
 

 

 

 

 

Modelling and Experimental Validation of the 

Evaporation and Crystallisation of Saline 

Droplets with and without Mucin  
 

Benjamin Laurent Thomas Mignot 

 

 

Submitted in accordance with the requirements for the degree of Doctor of Philosophy 

 

 

The University of Leeds 

School of Chemical and Process Engineering 

 

February 2026  



ii  
 

Intellectual Property and Publication Statements 

I confirm that the work submitted is my own, except where work which has formed part of jointly authored 

publications has been included. My contribution and the other authors to this work has been explicitly indicated 

below. I confirm that appropriate credit has been given within the thesis where reference has been made to the 

work of others. 

CHAPTER 4 of this thesis has been prepared based on a paper published in the Taylor and Francis journal 

Aerosol Science and Technology (Mignot et al., 2024): 

¶ Mignot, B., Mahmud, T., Heggs, P. J., & Ghadiri, M. (2024). A distributed parameter model for the 

solvent evaporation from a saline droplet including internal solute diffusion and heat conduction. 

Aerosol Science and Technology, 58(8), 942ï956. https://doi.org/10.1080/02786826.2024.2358813. 

I am the primary author of this paper, and the other authors were part of the supervisory team. In this paper, I 

was responsible for the development of the mathematical evaporation model, programming in MATLAB, 

analysis, post-processing and plotting of the results, as well as writing the manuscript. The contributions of the 

co-authors were of a supervisory nature and included review of the manuscript. 

CRediT authorship contribution statement: Benjamin Mignot : Writing ï review & editing, Writing ï original 

draft, Visualization, Methodology, Investigation, Formal analysis, Conceptualization. Tariq Mahmud : Writing 

ï review & editing, Supervision, Conceptualization. Peter J. Heggs: Writing ï review & editing, Supervision, 

Conceptualization. Mojtaba Ghadiri : Writing ï review & editing, Supervision, Conceptualization. 

CHAPTER 5 of this thesis has been prepared based on a paper published into the Elsevier journal Chemical 

Engineering Science (Mignot et al., 2026): 

¶ Mignot, B., Mahmud, T., Heggs, P. J., Ghadiri, M., & Roberts, K. J. (2026). Modelling and experimental 

validation of the evaporation and crystallisation of a saline droplet. Chemical Engineering Science, 322, 

123114. https://doi.org/10.1016/j.ces.2025.123114. 



iii  
 

I am the primary author of this paper, and the other authors were part of the supervisory team. In this paper, I 

was responsible for the development of the mathematical evaporation and crystallisation model, programming 

in MATLAB, analysis, post-processing and plotting of the results, as well as generating the experimental data 

to compare with the modelling results and writing the manuscript. The contributions of the co-authors were of 

a supervisory nature and included review of the manuscript. 

CRediT authorship contribution statement: Benjamin Mignot : Writing ï review & editing, Writing ï original 

draft, Visualization, Methodology, Investigation, Formal analysis, Conceptualization. Tariq Mahmud : Writing 

ï review & editing, Supervision, Conceptualization. Peter J. Heggs: Writing ï review & editing, Supervision, 

Conceptualization. Mojtaba Ghadiri : Writing ï review & editing, Supervision, Conceptualization. Kevin J. 

Roberts: Writing ï review & editing, Supervision, Conceptualization. 

CHAPTER 7 of this thesis has been prepared as a paper and published into the Respiratory Drug Delivery 

journal (Mignot et al., 2025): 

¶ Mignot, B., Mahmud, T., Heggs, P. J., Ghadiri, M., Roberts, K. J., Houlden, J. L., & Ganley, W. J. 

(2025). Influence of Viscosity and Surface Tension on Droplet Size Distribution and Plume 

Characteristics of the Respimat® Soft Mist Inhaler. Respiratory Drug Delivery, 2, 277ï280. 

I am the primary author of this paper. J. Houlden and W. Ganley were employees at Nanopharm. The other 

authors were part of the supervisory team. In this paper, I was responsible for the preparation of samples, setting 

up and running the experiments, and analysing and plotting the data, as well as writing the manuscript. J. 

Houlden was involved in my training on the instruments. The contributions of the other authors were of a 

supervisory nature. 

 

This copy has been supplied on the understanding that it is copyright material and that no quotation from the 

thesis may be published without proper acknowledgement. The right of Benjamin Laurent Thomas Mignot to 

be identified as Author of this work has been asserted by himself in accordance with the Copyright, Designs 

and Patents Act 1988.  



iv 
 

ACKNOWLE DGEMENT S 

The first person I would like to acknowledge is my partner, Kasia. She has supported me throughout my PhD, 

including during the most challenging moments. Her encouragement and belief in me have been a constant 

source of motivation, and I am deeply grateful for everything she has done. 

