases for the reference droplet as the number of adjacent droplets increases. 

Similarly, Fig. 3.10(d) shows that CCA modes also extended for the reference droplet as 

the number of adjacent droplets increases. Figure 3.10(e) shows that the evaporation 
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time extends for the reference droplet as number of adjacent droplets increases. When 

the number of adjacent droplets is 4, the evaporation time increases from 600  to 1100s 

for reference droplet in comparison to the isolated droplet.  
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Fig. 3.10 Effect of number of adjacent droplets on temporal variations of the 

measured (a) temperature, (b) relative humidity, (c) contact radius, (d) contact angle, (e) 

droplet volume during droplet evaporation in array. The configuration of droplet array is 

set to  𝑛𝑑 = 4 and 𝑅𝑑𝑛 = 𝑅𝑑0.  

The evaporation gradient is calculated by taking gradient of the mass time curve 

through curve fitting using MATLAB. Figure 3.10(f) shows that during the early stage 

of evaporation, the evaporation rate of the isolated droplet is highest as compared to the 

reference droplet surrounded by adjacent droplets. The increase in the number of 

adjacent droplets will decrease the evaporation rate in the early stage in comparison to 

the isolated droplet. The effect of the contribution of the number of adjacent droplets on 

evaporation mode has been depicted in Fig. 3.11.  
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Fig. 3.11 Effect of number of adjacent droplet on evaporation mode of the reference 

droplet. The configuration of droplet array is set to  𝑅𝑑𝑛 = 𝑅𝑑0 and 𝑑𝑠 = 5𝑅𝑑0.  

As consistent with Fig. 3.10(c) and (d), the duration of the CCR and CCA mode for 

reference droplet evaporation is extended. This is due to the slower change of the 
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droplet shape and longer pinning period resulting from the presence of adjacent 

droplets. However, the number of adjacent droplets has negligible influence on the mix 

mode of evaporation of reference droplets. Therefore, the time spent by the reference 

droplet in mix mode of evaporation is of same order to the isolated droplet.   

The effect of the size of adjacent droplets 𝑅𝑑𝑛  on the temporal variation of 

temperature T, relative humidity RH, contact radius 𝑅𝑑, contact angle 𝜃, volume 𝑉 and 

evaporation rate has been presented in Fig. 3.12. The black and colored symbols 

represent the isolated and arrayed droplets, respectively. The size of adjacent droplets 

𝑅𝑑𝑛 is selected as 0.8,1 and 1.5, respectively. The configuration of droplet array is set to  

𝑛𝑑 = 4 and 𝑑𝑠 = 5𝑅𝑑0. Figure 3.12(a) and (b) shows that T and RH for all the cases 

remains constant to be 25℃ and 40%, respectively. Therefore, their role in determining 

the role of the 𝑅𝑑𝑛 can be ignored.  Figure 3.12 (c) and (d) shows that the reference 

droplet evaporates in constant contact radius (CCR), constant contact angle (CCA) and 

mix modes. Figure 3.12(c) shows that the CCR mode of the evaporation increases for 

the reference droplet as the number of adjacent droplets increases. Similarly, Fig. 

3.12(d) shows that CCA modes also extended for the reference droplet as the size of 

adjacent droplets increases. Figure 3.12(e) shows that the evaporation time extends for 

the reference droplet as size of adjacent droplets increases. When the size of adjacent 

droplets is 1.5, the evaporation time increases from 600 to 1200s for reference droplet in 

comparison to the isolated droplet. The evaporation gradient is calculated by taking 

gradient of the mass time curve through curve fitting using MATLAB. Figure 3.12 (f) 

shows that during the early stage of evaporation, the evaporation rate of the isolated 

droplet is highest as compared to the reference droplet surrounded by adjacent droplets.  
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Fig. 3.12 Effect of size of adjacent droplets on temporal variations of the measured (a) 

temperature, (b) relative humidity, (c) contact radius, (d) contact angle, (e) droplet 

volume during droplet evaporation in array, and (f) evaporation rates. The configuration 

of droplet array is set to  𝑛𝑑 = 4 and 𝑑𝑠 = 5𝑅𝑑0. 
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The increase in the size of adjacent droplets will decrease the evaporation rate in the 

early stage in comparison to the isolated droplet. The effect of the contribution of the 

size of adjacent droplets on evaporation mode has been depicted in Fig. 3.13. As 

consistent with Fig. 3.12(c) and (d), the duration of the CCR and CCA mode for 

reference droplet evaporation is extended. This is due to the slower change of the 

droplet shape and longer pinning period resulting from the presence of adjacent 

droplets. However, the size of adjacent droplets has negligible influence on the mix 

mode of evaporation of reference droplets. Therefore, the time spent by the reference 

droplet in mix mode of evaporation is of same order to the isolated droplet.   

