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Abstract 

The evaporation and interaction dynamics of sessile droplets play an important role in various 

engineering and scientific applications, including thermal management, microfluidics, and 

surface wetting. This thesis presents a comprehensive investigation into the evaporation 

dynamics and vapor-induced interactions of sessile droplets, combining analytical modeling and 

experimental validation. A novel, computationally efficient Point Source Model (PSM) was 

developed to predict the evaporation behavior of multiple droplets on both isothermal and heated 

substrates. The model simplifies complex mass transfer processes by representing droplets as 

point sources, enabling accurate predictions with minimal computational cost. 

The PSM was first used to model the purely diffusive, quasi-steady evaporation of a pair of 

sessile droplets. It accurately captured the effects of separation distance and evaporation mode—

Constant Contact Angle (CCA) and Constant Contact Radius (CCR)—with excellent agreement 

between model predictions and experimental results (deviations < 9%). A critical separation ratio 

(L/d ≥ 10) was identified, beyond which droplets behave independently. 

To account for heated surfaces, the model was extended to include the effects of natural 

convection. A novel empirical correlation was developed to predict evaporation rates under 

combined diffusion and convection, validated through experiments over a wide range of substrate 

temperatures (40–80°C). It was found that for Ra·L/d < 400, diffusion dominates, while for 

Ra·L/d > 2400, the contributions of convection and diffusion stabilize. 

Further investigation focused on the vapor-mediated interaction between a water droplet and 

a propylene glycol (PG)-water mixture droplet on a heated substrate (24–135°C). Results showed 

a 20-fold increase in droplet velocity at temperatures above the boiling point of water. At 20% 
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PG concentration, intense surface tension gradients caused chaotic motion and droplet 

fragmentation, demonstrating the strong coupling of composition and temperature in controlling 

droplet dynamics. 

The PSM was finally generalized to a three-droplet array. Interaction effects were quantified 

using an extended correction factor (η), showing that the threshold for isolated droplet behavior 

shifts to L/d > 20 due to increased vapor shielding. Variations in droplet arrangement and angular 

orientation were shown to significantly influence evaporation rates, providing new insight for the 

design of droplet-based cooling and microfluidic systems. 
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Chapter 1 Introduction and Motivation 

1.1 Theoretical Background 

1.1.1 Importance of Sessile Droplets Evaporation Process 

Evaporation is a vital natural process, responsible for about 90% of the water vapour in the 

Earth’s atmosphere [1] and plays a key role in many industrial applications. Sessile droplet 

evaporation is widespread in nature, from sweat droplets evaporating on skin and respiratory 

droplets released during coughing or sneezing, to the drying of spilled coffee and rain droplets 

on leaves. Its prevalence has made it a topic of significant interest, with research into this 

phenomenon expanding rapidly over the past five decades [2]. 

Sessile droplet evaporation occurs naturally and is also intentionally utilized in various 

industries, including healthcare, food and beverage, and automotive sectors [3]. In combustion 

systems such as boilers, rockets, gas turbines, and diesel engines, fuel droplet evaporation can be 

optimized by understanding how sessile droplets evaporate [4]. By effectively controlling fuel 

droplet evaporation, combustion characteristics, operating temperature, and emissions can be 

significantly improved. Similarly, this process is essential in heat transfer applications, 

improving efficiency in spray cooling systems and the thermal management of microprocessors 

through evaporative cooling [5, 6]. 

Furthermore, controlling droplet evaporation can enhance the deposition of particles on 

surfaces, making it relevant to a wide range of applications from microscopic to large-scale 

processes. In healthcare, sessile droplet evaporation plays a critical role in the drying of blood 

around wounds [7] and the development of bacterial biofilms [8]. It also supports important 
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applications like disease diagnosis, the creation of DNA microarrays [9], DNA mapping [10], 

and forensic bloodstain analysis [11].  

1.1.2 Definition of Sessile Droplets 

When a liquid droplet is placed on a solid surface, it naturally seeks to minimize its surface 

area to achieve a stable state. This behavior is driven by thermodynamic favourability, as 

reducing surface area lowers the system's overall energy. The droplet spreads and wets the 

surface, wetting process, until it reaches an equilibrium contact angle (θ) between the droplet and 

the solid surface. Such a liquid droplet in this system is referred to as a sessile droplet. In the 

literature, a sessile droplet is typically characterized by three key parameters: the contact angle 

(θ), the contact radius (a), and the droplet height (h), as shown in Figure 1-1. Additionally, 

Figure 1-1 highlights the Triple Contact Line (TCL), which is the line where the liquid, vapor, 

and solid interfaces meet. 

Wetting behavior is governed by the balance between adhesive and cohesive intermolecular 

forces. When the adhesive forces between the liquid and the solid surface exceed the cohesive 

forces within the liquid, the droplet spreads more extensively, resulting in a smaller contact angle. 

Conversely, if the cohesive forces within the liquid are stronger than the adhesive interactions 

with the solid, the droplet reduces its contact with the surface, forming a larger contact angle. 

Based on this behavior, systems can be broadly classified as hydrophilic or hydrophobic. A 

system is considered hydrophilic when the contact angle is less than 90°, whereas a contact angle 

greater than 90° indicates a hydrophobic system. At the extremes of wettability, further 

distinctions can be made; contact angles approaching less than 10° signify super-hydrophilic 

behavior, while contact angles 150° < θ <180° correspond to super-hydrophobic behavior. 
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Figure 1-1 Schematic of a sessile liquid droplet, illustrating its key physical properties: contact 

radius (a), height (h), and contact angle (θ). The force balance at the Triple Contact Line (TCL) 

under mechanical equilibrium is also shown, where σSL, σLG and σSG represent the surface 

tensions at the solid/liquid, liquid/gas, and solid/gas interfaces, respectively. 

In Figure 1-1, three distinct phases coexist: the solid substrate, the liquid droplet surface, and 

the ambient gas. As a result, a partially wetted system features three interfaces: solid/liquid, 

liquid/gas, and solid/gas, each associated with a specific surface tension. Surface tension 

represents the interfacial tension between two phases and arises from the balance between 

adhesive and cohesive forces. Stronger cohesive forces within the liquid enhance its resistance 

to external forces, leading to higher surface tension. At mechanical equilibrium, the relationship 

between surface tensions and the contact angle is described by a force balance known as Young’s 

Equation: 𝜎𝑆𝐺 = 𝜎𝑆𝐿 + 𝜎𝐿𝐺  𝑐𝑜𝑠𝜃. Young's equation holds true only for idealized systems, where 

the droplet is composed of a single pure liquid and the solid surface is entirely flat, smooth, rigid, 

and chemically uniform. 

Contact angle hysteresis (CAH) refers to the difference between the advancing contact angle, 

θa, and a receding contact angle, θr, mathematically expressed as 𝐶𝐴𝐻 = 𝜃𝑎 − 𝜃𝑟. The 

definitions of these angles depend on how the sessile droplet system is analyzed. In static 

systems, where the triple contact line (TCL) remains stationary, the advancing contact angle 

represents the maximum contact angle that the system can thermodynamically achieve, while the 
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receding contact angle corresponds to the minimum thermodynamically achievable value. In 

dynamic systems, where the TCL is in motion, the advancing contact angle is observed as the 

droplet spreads and the liquid-solid contact area increases, whereas the receding contact angle 

occurs when the droplet retracts, and the contact area decreases. 

1.1.3 Fundamentals of Evaporation Process of Sessile Droplets 

When a sessile droplet sits on a solid surface, evaporation, or mass transfer, takes place from 

the droplet’s surface to the surrounding air as long as water vapor concentration gradient exists. 

This concentration gradient refers to the difference in liquid vapor concentration between the 

droplet’s surface, where the vapor is saturated, and the surrounding ambient air, which typically 

has a lower vapor concentration. This difference drives the diffusion of vapor away from the 

droplet. Although the process appears simple and is common in nature, the evaporation of sessile 

droplets is highly complex. It involves a dynamic liquid-vapor interface and the interplay of heat 

and mass transfer mechanisms. Mass transfer of liquid vapor, or evaporation process, from the 

droplet to the surroundings happens through both diffusion and convection.  

Mass transfer during droplet evaporation occurs in two stages: phase change at the liquid-

vapor interface and the transport of saturated vapor of the liquid from the interface into the 

surrounding gas. For small droplets (with volumes of μL range), the rate of phase change at the 

interface is significantly slower than the rate at which vapor is transported into the environment. 

As a result, liquid vapor transport becomes the limiting factor in the process [12, 13].  

This transport occurs through both diffusion and convection, with their relative contributions 

determined by the Péclet number (Pe), which represents the ratio of convective to diffusive 

transfer. When the Péclet number is low, diffusion dominates, and convection plays a negligible 
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role. According to Langmuir’s findings [14], a Péclet number <<1 suggests that the gas phase 

can be considered stationary—a valid assumption for many evaporating sessile droplets of non-

volatile liquids sitting on unheated substrates. Consequently, the assumption that evaporation is 

primarily diffusion-driven, with minimal convection, is widely adopted in existing literature. 

The primary factor driving diffusive evaporation is the vapor concentration gradient 

(difference in liquid vapor concentration between the droplet’s surface and the surrounding). This 

relationship is described by Fick's First Law of Diffusion, expressed in Eq. (1-1), which models 

the diffusion of saturated vapor (i.e. RH=100%) from the droplet’s surface into the surrounding 

gas. In Eq. (1-1), J represents the evaporation flux across the droplet's surface, D is the diffusion 

coefficient of the vapor in air, and ∇𝐶 denotes the concentration gradient at the droplet’s surface. 

𝐽 =  −𝐷 ∇𝐶 (1-1) 

The evaporation of a sessile droplet is a dynamic process that inherently operates far from 

equilibrium. During evaporation, the balance of forces and free energy at the contact line, as 

shown in Figure 1-1, evolves continuously. Studies in the literature [15–21] have established 

that, under the influence of (CAH), sessile droplet evaporation typically follows three distinct 

modes: the Constant Contact Angle (CCA) mode, the Constant Contact Radius (CCR) mode, and 

the Mixed mode. In the CCA mode, the contact radius decreases while the contact angle remains 

nearly constant. Conversely, the CCR mode is characterized by a fixed contact line with a 

progressively decreasing contact angle. The Mixed mode, often referred to as the "stick-slip" 

(SS) mode, combines elements of both CCA and CCR behaviors. In this mode, both the contact 

angle and the contact radius decrease over time in a manner resembling a stick-and-slide process, 

which explains the alternate name.  Figure 1-2 illustrates the contact line dynamics associated 
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with the pure CCA and CCR modes, while the SS mode exhibits feature of both, with 

simultaneous changes in contact angle and contact radius. 

 

Figure 1-2 Illustration of Constant Contact Angle (CCA), and Constant Contact Radius (CCR) 

evaporation modes. 

In many applications, the evaporation of sessile droplets differs fundamentally from that of 

suspended, contact-free droplets. For suspended droplets, the evaporation flux across the surface 

of the droplet is generally uniform. However, this uniformity does not apply to sessile droplets, 

as the solid substrate significantly influences the evaporation process. The evaporative flux from 

the surface of a sessile droplet is influenced by the solid substrate and is strongly dependent on 

the contact angle between the droplet and the substrate. Recent findings reveal that the flux across 

the droplet's surface is not uniform when the contact angle deviates from 90°. As shown in Figure 

1-3, in hydrophilic systems, the evaporative flux is highest near the droplet’s base and decreases 

toward the apex [22, 23]. Conversely, in hydrophobic systems, the flux is greater at the apex than 

at the base [24, 25]. Accurately modeling sessile droplet evaporation requires accounting for this 

spatial variation in evaporative flux. The non-uniform distribution of flux over the droplet's 

surface introduces additional complexity to understanding and describing the evaporation 

process. 

 



7 

 

 

Figure 1-3 Evaporation flux distribution over the free surface of the droplets for hydrophilic 

system (Right) and hydrophobic system (Left). 

1.1.4 Evaporation of an Array of Sessile Droplets on an Unheated Substrate  

As discussed in the Section1.1.3, despite its apparent simplicity, the evaporation of sessile 

droplets is a highly complex process. For this reason, early research focused on single, isolated 

droplets to gain a deeper understanding of the various mechanisms involved in the transfer of 

mass, momentum, and energy [12, 15, 22, 26–30]. Nonetheless, in most real-world and practical 

situations, droplet evaporation typically occurs in arrays of droplets rather than as a single 

isolated droplet [31–33]. Although studies on single isolated droplets are valuable, the rates of 

energy, mass, and momentum transfer in droplet arrays differ significantly due to the interactions 

between neighboring droplets. [34].  

The evaporation of an array of sessile droplets differs significantly from that of single isolated 

droplets due to the formation of wedge regions between adjacent droplets [35]. In these regions, 

vapor accumulates, leading to a reduction in the evaporation rate and an increase in the 

evaporation time compared to an isolated droplet [36]. The evaporation of an array of N-droplets 

can be simplified by representing it as smaller units, each containing three droplets. To better 

understand the behavior of such an array, the evaporation process can first be analysed for two 

adjacent droplets [24, 25, 31, 37], followed by examining the influence of a third droplet. 
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Modeling the evaporation process of a pair of sessile droplets on an unheated substrate, while 

accounting for the non-uniform evaporation flux and the dynamic surface movement caused by 

mass loss, demands significant computational resources. The semi-analytical models proposed 

by Shaikeea et al.[24, 25] are limited to a specific contact angle, 115 °, and a certain fluid type, 

water, with unclear evaporation mode. Similarly, the factors in the model proposed by Hatte et 

al. [38] are dependent on certain experimental conditions. The asymptotic analytical model 

proposed by Wilson et al. [39] by adopting the integral method proposed by [40], was complex 

and it was restricted to thin droplets condition. Finally, Tonini and Cossali [41] developed both 

analytical and numerical models to study the evaporation of linear arrays of sessile droplets. Their 

analytical approach involved solving Laplace's equation to calculate concentration at specific 

points, incorporating complex mathematical elements like the Legendre function of the first kind 

with a complex index. 

1.1.5 Effect of Substrate Temperature on The Evaporation Behaviour of Sessile Droplets 

When a droplet of a non-volatile liquid is placed on an unheated substrate, the evaporation 

process is slow enough to be governed solely by diffusive mass transfer. However, when the 

same droplet is placed on a heated substrate, the evaporation rate increases significantly. This 

raises the question: is the assumption of purely diffusive mass transfer still valid in this case.? 

Numerous researchers developed models to describe the evaporation dynamics of sessile 

droplets on unheated surfaces [12, 15, 22, 23, 43–45]. These traditional models typically assume 

that evaporation occurs under steady-state conditions, driven solely by diffusion, and with the 

system maintained at ambient temperature. Recent investigations, however, reveal that while 

diffusive models are suitable for unheated substrates, they fail to accurately predict evaporation 

rates when the substrate temperature exceeds the ambient. In such cases, convection plays a 
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significant role, leading to an underestimation of the evaporation rate [10, 44, 46–51]. As 

substrate temperature rises, natural convection of the liquid vapor at the surface of the droplet 

intensifies, enhancing mass transfer in the vapor phase through flow around the droplet [52].  

To address the problem associated with heated substrate condition, Kelly-Zion et al. [51] and 

Carle et al. [46] developed empirical correlations to predict the evaporation rate of single droplets 

on heated substrates, incorporating both diffusive and convective mass transfer mechanisms. 

However, their studies, along with others [12, 15, 22, 23, 43–45], focus exclusively on the 

evaporation behavior of single, isolated droplets on heated surfaces. Furthermore, the models 

proposed by [24, 25], [38], [39], and [41] primarily focus on studying the behavior of an array of 

sessile droplets. However, as discussed in Section 1.1.4, these models have certain limitations. 

Notably, none of these studies have investigated the impact of substrate temperature on the 

evaporation behavior of an array of sessile droplets. Additionally, their models are based solely 

on the assumption of diffusive mass transfer and fail to account for the combined effects of 

convection, which play a significant role on heated substrates. 

1.1.6 Vapour-Mediated Droplets Interactions  

The ability to control the movement of droplets across surfaces plays a vital role in many 

fields such as microfluidics [53], biology [54], heat transfer [55], self-cleaning [56], and chemical 

analysis [57]. To enable precise droplet motion on surfaces, several techniques have been 

explored, including creating surface energy gradients [58], modifying surface properties [59, 60], 

and applying external fields such as thermal or acoustic fields [61–74]. Despite their 

effectiveness, these strategies often demand a substantial surface tension gradient to counteract 

contact line pinning, which arises due to surface imperfections, both chemical and physical [69, 

75].  
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Recent studies have revealed that the vapor field interactions between neighboring droplets 

can generate sufficient force to drive droplet motion on high-energy surfaces without triggering 

contact line pinning. When two propylene glycol (PG)-water droplets of varying compositions 

are positioned within a distance of three diameters, their interaction occurs in two distinct phases. 

The first phase, referred to as the long-range interaction, involves either attraction or repulsion 

between the droplets. In the second phase, known as the short-range interaction, the droplets 

either merge or engage in a chasing behavior [76–80].    

Numerous experimental and theoretical studies have been conducted to investigate the 

interactions between binary liquid droplets(e.g. [77–79, 81–83]). Although these studies provide 

important understanding of the mechanisms driving the movement of sessile droplets on inert 

surfaces, numerous aspects remain unexplored. In practical applications like 3D printing and heat 

exchangers, the temperature of the substrate plays a critical role in determining liquid wetting 

behavior and influencing droplet dynamics. However, prior research, both experimental and 

theoretical, has predominantly concentrated on inert substrates at ambient temperature, leaving 

the effects of substrate heating on droplet motion largely unexamined. 

The impact of varying droplet compositions on their velocity remains an open question. For 

instance, the experiments conducted by Cira et al. [83] were limited to droplets containing 10% 

PG. Similarly, studies in [79] and [78] investigated droplet velocities using concentrations of 

20% PG and 10% PG, respectively. Since droplet composition directly affects the strength of the 

surface tension gradient, it can significantly influence the velocity of the droplets. 
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1.1.7 Impact of Adding Third Droplet to a Droplet Pair  

As highlighted in Section 1.1.4, although previous studies have extensively explored the 

evaporation behaviour of single isolated droplets, the evaporation dynamics of an array of sessile 

droplets exhibit distinct and more complex characteristics. To simplify the analysis of an array 

of N-droplets, it can be broken down into smaller units, each consisting of three droplets. A 

logical approach to this simplification is to first investigate the evaporation behavior of a pair of 

sessile droplets, followed by examining the effect of introducing a third droplet. 

1.2 Scientific Gaps and Research Objectives 

As a result, extensive knowledge about the evaporation process of single droplets has been 

gained through previous studies. These investigations are useful for comprehending the 

evaporative behaviour of isolated sessile droplets. However, in practical applications, 

evaporation often occurs in arrays of droplets, where interactions between neighboring droplets 

significantly alter transfer rates due to vapor accumulation in wedge regions, reducing 

evaporation rates and increasing evaporation times. Simplifying the evaporation dynamics of 

droplet arrays can be achieved by studying smaller units, such as two or three adjacent droplets. 

Existing models in the literature are limited by specific conditions, complexities, or 

computational demands. Therefore, the first objective of this study is to develop a simple method 

to model the evaporation process of two sessile droplets. This method should be flexible to 

accommodate the different evaporation modes, CCA and CCR. Also, it should simplify 

complexities associated with coupled mass and heat transfer dynamics at the moving interface. 

It is found that the most applicable choice for these requirements is to use adapt the point source 

modelling (PSM) approach [42]. The key benefit of this approach lies in its ability to capture the 

essential characteristics of the process while minimizing computational demands. This method 
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simplifies the analysis by representing droplets as point sources, eliminating the complexities 

involved in coupled heat and mass transfer at the moving interface. The droplet is considered a 

point source positioned at its center. The goal is to model the evaporation process of a pair of 

sessile droplets and to validate this model experimentally. This objective is discussed in detail in 

Chapter 2.   

Additionally, the evaporation of non-volatile liquid droplets on unheated substrates is 

predominantly governed by diffusive mass transfer, but this assumption becomes questionable 

when droplets are placed on heated surfaces, where evaporation rates increase significantly due 

to enhanced natural convection. While traditional models describe evaporation on unheated 

surfaces under steady-state, diffusive conditions, they fail to account for the combined effects of 

diffusion and convection at elevated substrate temperatures, leading to an underestimation of 

evaporation rates. Existing studies, primarily focus on single isolated droplets and do not explore 

the evaporation dynamics of droplet arrays under heated conditions. So, the second objective of 

this thesis is to adapt the previously developed and validated PSM model to model the 

evaporation of a pair of sessile droplets on a heated substrate. The proposed model assumes a 

purely diffusive, isothermal, and quasi-steady-state evaporation process. Building on this, this 

objective focuses on extending the model to investigate how substrate temperature influences the 

evaporation behavior of a pair of sessile droplets. The primary question is whether the proposed 

diffusive PSM model remains applicable under heated substrate conditions. Additionally, we aim 

to establish the limitations of the diffusive model by comparing its predictions with experimental 

results. This objective is discussed in detail in Chapter 3.   
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Furthermore, controlling droplet motion on surfaces is critical in fields like microfluidics, 

biology, heat transfer, self-cleaning, and chemical analysis. Techniques such as creating surface 

energy gradients, modifying surface properties, and applying external fields have been employed 

to achieve precise motion, but these often require significant surface tension gradients to 

overcome contact line pinning caused by surface imperfections. Recent studies show that vapor 

field interactions between neighboring droplets can drive motion on high-energy surfaces without 

inducing pinning, with interactions occurring in two phases: long-range (attraction or repulsion) 

and short-range (coalescence or chasing). While prior research has explored droplet interactions 

and movement on inert substrates at ambient temperature, the effects of substrate heating remain 

largely unexamined. Additionally, the influence of droplet composition on velocity is not fully 

understood, as previous studies focused on limited compositions. Therefore, the third objective 

of this research is to investigate the effects of substrate temperature and droplet composition on 

droplet velocities during short-range interactions. This analysis involves a water droplet and a 

propylene glycol (PG)-water mixture droplet with varying compositions, both placed on a heated 

glass substrate maintained at different temperatures. This objective is discussed in detail in 

Chapter 4.   