I would not have been able to undertake this PhD without the EPSRC Centre for Doctoral Training in Aerosol 

Science (the Aerosol CDT). My journey with the Aerosol CDT began with the training year at the University 

of Bristol, which provided an excellent introduction to aerosol science and the opportunity to meet current and 

future researchers in the field. The CDT also organised annual conferences, which not only offered a platform 

for students to share their work, but also brought together industrial partners and leading researchers for 

discussion and collaboration. I would like to thank everyone at the CDT for their help and support, in particular 

Kate Loutit, Yaelle Hartley, Dr Rachael Miles, and Prof Jonathan Reid. 

The supervisory team for this research project, consisting of Dr Tariq Mahmud, Prof Peter Heggs, Prof Mojtaba 

Ghadiri and Prof Kevin Roberts, was able to provide guidance on my project with a variety of different expertise. 

By pinpointing the areas of my work which lacked depth, they were able to make sure that the research was 

kept at a high standard. I would particularly like to thank Prof Mojtaba Ghadiri for including me in his research 

group specialised in powder technology. Through the group, I had the chance to attend conferences and 

workshops, as well as informal events to maintain a group cohesion. 

I would also like to thank the following people for their help during my PhD: Dr Dan Hardy (University of 

Bristol) for his guidance on modelling the evaporation of droplets, Dr Jianghan Tian (University of Bristol) for 

her training on the electrodynamic balance, Robin Winder (University of Leeds) for allowing me to use his 

acoustic levitator setup and for helping me to build my own, and Dr Tom Turner (University of Leeds) for his 

assistance with the Flow-Xl system. 

Finally, I am grateful to Nanopharm for offering me a placement and for providing access to their equipment 

and facilities. In particular, I would like to thank Dr Will Ganley for organising and supervising my placement, 

Josh Houlden for training me on the equipment, and Gonçalo Farias (Aptar) for designing a holder for the 

inhaler device used in this work. 



v 
 

ABSTRACT 

The study of respiratory droplet evaporation and dispersion has become increasingly important with the 

spread of respiratory diseases such as COVID-19. As they evaporate, respiratory droplets, composed of 

salts, proteins and surfactants, shrink into droplet nuclei that can remain suspended in the air for extended 

periods. The research aims to develop first-principle mathematical models to predict the evaporation, solid 

formation and dispersion of respiratory-like droplets, using saline and mucin solutions as surrogates. 

A distributed parameter model describing the internal solute diffusion and heat conduction within an 

evaporating saline droplet is mathematically formulated and solved using the finite volume method (FVM). 

To account for the receding boundary of the drying droplet, a normalisation of time and spatial coordinates 

is introduced. The population balance equation (PBE) is then incorporated into the FVM to predict the 

crystal size distribution (CSD) of saline droplets at the onset of crust formation. Different approaches to 

solving the PBE are examined, including complete discretisation of the PBE and the methods of moments 

(MoM), which reduces the number of equations to be solved. The impact of crystal diffusion on the 

predicted CSD at crust formation is also evaluated. 

Mucin, a protein present in respiratory droplets, is added to both water and saline droplets and their 

evaporation is studied using electrodynamic levitation. This technique allows the study of hygroscopicity 

of water-mucin and saline-mucin droplets thus providing a parameterisation of the water activity of these 

multicomponent droplets. This saline-mucin evaporation model is then implemented in computational fluid 

dynamics simulations of sprayed droplets through user-defined functions. Predictions of droplet size and 

velocity are compared with phase Doppler anemometry measurements of droplets generated by a 

commercially available soft mist inhaler (SMI). Additionally, the performance of this SMI is assessed 

experimentally by examining the influence of viscosity and surface tension on droplet size, velocity and 

plume characteristics. 

The study validated the saline droplet evaporation model including internal temperature and concentration 

gradients against published experimental data at ambient temperature and relative humidity (RH). While 

the concentration profiles showed a surface enrichment of the solute, particularly at low RH, the temperature 



vi 
 

remained uniform in the cases considered. When incorporating the PBE into the FVM, extensive sensitivity 

analyses on mesh size and model input parameters were carried out to ensure numerical accuracy. 

Predictions including PBE were compared with measurements obtained from a saline droplet in an acoustic 

levitator and scanning electron microscopy images of the dried residue to estimate the number of crystals 

formed. Furthermore, the water-mucin evaporation model was used to infer the droplet glass transition 

temperature, and the saline-mucin droplet model evaluated the salt supersaturation reached at the end of 

evaporation. CFD simulations using the saline-mucin evaporation model showed good agreement with 

experimental measurements, particularly for droplet velocity. SMI experiments revealed that viscosity plays 

an important role in the resulting droplet sizes and velocities, whereas surface tension showed no effect. 