The transient experimental data and steady numerical simulation has been compared 

in Fig. 3.14 for time t = 0s. It is found that the transient experiment at the initial time is 

well validated with the numerical simulations for the cases that include the effects of the 

separation distance, number of adjacent droplets and size of the adjacent droplets. 
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Fig. 3.13 Effect of size of adjacent droplets on evaporation mode of the reference 

droplet. The configuration of droplet array is set to  𝑛𝑑 = 4 and 𝑑𝑠 = 5𝑅𝑑0.  
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Fig. 3.14 Validation between experiment and theory for on evaporation mode of the 

reference droplet normalized with the isolation droplet in given range of (a) separation 

distance, (b) number of adjacent droplets, and (c) size of adjacent droplets. 

3.3 Effect of surface wettability on evaporation rate of 

droplet array 

3.3.1 Problem definition and theoretical modeling 

An array of N water droplets is considered to evaporate on flat hydrophilic and 

hydrophobic surfaces. The central droplet of the array is considered as the reference 

droplet, and it is surrounded by 𝑛𝑑 (1–4) adjacent droplets in different configurations as 

shown in Fig. 3.15. The reference droplet is separated from its adjacent droplets by a 

constant distance 𝑑𝑠 [mm] that ranges from 0 to 80 𝑅𝑑 , where 𝑅𝑑 [mm] is the contact 

radius of reference droplet. All the droplets in the array have identical 𝑅𝑑 and identical 

contact angle 𝜃. The ambient temperature T and relative humidity RH are maintained 

(a) (b) (c) 
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constant at 25℃ and 40%, respectively. Vapor continuously diffuses from the lv 

interface with saturation density 𝐶𝑠  [g/m3] to the ambient with density 𝐶∞ . The 

external and internal flows in the liquid and gas regimes, respectively, are considered 

too weak to influence the evaporation rate[35,81]. Furthermore, the effect of gravity 

on the shape of the droplets is negligible since 𝑅𝑑 is smaller than the capillary length 

(sessile droplets)[21]. For an isolated droplet with an arbitrary contact angle 

evaporating on a flat surface, the instantaneous evaporation rate 𝑚̇𝑖𝑠𝑜 [kg/s] is given 

by[66] 

𝑚̇𝑖𝑠𝑜 = −2𝜋𝑅𝑑𝐷(𝑇)(𝐶𝑠 − 𝐶∞)
1

√1+𝑐𝑜𝑠 𝜃
, (3-3) 

where the diffusion coefficient 𝐷(𝑇) =22.5×10-6(T/273.15)1.8[m2/s][83].  
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Fig. 3.15 Schematics of droplet array configurations. The origin of co-ordinate system 

is located at center of the reference droplet.  

The vapor density 𝜌𝑠  at the lv interface is considered to be saturated at ambient 

temperature T and is calculated using 𝐶𝑠(𝑇) = 𝑀𝑃𝑠(𝑇)/𝑅𝑔𝑇, where 𝑃𝑠(𝑇) [Pa] is the 

saturated partial vapor pressure, 𝑀  [kg/mol] is the vapor molecular weight, and 𝑅𝑔 

[J/(mol∙K)] is the universal gas constant. The ambient density at a specific relative 

humidity RH is calculated using 𝜌∞ = 𝑅𝐻 × 𝜌𝑠(𝑇) . For the reference droplet 

surrounded by 𝑛𝑑 adjacent droplets, the evaporation rate 𝑚̇𝑜 is calculated using Wray et 

al.’s model[94]: 

𝑚̇𝑜 = 𝑚̇𝑖𝑠𝑜 −
2

𝜋
∑𝑚̇𝑎𝑑,𝑘𝑠𝑖𝑛

−1

𝑁

𝑘=1

(
𝑅𝑑
𝐷𝑠,𝑘

). (3-4) 