Finally, previous studies on single isolated droplets have shown that the evaporation behavior 

of an array of sessile droplets is notably different. To simplify the analysis of an N-droplet array, 

it can be represented as smaller units of three droplets. This study addresses the evaporation 

behavior of a pair of sessile droplets under three different conditions: (1) on an unheated 

substrate, (2) on a heated substrate, and (3) with varying droplet compositions. These correspond 

to the first, second, and third objectives of this study, respectively. The final objective is to 

analyse how the addition of a third droplet influences the evaporation rates of each droplet within 
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the system. This will be accomplished by extending the model developed for the first objective 

by utilizing the PSM approach to account for the impact of the third droplet. The details of this 

objective are thoroughly discussed in Chapter 5. 

1.3 Thesis Goals, and Outlines 

The main goal of this study is to model the evaporation process (evaporation rate and 

evaporation time) of a pair of sessile droplets placing on an unheated substrate using the PSM 

approach. This is an important step toward understanding the behavior of an array of sessile 

droplets. Additionally, the substrate temperature influences the evaporation process of a pair of 

sessile droplets, transitioning it from a purely diffusive mass transfer mechanism to a combined 

diffusive-convective process. Lastly, the substrate temperature impacts the movement of a pair 

of sessile droplets with different concentrations. In summary, the key research questions to be 

addressed are: 

• How can the (PSM) be applied to determine the evaporation rate of a pair of sessile droplets on 

an unheated substrate? 

• How can the evaporation time be calculated for a pair of sessile droplets evaporating under the 

CCR and CCA modes? 

• How can the model be experimentally validated, and what are its limitations beyond which the 

model is no longer applicable? 

• What is the impact of substrate temperature on the evaporation behavior of a pair of sessile water 

droplets? 

• Is the assumption of diffusive mass transfer still valid for heated substrates, and what are the 

limitations of the proposed diffusive model? 
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• How does substrate temperature influence the motion of a pair of sessile droplets with different 

compositions (water and PG)? 

• In what ways does the concentration of PG affect the motion behavior of the droplets? 

• How can the PSM be extended to determine the evaporation rate of a system of three sessile 

droplets on an unheated substrate? 

Based on the outlined research questions, the objectives of this study are as follows: 

1. Develop a model for evaporation of a pair of sessile droplets on unheated substrates:  

• Create a model using the PSM approach to determine the evaporation rate of a pair of 

sessile droplets on an unheated substrate. 

• Determine the evaporation time of a pair of sessile droplets under the Constant 

Contact Radius (CCR) and Constant Contact Angle (CCA) modes. 

2. Validate and assess model limitations: 

• Experimentally validate the proposed PSM model for evaporation. 

• Identify the limitations of the model and establish conditions where the model 

becomes invalid. 

3. Investigate substrate temperature effects on evaporation a pair of sessile droplets: 

• Examine how substrate temperature influences the evaporation behavior of sessile 

droplets. 

• Determine if the assumption of purely diffusive mass transfer holds for heated 

substrates and identify the limits of the diffusive model. 

4. Investigate the effect of substrate temperature and the role of droplet composition on the 

motion of droplets of different PG concentrations: 

• Investigate how substrate temperature impacts the motion of a pair of sessile droplets 

with different compositions (water and PG). 
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• Explore the effect of PG concentration on the motion behavior and velocity of sessile 

droplets during short-range interactions. 

5. Characterize the evaporation rate of an array of three droplets on an unheated substrate: 

• Analyse how introducing a third droplet impacts the evaporation rates of each droplet 

in a two-droplet system by extending the model developed for a droplet pair. 

This thesis is structured in a "sandwich thesis" format, comprising 5 chapters. Each chapter 

begins with a detailed introduction and a thorough review of relevant literature. Chapter 1 serves 

as an overview, offering a concise introduction and background, along with the research 

motivation, objectives, and a brief literature survey. Chapter 2 addresses the first two research 

objectives, objective 1 and 2, and is extracted from a published technical journal paper. Chapters 

3, 4 and 5 focus on the third, fourth, and fifth objectives, respectively. Finally, Chapter 6 

concludes the thesis by summarizing the key findings and proposing recommendations for future 

research. Additional information is provided in the appendices following the main chapters. 
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Chapter 2 Modeling of the Evaporation Process of a 

Pair of Sessile Droplets Using a Point Source Model 

(PSM)  

2.1 Introduction  

The evaporation of sessile droplets has applications which range from combustors to everyday 

phenomena such as coffee ring stain formation [1]. Evaporation can be used to control the 

temperature and humidity of the upstream airflow of heat exchangers and enhance its efficiency 

[2] and control the temperature of microprocessors through evaporative cooling [2]. Other 

applications are DNA mapping by studying the fluid flow of DNA solution inside an evaporating 

droplet [3], inkjet printing for documents and proteins [4], [5], the paint industry [6], and protein 

crystallography [7]. 

The droplet evaporation process is dynamic because the shape of the droplet changes as it 

evaporates. Picknett and Bexon [8] were among the first to observe three modes of evaporation 

by using droplets of methyl acetoacetate on a polytetrafluoroethylene (PTFE) substrate: these 

were constant contact angle (CCA) evaporation mode, constant contact radius (CCR) mode, and 

mixed mode alternating between CCA and CCR through the stick-slip phenomenon.  

CCA mode is characterized by decreasing the contact radius while the contact angle is 

constant [9], [10], while for the CCR mode, the contact angle decreases with a pinned contact 

line [11], [12]. There is also a simultaneous decrease in contact angle and pinned contact line for 

the mixed evaporation mode [8], [13]. It is well known from previous experimental work that the 

evaporation mode of a water droplet placed on a hydrophilic surface is dominated by the CCR 

mode. In contrast, the CCA mode can be observed for a water droplet on a hydrophobic surface 1 This chapter has been published as a peer-reviewed journal article under the same title in the 

International Communications in Heat and Mass Transfer journal. 

1 
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(i.e., the initial contact angle > 90o) [14]. It has been suggested that the difference between the 

advancing contact angle (θAdv) and receding contact angle (θRecd), also known as contact angle 

hysteresis (CAH), can help determine the mode of evaporation [13], [15]. If the θRecd of a droplet 

on a surface is very small (i.e., ≈ 0), evaporation would be purely in CCR mode. On the other 

hand, if the θRecd < θ0 < θAdv, the droplet initially evaporates in CCR mode until the contact angle 

decreases from initial contact angle, θ0, to be equal to the receding contact angle (θRecd). At this 

angle, θRecd, the droplet starts evaporating in CCA mode until the end of evaporation process 

[16], [17].  

Most naturally occurring and practical droplet evaporation scenarios involve the evaporation 

of arrays of droplets rather than a single isolated droplet [18]–[20]. The behavior of an array of 

droplets can be to a certain degree be understood by the study of single sessile droplets and, as 

such, many research efforts have been carried out to gain insight into the evaporation process of 

single droplets [6], [8], [10], [11], [14], [16], [21], [22]. While these studies are helpful, the 

transfer rate (energy, mass, or momentum) from an array of droplets differs due to the interaction 

between the droplets [23]. A further step toward understanding the behavior of an array of 

droplets is to study the evaporation process of two adjacent droplets [18], [24]–[26].  

In most applications, the sessile droplet evaporation process is not like the evaporation process 

of contact-free (i.e., suspended) droplets. While the evaporation flux over the surface of a free 

suspended droplet can be assumed to be constant, this is not the case for a sessile droplet due to 

the presence of the substrate. The evaporation flux over the surface of a sessile droplet depends 

on the droplet's contact angle (i.e., surface wettability). The magnitude of the evaporation flux 

for a droplet on a hydrophilic surface is higher at the contact line than at the droplet apex [21], 
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[25], [27]. However, a droplet on a hydrophobic surface has a greater evaporation flux at the 

droplet apex than at the base [25]. 

When two droplets are placed on a substrate surface sufficiently close to each other, a “wedge” 

region is formed between them (see Figure 2-1). In the wedge region, vapor accumulation 

decreases the evaporation rate; this was first reported in [28]. Due to the increased vapor 

concentration in the wedge region, the lifetime of the droplet increases [29]. Furthermore, 

increasing the hydrophobicity of the substrate for a single isolated droplet leads to increased 

vapor accumulation in the region close to the substrate, creating a vapor-trapped area near the 

contact line. This increase in vapor concentration reduces the evaporation flux in this area. 

However, the presence of another droplet leads to a further decrease in the evaporation flux [24], 

[25]. The spatiotemporal variation of the evaporation flux must be considered to model the 

evaporation process of two droplets precisely. 

 

Figure 2-1 Schematics of a central (midplane) sectional plan of a pair of sessile droplets 

considered as spherical cap drying on a substrate surface. Where: L is the separation distance 

between the droplets, a is the droplet’s contact radius, and θ is the droplet contact angle. 

The evaporation process of sessile droplets on an unheated substrate in quiescent ambient air 

is involved in many practical applications (e.g., DNA mapping). However, modeling the 

evaporation process of two sessile droplets from an unheated substrate, considering the non-



25 

 

uniformity of the evaporation flux and the moving surface due to mass loss, requires immense 

computational power. Therefore, the objective of this study is to model the evaporation process 

of two sessile droplets by using our previously defined PSM approach [30]. The main advantage 

of this modeling approach is that it captures the main features of the process with minimum 

computational requirements. In this method, the droplets are modeled as point sources to remove 

the complexities associated with coupled mass and heat transfer at the moving interface. The 

droplet is treated as a point source located at the center of the droplet. Also, the surface area of 

the droplets may be determined by treating them as spherical caps and applying the principles of 

mass conservation and geometric constraints. The PSM was developed by analytical analogy to 

the work of Castillo et al. [31] in which they modeled the condensation process of a droplet by 

using the point sink model; the droplets in [31] were modeled as point sinks to determine the 

condensation rate of individual droplets in an array of droplets.  

The PSM was employed to systematically examine the impact of the separation distance 

between the droplets on the rate of evaporation. As such, a critical distance beyond which the 

two droplets behave like single isolated droplets can be identified. Two relationships to determine 

the evaporation time of the droplets corresponding to the evaporation mode (i.e., CCA and CCR) 

were derived. The CCR mode relation is examined experimentally to test the validity of the 

proposed model. Also, variations in evaporation rate, the contact angle for CCR evaporation 

mode, and the contact radius for CCA evaporation mode with evaporation time were examined. 

Finally, the present model was examined to establish its limitations by investigating the impacts 

of droplet volume, relative humidity, surface wettability, and liquid volatility. 
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2.2 Model Formulation 

The evaporation process of sessile droplets has many complexities; therefore, it is common to 

simplify the modelling process by neglecting the variation of droplet surface temperature [32]. 

This is justified because the evaporation of sessile drops in a quiescent environment is a slow 

process and, thus, the temperature gradients due to the latent heat of vaporization are very small 

compared with those of rapidly evaporating droplets  [33]. We also assume that when the size of 

the sessile droplet is small (i.e., in the range of μl), it is reasonable to assume that the droplet has 

a spherical shape [8], [11], [14], [21]. This is justifiable because the droplet shape is governed by 

the Bond number (ratio of the gravitational force to the surface tension on the droplet's surface) 

and the capillary number (ratio of the viscous force to capillary force). Therefore, the shape can 

be considered a spherical cap for a droplet of small Bond and capillary numbers (<< 1). 

The relatively slow evaporation rate allows us to assume that the mass transport from a sessile 

droplet is purely diffusive with negligible convection. As such, the evaporation rate depends on 

either the transfer rate of molecules across the liquid/vapor interface (phase change) or the 

transport rate of the saturated vapor molecules from the droplet surface to the surrounding air 

[6], [34]. The transfer rate is characterized by a time scale of an order of 10-10 s, while the transport 

rate due to diffusion has a characteristic time of a2/D, (where D is the diffusion coefficient for 

the vapor in the air and a is the radius of the droplet); for water under normal evaporation 

conditions, the characteristic time is in the order of seconds [6], [35]. The transport rate of vapor 

molecules from the droplet surface to the  surrounding air is governed by diffusion, convection, 

or both [36].  It has been found experimentally that the evaporation of non-volatile drops at room 

temperature is dominated by diffusion and not convection [9], [11], [14], [37], [38]. 
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The time required for the concentration field to adjust to the change in the droplet size is of 

order of (a2/D) for non-volatile liquids, e.g., water. The ratio between this time a2/D and the 

evaporation time of the droplet (te) is of the order of a2/D.te ≈ 10-5 [21]. Considering all of the 

above, it is acceptable to assume that the evaporation process is steady-state and purely diffusive. 

Also, assumptions such as the Maxwell assumptions [39] have been applied to successfully 

determine the evaporation rate of sessile drops in isolation [8]–[12], [14], [34], [36].  

2.2.1 Evaporation Rate of a Droplet Within a System of Two Droplets (𝒎̇𝒔𝒚𝒔)  

Using Maxwellian models [39] for sessile droplets and neglecting the effect of the substrate, 

we start by assuming the evaporation flux on the free surface of a sessile droplet is equal to that 

of a suspended droplet of the same radius of curvature [36]. The substrate effect will be addressed 

later. By approximating the surface area of the droplet as a spherical cap 
2𝜋 𝑎2

1+𝑐𝑜𝑠𝜃
, the total 

evaporation rate from the surface of a single isolated sessile droplet, 𝑚̇𝑖𝑠𝑜, is given by [12]: 

𝑚̇𝑖𝑠𝑜 =
𝑑𝑚

𝑑𝑡
= 𝐽. 𝑆 =  −2𝜋𝑎𝐷 

𝑠𝑖𝑛𝜃

1+𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞)  (2-1) 

where J is the evaporation flux, S is the droplet surface area, (θ) is the contact angle of the 

droplet, and (Cs) and (C∞) are the vapor concentration at the droplet surface and far field, 

respectively.  

Because of the substrate, the evaporation rate (𝑚̇𝑖𝑠𝑜) should be modified from the Maxwellian 

model. This is done by applying a multiplier 𝑓(θ) which is a geometrical factor that describes the 

effect of the contact angle of the droplet and the impermeable substrate [10]. Picknett and Bexon 

[8] derived an exact solution for 𝑓(θ) by comparing the diffusive flux to the electrostatic potential. 

They achieved this by calculating the capacitance of a conducting substance with the same shape 

and size as the droplet, considering contact angles ranging from 10° to 180°. Rowan et al. [12] 
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found a different method to determine 𝑓(θ) by assuming that the vapor concentration gradient is 

radially outward only. Another approximated method was developed by Bourges-Monnier and 

Shanahan [9]; they also assumed that the vapor concentration gradient is purely radial. However, 

they considered a shell around the droplet, where vapor diffused. It should be noted that in [8], 

[9], [12], there is no proof that the authors considered the variation of the evaporation flux over 

the surface of the droplet [36] (i.e., the evaporation flux was assumed to be uniform over the 

droplet's surface, which is similar to that of a suspended spherical droplet). Chini  and Amirfazli 

[36]  provided a closed-form equation, Eq. (2-2), for 𝑓(θ), incorporating the non-uniformity of 

evaporation flux. This equation is more straightforward and can be used with an error of less than 

5% within the range of 8° ≤ θ ≤ 131°. 

𝑓(𝜃)[36] = 56.561𝜃−0.892  (2-2) 

Combining Eq. (2-1) and Eq.(2-2),  we arrive at Eq. (2-3) which describes the evaporation 

rate for a sessile drop with both flux variation and the effect of θ captured. 

𝑚̇𝑖𝑠𝑜 =
𝑑𝑚

𝑑𝑡
. 𝑓(𝜃) = 𝐽. 𝑆. 𝑓(𝜃) =  −2𝜋 𝑎 𝐷 

𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞) 𝑓(𝜃) (2-3) 

The presence of a second droplet adds further complexity to determination of the evaporation 

rate of a single droplet in the compilation of two droplets. So, it is beneficial to simplify the 

solution of the evaporation rate of each droplet in the system by considering a correction factor, 

η. The correction factor, η, is given by the ratio of the evaporation rate associated with a pair of 

droplets (𝑚̇𝑠𝑦𝑠) to that for single isolated droplet (𝑚̇𝑖𝑠𝑜). In such an approach, the size and the 

ambient conditions for the droplet system are considered to be the same [1], [23], [25], [40]. 

𝜂 =
𝑚̇𝑠𝑦𝑠

𝑚̇𝑖𝑠𝑜
  (2-4) 
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The value of η for two identical sessile droplets sitting on a substrate and separated by distance 

L can be obtained by an analogy to that developed by Castillo et al. [31] and Annamalai et al. 

[1]. 

𝜂 =
1 −

𝑎
𝐿

1 −
𝑎2

𝐿2

 (2-5) 

Using Eqs. (2-3) to (2-5), the evaporation rate of a droplet in a system of two droplets can be 

determined by 

𝑚̇𝑠𝑦𝑠 = 𝜂. 𝑚̇𝑖𝑠𝑜 =  
1 −

𝑎
𝐿

1 −
𝑎2

𝐿2

 × [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞) 56.561𝜃−0.892] (2-6) 

 

2.2.2 Evaporation Time of Two Droplets (te) 

Equation (2-6) has three unknowns, a, θ, and 𝑚̇𝑠𝑦𝑠. Through 𝑚̇𝑠𝑦𝑠 = 𝜌𝐿 .
𝑑𝑉

𝑑𝑡
 (see Figure 2-1), 

the unknowns can be reduced to two; the volume of the droplet can be related to a and θ. Thus, 

to determine the evaporation time, it is required to find another equation. The needed equation 

can be found by knowing the evaporation mode; then, we can determine the evaporation time, as 

explained below. 

2.2.2.1  CCA Mode 

The volume of a spherical cap droplet, in terms of a and θ, is 

𝑉 =  
𝜋(1 − 𝑐𝑜𝑠𝜃)(𝑐𝑜𝑠𝜃 + 2) 𝑎3

3. 𝑠𝑖𝑛𝜃(1 + 𝑐𝑜𝑠𝜃)
 (2-7) 

From Eqs. (2-6) and (2-7), recalling that 𝑚̇𝑠𝑦𝑠 = 𝜌𝐿 .
𝑑𝑉

𝑑𝑡
, we can find the variation of the contact 

radius a during the evaporation process, as follows: 
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𝑎3 − 𝑎0
3

3
−  

𝑎2 − 𝑎0
2

2
=

−2𝐿𝐷

𝜌𝐿
 (𝐶𝑆 − 𝐶∞ ) 

1 + 𝑐𝑜𝑠𝜃

2 + 𝑐𝑜𝑠𝜃
𝑓(𝜃)  𝑡𝑒 (2-8) 

where a0 is the initial contact radius of the droplet. Note a is a function of time, t, i.e., 0 < t < 

te (where te is the droplet’s evaporation time). Eq. (2-8) can be used together with a=0 to find the 

evaporation time. Also, d0 and d, are the initial and instantaneous contact diameter of the droplet, 

respectively. 

2.2.2.2 Constant Contact Radius (CCR) Mode 

The volume of a spherical cap droplet in terms of a and the height of the droplet, h, is 

𝑉 =
𝜋ℎ

6
(3𝑎2 + ℎ2) (2-9) 

From Eqs. (2-6) and (2-9) and recalling that  𝑚̇𝑠𝑦𝑠 = 𝜌𝐿 .
𝑑𝑉

𝑑𝑡
, one can find the variation of the 

contact angle during the evaporation process, as follows: 

∫
𝜃0.892

56.561 𝑠𝑖𝑛𝜃  (1 + 𝑐𝑜𝑠𝜃)
 𝑑𝜃 =

−2𝐿𝐷(𝐶𝑆 − 𝐶∞ )

(𝑎 + 𝐿)  𝑎2 𝜌𝐿

𝜃𝑓

𝜃0

 𝑡𝑒 (2-10) 

where θ is the instantaneous contact angle of the droplet at any given time 0 < t < te, and θ0 is 

the initial contact angle of the droplet, and θf is the droplet’s final contact angle. Eq. (2-10) can 

be used to find the evaporation time by setting θf =0. We neglected the effect of the droplet 

contact angle hysteresis at this stage and assumed that the droplet’s receding contact angle is 

zero. The full derivations of Eqs. (2-8) and (2-10) are detailed in the Supplementary Information. 