Overall, this work provides a mathematically rigorous and validated modelling framework for predicting 

the evaporation and crystallisation of saline droplets. Extending the evaporation model to saline-mucin 

droplets and incorporating it into CFD offers key insights into the behaviour of respiratory-like droplets 

after being released into the atmosphere. Experimental results on the SMI could allow fine-tuning of the 

size and velocity of droplets emitted by the SMI for desired applications such as matching the size and 

velocity of droplets emitted during expiratory activities or optimising pharmaceutical sprays. 
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CHAPTER 1 INTRODUCTION  

1.1 Context of Research 

The COVID-19 pandemic has sparked a lot of interest in understanding the mechanisms of respiratory disease 

transmission. Respiratory viruses such as SARS CoV 2 or influenza can spread through several distinct 

pathways. The first is the droplet route, in which large respiratory droplets (>100 Õm) expelled by an infected 

individual make direct contact with a susceptible personôs mucosae (mouth and nose) or conjunctiva (eyes). 

The second pathway is contact transmission, which may occur either through direct physical contact (e.g., 

handshakes) or indirectly via contaminated surfaces, known as fomites. The third pathway is airborne 

transmission, where the droplet nuclei, the solid residues from exhaled droplets after evaporation, disperse in 

the air and are subsequently inhaled by a susceptible individual. 

Amongst the three primary routes, airborne transmission has emerged as the predominant mode for the spread 

of SARS-CoV-2 (Anderson et al., 2020; Asadi et al., 2020; Morawska and Cao, 2020), although this was not 

the consensus at the beginning of the COVID-19 pandemic. In this mode of transmission, the initial droplet size 

is the determining factor affecting dispersion, deposition and survival of the virus within the droplet. According 

to the Wells evaporation curve (Wells, 1934) or its revised version (Xie et al., 2007), large droplets (>100 µm) 

settle rapidly onto surfaces, while smaller droplets (0.1-10 µm) fully evaporate before hitting the ground and 

can remain in the air for extended periods. Droplets smaller than 5 µm are produced in high concentration during 

breathing, talking or coughing (Morawska et al., 2009), a particle size which tends to show high deposition in 

the respiratory tract (Larson and Liverman, 2011). A schematic representation of the airborne transmission 

routes is provided in Figure 1.1. 

Once exhaled into the atmosphere, respiratory droplets undergo heat and mass transfer with the surrounding air 

and shrink to droplet nuclei, the solid residues that contains the viral cluster. These droplet nuclei are carried by 

ambient airflows and cause the airborne transmission. The formation of solid residue following the evaporation 

of respiratory droplets plays a significant role in the dispersion of aerosols and subsequent disease transmission, 

and is greatly affected by the presence of solutes such as salts, proteins, surfactants or pathogens within the 

droplet (Vejerano and Marr, 2018). Accurate predictions of respiratory droplets evaporation and solid formation 
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could help understand how these droplets dry and flow with air currents. However, the complex composition of 

respiratory droplets makes it challenging to predict their evaporation rate and the characteristics of the resulting 

solid residues. Research in this field could improve our comprehension of the airborne transmission of 

respiratory diseases such as COVID-19. 

 

Figure 1.1: Schematic of the airborne transmission of respiratory diseases (Wang et al., 2021). 

Beyond the context of respiratory disease transmission, a fundamental understanding of droplet evaporation and 

solid formation is relevant to a wide range of applications, including spray drying and the behaviour of 

atmospheric or marine aerosols. Spray drying is a widely used industrial process for converting liquid feeds into 

dry powders, with applications, for example, in food processing, pharmaceuticals and ceramics. In this process, 

a liquid/slurry solution or suspension is atomised into fine droplets and exposed to a hot gas stream, usually air, 

resulting in intense heat and mass transfer to these droplets. As the solvent evaporates, temperature and 

concentration gradients develop within the droplet, leading to a surface enrichment of the solutes. These droplets 

eventually form solid particles whose size, morphology, porosity or crystallinity influence the performance of 

the final product. 

Atmospheric or marine aerosols, in contrast, often consist of liquid droplets suspended in air, formed through 

natural or anthropogenic processes such as sea spray, combustion or gas-to-particle conversion. Evaporation 

and subsequent solidification of these droplets affect aerosol size distribution, optical properties or ability to act 
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as cloud condensation or ice nuclei. Despite the differences in scale and purpose, both spray drying systems and 

atmospheric aerosols are governed by similar droplet-scale processes, in which solvent evaporation drives 

changes in composition, solid phase state (e.g. amorphous/crystalline) and internal structure of the particles. A 

detailed description of droplet evaporation and solid formation is therefore essential both for optimising 

engineered processes and for understanding aerosol behaviour relevant to climate, air quality and human health. 