Here, 𝐷𝑠 [mm] is the distance between the centers of two adjacent droplets in the array, 

and it is given by 𝐷𝑠 = 𝑑𝑠 + 2𝑅𝑑  as shown in Fig. 3.15, 𝑚̇𝑎𝑑  is the evaporation rate of 

adjacent droplets, and k corresponds to the number of individual droplet in array 

ranging from 1 to N (total number of droplets). The evaporation rates 𝑚̇𝑜 and 𝑚̇𝑎𝑑 are 

analogous to the evaporation flux 𝑚̇/𝐴𝑙𝑣 because the surface area of the lv interface, 

given by 𝐴𝑙𝑣 = 2𝜋𝑅𝑑2/(1 + 𝑐𝑜𝑠𝜃) [mm2], is identical for all the droplets. However, 

𝑚̇𝑜  and 𝑚̇𝑎𝑑  are unknown and depend on vapor interactions between the droplets. 

Therefore, Eq. (3-2) is a system of 𝑁 × 𝑁  linear equations that should be solved 

simultaneously. To simplify Eq. (3-2), Edwards et al.[78] rewrote the system of 

equations in a square matrix as follows: 

𝑚̇𝑜 = ∅
−1𝑚̇𝑖𝑠𝑜, (3-5) 
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where ∅  is an 𝑁 × 𝑁  suppression matrix. The off-diagonal elements capturing the 

interactions between droplets can be calculated as ∅𝑖𝑗 =
2

𝜋
𝑠𝑖𝑛−1 (

𝑅𝑑

𝐷𝑠,𝑖𝑗
); the diagonal 

elements represent the interaction of a droplet with itself and hence are one. Here, the 

subscripts i and j represent the row and column of the suppression matrix ∅. For the 

prediction of the evaporation rate of reference droplet 𝑚̇𝑜 in Eq. (3-5), the suppression 

matrix ∅ can be reduced to the order 1 × 𝑁 while matrix 𝑚̇𝑖𝑠𝑜 contains constants with 

an order of 𝑁 × 1 . Further information about the model can be found in the 

supplementary material of Edwards et al.[78]. Since the effect of surface wettability is 

ignored in Eq. (3-5), we propose a contact angle function 𝑓(𝜃) to improve Wray et al.’s 

model as follows:  

𝑚̇𝑜 = ∅
−1𝑚̇𝑖𝑠𝑜𝑓(𝜃). (3-6) 

Here, 𝑓(𝜃) was obtained through three-dimensional numerical simulations by solving 

Fick’s first and second laws for mass transfer in the steady state. 

3.3.2 Result and discussion 

The vapor density distribution in the xy-plane at the bottom of the simulation domain 

is shown in Fig. 3.16, and the normalized local vapor density along the z-axis is shown 

in Fig. 3.17. For a given contact angle 𝜃, an increase in the number of adjacent droplets 

𝑛𝑑  increased the vapor density near the reference droplet, thereby suppressing the 

reference droplet’s evaporation rate. For a given 𝑛𝑑 , the vapor density near the 

reference droplet increased significantly as the contact angle increased. This implies that 

the vapor density profiles in the diffusion domain depended on the surface wettability.  
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Fig. 3.16 Vapor density distribution in the xy-plane at the bottom of the simulation 

domain: (a) effect of contact angle 𝜃 and number of adjacent droplets 𝑛𝑑 for 𝑑𝑠 = 10 𝑅𝑑, 

where 𝑅𝑑 = 1mm, and (b) effect of separation distance 𝑑𝑠 for 𝜃 = 90𝑜. 
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Fig. 3.17 Normalized vapor density along the z-axis for droplet evaporation in an 

array for (a) different contact angles and (b) different numbers of adjacent droplets. The 

dotted lines represent RH=40%. 

Figure 3.18 shows the relationships between the contact angle, dimensionless 

separation distance 𝑑𝑠 𝑅𝑑⁄ , and the evaporation rate of the reference droplet (𝑛𝑑 = 4). In 

Fig. 3.18(a), the normalized evaporation rate 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  (based on Eq. 3-5) of the 

reference droplet is plotted against 𝑑𝑠 𝑅𝑑⁄  in the contact angle range 10°–170°. A value 

of one for the ratio 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  (dashed line) indicates that the reference droplet’s 

evaporation rate was identical to that of the isolated droplet under identical conditions. 