It should be noted that "L/d0" and "L/d" may vary depending on the evaporation mode. "L/d0" 

is equal to "L/d" for droplets undergoing the Constant Contact Radius (CCR) evaporation mode. 
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However, they are not equal for droplets undergoing the Constant Contact Angle (CCA) mode, 

reflecting the differences in evaporation behavior under these distinct conditions. 

2.2.3 Model Novelty and Significance 

 In our model, we incorporate 𝑓(θ) to characterize the influence of the substrate. While prior 

studies have explored various techniques to determine 𝑓(θ) (e.g. (e.g. [8], [14], [41]), none 

explicitly address the variation of evaporation flux along the surface of sessile droplets. Even 

Picknett and Bexon [8], the only study providing an exact solution for 𝑓(θ), lacks explicit 

reference to this variation. In contrast, our model employs a closed-form equation for 𝑓(θ) 

derived by Chini and Amirfazli [36], explicitly incorporating the non-uniformity of evaporation 

flux. 

Existing semi-analytical models, such as those proposed by Shaikeea et al. [24,25], are limited 

in scope to specific contact angles (115°), fluid types (water), with unclear evaporation modes. 

Similar limitations are observed in another semi-analytical model proposed by Hatte et al. [42], 

where certain factors are contingent on specific experimental conditions. In contrast, our Point 

Source Model (PSM) accommodates simulations in both Constant Contact Angle (CCA) and 

Constant Contact Radius (CCR) modes, offering a comprehensive understanding of evaporation 

dynamics across various scenarios. 

Wilson et al. [43] introduced an asymptotic analytical model for the evaporation of multiple 

sessile droplets, leveraging the integral approach proposed by [44]. However, their model's 

complexity and restriction to thin droplets pose limitations. In contrast, the PSM that considers 

droplets with different contact angles, simplifying complexities associated with coupled mass 
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and heat transfer dynamics at the moving interface, by modeling droplets as point sources located 

at droplets’ centers. 

Finally, Tonini and Cossali [45] proposed analytical and numerical models for the evaporation 

of sessile droplet linear arrays. Their analytical model involves solving Laplace's equation to 

determine concentration values at specific locations, introducing complexity with terms such as 

the Legendre function of the first kind with complex index. For their numerical solution, they 

adopted a 3D numerical approach utilizing COMSOL Multiphysics. Our PSM yields comparable 

results with deviations of less than 5% in most cases considered by [45] (see Table 2-1). So, we 

can conclude that PSM serves as a versatile predictive tool, streamlining the determination of 

vapor concentration distributions. By striking a delicate balance between capturing essential 

process phenomena and minimizing computational complexity, our model addresses the 

challenges associated with accurately modelling sessile droplet evaporation. These challenges 

include accounting for the dynamic nature of the droplet interface, evaporation mode, coupled 

mass and heat transfer dynamics, and the non-uniformity of evaporative flux within a 

computationally light framework.  

Table 2-1 Comparison between the correction factor from the proposed PSM and from the 

analytical and numerical models proposed by [45] 

L/d 

θ = 90° θ = 135° θ = 45° 
η 

(PSM) 

Deviations 

(%) 

Min. ➔ Max. 
ηa [45] ηn [45] ηa [45] ηn [45] ηa [45] ηn [45] 

2 0.8024 0.8026 0.767 0.7728 0.8859 0.8829 0.8 0.30 ➔ 9 % 

5 0.9086 0.9092 0.8853 0.8873 0.9506 0.9497 0.9091 0.06 ➔ 4 % 

10 0.9524 0.9524 0.9395 0.9395 0.9766 0.9742 0.9524 0.00 ➔ 2 % 
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In summary, PSM offers a robust and computationally efficient solution that not only 

addresses above challenges, but also provides valuable insights into the complex process of 

sessile droplet evaporation, thereby advancing our understanding of this phenomenon. 

2.2.4 Experimental Apparatus 

An experimental apparatus was designed and constructed to establish the validity and 

limitations of the proposed model. The experimental setup is shown in Figure 2-2. The droplets 

were placed on the substrate by using a motorized syringe pump (KDS 100, KD Scientific) with 

an accuracy of ±0.93%. The distance between the droplets was controlled by using a linear X-

stage with an accuracy of ± 0.01 mm. For image processing, two cameras (Figure 2-2, Camera I 

and Camera II) were employed to capture the variation in droplet contact angle and contact radius 

through evaporation time. Camera I and Camera II (Plugable, 2MP, 250x Magnification) were 

vertically and horizontally mounted, respectively. The Contact Angle plugin in Image J was used 

to measure the contact angle of the droplets. All experiments were carried out inside a humidity-

controlled chamber with dimensions of L=200 mm, W=167 mm, and H=90 mm. The relative 

humidity inside the chamber was controlled by a programmable humidity controller (IHC200, 

Inkbird). The humidity controller can keep the relative humidity in a range of 5%–99 % with an 

accuracy of ± 3%. 

Experiments were conducted to examine the variation in evaporation time and contact angle 

for a pair of sessile water droplets sitting on a glass substrate. The substrate was a clean 

microscopic glass slide treated with a Rust-Oleum Never Wet Step 1 base coat to enhance the 

surface roughness. This was done to immobilize the contact line of the droplet and achieve the 

CCR mode. The initial contact angle of the water droplet was 81.5°±4.5°. For different separation 
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distances (3–25 mm), the evaporation time was measured and compared with the corresponding 

one from the model. For each separation distance, the measurements were repeated five times. 

The effect of surface wettability on the evaporation behavior of a pair of sessile droplets was 

examined using two additional surfaces (pre-treated glass and Teflon). Each surface was, firstly, 

washed by ethanol; then, it was rinsed with deionized water before it was heated in an oven at 

65oC for two hours. The surfaces were left overnight before they were used in the experiments. 

The corresponding initial contact angles for the coated glass, pre-treated glass, and pre-treated 

Teflon surfaces were 81.5° ± 4.5°, 51.4 ° ± 2.8° and 114.5 ° ± 1.1°, respectively. The receding 

contact angles for the pre-treated glass and pre-treated Teflon surfaces were 14.5° ± 0.8° and 

74.2° ± 5.3°, respectively. Finally, the evaporation time for a pair of ethanol sessile droplets on 

a glass surface at different separating distances was measured and compared with that of the 

model. 

Initially, the evaporation of two droplets of 3.0 ± 0.028 μl at different distances were studied. 

The relative humidity inside the chamber was kept at 40% ± 3%. The experiments were carried 

out in a laboratory temperature of 22–23°C. Then, the evaporation for a pair of sessile droplets 

at different relative humidity (RH) values (i.e., 13 %, 20 %, 30 %, and 40 %) was studied.  
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Figure 2-2 Schematic of the experimental apparatus. 

2.3 Assumptions and Range of Applicability  

For the proposed model we assume the following: 

1. The mass transfer process (i.e., evaporation) is assumed to be quasi-steady. This 

assumption is justified because the time required for the concentration field to adapt to 

changes in droplet size is on the order of (a2/D). For non-volatile liquids such as water, 

the ratio (a2/D)/te ≈ 10-5, indicating that the adjustment of the concentration field occurs 

much faster than the overall evaporation process. 

2. Convection effects are neglected, assuming diffusion-dominated evaporation. This 

assumption is valid for both volatile and non-volatile liquids when the Peclet number (Pe), 

defined as the ratio of convective to diffusive mass transfer, is less than 1. 

3. The system is assumed to be isothermal, neglecting variations in droplet surface 

temperature. This assumption is justified for non-heated substrates where evaporation 

proceeds slowly enough that temperature gradients induced by latent heat of vaporization 

are minimal. 
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2.4 Results and Discussion 

2.4.1 Model Validation   

The validity of the model predictions were first evaluated by comparing the predicted 

evaporation times with the measured evaporation time for droplets evaporating under CCR mode, 

which is the common evaporation mode of water droplets on a glass substrate. Also, the 

variations of the contact angle were compared with the experimental measurements.  

Figure 2-3.a shows the inverse proportional relationship between the evaporation time and 

the separating distance between the droplets. It is expected that increasing the distance between 

the droplets decreases the effect of the wedge area and, hence, increases the evaporation rate. 

Also, Figure 2-3.a shows that the experimental results are in excellent agreement with the model 

predictions with a variation of less than 5%. A similar conclusion is obtained Figure 2-3.b for 

variations in the droplet’s contact angles with the normalized instantaneous evaporation time 

(t/te). 
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Figure 2-3 (a) Variation of evaporation time for a pair of water sessile droplets (V= 3.0 μL) 

on a coated glass substrate at different distances (L/d). (b) Variation of the normalized contact 

angle with normalized instantaneous evaporation time. The relative humidity was 40%.  

Figure 2-4 shows the variation in the evaporation time of a pair of water sessile droplets at 

different volumes. It can be observed that increasing the volume of the droplet leads to longer 

evaporation time at the same ambient conditions. Overall, agreement between the measured 

evaporation time and model predictions are very good with deviations of less than 5% as the 

droplet volume increases.  

 

Figure 2-4 Variation of evaporation time for a pair of water sessile droplets (L/d= 1.741) on 

a coated glass substrate for different droplet volumes. The relative humidity was 40%. 

Figure 2-5 shows the experimental evaporation time has a direct proportionality with the 

relative humidity (RH). This is reasonable and expected, because an increase in the amount of 

water vapor in the ambient air leads to a decrease in the concentration difference (difference in 

water vapor concentration) between the surface of the droplets and the ambient air. This leads to 

a decrease in the evaporation rate and an increase in evaporation time. Also, as shown in Figure 

2-5, there is a good agreement between the model and the experimental results with differences 

of less than 9%. Increasing relative humidity to more than 40% slows evaporation, confirms the 
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purely diffusive mass transfer assumption, and improves model-experimental agreement. 

Therefore, we did not need to test the evaporation process for relative humidity higher than 40%. 

While the number of data points in Figure 2-4 and Figure 2-5 are limited, we can observe that 

the trends are reasonable and expected from a physics perspective and we do not expect any 

sudden change in trend between the data reported. While increasing the number of data points 

may enhance visualization, the existing trends remain consistent and align with theoretical 

expectations. 

 

Figure 2-5 Variation of evaporation time for a pair of water sessile droplets (V= 3.0 μL) 

separated by constant L/d value of (2.064) on a coated glass substrate at different relative 

humidities. 

Regarding the effect of the surface wettability, it was found that water droplets on Teflon and 

the pre-treated glass do not completely evaporate in CCR mode. As the evaporation takes place, 

the contact angle of the droplet decreases while its contact line is pinned. The CCR evaporation 

mode ends when the droplet’s contact angle reaches the receding contact angle value, and the 

contact line begins to move. It was found that 70% of the evaporation time for water droplets on 

the pre-treated glass surface occurs in CCR mode; this was 58% for Teflon. Therefore, the 
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evaporation times for water droplets evaporating on these surfaces are measured from the 

beginning of the evaporation process until the occurrence of depinning.  

Figure 2-6 shows a comparison between experimental evaporation time and predicted values. 

Figure 2-6 was obtained by measuring experimentally, the evaporation times of a pair of sessile 

water droplets on the three surfaces mentioned in Section-03 and comparing them with the 

model’s predictions. The evaporation time was measured from when the droplets were deposited 

on the surface to when the contact angle reached the receding angle, see Section-03, at which the 

contact line started to move and the CCR mode ended. Also, it can be observed from Figure 2-6 

that divergence from the model is reduced if the surface is more hydrophobic. This is because a 

droplet of the same volume on a hydrophobic surface takes longer to evaporate than one on a 

hydrophilic one. The hydrophobic nature of the substrate results in the creation of an interlocked 

space in the region near the droplet. As a consequence, the diffusive transport of water vapor is 

hindered, leading to a decrease in the evaporation flux. Moreover, the presence of a second 

droplet, especially when their vapor fields strongly interact, further diminishes the evaporation 

flux. The continuing decrease in the evaporation rate strongly supports the hypothesis of purely 

diffusive mass transport, while decreasing the contact angle to less than 90 o increases the 

evaporation rate. The higher deviation could be attributed to the convective mass transfer that 

comes into play. This claim is proven in Figure 2-7, in which the vapor concentration 

distributions around two sessile droplets sitting on hydrophilic (Figure 2-7.a) and hydrophobic 

(Figure 2-7.b) surfaces for constant L/d0=3 value are shown. Where d0 is the initial contact 

diameter of the droplet. The initial contact angle for each surface was chosen to be 41° and 120° 

which are the average contact angles in the literature of water droplets on glass and Teflon 

surfaces, respectively. The concentration contours were obtained by solving the governing 
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diffusion equation using finite difference method (FDM; see Supplementary Information for 

more details). It was found that the average vapor concentration in the wedge area between the 

two droplets on the hydrophobic surface was 22.7 µg/cm3, while it was 20.9 µg/cm3 for the 

hydrophilic one. It can be concluded that increasing the hydrophobicity of the surface leads to a 

nearly 9% rise in the evaporation concentration in the wedge area, thereby slowing down the 

evaporation process. So, Figure 2-7.a and Figure 2-7.b alongside Figure 2-6 enhance the 

comprehensiveness of our analysis and provide a more nuanced understanding of the interplay 

between surface wettability and evaporation dynamics. 

 

Figure 2-6 Variation of evaporation time for a pair of water sessile droplets (V= 3.0 μL) on 

different substrates at a constant separating distance L=5 mm. The relative humidity is 30%. 
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Figure 2-7 Vapor concentration distribution at the midplane around a pair of sessile water 

droplets of V = 3 µL on a hydrophilic substrate (a), θ0 = 41°, and a hydrophobic substrate (b), θ0 

= 120° at (L/d0 =3). All concentration values have units of µg/cm3. 

2.4.2 Model Results   

The system used here consisted of a pair of sessile water droplets with initial contact radius 

and contact angle of 0.2 cm and 45o, respectively. The saturated vapor concentration and the 

diffusion coefficient were taken to be Cs=2.32x10-5 g/cm3 and D=0.261 cm2/s, respectively, at an 

ambient temperature of 25°C [46]. The relative humidity of the ambient was set to 40%. 

2.4.2.1 The Effect of the Separation Distance Between the Droplets 

Figure 2-8 shows the variation of the normalized evaporation rate (
𝑚̇𝑖𝑠𝑜−𝑚̇𝑖𝑛𝑡

𝑚̇𝑖𝑠𝑜
 %) as a function 

of (L/ d0). Figure 2-8 has been standardized to be applicable for any liquid type, any droplet 

volume, and any ambient relative humidity (RH) value. It is evident that an increase in the 

separation distance between two droplets results in a decrease in the normalized evaporation rate. 

This decline is attributed to the increase of the initial evaporation rate (𝑚̇𝑖𝑛𝑡), bringing it closer 

to that of a single isolated droplet, i.e., (𝑚̇𝑖𝑠𝑜 − 𝑚̇𝑖𝑛𝑡) diminishes. Also, as the distance between 

the droplets decreases, the vapor concentration in the wedge area increases, leading to a reduction 

in the evaporation rate of the droplets. Furthermore, Figure 2-8 illustrates a critical separation 



42 

 

distance, denoted by L/d0 ≥ 10, at which the evaporation transitions from a pair of droplets to a 

single isolated droplet mode, with a difference of less than 5%. 

 

Figure 2-8 Normalized initial evaporation rate for a pair of sessile droplets as a function of 

L/d0 as predicted by the proposed model. 

2.4.2.2 Effect of Contact Angle and Contact Radius on Evaporation Time. 

The objective of this section is to study the variation in the droplet’s contact radius and contact 

angle with evaporation time under CCA and CCR evaporation modes, respectively. 

The evaporation time can be calculated using Equation (2-8) or (2-10), depending on the mode 

of evaporation, by setting a=0 in Eq. (2-8) or θf =0 in Eq. (2-10). For each step in time from t=0 

until the completion of the evaporation, t=te, the instantaneous contact angle or contact radius is 

computed, using either Eq. (2-8) or Eq. (2-10), depending on the evaporation mode. 

Figure 2-9.a shows the linear decrease of (a/ a0)
2 with normalized instantaneous evaporation 

time (t/te) for a pair of water sessile droplets under CCA evaporation mode at different separating 

distances. It can be observed that all data (symbols) are aligned with the linear trend line (dashed 

line). This trend can be attributed to the linear decrease in droplet surface area with evaporation 
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time (Figure 2-10). In other words, the surface area of the droplets decreases linearly with the 

evaporation time.  

On the other hand, Figure 2-9.b shows the variation of (θ / θ0) under CCR evaporation mode 

with evaporation time (t/te) for different values of initial contact angles, θ0. It can be observed 

that increasing the hydrophobicity of the substrate delays the decreasing rate of the contact angle 

and distorts its linear decrease. The reason for this non-linear behavior is that when the contact 

angle is greater than 90°, a restricted area near the contact line of the droplet is formed. This area 

leads to a higher amount of trapped vapor near the contact line. This vapor hinders the 

evaporation process. Also, the effect of the second droplet will lead to a further reduction in 

evaporation near the substrate. It was proven in                Section-4.1 that increasing the 

hydrophobicity of the surface leads to a higher vapor concentration in the wedge are between the 

droplets (see Figure 2-7.a and Figure 2-7.b). Therefore, it can be concluded that increasing the 

vapor concentration in this wedge area decreases the evaporation rate and distorts the linear 

decrease of the contact angle of a droplet on a hydrophobic surface.  
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Figure 2-9 Variation of the model normalized contact radius (a) and normalized contact 

angles (b) with the normalized evaporation time for a pair of identical liquid droplets on a 

substrate under CCA and CCR modes, respectively. Data shown are for different L/d0 values 

(symbols) with the fitting trend line (dashed line) for (a) and at different initial droplet contact 

angles for (b). 

 
Figure 2-10 Variation of the droplet surface area with the evaporation time for a pair of water 

sessile droplets of V = 5.5 µL under CCA mode at different initial L/d0 values.  

2.4.3 Model Limitations 

The effect of liquid volatility on the evaporation behavior of a pair of sessile droplets as 

predicted by the model was also studied. Despite significant disparities between the experimental 

findings and the model predictions shown in Figure 2-11.a and Figure 2-11.b, the model 

accurately captures the main trend. Also, it can be observed in Figure 2-11.a that the model 

overestimates the experimental evaporation times by almost a constant value of 62% for all 

experimental sets. Knowing this value, we can estimate the correct experimental value precisely. 

Moreover, this disparity provides insight into the impact of an additional factor that increases 

evaporation in real-life scenarios. The violation of the purely diffusive mass transfer assumption 

for the proposed model can account for this effect. Ethanol has a vapour pressure of 5.95 kPa at 

20 °C 154% higher than that of water (2.34 kPa at the same temperature). Thus, the evaporation 

rate of an ethanol droplet is significantly higher than that of a water droplet. Furthermore, we can 

assume that the ethanol concentration in the ambient is zero (i.e., C∞ = 0). This leads to a 

substantial increase in the driving potential (Cs - C∞) of the mass transfer between the droplet and 
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the ambient. From Figure 2-5 we can conclude that decreasing the ambient vapor concentration 

increases the evaporation rate and decreases the evaporation time. Therefore, it may not be the 

case that diffusion alone determines the evaporation rate of ethanol droplets, and the convective 

term should be considered. This point was also stated by Kelly-Zion et al. [47] and Gurrala et al. 

[48]. Therefore, it becomes apparent that a reassessment of our model or other models in the 

literature is needed to incorporate the convective term to accurately capture the intricate 

dynamics of evaporation. Our results especially highlight such scenarios for highly volatile 

substances like ethanol. 

Despite notable discrepancies between the experimental findings and the predictions of our model, it's 

important to highlight that the model successfully captures the overarching trend. Specifically, we observe 

that reducing the distance between droplets correlates with longer evaporation times, regardless of the 

absolute value. This trend is consistent with the principle that decreasing the distance between droplets 

results in a higher vapour concentration within the wedge area, thereby diminishing the evaporation rate 

of the droplets. Consequently, the model effectively accounts for the influence of the wedge area between 

droplets on evaporation time. 

To clarify the above point, we introduce Figure 2-11.b, which presents a comparison between 

experimental evaporation times and model predictions for a pair of sessile 1-Propanol droplets. 

Remarkably, despite the substantial errors, our model continues to accurately capture the underlying trend 

and its slope, with deviations between experimental and predicted values remaining relatively constant. 
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         (a)            (b) 

Figure 2-11 Variation of evaporation time for a pair of (a) Ethanol and (b) 1-Propanol sessile 

droplets (V= 3.0μL) on a coated glass substrate at different separating distances (L/d0). 

 

To support the claim above about possible convective effect, we did tests to examine the 

impact of liquid volatility on evaporation time, 1-propanol (C3H8O) is utilized, Figure 2-11.b. 

At 25 °C, 1-Propanol has a Cs value of 74 µg/cm3, which is higher than the value for water (23 

µg/cm3) and lower than the value for ethanol (147 µg/cm3). This indicates that the evaporation 

rate of 1-Propanol liquid droplets is slower than that of ethanol liquid droplets, but faster than 

that of water droplets of equal volume. Figure 2-12 compares the proposed model’s calculated 

evaporation times with the three liquids’ experimental evaporation times. The water, 1-Propanol, 

and ethanol droplets deviate from the model by 9.2%, 29.4%, and 61.4%, respectively. Therefore, 

it can be concluded that the liquid’s volatility affects the evaporation rate and the deviation from 

the diffusion model. 
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Figure 2-12 Variation of evaporation time for a pair of sessile droplets (V= 3.0 μL) of 

different liquids at a constant separating distance (L=5 mm). The ambient temperature is 24°C. 