The literature review conducted in CHAPTER 2 revealed that most studies that modelled the evaporation of 

respiratory droplets use saline solutions as surrogates for respiratory fluid. However, a few considered internal 

concentration and temperature gradients during evaporation. These works mainly focused on macroscopic 

outcomes such as the drying time or final residue size, with little attention paid to the structure of the dried 

residue. Population balance modelling (PBM) has been applied in some studies to predict crystal nucleation and 

growth in evaporating droplets, but numerical accuracy is not consistently demonstrated. In studies considering 

more complex, respiratory-like formulations, the individual contributions of droplet constituents to evaporation 

rates and residue formation are often not systematically assessed. Finally, while many CFD investigations 

examine the dispersion of respiratory aerosols, they frequently rely on simplified evaporation models, and 

droplet size/velocity inputs and validation datasets are often drawn from different sources, limiting the 

consistency and interpretability of model validation. 

1.2 Research Questions and Objectives 

This research aims to advance the understanding of droplet evaporation and solid formation through the 

development of first-principles based mathematical models validated against experimental data collected at 

ambient temperature and RH. The modelling of the evaporation, evolution of internal gradients of solute 

concentration and temperature, and solid formation of respiratory droplets is carried out in multiple steps. 

Respiratory droplets are composed of water, salts, proteins and surfactants, with each component added 

progressively to the model to describe surrogates for respiratory droplets. The main research questions that this 

thesis aims to answer are: 

¶ How can the evaporation, internal concentration and temperature gradients and solid formation of 

solute-containing droplets be predicted? 



4 
 

¶ How does the composition of respiratory droplets affect the evaporation and solid formation? 

¶ How do surrogate respiratory droplets disperse when sprayed into the atmosphere? 

To address the research questions, the following objectives are proposed: 

1. Single droplet evaporation model: Develop first principles models to predict single droplet 

evaporation, including internal temperature and solute concentration gradients, based on mathematical 

descriptions of heat and mass transfer at the dropletïair interface and within the droplet. Incorporate 

non linear solution effects to accurately predict evaporation rates, solute surface enrichment and 

temperature distributions as functions of ambient air temperature and relative humidity, and air velocity. 

2. Prediction of solid formation: Apply population balance modelling (PBM) to predict crystal 

nucleation, growth and the resulting crystalline structure at the end of the evaporation of a salt solution 

(saline) droplet. 

3. Extend evaporation model to multicomponent droplets: Add mucin, a protein present in respiratory 

droplets, into the evaporation model. When evaporating, the droplets containing organic material may 

undergo phase transition and higher supersaturation than salt solution droplets. 

4. Measurement of single droplet evaporation: Experimental investigation of single droplet evaporation 

and solid formation using contactless techniques such as acoustic and electrodynamic levitation. The 

measured evaporation rates and evolution of microstructure of single droplets, combined with published 

literature data are used to validate the developed models. The experimental data can also provide inputs 

for the modelling such as the hygroscopicity of mucin-containing droplets or information on the crystal 

size distribution of the dried particle residue. 

5. CFD modelling of aerosol dispersion: Develop an Eulerian-Lagrangian multiphase CFD model 

incorporating the evaporation model to simulate expiratory events such as coughing and sneezing. The 

CFD model is validated and refined using corresponding experimental data. 

6. Characterisation of droplet spray: Atomise fluids with compositions consistent with those used in 

the evaporation modelling to replicate droplets produced during expiratory activities. Measure droplet 

sizes and velocities downstream of the spray generation device to provide reliable data both for the 

initial conditions and allow comparison with CFD model predictions. Additionally, the 
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physico chemical properties of the atomised fluids are examined to determine their influence on spray 

characteristics. 

1.3 Thesis Structure 

The description of the chapters in this thesis is as follows: 

1. Chapter 1 introduces the thesis and situates the research within the broader field of droplet evaporation. 

The research objectives are defined, and an overview of the thesis organisation is provided. 

2. Chapter 2 presents the theoretical background of this work, focusing on the fundamentals of droplet 

evaporation modelling and its application to respiratory droplets. This chapter reviews existing models 

of evaporation and solid formation, experimental techniques for single droplet measurements and CFD 

studies investigating the dispersion of respiratory droplets. 

3. Chapter 3 describes the methodology of the work carried out for this thesis. This includes the governing 

equations used in the evaporation and crystallisation models, the CFD formulation for sprayed droplets 

and the experimental techniques for single levitated droplets and spray characterisation. 

4. Chapter 4 presents evaporation models for water and NaCl droplets, which are validated against 

published experimental data. For NaCl droplets, the model predicts the temporal evolution of 

temperature and concentration gradients within the droplet during evaporation. 