Notably, the larger the contact angle of the isolated droplet, the greater was the value of 

𝑚̇𝑖𝑠𝑜 . On the one hand, 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  significantly decreased with a decrease in 𝑑𝑠 𝑅𝑑⁄ , 

showing that the separation distance was a primary factor in the reduction of the 

evaporation rate of droplet arrays. As shown in Fig. 3.16(b), the local vapor density near 

(a) (b) 
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the reference droplet relatively increased in the presence of adjacent droplets when the 

separation distance decreased. Apparently, an extended saturated vapor cloud 

surrounding the reference droplet hindered vapor diffusion in the computation domain, 

resulting in the reduction of 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  irrespective of the contact angle. As the 

separation distance increased, 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  approached unity, and the reference droplet’s 

evaporation resembled that of an isolated droplet. On the other hand, the dependence of 

𝑚̇0 𝑚̇𝑖𝑠0⁄  on the contact angle can be readily discerned in Fig. 3.18(a), showing that the 

contact angle was a secondary factor influencing the evaporation rate of droplet arrays. 

In particular, deviations of 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  from unity became significant as the contact angle 

increased. This is because the area of the saturated vapor cloud surrounding the 

reference droplet increased with the contact angle, as shown in Fig. 3.16(a) (right most 

column of 𝑛𝑑 = 4). It was found that 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄  was close to unity at 𝑑𝑠 𝑅𝑑⁄ = 80 for the 

cases with 𝜃 ≤ 130°, and a longer separation distance was required for 𝜃 = 170°. Thus, 

the separation distance and contact angle are correlated factors that have a synergetic 

effect on 𝑚̇0 𝑚̇𝑖𝑠0⁄ .  

Wray et al.’s model (Eqs. (3-4) and (3-5)) plotted in Fig. 7(a) (black line) overlapped 

with the present numerical results for 𝜃 = 10° (black circle) and 50° (red circle), while 

it deviated from the numerical results for 𝜃 ≥ 90°, especially in the region of small 

separation distances. Although we verified that Wray et al.’s model [94] is applicable to 

the hydrophilic droplets in the array, apparently, this model could not capture the effect 

of the contact angle on the evaporation rate. Since Fig. 3.18(a) shows the importance of 

surface wettability for predicting the evaporation rate of droplets in the array, surface 

wettability was incorporated into f(θ), as shown in Eq. (3-6).  
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Fig. 3.18 Effect of the contact angle and dimensionless separation distance 𝑑𝑠 𝑅𝑑⁄  on 

(a) the evaporation rate of the reference droplet normalized by the evaporation rate of 

the isolated droplet 𝑚̇𝑜 𝑚̇𝑖𝑠𝑜⁄ , (b) the evaporation rate of the reference droplet 

normalized by the prediction of Eq. (3-5) 𝑚̇𝑜,𝑛𝑢𝑚 𝑚̇𝑜,𝑡ℎ⁄ , and (c) the contact angle 

function 𝑓(𝜃). 

To obtain 𝑓(𝜃) , we plotted the numerically determined evaporation rate of the 

reference droplet normalized by Eq. (3-5), 𝑚̇𝑜,𝑛𝑢𝑚 𝑚̇𝑜,𝑡ℎ⁄ , against 𝑑𝑠 𝑅𝑑⁄  and 1 + 𝑐𝑜𝑠𝜃, 

as shown in Fig. 3.18(b). Similar to Fig. 3.18(a), a decrease in the separation distance 

𝑑𝑠 𝑅𝑑⁄  and an increase in the contact angle term 1 + 𝑐𝑜𝑠𝜃  caused a reduction in 
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𝑚̇0,𝑛𝑢𝑚 𝑚̇0,𝑡ℎ⁄ . Through MATLAB[91] analysis, 𝑓(𝜃) was obtained by fitting dataset in 

Fig. 3.18 with a quadratic function as follows: 

𝑓(𝜃) = 𝑎 + 𝑏𝑥 + 𝑐𝑥2, where 𝑥 = 𝑙𝑛 [𝑑𝑠
𝑅𝑑
(1 + 𝑐𝑜𝑠𝜃)]. (3-7) 

The coefficients were calculated to be 𝑎 = 0.7, 𝑏 = 0.176, and 𝑐 = −0.023, and they 

were verified to be valid for the investigated cases of the present study. In Fig. 3.18(c), 

𝑓(𝜃) is plotted as a function of the contact angle and separation distance. For 𝑓(𝜃) = 1, 

Wray et al.’s model coincides with the present model for the hydrophilic cases. 