2.5 Conclusion 

A point source model was developed to characterize the evaporation process of a pair of 

droplets on a substrate surface surrounded by quiescent air in an isothermal system. The droplet 

is considered to be a point mass source located at its center. The evaporation is assumed to be a 

purely diffusive, quasi-steady-state process.  

The model presents an expression that determines the evaporation rate of a droplet in a system 

of a pair of droplets. From the evaporation rate expression, it was found that when the separation 

distance between two droplets is ten times the droplet diameter, the two droplets act as if they 

are isolated. Furthermore, it has been shown that the square of the contact radius of a droplet 

under the CCA evaporation mode exhibits a linear decrease with the evaporation time. This 

finding provides evidence for the linear decrease in the droplet's surface area during evaporation. 

Also, when a droplet on hydrophilic surfaces undergoes evaporation under CCR mode, the 

contact angle of the droplet decreases linearly with evaporation time. In contrast, the contact 

angle of a droplet on a hydrophobic surface experiences a non-linear decrease. It is shown that 
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this can be attributed to increasing the vapor concentration of the wedge area between the two 

droplets. 

The proposed model is validated experimentally, and it shows excellent agreement with the 

experimental results. The deviation between the experimental results and those predicted from 

the model is less than 5% on average. Also, the effect of the water droplet’s volume, surface 

wettability, or the ambient’s relative humidity led to a deviation of less than 10% from the 

model’s predictions. By testing three different liquids (water, 1-propanol, and ethanol) of 

different volatility, it was found that the model captures the correct trend of the experimental 

results with a constant deviation of 62%. The accurate trend and the consistent deviation enable 

the model to be utilized for estimating correct experimental values in future applications. Also, 

it can be concluded that increasing the liquid volatility speeds up the evaporation process which 

leads to the convective effect and leads to higher deviation from the predictions of the purely 

diffusive proposed model. 
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Chapter 3 Modelling of the Evaporation Process of a 

Pair of Sessile Droplets on a Heated Substrate  

3.1 Introduction  

Sessile droplet evaporation is a complex process involving mass and heat transfer at the 

interface, a moving liquid/vapor interface, and non-uniform evaporation flux across the droplet's 

surface. This phenomenon has been extensively studied in numerous research works due to its 

significant applications in various fields, such as spray drying, DNA analysis [1], inkjet 

technology [2], combustion processes [3], thermal management in electronics [4], and cooling 

mechanisms [5]. It is also important in printing on hydrophobic substrate in electronic printing 

[6], [7]. 

The evaporation of a droplet is dynamic, with its shape changing during the process. Picknett 

and Bexon [8] were among the first to observe three evaporation modes: constant contact angle 

(CCA) mode, constant contact radius (CCR) mode, and mixed mode. In CCA mode, the contact 

radius shrinks while the contact angle remains constant [9], while in CCR mode, the contact angle 

decreases with a fixed contact line [10], [11]. The mixed mode involves both a decrease in contact 

angle and contact line [8]. The difference between the advancing (θAdv) and receding (θRecd), 

contact angles, known as contact angle hysteresis (CAH), helps determine the evaporation mode 

[11]. If θRecd ≈ 0, evaporation is purely CCR. Otherwise, the droplet initially follows CCR mode 

until the contact angle equals θRecd, then shifts to CCA mode [12], [13]. 

When a single, isolated droplet of a non-volatile liquid is placed on an unheated surface, it can 

be assumed that mass transport from the sessile droplet occurs primarily through diffusion, with 

convection being negligible. Therefore, the evaporation rate is influenced either by the rate at 
1 This chapter has been published as a peer-reviewed journal article under the same title in the 

Physics of Fluids journal. 

1 
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which molecules transfer across the liquid-vapor interface (phase change) or by how quickly 

saturated vapor molecules diffuse from the droplet surface into the surrounding air [14], [15]. 

The molecular transfer rate happens on a timescale of about 10⁻10 seconds, while the diffusion-

based transport rate has a characteristic time of a²/D (where D is the diffusion coefficient for 

vapor in air and, a, is the droplet's contact radius). For water, under normal evaporation 

conditions, this timescale is approximately in the range of seconds. The transport of vapor 

molecules away from the droplet surface occurs via diffusion, convection, or a combination of 

both [16]. However, experimental results have shown that the evaporation of non-volatile 

droplets at room temperature is predominantly governed by diffusion rather than convection [10], 

[17]–[19]. 

Maxwell [20] was the first to set assumptions to determine the evaporation rate of single 

isolated sessile drops. Later, many researchers proposed models describing the evaporation 

process of a sessile droplet on unheated substrate [8], [15], [21]–[25]. These classical models 

assume the evaporation process is steady-state and controlled by diffusion, with the system at the 

ambient temperature. Recent studies show that diffusive models work well for unheated surfaces, 

however, when the substrate temperature is higher than the ambient, convection becomes 

significant, and these models underestimate the evaporation rate [22], [26]–[32]. As the substrate 

temperature increases the natural convection effect increases the mass transfer (evaporation rate) 

in the vapour phase, through the flow around the droplet [33]. Kelly-Zion et al. [32] and Carle et 

al. [26] proposed empirical correlations for the evaporation rate of a single isolated droplet on a 

heated substrate, taking into account the combined effects of diffusion and convection in mass 

transfer. All these authors carried out their works for the evaporation behaviour of a single 

isolated droplet on a heated substrate. 
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Most real-world and practical cases of droplet evaporation involve arrays of droplets rather 

than a single isolated droplet [34]–[36]. The behavior of droplet arrays can be partially 

understood by studying individual sessile droplets, which has led to extensive research on the 

evaporation process of single droplets [8]–[10], [12], [15], [17], [23], [37]. While these studies 

provide valuable insights, the transfer rate of energy, mass, or momentum from an array of 

droplets is different due to interactions between the droplets [38]. A first approach to understand 

evaporation of droplet arrays is to examine the evaporation of two adjacent droplets [34], [39]–

[41]. When two droplets are positioned close together on a substrate surface, a "wedge" region 

forms between them (see  

Figure 3-1). Within this region, the accumulation of vapor reduces the evaporation rate, a 

phenomenon initially observed in [42]. As a result of the higher vapor concentration in the wedge 

region, the droplet's lifetime is extended [43]. 

Shaikeea et al. [39], [40], proposed semi-analytical models for the evaporation process of a 

pair of sessile droplets placed on a hydrophobic substrate was limited in scope to specific contact 

angles (115°), fluid type (water), with unclear evaporation modes. Similar limitations are 

observed in the semi-analytical model of linear arrays of sessile droplets proposed by Hatte et al. 

[44], where certain factors are contingent on specific experimental conditions. Wilson et al. [45] 

introduced an asymptotic analytical model for the evaporation of multiple sessile droplets, 

leveraging the integral approach proposed in [46]. However, their model's complexity and 

restriction to thin droplets pose limitations. Tonini and Cossali [47] proposed analytical and 

numerical models for the evaporation of sessile droplet linear arrays. Their analytical model 

involves solving Laplace's equation to determine concentration values at specific locations, 
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introducing complexity with terms such as the Legendre function of the first kind with complex 

index. For their numerical solution, they adopted a 3D numerical approach utilizing COMSOL 

Multiphysics. None of these studies considered the effect of substrate temperature on the 

evaporation behaviour of an array of sessile droplets. Moreover, their proposed models are based 

solely on the assumption of diffusive mass transfer, without accounting for the combined effect 

of convection in the case of a heated substrate. 

In our previous study [48], we proposed a simplified point source model (PSM) to simulate 

the evaporation of a pair of sessile droplets on a substrate surface, surrounded by still air,  

Figure 3-1. The model is for a purely diffusive isothermal quasi-steady-state evaporation 

process to find the diffusive evaporation rate (Ed) as a function of the separation distance (L) 

between two droplets; Equation (3-1) was found as:  

𝐸𝑑 =  
1 −

𝑎
𝐿

1 −
𝑎2

𝐿2

 × [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞) 56.561𝜃−0.892] 

(3-1) 

 

 

where (θ) is the contact angle of the droplet, and (Cs) and (C∞) are the vapor concentration at 

the droplet surface and far field, respectively. In Equation (2-6), we assumed that the evaporation 

process is quasi-steady state. For non-volatile liquids like water, the time needed for the 

concentration field to adapt to changes in droplet size is approximately (a²/D). The ratio of this 

adjustment time (a²/D) to the droplet's evaporation time (te) is around a²/D·te ≈ 10⁻⁵ [23]. Given 

these conditions, it is reasonable to assume that the evaporation process can be considered quasi-

steady state. The model was validated through experimental work and demonstrated agreement 

with the experimental results across various conditions, including different droplet volumes, 
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ambient humidity levels, and surface wettability. This model also addressed the challenges of the 

droplet interface motion, evaporation mode, coupled mass and heat transfer dynamics, and the 

non-uniformity of evaporative flux within a computationally light framework.  

 

Figure 3-1 Schematics of a central (midplane) sectional plane of a pair of sessile droplets 

considered as spherical cap drying on a substrate surface; L is the separation distance between 

the droplets, a is the droplet’s contact radius, and θ is the droplet contact angle. 

In this study, we build on our previous work by expanding the previous model to allow for 

examining the impact of substrate temperature on the evaporation behavior of a pair of sessile 

water droplets. The key question we seek to answer is whether our proposed diffusive (PSM) 

model remains valid under heated substrate conditions. Also, we aim to determine the limits of 

the proposed diffusive model based on experimental works. Lastly, our goal is to develop an 

empirical correlation that accurately predicts the evaporation rate of a pair of sessile droplets on 

a heated substrate, considering the combined effects of diffusion and convection.  

In this study, convection is primarily driven by the concentration difference between the 

droplet surface and the surrounding ambient, denoted as (𝐶𝑠 − 𝐶∞) in Eq. (2-6). This 

concentration difference, (𝐶𝑠 − 𝐶∞), is influenced mainly by the liquid's volatility and the 

temperature gradient (𝑇𝑠 − 𝑇∞). However, since we utilized a non-volatile liquid (water) and 
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maintained an almost constant ambient temperature, 𝑇∞, the concentration difference (𝐶𝑠 − 𝐶∞) 

is predominantly governed by the substrate temperature. 

3.2 Experimental Apparatus 

An experimental apparatus was designed and constructed to study the evaporation behavior 

of a pair of sessile water droplets sitting on a heated aluminium substrate, see Figure 3-2. The 

droplets were placed on the substrate by using a motorized syringe pump (KD Scientific-788111) 

with a volume accuracy of ±0.5%. The distance between the droplets was controlled by using a 

linear X-stage with an accuracy of ± 0.01 mm. For image processing, two cameras (Figure 3-2, 

Camera I and Camera II) were employed to capture the variation in droplet contact angle and 

contact radius during evaporation. Camera I and Camera II (Plugable, 2MP, 250x Magnification) 

were vertically and horizontally mounted, respectively. The Contact Angle plugin in Image J was 

used to measure the contact angle of the droplets.  

 

All experiments were conducted within a humidity-controlled chamber (dimensions: L=28 

cm, W=32 cm, H=41 cm). Humidity levels were regulated by a programmable humidity 

controller (IHC200, Inkbird), capable of maintaining relative humidity between 5% and 99%, 

with an accuracy of ±3%. Throughout the experiment, the mass of the droplets was continuously 

monitored using an analytical balance (ML304T, Mettler Toledo Ltd.) with a resolution of 0.1 

mg and an accuracy of ±0.2 mg. 

The substrate was a clean mirror polished aluminium substrate with dimensions of 25mm by 

50mm.  The surface was, firstly, washed by ethanol; then, it was rinsed with deionized water 

before it was heated in an oven at 65°C for two hours. The surface was left overnight before it 

was used in the experiments. The corresponding average initial contact angle for all experiments 



58 

 

was (62° ± 4.7°). The aluminium substrate was heated by Polyimide Heat Pad (12V, 7W). The 

temperatures of the substrate and the ambient were always monitored with a K-type 

thermocouple having an accuracy of ± 0.1°C. A constant substrate temperature was maintained 

using an Arduino-based PID controller. 

The experiments were carried out at the substrate temperatures of: 40°C, 50°C, 60°C, 70°C, 

and 80°C, and with varying separation distances between the droplets: 4 mm, 8 mm, 15 mm, and 

20 mm. The initial droplets volume of 5 µL was used for all experiments; correspondingly, by 

considering the contact angle of the droplets, the L/d, where d is the droplet's contact diameter, 

values were determined to be 1.23, 2.43, 4.63, and 6.24, respectively. The relative humidity 

inside the chamber was kept at 25% ± 3%. The experiments were carried out in a laboratory 

temperature of 22–23°C. The contact lines of the droplets were pinned nearly through 85% of 

the total evaporation time for all experiments (CCR evaporation mode).  

The evaporation rate of the droplet, 𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑, was calculated using the formula 𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

∆𝑚

2.∆𝑡
,  where ∆m represents the change in droplets mass (two droplets) over a specific time interval, 

∆t, set to 30 seconds for all experiments. The total evaporation rate was obtained by averaging 

the values of Emeasured over the entire evaporation period. Also, the evaporation heat flux, 𝑞′′, was 

determined using the formula  𝑞′′ =
∆𝑚

2.∆𝑡.𝐴𝑠
ℎ𝑓𝑔, where hfg is the latent heat of evaporation of water 

at the substrate temperature, and As is the represents surface area of the droplet at the given time 

at which the mass change is measured. 
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Figure 3-2 Schematic of the experimental apparatus. 

3.3 Assumptions and Range of Applicability  

For this part of the study, we assume the following: 

1. As previously noted, that the evaporation process is treated as quasi-steady, based on the 

fact that the concentration field adapts much more rapidly than the droplet evaporates. 

Specifically, for non-volatile liquids like water, the characteristic diffusion time a2/D is 

several orders of magnitude smaller than the evaporation timescale te , with their ratio 

approximately10-5, validating the quasi-steady approximation. 

2. The system is assumed to be isothermal, neglecting any variation in droplet surface 

temperature. This assumption is introduced for simplification, given the absence of 

experimental means to accurately measure surface temperatures. Moreover, it remains 

valid under the premise that temperature gradients induced by latent heat of vaporization 

are negligible. 

3. For the proposed PSM model, it was assumed diffusion-dominated evaporation by 

neglecting convection effects. In this section, we revisit this assumption to evaluate its 

validity under heated substrate conditions. 
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3.4 Natural Convection Validity  

The evaporation rate described in Equation (3-1) accounts solely for the diffusion component 

and neglects any vapor/air convection effects. Because vapor is less dense than liquid, the 

evaporation process at the liquid-air interface not only causes diffusion but also induces an 

outward convective mass flow in the surrounding air, referred to as Stefan flow, which is not 

captured in purely diffusive models. Moreover, when a droplet rests on a heated surface, two 

natural convection mechanisms emerge. The first is thermodynamically driven by buoyancy 

forces resulting from density differences between the heated droplet surface and the surrounding 

air. The second mechanism is associated with the airflow induced by the temperature gradient, 

where warmer air rises from the droplet surface and is replaced by cooler ambient air, creating a 

convective circulation around the droplet. The vapor density gradients (𝐶𝑠 − 𝐶∞) corresponding 

to the first mechanism (concentration-driven) and the second mechanism (thermally driven) can 

be calculated using Equations (3-2), and(3-3), respectively. In these equations, 𝑃𝑣𝑠 represents the 

saturation vapor pressure; 𝑅𝐻𝑠, and 𝑅𝐻∞ are the relative humidities at the droplet surface 

(assumed to be 100%) and in the ambient air, respectively; 𝑅𝐻̅̅ ̅̅  is the average of  𝑅𝐻𝑠, and 𝑅𝐻∞; 

Pa is the atmospheric pressure; and Ra is the specific gas constant for air. 

(𝐶𝑆 − 𝐶∞)𝐶𝐷 = 𝑅𝐻𝑠 ×
𝑃𝑣𝑠(𝑇𝑠)

𝑅. 𝑇𝑠
− 𝑅𝐻∞ ×

𝑃𝑣𝑠(𝑇∞)

𝑅. 𝑇∞
  (3-2) 

(𝐶𝑆 − 𝐶∞)𝑇𝐷 = 𝑅𝐻̅̅ ̅̅ ×
𝑃𝑎

𝑅𝑎
× (

1

𝑇∞
−

1

𝑇𝑠
)  (3-3) 

Figure 3-3 shows the variation of both thermally driven and concentration-driven vapor 

density gradients for droplets evaporating at ambient of RH=40%. It can be observed that for 

𝑇𝑠 − 𝑇∞ < 30 °𝐶, the concentration-driven and thermally driven vapor density gradients are of 
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comparable magnitude. While the concentration-driven gradient remains consistently higher than 

the thermally driven one for 𝑇𝑠 − 𝑇∞ > 30 °𝐶, the contribution of the thermally driven gradient 

remains considerable. 

 

Figure 3-3 Calculated thermally driven and concentration driven Concentration gradient of 

water droplet as a function of the temperature difference between the substrate and the ambient 

at RH=40 % 

In the previous paragraph, the contributions of two different natural convection mechanisms 

for a pair of sessile droplets on a heated substrate were analysed. We now turn our attention to 

evaluating the influence of Stefan flow on convection in the case of sessile droplets resting on an 

unheated substrate. To do that, we evaluated the vapor density gradient (𝐶𝑠 − 𝐶∞) under two 

distinct scenarios.  

In the first scenario, the droplets are placed on an unheated substrate while the ambient relative 

humidity varies from 60% to 0%. This setup is used to examine how changes in ambient humidity 

influence the vapor density gradient and, consequently, the potential for vapor/air convection. In 

the second scenario, the substrate temperature is increased from 24°C (unheated) to 44°C 

(heated), while maintaining a constant ambient relative humidity of 0%. This allows us to isolate 

and assess the effect of thermally driven concentration gradients on natural convection. Together, 
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these cases help distinguish the role of thermal effects from concentration-driven convection 

during the evaporation process. 

Figure 3-4 illustrates that reducing the ambient relative humidity leads to an increase in the 

vapor concentration gradient (𝐶𝑠 − 𝐶∞). This supports the idea that lower humidity enhances the 

driving force for vapor diffusion and may promote vapor/air convection. Additionally, the figure 

shows that increasing the substrate temperature has a more pronounced impact on the 

concentration gradient than lowering the relative humidity. Specifically, reducing the RH from 

60% to 0% results in at most a 1.5-time increase in the gradient, whereas raising the substrate 

temperature by 20°C leads to nearly a 5-times increase. This clearly demonstrates that heating 

the substrate significantly amplifies the vapor concentration gradient at the droplet interface, 

thereby encouraging the onset of natural convection driven by buoyancy effects more than Stefan 

flow. 

 

Figure 3-4 Calculated concentration gradient of water droplet as a function of the temperature 

difference between the substrate and the ambient at RH=60 % and 0%.  
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3.5 Results and Discussion 

3.5.1 Experimental Results   

In our previous study [48], we introduced Eq. (2-6) to describe the evaporation rate of a pair 

sessile droplets on unheated substrate,  𝑇𝑠 = 𝑇∞ . To account for the influence of a heated 

substrate,  𝑇𝑠 > 𝑇∞,  Eq. (2-6) is modified, leading to Eq. (3-4). This can be done by replacing 

the term (𝐶𝑠 − 𝐶∞) in Eq. (2-6), which is  𝐶𝑆 (𝑇𝑠)(1 − 𝑅𝐻), to be (𝐶𝑆 (𝑇𝑠) − 𝑅𝐻. 𝐶𝑆 (𝑇∞)) in Eq. 

(3-4). Also, for any liquids other than water, RH in Eq. (2-6) and Eq. (3-4) should be zero. It is 

important to note that Eq. (3-4) describes the evaporation rate of a pair of sessile droplets, but it 

remains based solely on the assumption of purely diffusive evaporation. Also, in Eq. (3-4), it is 

assumed that the droplets are isothermal with the substrate temperature. As discussed in the 

Introduction section, the evaporation process can be assumed to be quasi-steady state. 

𝐸𝑑 =  
1 −

𝑎
𝐿

1 −
𝑎2

𝐿2

 × [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑆 (𝑇𝑠) − 𝑅𝐻. 𝐶𝑆 (𝑇∞)) 56.561𝜃−0.892] (3-4) 

 Figure 3-5 shows the experimental evaporation rate as a function of the temperature 

difference between the substrate temperature (Ts) and the ambient temperature (T∞) for various 

L/d values. The results indicate that regardless of the separation distance, the evaporation rate 

consistently increases with increasing the substrate temperature. This is expected, as higher 

surface temperatures increase the vapor pressure at the droplet surface, isothermal assumption 

above, thereby increasing the concentration gradient between the droplet surface (Cs) and the 

ambient (C∞). Consequently, this larger concentration difference increases the evaporation rate. 