5. Chapter 5 extends the NaCl droplet model by incorporating PBM to predict the crystal size distribution 

at the onset of crust formation. A comparative study of evaporation measurements obtained using 

acoustic and electrodynamic levitation is conducted to assess the influence of acoustic streaming on 

evaporation rates. X-ray diffraction measurements on an acoustically levitating droplet are used to 

determine the concentration at which crystallisation begins. Model predictions are validated using 

evaporation experiments on saline droplets in an acoustic levitator. In addition, scanning electron 

microscopy images of the dried residues provide insight into the number and size of crystals formed 

after evaporation to be used for comparison with the predictions. 

6. Chapter 6 investigates the effect of mucin inclusion on the evaporation behaviour of both water and 

saline droplets, building upon the models developed and validated in Chapter 4. Electrodynamic 

levitation measurements of waterïmucin and salineïmucin droplets at varying ambient humidities are 
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subsequently used to validate the models. The evaporation model for saline-mucin droplets is then 

incorporated into CFD simulations of sprayed droplets and compared with phase Doppler anemometry 

measurements of droplet size and velocity. 

7. Chapter 7 examines the influence of viscosity and surface tension on the performance of an inhaler 

device, with direct relevance to the pharmaceutical industry. This work was conducted during a 

placement at Nanopharm and provides insight into how droplet size and velocity in sprays may be 

controlled for specific applications, including simulating expiratory respiratory activities. 

8. Chapter 8 concludes the thesis by summarising the main findings, discussing the challenges 

encountered during the research and outlining directions for future work. 

A schematic route map of the research carried out, including the interactions between each phase of the work, 

is presented in Figure 1.2. 

 

Figure 1.2: Schematic route map of the thesis. 
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CHAPTER 2 BACKGROUND AND LITERATURE REVIEW  

This chapter provides the theoretical background and literature review underpinning the work presented in this 

thesis. It first presents the fundamental physical principles governing droplet evaporation and the characteristics 

of expiratory activities, including droplet generation, size/velocity distributions and fate in air (Section 2.1). It 

then reviews existing modelling approaches for respiratory-like droplet evaporation and solid formation, 

highlighting certain limitations from these studies (Section 2.2). Next, it summarises experimental methods used 

to study single droplet drying, particularly electrodynamic and acoustic levitation, and discusses how 

composition (e.g., salts and proteins) influences droplet evaporation rates and residue morphology (Section 2.3). 

Finally, it reviews computational fluid dynamics (CFD) studies of airborne disease transmission, contrasting 

simplified and multiphase approaches and outlining current gaps in coupling respiratory droplet evaporation 

models with dispersion simulations (Section 2.4), thus bridging the research objectives introduced in CHAPTER 

1 with the methodological framework detailed in CHAPTER 3. 

2.1 Fundamentals of Droplet Evaporation and Expiratory Activities  

2.1.1 Evaporative Flux 

In this section, a single homogeneous water droplet levitating in the air at ambient temperature and humidity, 

i.e. not in contact with any surface, is considered first. The droplet evaporation corresponds to a phase change 

in which liquid water within the droplet transitions to water vapour in the surrounding gas (air). At the molecular 

level, this process involves the escape of water molecules from the liquid phase into the gas phase at the droplet 

surface. The water vapour produced at the interface then diffuses into the ambient air, preventing local saturation 

near the interface, thereby allowing additional liquid molecules to evaporate. In this thesis, only the diffusive 

transport of water vapour is considered; the convective transport of vapour away from the droplet surface, 

known as Stefan flow, is neglected, as it only concerns rapidly evaporating droplets (Seinfeld & Pandis, 2016). 

Evaporation continues as long as the vapour in the gas phase remains undersaturated, corresponding to a relative 

humidity (RH) below 100%. A schematic representation of the droplet evaporation process is shown in Figure 

2.1. 
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Figure 2.1: A schematic illustration  of the evaporation of a levitating water droplet into the air. 

2.1.2 D2-Law of Evaporation 

The first theoretical description of a spherical droplet evaporating into an inert gas was developed by Maxwell 

(1877), who formulated the problem using an analogy with electrostatics. This work was later complemented 

by Langmuir (1918), who used an analogy with heat conduction. Stefan (1881) demonstrated that strong 

evaporation induces a gas phase flow directed away from the droplet surface, referred to as the Stefan flow, due 

to the surrounding water vapour being displaced by the continuous flux of vapour emerging from the interface. 

This flow arises when the evaporation rate is high enough to generate bulk motion of air surrounding the droplet 

and adds a new term to the total mass flux at the droplet surface. These equations were summarised and 

developed in a textbook by Fuchs (1959). 