However, 𝑓(𝜃)  apparently decreases for the hydrophobic cases, which should be 

considered in the prediction of the evaporation rate of a droplet in an array on 

hydrophobic surfaces. 

To validate the present model, we performed experiments involving evaporation of 

droplets in isolation and in an array on flat hydrophilic and hydrophobic surfaces under 

identical conditions. The time history of experimental data of the evaporating reference 

droplet on hydrophilic and hydrophobic surfaces is presented in Fig. 3.19. As shown in 

Figs. 3.19(a) and 3.19(b), temporal variations of the ambient temperature and relative 

humidity in the measurement cell were small, in the ranges of 𝑇 = 25 ± 2℃ and 𝑅𝐻 =

40 ± 3% . This eliminated the possibility of the ambient conditions influencing the 

experimental results. Figs. 3.19(c) and 3.19(d) shows that three evaporation modes, 

namely constant contact radius (CCR), constant contact angle (CCA), and mixed 

modes, existed for all cases. For hydrophilic surfaces, the evaporation of the isolated 

droplet was similar to that of the reference droplet in the array, with the CCR mode 

being dominant. However, for droplet evaporation on hydrophobic surfaces, the 

contributions of the CCA and mixed modes were significant.  
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Fig. 3.19 Temporal variations of the measured (a) temperature, (b) relative humidity, (c) 

contact radius, (d) contact angle, and (e) droplet volume during droplet evaporation on 

hydrophilic (red) and hydrophobic surfaces (blue) in isolation (open circles) and in the 

array (closed squares).The configuration of droplet array is set to  𝑛𝑑 = 4 and 𝑑𝑠 𝑅𝑑⁄ =

10.  
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Fig. 3.19(c) shows that the CCR mode's duration for the droplet evaporating in the 

array was longer than that for the isolated droplet. Hydrophobic surfaces showed a 

longer CCR mode duration than hydrophilic surfaces, due to the slower change of the 

droplet shape and longer pinning period resulting from the presence of adjacent 

droplets. Similar results for the durations of the CCA and mixed modes are presented in 

Fig. 3.19(d), and they show longer durations of these modes for the reference droplet 

compared with the isolated droplet. Fig. 3.19(e) shows the time history of the droplet 

volume during evaporation. The reference droplet evaporated slowly, and the 

evaporation time was longer compared with the isolated droplet. In particular, the 

reference droplet on a hydrophobic surface evaporated much slower than that on a 

hydrophilic surface. This confirmed our earlier observation from Fig. 3.18 that the 

surface wettability should be considered for predicting droplet evaporation in an array. 
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The experimental evaporation rate of the reference droplet, 𝑚̇𝑜, was calculated from 

the gradient of the droplet mass against time, and it was linearized using the expression 

𝑚̇𝑜 = 𝑓1(𝑆𝑖𝑛(𝑡 − 𝜋)) + 𝑓2(𝑡 − 10)
𝑓3 + 0.95𝑓4 in MATLAB[91], where t is time and f1-

4 are coefficients. A comparison of the experimentally and theoretically obtained 𝑚̇𝑜 

values is shown in Fig. 9. Since Eq. (3-3) was proposed for an isolated droplet’s 

evaporation14, it overpredicted evaporation rates on hydrophilic and hydrophobic 

surfaces. As shown in Fig. 3.20, Eq. (3-3) deviated significantly from the experimental 

results at the beginning of evaporation. In Fig. 3.20(a), the present model agrees well 

with Wray et al.’s model[94] and with the experimental results for the evaporation rate 

of the reference droplet on a hydrophilic surface. However, as shown in Fig. 3.20(b), for 

a hydrophobic surface, the present model disagree with Wray et al.’s model[94], but 

shows good agreement with the experimental evaporation rate of the reference droplet. 

This observation confirms that surface wettability is an important factor influencing 

droplet evaporation, especially for hydrophobic surfaces. 