A similar conclusion can be observed in Figure 3-6, that increasing the distance between the 

droplets increases the evaporation rate. This finding aligns with our previous study [48], in which 
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we concluded that increasing the distance between the droplets decreases the effect of the wedge 

area thereby enhancing the evaporation rate. 

The experimental results from Figure 3-5 and Figure 3-6 are compared with the quasi-steady-

state, diffusion-controlled evaporation model described by Eq. (3-4) (represented by black 

triangles). It is observed that the experimental evaporation rates closely match the predictions of 

the diffusion model as the substrate temperature decreases to the lab value [22], [25], [33], [49]. 

However, as the substrate temperature rises above the ambient, the evaporation rates exceed those 

predicted by the diffusion-controlled model. Figure 3-5 also shows that regardless of the 

separation distance between the droplets, the difference between the experimental evaporation 

rate and the diffusion model predictions remains less than 20% when Ts - T∞ is less than 30°C. 

Figure 3-6 shows increasing the distance between the droplets, increases the deviation from the 

predictions from the diffusion model for a given substrate temperature. These deviations point to 

the existence of an additional mechanism, beyond diffusion, that enhances the evaporation rate. 

The influence of this mechanism becomes more significant as the substrate temperature 

increases. The mechanism responsible is suggested to be natural convection in the vapor phase, 

driven by buoyancy forces. Also, It is worth noting that, as shown in Figure 3-5, even for 

unheated substrate conditions where                                      ∆𝑇 = 𝑇𝑠 − 𝑇∞ = 0, the evaporation 

rate is not zero. This is because the driving force for evaporation is the concentration gradient 

rather than the temperature difference. Therefore, as long as the relative humidity (RH) is below 

100%, evaporation will occur, even in the absence of a temperature gradient. 
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Figure 3-5 Variation of evaporation rate for a pair of water sessile droplets (V= 5.0 μL) as a 

function of the temperature difference between the substrate and the ambient at different 

separation distances (L/d = 1.23, 2.43, 4.63, and 6.24). 

  

  

0

20

40

60

80

100

10 20 30 40 50 60

E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

Ts - T∞

L/d = 1.23

Experimental

Diffusive Model

Diffusive + Convective Model

0

20

40

60

80

100

120

10 20 30 40 50 60

E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

Ts - T∞

L/d = 2.43

Experimental

Diffusive Model

Diffusive + Convective Model

0

20

40

60

80

100

120

10 20 30 40 50 60

E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

Ts - T∞

L/d=4.63

Experimental

Diffusive Model

Diffusive + Convective Model

0

20

40

60

80

100

120

10 20 30 40 50 60E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

Ts - T∞

L/d=6.24

Experimental

Diffusive Model

Diffusive + Convective Model

0

4

8

12

16

1.0 2.0 3.0 4.0 5.0 6.0 7.0E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

L/d

TS - T∞= 17°C

Experimental

Diffusive Model

Diffusive + Convective Model

0

5

10

15

20

25

30

1.0 2.0 3.0 4.0 5.0 6.0 7.0E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

L/d

TS - T∞= 27°C

Experimental

Diffusive Model

Diffusive + Convective Model

0

10

20

30

40

50

1.0 2.0 3.0 4.0 5.0 6.0 7.0

E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

L/d

TS - T∞= 37°C

Experimental

Diffusive Model

Diffusive + Convective Model

0

20

40

60

80

1.0 2.0 3.0 4.0 5.0 6.0 7.0E
v
a
p

o
ra

ti
o
n

 R
a
te

 (
µ

g
/s

)

L/d

TS - T∞= 45°C

Experimental

Diffusive Model

Diffusive + Convective Model



66 

 

 

Figure 3-6 Effect of the separation 

distances between a pair of sessile water 

droplets on the evaporation rate at different 

separation distances 
 

 

To examine the deviation of experimental evaporation rates from the diffusion model, a 

dimensionless diffusion evaporation rate number, 𝐸𝑑
∗ , is introduced. This represents the ratio 

between the diffusion evaporation rate, calculated using Eq. (3-4), and the total measured 

evaporation rate. Additionally, a dimensionless convection evaporation rate number, 𝐸𝐶
∗, is 

introduced to represent the ratio between the convection evaporation rate and the total measured 

evaporation rate. Since both diffusion and convection contribute to the evaporation process, the 

total evaporation rate can be considered as the sum of the diffusive and convective components: 

𝐸𝑇𝑜𝑡𝑎𝑙 = 𝐸𝑑 + 𝐸𝐶. The dimensionless evaporation rates can then be expressed as 𝐸𝑑
∗ + 𝐸𝐶

∗ = 1.  

Also, it is important to note that the Rayleigh number is typically used to describe natural 

convection processes and generally includes the Prandtl number (ν/α), which (ν) is the 

momentum diffusivity and (α) is the thermal diffusivity, which is relevant for thermally induced 

convection. However, since our study focuses on natural convection-driven mass transfer, we 

substituted the Prandtl number with the Schmidt number (ν/D), replacing thermal diffusivity (α) 

with mass diffusivity (D). As discussed in section 3.4 although the concentration-driven vapor 

density gradient remains consistently higher than the thermally driven gradient when Ts - T∞ is 

higher than 30°C, the contribution of the thermally driven component is still significant. 

However, for the sake of simplicity, the thermally driven gradient will be neglected in this study, 
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and only the concentration-driven gradient will be considered. Accordingly, the Rayleigh number 

used in the analysis is defined by                     Equation (3-5).                            

𝑅𝑎 = 𝐺𝑟. 𝑆𝑐 =
(𝐶𝑆 − 𝐶∞ )

𝐶∞ 
.
𝑔. 𝑎3

𝑣. 𝐷
 (3-5) 

However, Ra alone does not account for the influence of an adjacent droplet. Incorporating 

the separation distance (L) into Ra is challenging since Ra typically uses a single characteristic 

length, a, to describe the geometry of the droplet. To address this limitation, we combined Ra 

with the dimensionless separation distance, L/d, forming a new dimensionless group that better 

captures the effects of droplet interactions. As such, in our study, we chose Ra⋅(L/d) as a 

dimensionless group because the Rayleigh number (Ra) represents the ratio of convective to 

diffusive mass transfer over the surface of a single droplet.  

Figure 3-7 shows the dimensionless evaporation rates plotted against the product of the 

Rayleigh number and L/d (Ra·L/d). The results indicate that as (Ra·L/d) increases, the 

dimensionless diffusive evaporation rate decreases, while the convective evaporation rate 

increases. Also, It is evident that when Ra.L/d is less than 400, the diffusive evaporation rate 

accounts for more than 80% of the total evaporation. This finding can be explained by the fact 

that, as the substrate temperature decreases or the droplets come closer together, evaporation 

slows down significantly. This finding can be explained by utilizing the findings from our 

previous study [48]  i.e., when the distance between droplets decreases, the vapor concentration 

in the wedge region rises, resulting in a lower evaporation rate for the droplets. Under these 

conditions, in the wedge area, the evaporation occurs primarily through diffusion.  

However, as the substrate temperature rises or the distance between the droplets increases (for 

400 < Ra.L/d < 2400), the evaporation rate accelerates, and the contribution of convective 
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evaporation becomes more prominent. Additionally, when Ra.L/d exceeds 2400, the 

contributions of diffusive and convective evaporation rates stabilize, with diffusion accounting 

for about 70% of total. This can be explained by solving the governing diffusion equation, ∇2𝐶 =

0, by using the finite difference method (FDM) described in our previous study [48] to generate 

the concentration contours. Figure 3-8 illustrates the vapor concentration distributions around 

two sessile water droplets positioned on a heated substrate at varying temperatures, with an L/d 

of 2.43. It is evident that increasing the substrate temperature leads to a rise in the vapor 

concentration within the wedge area. Furthermore, the rate of change of vapor concentration in 

the wedge area (dCₛ′/dT) becomes more pronounced as the substrate temperature increases, as 

depicted by the slope in Figure 3-9. Therefore, increasing the substrate temperature has two 

opposing effects on the evaporation process. On one hand, higher temperatures enhance 

evaporation by increasing the difference,(𝐶𝑠 − 𝐶∞),  which in turn generates convective streams 

over the droplet surfaces. On the other hand, the elevated substrate temperature also increases 

the vapor concentration in the wedge area, leading to a reduction in the evaporation rate. This 

reduction promotes a stronger reliance on diffusion-driven mechanisms for the evaporation 

process. So, due to these two effects, the contribution of the convective and diffusive evaporation 

rates stabilize at higher substrate temperatures (i.e. higher Ra.L/d). 
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Figure 3-7 Variation of the dimensionless diffusive and convective evaporation rates as a 

function of the dimensionless number Ra.L/d from all experiments in Figure 3-5. 

(a) (b) 

  
(c) (d) 

  
Figure 3-8 Vapor concentration distribution at the midplane around a pair of sessile water 

droplets of V = 5 µL on a heated substrate (θ = 64° and L/d =2.43) at (a) Ts - T∞ = 0, (b) Ts - T∞ 

= 17°C, (c) Ts - T∞ = 37°C, and (d) Ts - T∞ = 55°C. All concentration values have units of µg/cm3. 
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Figure 3-9 Average vapor concentration in the wedge area between two water droplets of V 

= 5 µL on a heated substrate at θ = 64° and L/d =2.43 as a function of the temperature difference 

between the substrate and the ambient. 

3.5.2 Convective – Diffusive Correlation: 

3.5.2.1 Concentration-Driven Convection Only  

Considering Figure 5 that shows the parameter Ra.L/d can be used to delineate the importance 

of diffusive versus convective evaporation regimes, we will use this parameter to construct an 

empirical correlation to for total evaporation rate. Given that Ra.L/d is a compound parameter 

that is included by concentration gradient , distance between droplets and their size, etc., using 

there appropriate definitions (as shown in Eq. (3-6)), the term Ra.L/d  is unbundled to 

experimentally relevant parameters.  By doing so, we independently evaluate the influence of 

each term on the importance of diffusive versus convective evaporation. This is so as the term 

(
𝐶𝑆 −𝐶∞ 

𝐶∞ 
) shows the influence of the concentration difference between the droplet surface and the 

surrounding environment. The term (
𝑔.𝑎3

𝑣2 ) is denotes the droplet size and the substrate 

temperature effect; the effect of the diffusivity is captured by the term (
𝑣

𝐷
), which is dependent 
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on the substrate temperature, Ts (droplet temperature given the isothermal assumption in this 

work); and finally, the influence of droplet separation distance is reflected in the term (𝐿
𝑑⁄ ). 

𝑅𝑎. 𝐿
𝑑⁄ = 𝐺𝑟. 𝑆𝑐. 𝐿

𝑑⁄ = (
𝐶𝑆 − 𝐶∞ 

𝐶∞ 
) × (

𝑔. 𝑎3

𝑣2
) × (

𝑣

𝐷
) × (𝐿

𝑑⁄ ) (3-6) 

Given above, one can build an empirical correlation for the total evaporation rate, 

incorporating both diffusion and convection effects, as shown by Eq. (3-7). In Eq. (3-7), 𝐸𝐶𝑑
∗  

represents the ratio of the dimensionless convection evaporation rate number, 𝐸𝐶
∗, to the 

dimensionless diffusive evaporation rate number, 𝐸𝑑
∗  (i.e., 𝐸𝐶𝑑

∗ =
𝐸𝐶

∗

𝐸𝑑
∗). This approach ensures that 

the influence of each term is independent of the others, meaning the exponents C2 to C5 are not 

restricted by the effects of the other terms [32], [50]. This contrasts with the case where all 

parameters are combined within Ra and subjected to the same exponent. The Solver plugin in 

Excel was utilized to perform nonlinear regression, determining the coefficients and exponents, 

C1 to C5, for Eq. (3-7). This process involved fitting 𝐸𝐶𝑑
∗  from Eq. (3-7) to the one computed from 

(
𝐸𝑇𝑜𝑡𝑎𝑙

𝐸𝑑
− 1), where ETotal is the total measured evaporation rates, the data shown in Figure 3-5, 

and Ed is the computed  diffusive evaporation rate from Eq. (3-4). The resulting correlation 

constants are presented in Table 3-1 along with a root mean square RMS relative error of 6.1%.  

As discussed in section 3.4, the proposed correlation is based on thermally induced natural 

convection, which is appropriate for analysing the evaporation of non-volatile liquids such as 

water on a heated substrate. However, in the case of volatile liquids like ethanol, natural 

convection driven by concentration gradients must also be taken into account, as it plays a 

significant role in the evaporation process. Furthermore, as Ra depends on the concentration 

gradient (𝐶𝑠 − 𝐶∞), its mathematical form remains the same regardless of whether the gradient 
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is driven by temperature differences or concentration variations. The proposed correlation in 

Equation (3-7) is specifically developed for thermally driven natural convection, making it 

suitable for non-volatile liquids. However, in the case of volatile liquid droplets evaporating on 

heated substrates, the diffusive evaporation rate given by Equation (3-4), Ed, must be adjusted to 

incorporate the effects of natural convection induced by Stefan flow, an outward convective mass 

flux generated by evaporation. This adjustment can be achieved by applying the Spalding model, 

which accounts for the influence of Stefan flow on the overall evaporation rate. Specifically, the 

diffusive evaporation rate Ed, in Equation (3-7) is replaced by Edc from equation (3-8) where Edc, 

which accounts for both diffusive and convective contributions on an unheated substrate. In 

Equation (3-8), Ca(T∞) represents the air density at ambient temperature, and Bm is the Spalding 

mass transfer number, which captures the enhancement in mass transfer resulting from Stefan 

flow. The Spalding number is calculated using Equation  (3-9), where Yvs and Yv∞ are the vapor 

mass fractions at the droplet surface and in the ambient environment, respectively. 

𝐸𝑇𝑜𝑡𝑎𝑙 = 𝐸𝑑[1 + 𝐸𝑐𝑑
∗ ] = 𝐸𝑑 {1 + 𝐶1 × [(

𝐶𝑆 − 𝐶∞ 

𝐶∞ 

)
𝐶2

× (
𝑔. 𝑎3

𝑣2
)

𝐶3

× (
𝑣

𝐷
)

𝐶4

× (𝐿
𝑑⁄ )

𝐶5
]} (3-7) 

Table 3-1 Coefficients and exponents used in the correlation from Eq.(3-7) for the measured 

evaporation rates, along with the resulting RMS error in calculating the evaporation rate 

compared to the measured values. 

C1 C2 C3 C4 C5 RMS (%) 

0.008 0.014 1.078 1.334 0.264 6.1 

 

𝐸𝑑𝐶 =  
1 −

𝑎
𝐿

1 −
𝑎2

𝐿2

 × [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑆 (𝑇𝑠) + 𝐶𝑎 (𝑇∞)) 56.561𝜃−0.892 × 𝑙𝑛(1 + 𝐵𝑚)] (3-8) 

𝐵𝑚 =
𝑌𝑣𝑠 − 𝑌𝑣∞

1 − 𝑌𝑣𝑠
 (3-9) 
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3.5.2.2 Combined Concentration- and Thermally Driven Natural 

As discussed in section 3.4, the thermally driven component of the vapor density gradient is 

less significant compared to the concentration-driven component. However, to incorporate its 

contribution, the Rayleigh number term Ra.L/d must be modified from the form presented in 

Equation. (3-6) to that given in Equation (3-10). In Equation (3-10), an additional term (
𝑇𝑆 −𝑇∞ 

𝑇𝑓 
), 

where Tf is the film temperature defined as (
𝑇𝑆 +𝑇∞ 

2
), is introduced to account for the influence 

of the thermally induced concentration gradient. The modified empirical correlation for the total 

evaporation rate, incorporating both diffusion, concentration and thermally driven convection 

effects, as shown by Equation (3-11). The resulting correlation constants are presented in Table 

3-2 along with a root mean square RMS relative error of 6.1%.  

𝑅𝑎. 𝐿
𝑑⁄ = [(

𝐶𝑆 − 𝐶∞ 

𝐶∞ 
) + (

𝑇𝑆 − 𝑇∞ 

𝑇𝑓 
)] × (

𝑔. 𝑎3

𝑣2
) × (

𝑣

𝐷
) × (𝐿

𝑑⁄ ) (3-10) 

 

𝐸𝑇𝑜𝑡𝑎𝑙 = 𝐸𝑑 {1 + 𝐶1 × [[(
𝐶𝑆 − 𝐶∞ 

𝐶∞ 

)
𝑐2

+ (
𝑇𝑆 − 𝑇∞ 

𝑇𝑓 

)

𝑐3

] × (
𝑔. 𝑎3

𝑣2
)

𝐶4

× (
𝑣

𝐷
)

𝐶5

× (𝐿
𝑑⁄ )

𝐶6
]} (3-11) 

Table 3-2 Coefficients and exponents used in the correlation from Eq.(3-11) for the measured 

evaporation rates, along with the resulting RMS error in calculating the evaporation rate 

compared to the measured values. 

C1 C2 C3 C4 C5 C6 
RMS 

(%) 

1.3 X 10-5 0.172 1.094 1.131 1.480 0.261 6.3 

 

 

3.5.3 Droplet Heat Transfer 

Since our study involves both heat and mass transfer, it is essential to quantify the amount of 

heat absorbed by the droplets during evaporation. To achieve this, the evaporation heat flux is 
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calculated using Eq. (3-12), where Ei represents the temporal evaporation rate, Asi denotes the 

temporal surface area of the droplets, and te is the total evaporation time. 

𝑞" =
1

𝑡𝑒
∫

∆𝑚𝑖 × ℎ𝑓𝑔

∆𝑡𝑖 × 𝐴𝑠𝑖 
 𝑑𝑡 ≈

1

𝑡𝑒
∑

𝐸𝑖 × ℎ𝑓𝑔

𝐴𝑠𝑖 
 (3-12) 

Figure 3-10 shows the evaporation heat flux calculated using Eq. (3-12) for all conditions 

considered in our study, compared with the evaporation heat flux obtained from the diffusive 

model using Eq (3-4). It can be observed that as the substrate temperature increases, the heat flux 

absorbed by the droplets also increases. This is consistent with the increased evaporation rate 

shown in Figure 3-5. As the evaporation rate increases, the droplet's surface temperature 

temporarily decreases. To maintain equilibrium with the substrate, the droplet then absorbs more 

heat to restore its surface temperature. Additionally, at a given surface temperature, increasing 

the separation distance between droplets leads to higher heat flux by enhancing the evaporation 

rate. This is attributed to the reduced vapor concentration in the wedge region as the separation 

distance increases, thereby promoting faster evaporation. This suggests that a higher evaporation 

rate, induces more recirculation streams over the surface of the droplets. These streams induce a 

convective effect over the surface of the droplets, which in turn raises the evaporation heat flux. 

This study addresses a critical gap in the literature regarding the evaporation behavior of a 

pair of sessile droplets on heated substrates, where the combined effects of diffusion and 

convection have not been comprehensively modelled or experimentally validated. Previous 

studies primarily focused on isolated droplets, or on arrays of droplets with limited consideration 

of substrate heating effects. By extending the Point Source Model (PSM) to incorporate the 

influence of substrate temperature, this work demonstrates the interplay between diffusion and 

natural convection, providing a robust framework for understanding and predicting droplet 
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evaporation under varying thermal and spatial conditions. The empirical correlation developed 

here connects theory with experimental results, providing a useful tool for applications in thermal 

management and microfluidics. 

 

Figure 3-10 Evaporation heat flux for a pair of sessile water droplets on a heated substrate 

under different conditions of substrate temperatures and separation distances. 

3.6 Conclusion 

This study investigated the evaporation behavior of a pair of sessile water droplets on a heated 

aluminium substrate, highlighting the interplay between diffusion and convection. At lower 

substrate temperatures, evaporation is predominantly diffusive, with the proposed diffusive 

model showing good agreement with experimental data. However, as substrate temperatures rise, 

natural convection driven by buoyancy forces significantly enhances evaporation, particularly 

when the temperature difference exceeds 30°C. 
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The findings reveal that diffusion dominates evaporation when (Ra·L/d), the Rayleigh number 

product the (L/d), is below 400, contributing over 80% of the total rate. As Ra·L/d increases with 

higher substrate temperatures or greater droplet separations, convection becomes more 

influential, eventually stabilizing at approximately 30% contribution when Ra·L/d exceeds 2400. 

A dimensionless model combining the effects of diffusion and convection predicts evaporation 

rates with less than 5% error across the tested conditions. 

This work provides valuable insights into droplet evaporation dynamics, offering a simple yet 

accurate tool for understanding heat and mass transfer during evaporation. These findings have 

potential applications in thermal management and microfluidic systems. 
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Chapter 4 Vapor-Induced Motion of a Pure Droplet 

by a Mixture Droplet on a Heated Substrate 

4.1 Introduction  

The controlled movement of droplets across surfaces is involved in numerous applications, 

including microfluidics [1], biology [2], and heat transfer [3]. 

Various methods have been employed to achieve controlled droplet movement on different 

surfaces, as well as the merging of sessile droplets [4–6]. These techniques include surface energy 

gradients [7], surface modifications [8, 9], and the application of external fields such as thermal, 

acoustic and others [10–12] to facilitate droplet transport. Any of these approaches require 

overcoming contact line pinning caused by contact angle hysteresis causing droplet to adhere to 

the surface. 