On a macroscopic scale, evaporation is described as a mass flux crossing the liquidïvapour interface, which can 

be modelled by the diffusion of molecules at the interface. Using Fickôs law, the evaporative mass flux, denoted 

by Ὦ, at any point on the interface is given by: 

Ὦ Ὀὓ Ãɳ×ᴆẗὲᴆ 
(2.1) 
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In Equation (2.1), Ὀ  is the diffusion coefficient of water vapour in the air, ὓ  is the molar mass of water, ὧ 

is the molar concentration and ὲᴆ the normal vector. The total evaporation rate is obtained by integrating the 

local mass flux Ὦ over the droplet surface area ὃ : 

Äά

Äὸ
ὮÄ3 (2.2) 

 

For a spherical droplet of radius ὶ, Equation (2.2) reduces to: 

Äά
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(2.3) 

 

Because the evaporative flux does not depend on the radial position ὶ in spherical coordinates, assuming 

spherical symmetry at the droplet surface, Equation (2.3) can be integrated from ὶ ὶ to ὶ Њ: 

Äά

Äὸ
τʌὶὈὓ ὧȟ ὧȟ  

(2.4) 

 

where ὧȟ and ὧȟ are the molar concentration of water vapour in the ambient air and at droplet surface. The 

evaporative flux can also be expressed in terms of the rate of change of droplet radius: 

Äά

Äὸ
τ“”ὶ

Äὶ

Äὸ
 

(2.5) 

 

Assuming a constant droplet temperature, Equations (2.4) and (2.5) can be combined and integrated in time to 

obtain: 

ὶ ὶ
ςὈὓ

”
ὧȟ ὧȟ ὸ 

(2.6) 

 

Equation (2.6) is known as the Ὠ-law of evaporation. It shows that the square of the droplet radius decreases 

linearly with time. Equivalently, the droplet surface area evolves linearly during evaporation. 
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2.1.3 Drying Stages for a Droplet Containing Dissolved Salts 

The drying and crystallisation of droplets containing dissolved salts is more complex than a pure water droplet 

and is discussed in great detail in Section 3.1.5 of CHAPTER 3. The process involves multiple stages, as 

illustrated in Figure 2.2: surface evaporation at the wet bulb temperature, crystal nucleation and growth near the 

droplet surface and eventually aggregation of crystals until reaching crust formation. The crust, or shell, 

formation entails the development of a porous solid outer layer, with the "locking point" marking the stage at 

which this shell becomes rigid and prevents further shrinking of the droplet. The final shape and inner structure 

of the particles are significantly influenced by the drying conditions. For instance, depending on the evaporation 

rate and Peclet number (defined as the ratio of the evaporation rate of the solvent to the diffusion rate of the 

solute), the final particle produced by a solute-solvent system may range from an amorphous or crystalline state 

to a hollow sphere or doughnut shape (Nandiyanto and Okuyama, 2011). 

 

Figure 2.2: A schematic representation of the drying stages of a crystallising droplet. 

In the context of levitating droplets (contact-free), crystal nucleation can be classified into primary (occurring 

in a system without pre-existing crystals) and secondary (induced by the presence of existing crystals). 

Furthermore, primary nucleation can be homogeneous (occurring spontaneously in the bulk liquid) or 

heterogeneous (induced by foreign surfaces or impurities). For levitating droplets free of foreign surfaces, 

nucleation may occur within the bulk near the droplet surface where the solute concentration is the highest, 

through primary homogeneous nucleation, or at the interface between the liquid droplet and the surrounding air. 

Following nucleation, crystals grow by deposition of solute from the supersaturated liquid onto the surfaces of 

stable nuclei. Crystal growth is driven by supersaturation and is commonly described as a two step sequence 

comprising mass transfer of solute to the crystalïliquid interface and subsequent surface integration into the 

lattice; depending on conditions, either step may be rate limiting (Mullin, 2001). 
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2.1.4 Deliquescence and Efflorescence RH of NaCl Droplets 

The equilibrium liquid water content of a levitating saline particle or droplet depends not only on the ambient 

relative humidity (RH) but also on the phase history of the particle, i.e. whether it approaches a given RH from 

a dry crystalline state or from a wet solution droplet state. At low RH, NaCl particles are typically solid. As RH 

increases, the particle remains solid until the RH reaches a specific threshold, at which point it undergoes a 

phase transition by spontaneously absorbing water and forming a saturated aqueous solution droplet. This 

threshold is the deliquescence RH (DRH), which for NaCl at room temperature is around 75% RH (Seinfeld & 

Pandis, 2016). Above the DRH, further increase in the RH leads to additional water uptake and continuous 

growth of the solution droplet to maintain thermodynamic equilibrium with the surrounding air. During 

dehumidification, water evaporates from the solution droplet, but the reverse phase change does not usually 

occur at the DRH. Instead, the droplet can persist as a metastable, supersaturated solution because crystallisation 

requires nucleation. Consequently, crystallisation is delayed until a lower threshold RH is reached, called the 

efflorescence RH (ERH), which for NaCl is observed around 43% RH (Seinfeld & Pandis, 2016). This 

difference between the DRH and the ERH gives rise to humidity hysteresis and is illustrated in Figure 2.3, where 

the growth factor is plotted as a function of the RH, for both the humidification and dehumidification cases. The 

growth factor is defined by: 

ὋὊὙὌ
Ὠ×ÅÔὙὌ

ὨÄÒÙ
 (2.7) 

 

where Ὠ  is the diameter of the droplet at equilibrium at the current RH and Ὠ  the diameter at RH = 0%. 