3.4 Summary 

In this chapter we demonstrate that adjacent droplets make a significant contribution 

to the droplet evaporation. We demonstrate that a droplet in a droplet array evaporates 

more slowly than an isolated droplet under identical conditions. The reduction on the 

evaporation rate of the droplet in an array result from the synergetic effect of the 

separation distance and surface wettability, because of vapor-mediated interactions 

between droplets. Although the primary factor of the reduction on the evaporation rate is 

the separation distance, the secondary factor of surface wettability is particularly 
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important for hydrophobic surfaces. The contact angle function introduced in the 

present model should not be ignored when predicting the evaporation rates of droplets 

in an array on hydrophobic surfaces. It was also found that the evaporation rate of the 

droplet in array decreases monotonously as the number of adjacent droplets increases 

from one to four. It is further found that decrease in the separation distance between the 

reference and adjacent droplets in array will decrease evaporation rate of reference 

droplet. However, the suppression of evaporation rate becomes insignificant when the 

separation distance becomes greater than 40 times of droplet radius for θY=50°. We also 

demonstrate that, when the radius of the adjacent droplet is ten times smaller than the 

reference droplet in array, the evaporation rate of reference droplet is not affected 

irrespective of number of adjacent droplet and separation distance. The insights 

obtained in the present study are expected to pave the way for wider engineering and 

medical applications of droplet-array-based devices. 
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Chapter 4 

4 Conclusions and outlook 

4.1 Conclusions 

In this thesis, we provided detailed insights into the contributions of the slv interface 

toward droplet evaporation on micro/nanostructured surfaces and highlighted the effects 

of surface wettability and droplet volume. Moreover, the contribution of adjacent 

droplets to droplet evaporation on flat surfaces was demonstrated, and the effects of 

array configuration of adjacent droplets and surface wettability were clarified. 

The first study estimates the evaporation rate at the slv interface of a droplet on a 

microstructured surface, based on the difference between the theoretical evaporation 

rate at the lv interface and the experimental evaporation rate. The scale of slv interface 

and its contributions to the droplet evaporation were estimated, and the effects of the 

surface wettability and droplet volume were clarified. For microstructured surfaces, the 

scale of the slv interface was estimated to be 253–940 μm for a 4 μL water droplet, 

significantly contributing toward the evaporation rate, in addition to the evaporation at 

the lv interface. The evaporation rate at the slv interface accounted for 16–48% of the 

total droplet evaporation rate. The scale of the slv interface and evaporation rate 

increased with a decrease in the initial contact angle or an increase in the droplet 

volume. 

The second study demonstrates that show that contribution of adjacent droplets to 

droplet evaporation in array cannot be ignored due to vapor-mediated interactions 
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between droplets. The contribution of the adjacent droplets to droplet evaporation is 

realized through theoretical modeling, numerical simulations, and experiments. We 

found that the evaporation rate of droplets in the array decreases monotonically as the 

number of adjacent droplets increases. Meanwhile, the evaporation rate reduces with 

decreasing the distance between the reference droplet and adjacent droplets in the array. 

However, the suppression of the evaporation rate becomes inconsiderable when the 

separation distance becomes significantly large. In addition, the evaporation rate of the 

droplet is not affected when the radius of the adjacent droplet is sufficiently small. We 

developed a model involving a contact angle function to accurately predict the 

evaporation rate of droplets on flat surfaces with an arbitrary contact angle in the array. 

We demonstrate that the contact angle function introduced in the present model should 

not be ignored when predicting the evaporation rates of droplets in an array on 

hydrophobic surfaces. 

4.2 Outlook 

The findings of this study are expected to advance our understanding of droplet 

evaporation in a wide range of scientific and engineering applications. The current 

studies only provide basic understanding about the contribution of solid-liquid-vapor 

(slv) interface and adjacent droplets to droplet evaporation. However, more challenges 

still exist to advance our understanding of the topics discussed in this thesis.  

Thus, in the near future, we would like to perform more theoretical, numerical and 

experimental investigations about the role of wetting state on the scale and contribution 

of the sslv interface. Further, we would like to know the role of surface temperature on 
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the contribution of the slv interface relative to the liquid-vapor (lv) interface. We would 

further advance on the accurate measurements regarding the scale of the slv interface 

and direct measurement of the evaporation rate at the slv interface. Since the solid–

liquid–vapor (slv) interface also contributes to droplet evaporation, the effect of the slv 

interface on droplet evaporation in an array will be investigated in a future study.
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