Recently, it was found that the influence of nearby droplets through vapor field can be 

sufficiently strong to induce droplet movement on high-energy surfaces by overcoming contact 

line pinning. Droplet interactions are driven by evaporation-induced surface tension gradients, 

leading to motion. In binary liquid droplets, this behavior is primarily governed by the solutal 

Marangoni effect, while in pure liquid droplets, differences in evaporation rates can also induce 

movement. Cira et al. [13]  studied interactions between two droplets using mixtures of propylene 

glycol (PG) and water. Based on their experiments, they concluded that the presence of the other 

droplet causes uneven evaporation across the surface of the droplets. This uneven evaporation 

generates a concentration gradient within the droplets, which in turn induces Marangoni flow, 

ultimately driving the motion of the droplets. However, their findings did not provide insight into 

how the droplet motion could be controlled, for instance, by accelerating or decelerating it. 
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When two adjacent propylene glycol (PG)-water droplets with different compositions are 

placed within three contact diameters of each other, their interaction is divided in two 

“sequential” main stages, see Figure 4-1. In the first stage (Figure 4-1.a), which is called long-

range interaction, droplets will attract or repulse each other depending on the composition of the 

droplets. In the second stage (Figure 4-1.b), known as short-range interaction, the droplets will 

coalesce or chase each other [14–18]. Droplets with similar concentrations will coalesce, while 

those with different concentrations will chase each other. 

Water has a significantly higher vapor pressure than PG, by approximately three orders of 

magnitude, causing it to evaporate much faster. As a result, during the evaporation process, a 

wedge region enriched with water vapor forms between the droplets (Figure 4-1.a). This causes 

the surfaces of the droplets exposed to this wedge region, proximal sides, to experience higher 

water vapor enrichment compared to other areas, distal sides. Since water has a higher surface 

tension, this creates a surface tension imbalance, which generates a force pulling the droplets 

toward each other [14, 16]. When the two droplets come close, a small amount of mass exchange 

occurs through the precursor film or direct contact. If the droplets have similar concentrations, 

they merge upon initial contact. However, for droplets with different concentrations, small 

regions of the droplet surface become contaminated by the liquid from neighboring droplets, as 

indicated by 𝛾𝐴𝐶 in Figure 4-1.b, while the remaining surface retains the original liquid 

composition, represented by, 𝛾𝐵𝐶. This behavior can be understood by considering that the 

diffusion coefficient of (PG) in water is on the order of 10⁻⁵ cm²/s [19], and the surface area of a 

small droplet (volume < 5 µL) is approximately 10⁻¹ cm². Based on this, the estimated time for 

PG to diffuse across the entire surface of the water droplet is around 10⁴ seconds—long enough 

that 𝛾𝐵𝐶 remains largely unchanged during the interaction. As a result, this mass exchange creates 
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concentration gradients, and surface tension gradient force represented by the dashed  arrows in 

Figure 4-1.b, causing the droplet with lower surface tension to chase the one with higher surface 

tension [14]. 

Besides the interaction between binary droplets, theoretical work in [20], later confirmed 

experimentally by [21] and [15], shows that vapor-mediated motion can also occur with nearby 

pure liquid droplets, even without the solutal Marangoni effect. Man et al. [20], using the Onsager 

principle, theoretically predicted the motion of two pure droplets and introduced a new 

mechanism for droplet movement. They demonstrated that droplet motion can occur without the 

Marangoni effect, driven by a gradient in the evaporation rate. The uneven evaporation rate 

causes droplets to move from high evaporation side (distal side) to low evaporation one (proximal 

side) to minimize energy dissipation associated with the fluid flow generated by evaporation. 

Also, Sadafi et al. [15] identified additional mechanisms that could explain the motion of two 

droplets of the same liquid. These mechanisms include the thermocapillary effect resulting from 

temperature variations across the substrate and changes in contact angles due to evaporation. 

However, it remains unclear whether the solutal Marangoni effect or the thermocapillary effect 

plays a more dominant role in controlling droplet motion, warranting further investigation. 

 

(a) 
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Figure 4-1 Schematics of a central (midplane) sectional plan of a pair of adjacent propylene 

glycol (PG)-water droplets of different PG concentrations during: (a) long-range interaction, and 

(b) short-range interaction. The solid arrows represent the interfacial mass flux. The dotted 

arrows represent the direction of the driving force from low surface tension regions to the higher 

ones; 𝛾𝐵𝐶, and 𝛾𝐴𝐶  are the surface tensions before and after contact of the droplets, respectively. 

While these studies offer valuable insights into the motion mechanisms of sessile droplets on 

an inert substrate, many questions remain unanswered. In applications such as heat exchangers 

and 3D printers, substrate temperature significantly influences the wetting behavior of liquids 

and, consequently, droplet movement. Previous experimental and theoretical studies [13, 15–17, 

20, 21], have focused solely on unheated inert substrates and have not explored the impact of 

substrate temperature on droplet motion.  

The surface tension of any liquid is inversely proportional to temperature [22]. Therefore, 

increasing the substrate temperature reduces the surface tension of the liquids, which in turn 

lowers the driving force on the droplet and decreases its velocity. At the same time, a higher 

substrate temperature increases the evaporation rate of one droplet and can enhance the 

condensation rate on the other droplet, creating a larger surface tension gradient across the 

droplet's surface and thereby increasing its velocity. Therefore, increasing the substrate 

temperature causes two opposing effects: it can reduce the droplet's velocity by lowering the 

liquid's surface tension, while simultaneously cause an increasing in the velocity by increasing 

the evaporation-condensation process and the resulting surface tension gradient. The net effect 

depends on the relative dominance of these two opposing mechanisms. A hypothesis can be 
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proposed that varying the substrate temperature may either increase or decrease the velocity of 

droplets. This characteristic offers a versatile approach for controlling droplet motion, which is 

advantageous for practical applications such as heat exchangers and surface cleaning processes, 

where controllable droplet dynamics are needed.  

The above hypothesis can be further clarified using the empirical correlation introduced in our 

previous study [23] for the evaporation of a pair of sessile droplets on a heated substrate, see Eq. 

(4-1). The total evaporation rate (𝑚𝑒𝑣𝑎𝑝
° ) as a function of the separation distance (L) between two 

droplets was given as a function of contact angle of the droplet, θ, the diffusion coefficient for 

vapor in air, D, the momentum diffusivity, ν, the droplet's contact radius, a, and (Cs) and (C∞), 

i.e. the vapor concentration at the droplet surface (Ts) and far field (T∞), respectively.  

𝑚𝑒𝑣𝑎𝑝
° =  

1 −
𝑎
𝐿

1 −
𝑎2

𝐿2

 × [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑆 (𝑇𝑠) − 𝑅𝐻. 𝐶𝑆 (𝑇∞)) 56.561𝜃−0.892]

× {1 + 0.008 × [(
𝐶𝑆 − 𝐶∞ 

𝐶∞ 

)
0.014

× (
𝑔. 𝑎3

𝑣2
)

1.078

× (
𝑣

𝐷
)

1.334

× (𝐿
𝑑⁄ )

0.264
]} 

(4-1) 

According to Eq. (4-1), increasing the substrate temperature, Ts, increases the evaporation-

condensation rates of the droplets which leads to a higher surface tension gradient and, 

consequently, higher droplets velocities. It is worth mentioning that Eq. (4-1), was originally 

formulated to determine the evaporation rate for a pair of pure liquid sessile droplets. However, 

the same physical principles apply to a pair of sessile droplets with different compositions. As 

such, increasing the substrate temperature will yield similar results, due to increasing Cs on the 

surface of the droplets, leading to an enhanced evaporation rate for the droplets. So, the droplet 

motion behavior of droplets on a substrate can be fine-tuned by adjusting the substrate 

temperature.  
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Additionally, as shown in Figure 4-1, during the second stage of interaction, known as short-

range interaction (Figure 4-1.b), the driving force becomes more affected by the droplet 

composition. The droplets contact, exchanging mass and forming contaminated regions with 

surface tensions (𝛾𝐴𝐶) dependent on the neighboring droplet's composition. Depending on the 

composition, this interaction can create either a strong or weak surface tension gradient, which 

subsequently affects the velocity of the droplets. The effect of varying droplet composition on 

droplet velocity also remains unanswered in the literature. Although Cira et al. [13]  made 

significant contributions, their velocity experiments only involved droplets with 10% PG. 

Similarly, studies in [17] and [16] examined droplets with concentrations of 20% PG and 10% 

PG, respectively, for velocity experiments.  

The objective of this study is to examine how substrate temperature and droplet composition 

influence the droplet velocities at short range. This is examined using one water droplet and one 

propylene glycol (PG)-water mixture droplet with varying compositions. The droplets rest on a 

heated glass substrate at different temperatures.  

4.2 Experimental Apparatus 

An experimental apparatus was designed and constructed to study the motion of a pair of sessile 

droplets sitting on a heated glass substrate, see Figure 2-2. The droplets were placed on the 

substrate by using a motorized syringe pump (KD Scientific-788111) with a volume accuracy of 

±0.5%. The distance between the droplets was controlled by using a linear X-stage with an 

accuracy of ± 0.01 mm. Two cameras (Figure 2-2, Camera I and Camera II) were employed to 

capture position of the droplet at each moment. Camera I and Camera II (Plugable, 2MP, 250x 

Magnification) were vertically and horizontally mounted, respectively. The recorded images and 

videos were captured at a scale of 36 pixels per millimeter. During the experiments, the needles 
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were carefully aligned to be on one horizontal plane parallel to Camera I. The tests were repeated 

5-10 times to ensure that the droplet motion occurred in this horizontal plane. This approach 

ensured the accuracy of the droplet positions, eliminating any influence from motion perpendicular 

to the imaging plane. All experiments were conducted within a humidity-controlled chamber 

constructed from 10 mm thick transparent acrylic, with dimensions of 28 cm (L) × 32 cm (W) × 

41 cm (H). Humidity was regulated by a programmable humidity controller (IHC200, Inkbird), 

capable of maintaining the relative humidity between 5% and 99%, with an accuracy of ±3%. The 

substrate was untreated glass with dimensions of 75mm by 50mm. The glass substrate was heated 

by a polyimide heater (12V, 7W). The substrate temperature was maintained using an Arduino-

based PID controller. The temperatures of the substrate and the ambient were monitored using K-

type thermocouples with an accuracy of ± 0.1°C.  

Experiments were carried out at substrate temperatures ranging from 24 to 135°C. We 

observed that coalescence occurs when the distance between the droplets is slightly less than 3.5 

mm. Therefore, a separation distance of 3.5 mm was chosen for all experiments. For the 

propylene glycol (PG)-water droplet, the actuating droplet, PG concentrations ranged from 20 to 

100% by volume. An initial droplet volume of 3.5 µL was used for all experiments. Volumes 

larger than 3.5 µL caused distortion of the contact line, preventing the droplet from maintaining 

a spherical cap shape. The relative humidity inside the chamber was fixed at 47% ± 3% and 

ambient temperatures was approximately 24°C.  
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Figure 4-2 Schematic of the experimental apparatus (the droplet sizes are exaggerated for 

clarity). 

4.3 Assumptions and Range of Applicability  

For this part of the study, we assume the following: 

1. The system is assumed to be isothermal, neglecting any variation in droplet surface 

temperature. This assumption is introduced for simplification, given the absence of 

experimental means to accurately measure surface temperatures.  

2. In chapter 03, we proposed an empirical correlation for the evaporation rate of a pair of 

sessile droplets on a heated substrate combining both diffusive and convective effects. 

Although, this correlation was originally derived to calculate the evaporation rate for a pair 

of pure liquid sessile droplets, it can be employed for a pair of sessile droplets with different 

compositions since it holds the same physical principles.  
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4.4 Results and Discussion 

Here first the effect of substrate temperature on the droplet motion of a pair of water and PG-

water mixture droplets is investigated. This is followed by the effect of composition on the 

motion, and finally the combined effect of changing temperature and composition for the PG-

water droplet.  

4.4.1 Substrate Temperature Effect on Droplet Motion 

The effect of substrate temperature was examined using a pair of initially sessile droplets: one 

consisting of pure water and the other of pure propylene glycol (PG) (the actuating droplet). As 

discussed in the Introduction section, when two droplets of different surface tensions become 

sufficiently close, mass exchange occurs between them, causing the surface tensions of the 

contaminated regions to change from  𝛾𝐵𝐶  to 𝛾𝐴𝐶 as illustrated in                           Figure 4-1.b. 

This surface tension gradient drives the droplet with the lower surface tension to chase the droplet 

with the higher surface tension [14]. This was seen experimentally, see Figure 4-3 and 

(Supplementary Video-01), in which the lower surface tension PG droplet chases the higher 

surface tension water droplet. This observation is consistent with the previous study [24]. 

Furthermore, higher substrate temperatures (up to the boiling point of the liquid with the lowest 

boiling temperature (100 °C for water) result in increased droplet velocities as shown in Figure 

4-3 and the video in Supplementary Video-01.  

Furthermore, the velocity of the water droplet was quantified by tracking its X-position, the 

linear distance travelled along the direction of motion, the over a fixed time interval, ∆t, of 0.25 

seconds (fixed for all experiments) and is plotted in Figure 4-4.a. The droplet's velocity was then 

calculated by averaging the measured velocities throughout the entire motion period, Figure 

4-4.b. This shows that substrate temperature significantly increases the droplet velocity. When 
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the temperature increases by 20°C, from TS = 24°C (unheated condition) to TS = 45°C, the droplet 

velocity more than doubles. Furthermore, when the temperature exceeds 45°C, the velocity 

increase reaches approximately 7 times at TS = 90°C. 

The effect of substrate temperature can be explained using Eq. (3-4), which indicates that the 

evaporation rate is directly proportional to the substrate temperature. As the substrate temperature 

increases, vapor concentration at the droplet surface, Cs, increases, i.e. (𝐶𝑠 − 𝐶∞) increases. The 

increase of concentration potential, (𝐶𝑠 − 𝐶∞), the evaporation rate increases, that results in a 

higher condensation rate of PG vapour on the water droplet’s surface. Such condensation leads 

to a steeper surface tension gradient, that propels the droplet faster.  

To provide a simplified representation of this finding, an order-of-magnitude model was 

constructed analysing the data in Figure 4-4.b, see Eq. (4-2). The temperature-dependent 

diffusion coefficient can be expressed in Eq. (4-3), where 𝐷𝑟𝑒𝑓 is the reference diffusion 

coefficient at a reference temperature 𝑇𝑟𝑒𝑓 [25, 26]. Furthermore, according to kinetic theory, the 

mean molecular speed, 𝑢̅, is proportional to T1.5 [25]. This indicates that both the mass diffusivity 

and the mean molecular speed are proportional to the substrate temperature raised to the power 

of 1.5, assuming thermal equilibrium between the substrate and the droplet surfaces. Physically, 

this means that as the substrate temperature increases, molecular diffusion accelerates with a 

power-law dependence of 1.5. This enhanced diffusion strengthens the surface tension gradient, 

thereby increasing the droplet velocity, which agrees with our experimental findings. This 

approximation captures the key scaling behavior of the system, offering insight into the change 

of 𝑈𝑎𝑣𝑔 with the changing of the substrate temperature. 

𝑈𝑎𝑣𝑔 ~ 10−3. 𝑇𝑆
1.5 (4-2) 
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𝐷(𝑇) = 𝐷𝑟𝑒𝑓 (
𝑇

𝑇𝑟𝑒𝑓
)

1.5

 (4-3) 

 

(a) (b) 

  

Figure 4-3 Picture sequence showing side view of the motion of a 3.5 µL water droplet (Right) 

induced by a 3.5 µL PG droplet (Left) in each frame, for: (a) t=2.5 s, and (b) t=5 seconds of the 

interaction at different substrate temperatures. 

Notably, when the substrate temperature rises above 100°C (the boiling point of water), the 

droplet velocity increases. At TS = 110°C, the velocity is 9 times higher than that of the unheated 

condition, while at TS = 135°C, it reaches 20 times higher (Supplementary Video-01). However, 

the droplet travels a shorter distance in these cases compared to all other conditions, Figure 4-5.  

The reason the droplet travels a shorter distance is the boiling during its motion. Boiling reduces 

the amount of water on the droplet's distal side, where surface tension is higher. This reduction 

is attributed to the better mixing between the water and PG, due to boiling, smooths the surface 

tension gradient over the surface of the droplet, weakening the driving force and ultimately 

causing the droplet to come to a stop.  

The shorter traveling distances of droplets on substrates heated above 100°C can be further 

analysed using the model proposed in our previous study [27]. According to the literature, the 

evaporation of water sessile droplets on glass substrates is primarily governed by the CCR 

evaporation mode. Therefore, Eq. (4-4) from our previous study [27] can be used to estimate the 

evaporation time for a pair of sessile water droplets on a glass substrate under the CCR mode. 
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Although, Eq. (4-4), was originally derived to calculate the evaporation time for a pair of pure 

liquid sessile droplets, it can be employed for a pair of sessile droplets with different 

compositions since it holds the same physical principles.  

∫
𝜃0.892

56.561 𝑠𝑖𝑛𝜃  (1 + 𝑐𝑜𝑠𝜃)
 𝑑𝜃 =

−2𝐿𝐷(𝐶𝑆 (𝑇𝑠) − 𝑅𝐻. 𝐶𝑆 (𝑇∞))

(𝑎 + 𝐿)  𝑎2 𝜌𝐿

𝜃𝑓

𝜃0

 𝑡𝑒 (4-4) 

where θ is the instantaneous contact angle of the droplet at any given time 0 < t < te, and θ0 is 

the initial contact angle of the droplet, and θf is the droplet’s final contact angle. Form Eq. 

(4-4)(2-10), it can be determined that for a pair of sessile water droplet with a volume of  3.5 µl 

on a heated substrate at 100°C, the time, 𝑡𝑒, required to lose half of their mass is in order of 1-2 

seconds. As shown in Figure 4-5, the droplets lost approximately half of their mass within a 2.5-

second time span under both temperature conditions (110°C, and 135°C). Therefore, the 

increased mass loss of water from the droplet leads to a smoother surface tension gradient, 

ultimately causing the droplet's motion to stop. 

 
 

Figure 4-4 Position (a), and velocity (b) of the water droplet movement induced by 100% PG 

droplet under different substrate temperatures 
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Figure 4-5 Picture sequence showing side view of the motion of a 3.5 µL water droplet (Right) 

induced by a 3.5 µL PG droplet (left) at (a) TS=110 °C, and (b) TS=135 °C, for various times 

shown on each frame 

4.4.2 Droplet Composition Effect on Droplet Motion 

To quantify how the actuating droplet’s composition affects the velocity of a water droplet at 

uniform substrate temperature, we placed a droplet of water and a PG mixture with varying PG 

concentrations on an unheated glass substrate.  

Figure 4-6 and Supplementary Video-02 shows that decreasing the PG concentration, 

increases the velocity of the water droplet. This finding is consistent with the model proposed by 

Sellier et al. [24, 28], in which they showed that the velocity of the water droplet is proportional 

to (𝛾distal − 𝛾proximal) when they used a pure ethanol droplet as an actuating droplet. When the 

actuating droplet has lower PG concentration and contacts the water droplet, mass exchange 

creates a lower PG concentration at the proximal side (lower 𝛾𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙) of the water droplet 

compared to cases with higher PG levels. This results in a steeper concentration gradient across 

the droplet’s surface, higher (𝛾distal − 𝛾proximal), which generates a stronger driving force and, 

consequently, a higher droplet velocity. To better understand the impact of PG concentration on 

the surface tension of W–PG mixture droplets,  Figure 4-7.a illustrates this relationship using 

surface tension data from [29, 30]. It can be observed that the effect of PG concentration is more 

pronounced for concentrations below 50%. In contrast, for PG concentrations above 50%, the 

variation in the mixture's surface tension becomes less significant. So, by decreasing the PG 

concentrations of the actuating droplet, the amount of the PG left on the proximal side of the 
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water droplet after contact decreases and creates a stronger surface tension gradient along the 

droplet’s surface.  

Another possible explanation for this phenomena, proposed by Sadafi et al. [15], is the vapor-

induced thermal gradient (VTG) mechanism. In this mechanism, when two droplets are placed 

adjacent to each other, a wedge area with higher vapor concentration forms between them [27]. 

This wedge reduces the evaporation flux on the proximal side of the droplet, while the distal side 

experiences higher evaporation flux. The increased evaporation on the distal side lowers its 

interface temperature, around 3-4 °C for water droplets [31], leading to a higher surface tension 

(𝛾distal). Conversely, reduced evaporation on the proximal side raises its interface temperature, 

decreasing (𝛾𝑝𝑟𝑜𝑥𝑖𝑚𝑎𝑙). Therefore, when the actuating droplet has a higher water concentration 

(or lower PG), the wedge area’s concentration increases, which further reduces the evaporation 

flux on the proximal side of the water droplet. This increases the surface tension gradient 

(𝛾distal − 𝛾proximal), thereby increasing the driving force and, consequently, the droplet velocity 

[24, 28].  

However, our experimental findings align more closely with Figure 4-7.a, which 

demonstrates that the variation in PG concentration has a more dominant effect on the surface 

tension of the mixture than the VTG mechanism. Additionally, the temperature gradients caused 

by the latent heat of vaporization are relatively small, around 3-4 °C for water droplets [31], 

which aligns with the experimental findings of approximately 2°C reported by Sadafi et al. [15]. 