Both DRH and ERH can depend on temperature and particle size, and ERH is especially sensitive to impurities. 
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Figure 2.3: Growth factor of NaCl particles or droplets as a function of RH (Pinterich et al., 2017). 

2.1.5 Respiratory Droplet Generation and Fate 

Respiratory droplets are generated in the human respiratory tract by wind shear forces: the high-speed air stream 

through narrow passages over the surface of a liquid creates droplets by atomisation. Depending on the type of 

expiratory activity, such as breathing, talking, coughing or sneezing, these droplets can originate either from the 

bronchioles, larynx or the mouth, with each site producing droplets of distinct size distributions (Morawska and 

Buonanno, 2021). These regions of the respiratory tract are characterised by high humidity, with RH levels 

close to 100% (Morawska et al., 2009). 

These droplets have a more complex composition than a simple aqueous salt solution. While specific 

proportions vary across individuals, these droplets typically consist predominantly of water (>99.5% w/w), 

inorganic salts such as NaCl or KCl (~0.86% w/w), and various organic constituents, including proteins (mucin), 

lipids (surfactant) and pathogens (e.g. SARS-CoV-2, bacteria) (Vejerano and Marr, 2018). The rate of 
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evaporation and size of the residue depend on environmental factors such as temperature, RH and air velocity. 

At low RH, the droplet dries completely and forms a solid residue formed by the salt crystallisation and skin 

formation of the organic compounds, called droplet nucleus. At higher RH, however, the droplet remains in a 

liquid state. A schematic representation of this process is provided in Figure 2.4. The RH cut-off between the 

liquid droplet and solid particle formation was found to be around 40 to 45% for respiratory-like droplets 

(Walker et al., 2021). 

 

Figure 2.4: Drying process of a respiratory droplet (Boģiļ and Kanduļ, 2021). 

Previous studies have estimated the ratio of the droplet nucleus diameter to the initial droplet diameter, with 

reported values of approximately 0.5 (Nicas et al., 2005) to 0.3 (Mao et al., 2020). However, these may depend 

on ambient conditions such as temperature and RH. These droplet nuclei containing the viral cluster are 

therefore very small, typically in the micrometre range, and can travel far with any air current. The high velocity 

jets generated during coughing or sneezing further enhance their dispersion: coughing can reach velocities of 

around 10 m/s (Gupta et al., 2009), while sneezing velocities may approach 100 m/s (Wells, 1955). Once 

airborne, any source of air current, such as natural convection (e.g. heating), human movement, or natural or 

mechanical ventilation, can substantially influence the transport of these solid residues. 
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2.1.6 Velocity and Size Distribution of Exhaled Droplets 

Humans continuously generate respiratory aerosols through various expiratory activities, including breathing, 

talking, coughing and sneezing. During normal breathing, the expelled air has a relatively low velocity, typically 

around 1-1.5 m/s (Tang et al., 2013), and carries respiratory droplets, small liquid particles originating from the 

airway lining and generally smaller than those produced during more forceful activities. Talking involves the 

vibration of the vocal cords, leading to the release of air and the formation of aerosols in the micrometre range 

(0.5-20 µm), with  voice loudness strongly increasing the emission rate (Asadi et al., 2019). 

Coughing and sneezing are more forceful expiratory activities than breathing or talking. Coughing produces a 

burst of air from the lungs, whereas sneezing involves a reflex response triggered by irritation in the nasal 

passages. Both actions propel respiratory droplets and potentially infectious particles at higher velocities (10-

100 m/s) compared to breathing or talking. A study on airflow emitted during these expiratory activities has 

shown that the peak flow rate for breathing is 0.7 L/s, talking 1.6 L/s and coughing 6 L/s (Gupta et al., 2010). 

It is important to note that the velocity of droplets and air, and size of droplets, emitted during these activities 

can vary among individuals, depending on factors such as lung capacity, respiratory health, and the presence of 

respiratory infections. 