A comparison of Figure 4-7.a, and Figure 4-7.b reveals that reducing the PG concentration by 

10% (e.g., from 50% to 40%, as shown in Figure 4-7.a) increases the surface tension by nearly 

9%. In contrast, achieving a similar change by reducing the temperature (as shown in Figure 

4-7.b) would require a temperature decrease of approximately 30°C, which is unlikely to occur 
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under normal conditions. As a result, the contribution of the VTG mechanism is less significant 

compared to the effect of surface tension variation with PG concentration. 

 (a) (b) 

  
Figure 4-6 Picture sequence showing side view for the motion of a 3.5 µL water droplet (Right) 

induced by a 3.5 µL  PG droplet of different concentration (Left) after (a) t=5s, and (b) t=10 

seconds of the interaction on an unheated glass substrate (Ts = T∞ =24°C).  

 

(a) (b) 

  

Figure 4-7 (a) Variation of the surface tension of water–propylene glycol (PG) mixtures with PG 

concentration in water at 20 °C. Data extracted from references [29, 30]. (b) Variation of the 

surface tension of water as a function of temperature; data extracted from [32]. 

The position versus time traces for the cases of changing the PG concentrations, are plotted in 

Figure 4-8.a, and the average velocities in Figure 4-8.b. These results show that when the 

0

20

40

60

80

0 20 40 60 80 100

σ
M

ix
tu

re
[N

/m
]

PG [%]

6

6.4

6.8

7.2

7.6

8

0 20 40 60 80 100

σ
[N

/m
]

T [°C]

5
0

 %
 



95 

 

actuating droplet's PG concentration is above 50%, the velocity rises by about 90% as the PG 

concentration decreases from 100% to 60%. However, when the PG concentration of the 

actuating droplet is lower than 50%, the velocity of the water droplet increases by around 3 and 

6 times when the PG concentration of the actuating droplet decreases to 40% and 20%, 

respectively. Moreover, the trend observed in Figure 4-8.b aligns closely with that in               

Figure 4-7.a. It shows that the effect of PG concentration on the surface tension of the mixture 

becomes more pronounced at PG concentrations below 50% (9-16%). In contrast, at PG 

concentrations above 50%, the variation in surface tension is less significant (2-3.5%). To 

simplify this finding, an order-of-magnitude model was developed using the data from  Figure 

4-8.b, see Eq.(4-5). Interestingly, the molar volume of PG in a PG-W mixture varies as: 𝑃𝐺%
1.4, 

based on experimental findings from [30]. This indicates that increasing the PG concentration 

increases the volume occupied by PG on the proximal side of the water droplet by a power of 

1.4. Consequently, this leads to a lower surface tension gradient, (𝛾distal − 𝛾proximal), and a 

reduced droplet velocity, decreasing by a power of 1.3 (where 1.3 ≈ 1.4). Conversely, reducing 

the PG concentration decreases the PG volume on the proximal side of the droplet, thereby 

enhancing the surface tension gradient and increasing the droplet velocity.  

𝑈𝑎𝑣𝑔 ~ 102. 𝑃𝐺%
−1.3 (4-5) 
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Figure 4-8 Position (a), and velocity (b) of the water droplet movement induced by PG droplet of different 

concentrations on an unheated glass substrate (Ts = T∞ =24°C). 

4.4.3 Combined Temperature and Droplet Composition Effect 

 Figure 4-9 shows the effects of the composition of the actuating droplet and the substrate 

temperature on the average velocity of the water droplet. Reducing the concentration of the 

actuating droplet from 100% to 80% does not significantly increase the water droplet’s velocity 

at any of the substrate temperatures tested. This suggests that even at 80% concentration, the 

actuating droplet remains sufficiently rich in PG, resulting in minimal change in the surface 

tension on the distal side of the water droplet. The effect of PG concentration becomes more 

pronounced at concentrations of 40% and 20%. As the actuating droplet becomes leaner in PG, 

the reduced surface tension on the distal side of the water droplet consequently increases its 

average velocity. This finding is compatible with the fact that decreasing the PG concentration 

increases the surface tension substantially, especially for concentration less than 50% Figure 

4-7.a (i.e. 40% and 20% in Figure 4-9) for any substrate temperature. However, increasing the 

PG concentration more than 50%, leads to less surface tension gradient with less driving force 

and lower droplet velocity. Considering that droplet velocity increases as PG concentration 

decreases (𝑈𝑎𝑣𝑔𝛼 𝑃𝐺%
−1.3), Eq.(4-5), due to the molar volume of PG increasing by a power of 
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1.4, it can be concluded that further reducing PG concentration will further enhance droplet 

velocity.  

The effect of changing the actuating droplet's composition is not as significant as altering the 

substrate temperature. Figure 4-9 shows that even a slight increase in substrate temperature, at a 

constant concentration, boosts the water droplet's velocity more significantly than changes in PG 

concentration at the same temperature. The effect of the actuating droplets concentration 

becomes more significant at higher substrate temperatures, while this effect is modest for 

unheated substrate condition. 

 

Figure 4-9 The average velocity of the water droplet movement induced by PG droplet of different 

concentrations under different substrate temperatures 

When the actuating droplet contains 20% propylene glycol (PG) under heated substrate 

condition, the movement of the water droplet becomes very chaotic. This chaotic motion resulted 

in the formation of smaller droplets during the motion of the water droplet. This phenomenon is 

illustrated in Figure 4-10 where the water droplet begins to fragment into smaller droplets as 

soon as movement starts. This chaotic motion suggests that combining a heated substrate with a 

lower PG concentration in the actuating droplet significantly enhances the surface tension 

gradient across the water droplet's surface. This high surface tension gradient, (𝛾proximal −
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𝛾𝑑𝑖𝑠𝑡𝑎𝑙), becomes strong enough to overcome the cohesive forces within the water droplet, 

causing it to split into smaller droplets. After separation, these smaller droplets, with unknown 

concentrations and surface tension gradients, exhibit random motion in both magnitude and 

direction. Each droplet develops its own surface tension gradient based on its composition post-

separation. This unique surface tension gradient drives the droplets to move in various directions 

at different velocities, resulting in chaotic motion. 

(a) (b) 

  
Figure 4-10 Picture sequence showing side view of the motion of a 3.5 µL water droplet (Right) 

induced by a 3.5 µL 20% PG droplet (Left) at (a) t=0.25 s, and (b) final state of the interaction at 

different substrate temperatures. 

In all cases examined in this study, the actuating droplet consistently chases the water droplet. 

However, two instances of coalescences were observed and are illustrated in Figure 4-11. 

Coalescence occurs when the actuating droplet has a concentration of 20% and the substrate 

temperatures are 110°C and 135°C. At 110°C, the coalescent droplet continues to move after 

coalescence, whereas at 135°C, the coalescent droplet remains stationary after coalescence. 

Given that water constitutes 80% of the actuating droplet, the coalescence of the two droplets is 

more likely to occur [14–18]. Additionally, at a substrate temperature of 135°C, evaporation rate 

on the distal side of the coalesced droplet is higher than that when it is at 110°C. This increase in 

evaporation rate causes a more rapid reduction in surface tension on the distal side, 𝛾𝑑𝑖𝑠𝑡𝑎𝑙, at 

135°C, leading the coalesced droplet to stop earlier. 

(a) (b) 
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Figure 4-11 Picture sequence showing side view of initial and finale states of a 3.5 µL water 

droplet (Right) induced by a 3.5 µL 20% PG droplet (Left) at (a) Ts=110°C, and (b) Ts=135°C. 

4.5 Conclusion 

This study investigated the vapor-induced motion of a water droplet in proximity to a 

propylene glycol (PG)-water mixture droplet on a heated substrate to understand into how 

substrate temperature and PG concentration influence droplet velocity and movement.  

The experiments demonstrated that substrate temperature plays a significant role in driving 

droplet velocity: As substrate temperature increases, the evaporation rate rises, leading to a more 

substantial condensation rate on the water droplet and, consequently, an intensified surface 

tension gradient. This gradient serves as a driving force for motion, accelerating the droplet 

velocity. The velocity increased dramatically when substrate temperatures exceeded the boiling 

point of water (100°C), with velocities reaching up to 20 times of those observed under unheated 

conditions. However, this high-speed movement also corresponded with a decrease in travel 

distance, as elevated temperatures led to rapid evaporation on the droplet’s distal side, reducing 

the surface tension differential and bringing the droplet to a stop sooner. 

The PG-water mixture composition also had an impact on the water droplet’s motion, with 

lower PG concentrations (20%-40%) producing faster droplet speeds. This effect arises because 

reduced PG concentrations lead to a sharper concentration gradient across the droplet’s surface. 

Additionally, when the substrate is heated and the PG concentration in the actuating droplet is 

20%, chaotic motion and fragmentation of the water droplet occur, indicating that the combined 

effect of low PG content and high substrate temperatures significantly increases the surface 
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tension gradient, overcoming the cohesive forces within the droplet and causing it to split into 

smaller droplets. 

This research provides understanding of how thermal and compositional parameters can be 

manipulated to control droplet movement on surfaces. Such insights could inform the design of 

future fluidic devices and systems where precise droplet motion control is essential, such as in 

cooling systems, chemical assays, and self-cleaning applications. Furthermore, investigating the 

effects of dynamic changes in substrate temperature and composition gradients across larger 

surfaces could offer additional avenues to control and optimize droplet behavior in practical 

applications. 
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Chapter 5 Modeling of the Evaporation Process of 

an Array of Three Sessile Droplets Using a Point 

Source Model (PSM)  

5.1 Introduction 

In Section 2.2.1, the analytical model for a pair of sessile droplets, PSM, was introduced. A 

correction factor, η, was proposed to account for the interaction between droplets. This factor is 

defined as the ratio of the evaporation rate for a pair of interacting droplets (𝑚̇𝑠𝑦𝑠) to that for 

single isolated droplet (𝑚̇𝑖𝑠𝑜). The correction factor, η, is expressed as a function of L/d, where, 

L, represents the separation distance between the droplets, and, d, denotes the droplet's contact 

diameter, as described in Eq. (5-1). 

𝜂 =
2 (𝐿/𝑑)

2 (𝐿/𝑑) + 1
 (5-1) 

5.2 Modelling Procedure 

The evaporation of an array of N-droplets can be simplified by representing it as smaller units, 

each containing three droplets. Following the same approach used, PSM, to derive Eq. (2-5), the 

objective here is to determine the new correction factor, η, for a system where a third droplet is 

added to a pair of sessile droplets. This can be achieved by extending the correction factor 

formula that was used for a pair of sessile droplets, eq. (5-2), to find the correction factor for an 

array of three droplets. In Eq. (5-2), i=1, 2,….N represents each droplet location on the substrate, 

and j=1, 2,….N represents the surrounding sources at each location, Figure 5-1.  
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𝜂𝑖 + ∑ 𝜂𝑗 (
𝑎

|𝑟𝑖 − 𝑟𝑗|
)

𝑁

𝑗=1,𝑗≠𝑖

= 1 (5-2) 

 

Figure 5-1 Schematic top view of the victor positions for the PSM of three droplets array. 

For simplification, let 𝐾1 = 𝑑
2𝐿1

⁄ , 𝐾2 = 𝑑
2𝐿2

⁄ , and 𝐾3 = 𝑑
2𝐿3

⁄ , where K1, K2, and K3 are 

constants and d=2a. By expanding Eq. (5-2), the correction factor of each droplet can be 

determined from Eq. (5-3), (5-4), and (5-5).  

𝜂1 =  
𝐾1 +  𝐾3 +  𝐾2

2 −  𝐾1𝐾2 −  𝐾2𝐾3 − 1 

𝐾1
2 − 2𝐾1𝐾2𝐾3 + 𝐾2

2 +  𝐾3
2 − 1

 (5-3) 

𝜂2 =  
𝐾1 +  𝐾2 +  𝐾3

2 −  𝐾1𝐾3 −  𝐾2𝐾3 − 1 

𝐾1
2 − 2𝐾1𝐾2𝐾3 + 𝐾2

2 +  𝐾3
2 − 1

 (5-4) 

𝜂3 =  
𝐾2 +  𝐾3 +  𝐾1

2 −  𝐾1𝐾2 − 𝐾1𝐾3 − 1 

𝐾1
2 − 2𝐾1𝐾2𝐾3 + 𝐾2

2 +  𝐾3
2 − 1

 

  

(5-5) 
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5.3 Assumptions and Range of Applicability  

For the proposed model we assume the following: 

1. Quasi-steady evaporation is assumed for the mass transfer process. This is reasonable 

because the concentration field adjusts to changes in droplet size over a timescale of 

approximately a2/D. For non-volatile liquids like water, the ratio (a2/D)/te <<<1, meaning 

the concentration field stabilizes much more quickly than the droplet evaporates. 

2. Convective effects are disregarded, with the assumption that diffusion primarily governs 

the evaporation process. This is appropriate when the Peclet number (Pe<<1), which 

compares convective to diffusive mass transport. 

3. An isothermal system is assumed, meaning any variation in droplet surface temperature is 

neglected. This is justified for substrates that aren’t externally heated, where the evaporation 

rate is slow enough that the temperature drop from latent heat has minimal effect. 

5.4 Results and Discussions  

Given the complexity of the derived equations, which limits their ability to provide physical 

insight, we will introduce certain assumptions to simplify them. To achieve this, we consider 

three distinct cases, with each case involving a particular assumption to simplify the equations. 

The cases are as follows: 

Case-01: Assume equal spacing between all droplets. 

Case-02: Assume that two of the separation distances are equal. 

Case-03: Assume unequal spacing between all droplets (Actual case). 
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5.4.1 Case-01: Assume equal spacing between all droplets 

Assuming that L1 = L2 = L3 = L, the correction factors in eq. (5-3)-(5-5) can be simplified to 

eq. (5-6). As shown in Figure 5-2, introducing a third droplet to a system of two droplets results 

in a further reduction in the evaporation rate. This reduction is both reasonable and expected, as 

each droplet in the array of three equally spaced, identical droplets is influenced by two wedge 

regions created by the other two droplets. In the first objective of this study, it was established 

that in a system of two sessile droplets, when the separation distance between the droplets 

exceeds 10 times the droplet’s contact diameter (L/d > 10), the droplets behave as if they are 

isolated. This can be seen in Figure 5-2, for L/d >10, the correction factor (η) for a pair of sessile 

droplets exceeds 95%, indicating that the deviation from the evaporation behavior of a single 

isolated droplet is less than 5%. However, in a system of three equally spaced droplets, the 

threshold value increases to 20 (L/d > 20), as each droplet is now influenced by two wedge 

regions instead of one. 

𝜂1 = 𝜂2 = 𝜂3 =  
 (𝐿/𝑑)

(𝐿/𝑑) + 1
 (5-6) 
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Figure 5-2 Correction factor, η, as a function of L/d for a pair of sessile droplets and three 

identical equally spaced droplets. 

5.4.2 Case-02: Assume that two of the separation distances are equal 

In this case, the setup is made slightly more complex than in Case-01 to better approximate 

the actual intricate scenario. It is assumed that 𝑟12 = 𝑟13 = 𝐿1 , and 𝑟23 = 𝐿2 , with  ψ 

representing the angle between 𝑟12, and 𝑟13 (as shown in Figure 5-1, and Figure 5-3). The 

geometric constraint for this configuration is given by: (𝐿2/𝑑) = 2(𝐿1/𝑑) × sin (
𝜓

2
). For any 

given 𝐿1/𝑑 value, varying the angle, ψ, allows the corresponding 𝐿2/𝑑 value to be determined 

based on this constraint. So, by applying the new assumptions the correction factors in eq. (5-3)-

(5-5) can be simplified to eq. (5-7), and eq. (5-8). 

L
/d

 =
1

0
 

L
/d

 =
2

0
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Figure 5-3 Schematics of a top plan of an array of three identical droplets with two equal separation 

distances 

𝜂1 =  
2𝐾1 −  𝐾2 − 1 

2𝐾1
2 −  𝐾2 − 1

 (5-7) 

𝜂2 = 𝜂3 =  
𝐾1 − 1 

2𝐾1
2 −  𝐾2 − 1

 (5-8) 

As shown in Figure 5-4, for any given rotation angle ψ, increasing the value of 𝐿1/𝑑 leads to 

an increase in the correction factors of all droplets (𝜂1, 𝜂2, and 𝜂3). This can be attributed to the 

fact that as droplet 1 moves farther away from droplets 2 and 3, the influence of the wedge regions 

between droplets (1-2) and (1-3) diminishes, thereby increasing the correction factor for droplet 

1. Although the wedge region between droplets (2-3) remains unaffected at a constant ψ value, 

the reduced influence of droplet 1's wedge region results in an overall increase in the correction 

factors for droplets 2 and 3 as well. 

Furthermore, increasing the angle of rotation ψ for any given 𝐿1/𝑑 leads to a decrease in the 

correction factor for droplet 1 (𝜂1), while the correction factors for droplets 2 and 3 (𝜂2, and 𝜂3) 

increase. This behavior can be explained by the changes in the surface area of each droplet 

affected by the wedge regions created by neighboring droplets. As illustrated in Figure 5-5, 

increasing the angle of rotation ψ by ∆ψ increases the affected area on the surface of droplet 1 

due to the wedge regions from droplets 2 and 3, while simultaneously reducing the relaxed area 
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(the surface area not influenced by the wedge regions). This increase in the affected area leads to 

a reduction in the correction factor 𝜂1 for droplet 1. However, as ψ increases by ∆ψ, the distance 

L2 between droplets 2 and 3 increases by ∆L, which reduces the concentration of the wedge 

region between them. Additionally, the affected areas on the surfaces of droplets 2 and 3 caused 

by the wedge region of droplet 1 decrease. These two effects, reduced wedge region 

concentration and smaller affected areas, result in an increase in the correction factors, 𝜂2, and 

𝜂3.   

  

Figure 5-4 Correction factor, η, as a function of angle of rotation, ψ, for Droplet 1 (left) and droplets 2 or 

3 (right), for an array of three identical droplets with two equal separation distances. 

 

Figure 5-5 Schematic of the effect of increasing the angle of rotation, ψ, at constant L1/d. 
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5.4.3 Case-03: Assume unequal spacing between all droplets (Actual case) 

In this case, we examine the fully complex scenario without the simplifications applied in 

Case-01 and Case-02, where 𝐿1 ≠ 𝐿2 ≠ 𝐿3 . The simplifications in the earlier cases were 

introduced to provide a step-by-step understanding of the behavior of an array of three droplets. 

For this more complex case, we use the geometry illustrated in Figure 5-6, where two new 

geometrical parameters are introduced: the radius of rotation (r) and the azimuthal angle (φ). The 

geometric constraints for this configuration are defined by eq. (5-9), and eq. (5-10). For any given 

𝐿1/𝑑 value, varying the angle φ enables the determination of the corresponding 𝐿2/𝑑 and 

𝐿3/𝑑values based on these constraints. 

𝐿2/𝑑 = √(𝑟/𝑑. 𝑠𝑖𝑛𝜑)2 + (𝑟/𝑑. 𝑐𝑜𝑠𝜑 − 𝐿1/2𝑑)2  (5-9) 

𝐿3/𝑑 = √(𝑟/𝑑. 𝑠𝑖𝑛𝜑)2 + (
𝑟

𝑑
. 𝑐𝑜𝑠𝜑 + 𝐿1/2𝑑)

2

  (5-10) 

 

Figure 5-6 Schematics of a top plan of an array of three identical droplets with unequal separation 

distances. 

Using 𝜂1, 𝜂2, and 𝜂3, as defined in eq. (5-3)-(5-5), respectively, we obtained the results 

presented in Figure 5-7. For the given 𝐿1/𝑑 = 1.25, it can be observed that increasing the 

azimuthal angle from 0° - 180° leads to a decrease in the correction factor of droplet 1 (𝜂1). This 
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behavior is attributed to the expansion of the affected area on the surface of droplet 1 caused by 

the wedge regions from droplets 2 and 3, as droplet 3 shifts from the right (φ=0) to left (φ=180°). 

This concept is analogous to the one illustrated in Figure 5-5. Conversely, for droplet 2, as 

droplet 3 moves from the right to the left, the affected area on droplet 2's surface decreases, 

resulting in an increase in its correction factor (𝜂2) increases. For droplet 3 as it moved from 

(φ=0) to (φ=180°), its correction factor, 𝜂3, reaching a maximum at φ=90° before decreasing 

again. This behavior occurs because at φ=90°, droplet 3 is at its farthest distance from droplets 1 

and 2, minimizing the effects of the wedge regions from these droplets and maximizing its 

correction factor. 

 

  
Figure 5-7 Correction factor, η, as a function of the azimuthal angle, φ, for Droplet 1 (bottom left 

),  droplets 2 (bottom left), and droplet 3 (top), for an array of three identical droplets with 

unequal equal separation distances at L1/d=1.25. 
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5.5 Conclusion 

The study investigated the evaporation dynamics of an array of three sessile droplets using a 

Point Source Model (PSM) and provided insights into how droplet interactions influence 

evaporation rates under different spatial configurations. For equally spaced droplets, the 

correction factor showed a significant reduction in evaporation rates, with the threshold 

separation distance for isolated droplet behavior increasing from L/d > 10 (for two droplets) to 

L/d > 20 (for three droplets). 

For partially equal spacing, it was observed that increasing the distance of one droplet from 

the others (e.g., L1>L2=L3) reduces its interaction with neighboring droplets, leading to an 

increase in its evaporation rate. Additionally, the angle of rotation (ψ) affected the correction 

factors: as ψ increased, droplet 1 experienced a reduction in its evaporation rate due to increased 

interaction, while droplets 2 and 3 exhibited a rise in their correction factors. 

In the most complex scenario of unequal spacing, varying the azimuthal angle (ϕ) revealed 

dynamic changes in evaporation behavior. For example, droplet 3 achieved its maximum 

correction factor at ϕ=90°, where it was farthest from the other droplets, minimizing interaction 

effects. Conversely, droplet 1 showed a continuous reduction in its evaporation rate as droplet 3 

moved closer. 
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Chapter 6 Conclusions and Future Works 

6.1 Summary and Conclusions 

This work investigated both experimentally and analytically the evaporation process of a pair 

of sessile droplets under various conditions, including droplet volumes, relative humidity, contact 

angles, and liquid types. Additionally, the effect of substrate temperature on the evaporation rate 

was examined, along with the combined influence of diffusive and convective evaporation rates. 

The study further explored the motion behavior of a pair of sessile droplets of different 

compositions (water and propylene glycol) under heated substrate conditions. Finally, the 

evaporation behaviour of an array of three droplets was considered in this study. 

To achieve the objectives mentioned in the previous paragraph, Firstly, an analytical diffusive 

model was developed using the Point Source Model (PSM) approach. This model was designed 

to predict the evaporation rate and evaporation time of a pair of sessile droplets undergoing 

evaporation in constant contact radius (CCR) and constant contact angle (CCA) modes. The 

proposed model was validated experimentally using a pair of sessile water droplets evaporating 

within a humidity-controlled chamber. The validation process included assessing the model's 

accuracy across various conditions, including droplet volume, ambient relative humidity, 

substrate wettability (characterized by the droplet’s contact angle), and liquid volatility by 

examining different liquids with different volatility other than water. The results demonstrated 

excellent agreement between the model's predictions and the experimental data for these 

parameters (5-10% deviations), except in the case of highly volatile liquids such as ethanol and 

1-propanol. For these liquids, the high evaporation rates introduced significant convective effects 

that the diffusive model could not capture, unlike the case with less volatile liquids such as water. 
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To study the effect of substrate temperature on the evaporation rate, a second experimental 

setup was utilized. This setup included a humidity-controlled chamber equipped with a sensitive 

laboratory scale to monitor changes in droplet mass during evaporation, enabling the 

determination of evaporation rates at constant time intervals. Comparison of the experimental 

evaporation rates with those predicted by the diffusive model revealed underprediction 

discrepancies at elevated substrate temperatures. The diffusive model was unable to account for 

the convective effects that became dominant under these conditions and this leads to 

underpredicted results from the model. Consequently, an empirical correlation was introduced to 

incorporate the combined effects of diffusion and convection into the evaporation rate 

predictions. 

The same experimental setup, excluding the lab scale, was employed to investigate the motion 

behavior of a pair of sessile droplets with varying propylene glycol (PG) concentrations on a 

heated glass substrate. The study found that the velocity of the water droplet was influenced by 

the composition of the actuating droplet, the PG concentration, and the substrate temperature. 

For substrate temperatures exceeding 100°C (the boiling point of water), or for actuating droplets 

with PG concentrations below 50%, the motion behavior became unpredictable. At substrate 

temperatures above 100°C, the droplet's motion ceased after a very short distance. Similarly, 

actuating droplets with PG concentrations below 50% exhibited chaotic motion, with the water 

droplet breaking apart into smaller droplets of varying compositions.  

Finally, the proposed PSM model was extended to include the effect of adding a third droplet 

in a system of two droplets, that the behavior of this small units can represent the behaviour of 

an array of sessile droplets. This study analyzed the evaporation dynamics of three sessile 
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droplets using a Point Source Model (PSM) to understand the effects of droplet interactions. 

Adding a third droplet to a two-droplet system reduced evaporation rates further, with the 

threshold for isolated behavior increasing from L/d>10 to L/d>20. In partially equal spacing, 

increasing the distance of one droplet reduced its interaction, raising its evaporation rate, while 

varying the rotation angle (ψ) shifted the correction factors for all droplets. In unequal spacing, 

the azimuthal angle (ϕ) influenced evaporation rates dynamically, with droplets achieving peak 

or minimal rates based on positioning. These findings enhance the understanding of multi-droplet 

evaporation, benefiting applications requiring precise control. 

The findings of this work can be summarized as follows:  

A point source model was developed to study the evaporation process of a pair of droplets in 

quiescent air under isothermal conditions, treating the droplets as point mass sources located at 

their centres and assuming a purely diffusive, quasi-steady-state process. 

The evaporation rate of a droplet depends on the separation distance, with droplets behaving 

as isolated when the distance is ten times the droplet diameter. 

In the CCA (constant contact area) mode, the square of the contact radius decreases linearly 

with evaporation time, indicating a linear decrease in surface area, while in the CCR (constant 

contact radius) mode, the contact angle decreases linearly on hydrophilic surfaces but non-

linearly on hydrophobic surfaces due to increased vapor concentration in the wedge area between 

droplets. 

The model was experimentally validated, showing excellent agreement with less than 5% 

deviation on average and less than 10% deviation due to droplet volume, surface wettability, or 

ambient relative humidity. 
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For liquids with varying volatility (water, 1-propanol, ethanol), the model captured the 

experimental trend with a constant deviation of 62%, demonstrating its utility in estimating 

experimental values for future applications. 

The study concluded that higher liquid volatility accelerates evaporation, leading to 

convective effects and greater deviation from the purely diffusive model predictions. 

The evaporation behavior of a pair of sessile water droplets on a heated aluminium substrate 

was investigated, focusing on the interplay between diffusion and convection. 

At lower substrate temperatures, evaporation is primarily diffusive, with the proposed 

diffusive model aligning well with experimental data. However, as substrate temperatures 

increase, natural convection driven by buoyancy forces significantly enhances evaporation, 

especially when the temperature difference exceeds 30°C. 

Diffusion dominates evaporation when the Rayleigh number product (Ra·L/d) is below 400, 

contributing over 80% of the total rate. As Ra·L/d increases with higher substrate temperatures 

or greater droplet separations, convection becomes more influential, stabilizing at approximately 

30% contribution when Ra·L/d exceeds 2400. 

A dimensionless model combining diffusion and convection effects predicts evaporation rates 

with less than 5% error across all tested conditions. 

The vapor-induced motion of a water droplet near a propylene glycol (PG)-water mixture 

droplet on a heated substrate was studied, examining how substrate temperature and PG 

concentration influence droplet velocity and movement. 
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Substrate temperature significantly affects droplet velocity: as temperature increases, the 

evaporation rate rises, leading to higher condensation on the water droplet, which intensifies the 

surface tension gradient and accelerates the droplet. When substrate temperatures exceed 100°C 

(the boiling point of water), droplet velocities increase up to 20 times compared to unheated 

conditions, although the travel distance decreases due to rapid evaporation reducing the surface 

tension differential. 

The PG-water mixture composition also influences droplet motion, with lower PG 

concentrations (20%-40%) resulting in faster droplet speeds due to a sharper concentration 

gradient across the droplet surface. 

When the substrate is heated and the PG concentration is 20%, chaotic motion and 

fragmentation of the water droplet occur, indicating that low PG content and high temperatures 

significantly increase the surface tension gradient, causing the droplet to split into smaller 

droplets. 

Adding a third droplet to a two-droplet system further reduced evaporation rates, increasing 

the threshold for isolated behavior from L/d>10 to 20. 

In partially equal spacing, increasing the distance of one droplet reduced its interaction with 

others, raising its evaporation rate. 

In unequal spacing, changes in the azimuthal angle (ϕ) dynamically influenced evaporation 

rates, with droplets achieving peak or minimal rates based on their relative positions. 
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6.2 Scope for research and future work 

The field of sessile droplet evaporation offers numerous opportunities for further research. 

Beyond advancing the understanding within the scientific community, the growing range of 

applications for this phenomenon highlights its potential to improve systems and support more 

efficient operations. The present study establishes a fundamental framework for experimentally 

and analytically understanding the evaporation process of sessile droplets. However, a list of 

potential future works and improvements is still required. This list of future works and 

enhancements is as follows: 

Expanding the proposed PSM model to account for the impact of liquid volatility on the 

evaporation rate of volatile liquids: 

In this study, the proposed diffusive PSM model in Objective-01 demonstrated excellent 

agreement with experimental results across various droplet volumes, ambient relative humidity 

levels, and surface wettability. However, the model showed significant discrepancies when 

applied to droplets of highly volatile liquids, such as 1-propanol and ethanol, with deviations 

reaching up to 62% compared to experimental results, as discussed in Section 2.4.3. 

Incorporating the effects of convection due to Stefan flow, which occurs during the evaporation 

of highly volatile liquids, could enhance the model's applicability to industrial processes. 

Nonetheless, care must be taken to avoid overcomplicating the model and compromising its key 

advantages of reduced complexity and computational efficiency. 

 

Using infrared temperature sensors to visualize the temperature distribution over the 

surface of the droplets: 
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In Objective-02 of the current study, the evaporation heat flux was determined by averaging 

the variation in droplet mass over the evaporation period. While this method effectively 

quantified the total heat absorbed by the droplets during evaporation, it did not provide any 

insight into the temperature distribution across the droplet surface. Understanding this 

temperature distribution is important, as it reveals the heat flux distribution across the droplet 

surface, particularly in the presence of neighboring droplets. This knowledge offers a deeper 

understanding of how droplets influence one another and the impact of the separation distance 

between them. So, infrared techniques could be used to characterize the evaporation process of 

sessile droplets on a heated substrate more accurately. 

Vapour induced motion of three droplets on a heated and an unheated substrate: 

In Objective-03 of the current study, it was demonstrated that the velocity of a water droplet 

can be precisely controlled by adjusting the substrate temperature and the PG concentration of 

the actuating droplet. However, in this study, the droplet's motion was restricted to a linear path 

along the centres of the two droplets, with no control over motion in other desired directions. 

Introducing a third droplet could enable more precise control by influencing both the velocity 

and direction of the droplet's motion. The presence of the third droplet would allow directional 

control through the resultant force generated by the interactions with the other two droplets. 

Consequently, incorporating a third droplet, combined with careful control of substrate 

temperature and the concentrations of all droplets, presents a promising study for achieving 

precise manipulation of droplet motion. 

 

Study the evaporation behaviour of an array of three droplets experimentally:  
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In Objective-04 of the current study, the PSM approach was utilized to predict the evaporation 

behaviour of an array of three droplets, analytically. These findings hold considerable importance for 

industrial applications that demand high levels of control and precision. They are also crucial for 

advancing research aimed at deepening scientific understanding of multi-droplet evaporation. However, 

it is important to note that these results are still in the preliminary stages and further experimental 

validation is required for future studies. 
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Appendix A 

Derivation of The Evaporation Time (te) of Two Droplets Under (CCA) 

Evaporation Mode 

For this derivation we start with Eq. (6) form the main text 

𝑚̇𝑠𝑦𝑠 =
1 −

𝑎
𝐿

1 −
𝑎2

𝐿2

× [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞) × 56.561𝜃−0.892] S - 1 

The volume of a spherical cap droplet (in terms of "a" and "θ") is 

𝑉 =   
𝜋(1 − 𝑐𝑜𝑠𝜃)(𝑐𝑜𝑠𝜃 + 2) 𝑎3

3 𝑠𝑖𝑛𝜃(1 + 𝑐𝑜𝑠𝜃)
 S - 2 

Recalling that 𝑚̇𝑠𝑦𝑠 = 𝜌𝐿 .
𝑑𝑉

𝑑𝑡
      and by taking the derivative of Eq. (S-2) with respect to time 

(the contact angle, θ, is constant during the evaporation process for CCA evaporation mode), one 

can find 

𝑚̇𝑠𝑦𝑠 = 𝜌𝐿   
𝜋(1 − 𝑐𝑜𝑠𝜃)(𝑐𝑜𝑠𝜃 + 2)

𝑠𝑖𝑛𝜃(1 + 𝑐𝑜𝑠𝜃)
 𝑎2  

𝑑𝑎

𝑑𝑡
 S - 3 

By equating Eq. (S - 1) and Eq. (S - 3) 

1 −
𝑎
𝐿

1 −
𝑎2

𝐿2

× [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞) × 56.561𝜃−0.892]

= 𝜌𝐿    
𝜋(1 − 𝑐𝑜𝑠𝜃)(𝑐𝑜𝑠𝜃 + 2)

𝑠𝑖𝑛𝜃(1 + 𝑐𝑜𝑠𝜃)
 𝑎2

𝑑𝑎

𝑑𝑡
 

S - 4 

Rearranging and simplifying Eq. (S - 4) 

𝑎. (𝑎 + 𝐿) 𝑑𝑎 =
−2𝐿𝐷

𝜌𝐿
 (𝐶𝑠 − 𝐶∞) 

1 + 𝑐𝑜𝑠𝜃

(2 + 𝑐𝑜𝑠𝜃)
 × 56.561𝜃−0.892 𝑑𝑡 S - 5 

Integrating Eq. (S - 5) with respect to a and t 
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𝑎3 − 𝑎0
3

3
−  

𝑎2 − 𝑎0
2

2
=

−2𝐿𝐷

𝜌𝐿
 (𝐶𝑆 − 𝐶∞ ) 

1 + 𝑐𝑜𝑠𝜃

2 + 𝑐𝑜𝑠𝜃
 × 56.561𝜃−0.892 𝑡𝑒 S - 6 

Where ao is the initial contact radius of the droplet. Also, the evaporation time te can be 

determined form Eq. (S - 6) by letting a=0.  

Appendix B 

Derivation of The Evaporation Time (te) of Two Droplets Under (CCR) 

Evaporation Mode 

The volume of a spherical cap droplet in terms of "a" and "h, the height of the droplet” is 

𝑉 =
𝜋ℎ

6
(3𝑎2 + ℎ2) S - 7 

by taking the derivative of Eq. (S - 7) with respect to time, knowing that the contact radius of 

the droplet, a, is constant during the evaporation process for CCR evaporation mode, one can 

find 

𝑑𝑉

𝑑𝑡
=

𝜋

2
(𝑎2 + ℎ2) 

𝑑ℎ

𝑑𝑡
 S - 8 

Also, the height of droplet can be obtained from Eq. (S - 9) 

h = a 
1 − 𝑐𝑜𝑠𝜃

𝑠𝑖𝑛𝜃
 S - 9 

Taking the derivative of Eq. (S - 9) with respect to time and simplifying 

𝑑ℎ

𝑑𝑡
=

𝑎

1 + 𝑐𝑜𝑠𝜃
 
𝑑𝜃

𝑑𝑡
 S - 10 

Substituting Eq. (S - 9), and Eq. (S - 10) into Eq. (S - 8), one has 
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𝑑𝑉

𝑑𝑡
=

𝜋

2
[𝑎2 + (a 

1 − 𝑐𝑜𝑠𝜃

𝑠𝑖𝑛𝜃
)

2

] [
𝑎

1 + 𝑐𝑜𝑠𝜃
 
𝑑𝜃

𝑑𝑡
] S - 11 

which simplifies to: 

𝑑𝑉

𝑑𝑡
=

𝜋 𝑎3

(1 + 𝑐𝑜𝑠𝜃)2
 
𝑑𝜃

𝑑𝑡
 S - 12 

By equating Eq. (S - 1) and Eq. (S - 12) multiplied by 𝜌𝐿 

1 −
𝑎
𝐿

1 −
𝑎2

𝐿2

× [−2𝜋 𝑎 𝐷 
𝑠𝑖𝑛𝜃

1 + 𝑐𝑜𝑠𝜃
 (𝐶𝑠 − 𝐶∞) × 56.561𝜃−0.892] = 𝜌𝐿   

𝜋. 𝑎3

(1 + 𝑐𝑜𝑠𝜃)2
 
𝑑𝜃

𝑑𝑡
 S - 13 

Rearranging of Eq. (S - 13) and by integration with respect to θ and t 

∫
𝜃0.892

56.561 𝑠𝑖𝑛𝜃 (1 + 𝑐𝑜𝑠𝜃)
 𝑑𝜃 =

−2𝐿𝐷(𝐶𝑆 − 𝐶∞ )

(𝑎 + 𝐿) 𝑎2 𝜌𝐿

𝜃𝑓

𝜃0

  𝑡𝑒 S - 14 

Appendix C 

Finite Difference Method 

For a purely diffusive isothermal quasi-steady-state evaporation process the diffusion equation 

simplifies to the Laplace equation 

∇2𝐶 = 0 S - 15 

Eq. (S - 15) is usually solved using the following boundary conditions: 

Saturated vapour concentration at the droplets surface (C=Csat at r = R). 

The vapour concentration reaching a uniform ambient value far from the droplets                             (C→C∞ 

as 𝑟 → ∞). 

No mass flux normal perpendicular to the substrate ( 𝜕𝐶
𝜕𝑍⁄ |

𝑍=0
= 0) 
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When the droplet is considered as a point mass source, the governing Laplace equation Eq. (S 

- 15), becomes the Poisson equation (S - 16) 

∇2𝐶 = 𝑓(𝑟) S - 16 

where 𝑓(𝑟) is the source term (the mass per unit volume that is exchanged between the source 

and system). The source term, 𝑓(𝑟), is a function representing the density of the vapour 

concentration field sources, and for a single isolated point source located at 𝑟𝑗 , is given by Eq. (S 

- 17), where q is the strength of the source and the Dirac delta function (δ) models the density of 

an idealised point mass.  

𝑓(𝑟) =  q δ(𝑟 − 𝑟𝑗) S - 17 

Therefore, the governing equation for the model is obtained by substituting Eq. (S - 17) into 

Eq. (S - 16) 

∇2𝐶 =  q δ(𝑟 − 𝑟𝑗) S - 18 

Castillo et al. [1], provided an expression to determine from Eq. (S - 19) for any contact angle. 

q =  
𝑚̇𝑖𝑠𝑜

𝜋 𝐷 𝑓(𝜃)
  S - 19 

Eq. (S - 17) is solved using the Finite Difference Method (FDM) in a two main steps. 

Step 1: Discretising the domain and defining the mesh grid: 

The system is solved in a two-dimensional rectangular grid (b x d). The grid is created using 

cartesian coordinates (x, z) using the following formulas. 

𝑥𝑖 = 𝑖ℎ𝑥 ,                      𝑓𝑜𝑟 𝑖 = 0,1,2, … , 𝑀 S - 20 

𝑧𝑘 = 𝑘ℎ𝑥,                    𝑓𝑜𝑟 𝑘 = 0,1,2, … , 𝑁 S - 21 
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Also, the distance between grids can be determined by using the following formulas: 

ℎ𝑥 =
𝑏

𝑀
 S - 22 

ℎ𝑧 =
𝑑

𝑁
 S - 23 

For our study we assume we have uniform gids with equal spacing in both direction at which 

ℎ𝑥 = ℎ𝑧 

Step 2: Discretising the equations: 

The governing Poisson Eq. (S - 16) can be written as 

𝜕2𝐶(𝑖, 𝑘)

𝜕𝑥2
+

𝜕2𝐶(𝑖, 𝑘)

𝜕𝑧2
= 𝑓 S - 24 

The Taylor series expansion of the second order derivatives are: 

𝜕2𝐶(𝑖, 𝑘)

𝜕𝑥2
=

𝐶(𝑖 − 1, 𝑘) − 2𝐶(𝑖, 𝑘) + 𝐶(𝑖 + 1, 𝑘)

ℎ2
 S - 25 

𝜕2𝐶(𝑖, 𝑘)

𝜕𝑧2
=

𝐶(𝑖, 𝑘 − 1) − 2𝐶(𝑖, 𝑘) + 𝐶(𝑖, 𝑘 + 1)

ℎ2
 S - 26 

Using Eq. (S - 25) and Eq. (S - 26) in Equation (S - 24): 

𝐶(𝑖 − 1, 𝑘) − 2𝐶(𝑖, 𝑘) + 𝐶(𝑖 + 1, 𝑘)

ℎ2
+

𝐶(𝑖, 𝑘 − 1) − 2𝐶(𝑖, 𝑘) + 𝐶(𝑖, 𝑘 + 1)

ℎ2
= 𝑓𝑖,𝑘 S - 27 

Rearranging Eq. (S - 27), one can get 

𝐶(𝑖, 𝑘) =
𝐶(𝑖 − 1, 𝑘) + 𝐶(𝑖, 𝑘 − 1) + 𝐶(𝑖, 𝑘 − 1) + 𝐶(𝑖, 𝑘 + 1) − ℎ2. 𝑓𝑖,𝑘

4
 S - 28 

Eq. (S - 28) is solved by using MATLAB R2021a to obtain the vapour concentration 

distribution around the droplets. the Dirac delta function δ, is approximated as 
1

ℎ2
  . 
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