As mentioned in Section 1.1, the size of exhaled droplets plays a critical role in the transmission of airborne 

diseases. Early studies have suggested that exhaled droplets were in the micrometre range, with the majority 

falling between 4 to 8 µm (Wells, 1934; Duguid, 1945, 1946; Loudon and Roberts, 1967). However, these 

studies used collection media such as glass or filters exposed in front of the mouth, followed by microscopic 

analysis. Consequently, smaller droplets that evaporate quickly and have low inertia were not taken into account 

using these techniques. Later studies using optical counters have found that exhaled droplets can be in the 

submicron size range, between 0.3 and 10 µm (Papineni and Rosenthal, 1997; Yang et al., 2007). Still, these 

studies presented potential flaws such as not measuring the droplets directly at the mouth or nose exit, allowing 

droplets to evaporate fully or partially before being measured, underestimating the size of exhaled droplets. 

Such issues were resolved by interferometric Mie imaging techniques in the proximity of the mouth which 

found geometric mean diameters of 13.5 ɛm for coughing and 16.0 ɛm for speaking (Chao et al., 2009), while 

most emitted droplets when breathing are below 0.8 µm (Morawska et al., 2009). However, Xie et al. (2009) 
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measured droplet sizes between 60 and 90 µm for speaking and coughing. The differences could be explained 

by the instruments used for the measurements as well as the experimental setup, but also by the natural diversity 

between individuals. 

A summary of the properties of expelled droplets from human respiratory activities measured at the mouth is 

given in Table 2.1. The velocities were calculated from the peak flow rate assuming a mouth opening area of 4 

cm2 (Gupta et al., 2009). A RosinïRammler distribution is commonly used to represent the initial droplet size 

(Rayegan et al., 2023): 

ὣ ÅØÐ
Ὠ

ὨӶ
 

(2.8) 

 

In Equation (2.8), ὣ is the fraction of particles of diameter Ὠ, ὲ is the spread parameter and ὨӶ the mean 

diameter. 

Table 2.1: Droplet size and velocity from expiratory activities (adapted from Gralton et al. (2011), Wang et al. (2022) and Xu et 

al. (2022)) 

Respiratory 

activity  
Breathing Speaking Coughing Sneezing 

Flow (L/s) 
0.7 (Gupta et al., 

2010) 
1.6 (Gupta et al., 2010) 

6 (Gupta et al., 

2010) 
 

Velocity (m/s) 1.75 4 15 
100 (Wells, 

1955) 

Geometric 

mean 

diameter 

(µm) 

0.1-10 

(Morawska et al., 

2009) 

16 (Chao et al., 2009) 
13.5 (Chao et 

al., 2009) 

1.0-125 (Milton 

et al., 2013) 

 

2.2 Review of Droplet Evaporation and Solid Formation Modelling 

2.2.1 Respiratory Droplets Evaporation Models 

Mathematical models of various complexities have been developed to study the evaporation of respiratory 

droplets with different compositions (see reviews by Mao et al., 2020; Pourfattah et al., 2021). Saline droplets 

have frequently been used as surrogates for a respiratory droplet in evaporation modelling (Xie et al., 2007; 

Hardy et al., 2023) extending a model initially developed for atmospheric aerosols (Kukkonen et al., 1989): 
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(2.9) 

 

where ά  and ὶ are the droplet mass and radius, ὓ  the molar mass of vapour, Ὀ  the binary diffusion 

coefficient far from the droplet, Ὑ the universal gas constant, Ὕ  the temperature of the air, ὴ the total pressure, 

ὴ the vapour pressure and the subscripts ὥ and Њ refer to the droplet surface and in the far field, respectively. 

The logarithmic term in Equation (2.9) reveal that the model includes the Stefan flow (see Sections 2.1.1 and 

2.1.2), which is often negligible for droplets not exposed to a hot gas (Sazhin, 2006). More sophisticated models 

have included multiple dissolved solutes to take into account the complexity of respiratory droplets composition 

(Redrow et al., 2011; De Oliveira et al., 2021). Recently, Hardy et al. (2023) extensively validated predictions 

from their model for the evaporation of binary droplets against data obtained from accurate measurements on 

droplet drying using a comparative-kinetics electrodynamic balance (CK-EDB) and a falling droplet column. 

These included both levitating and free-falling droplet experiments, particularly focusing on aqueous solutions 

of sodium chloride. However, this model assumed uniform solute concentration and temperature distributions 

inside the droplet and neglected the potential surface enrichment of the solute due to the shrinking of the droplet 

size. Inclusion of such phenomena greatly increases the mathematical complexity of the modelling due to the 

moving boundary. Consequently, these models cannot account for the onset of solid residue formation (such as 

crystals) in a supersaturated solution with solute concentration greater than the saturation concentration near the 

surface of the droplet. 

2.2.2 Solute Concentration Distribution in a Drying Droplet  

To address non-uniform solute concentration distributions inside the droplet, previous studies have either used 

a multi-shell approach, where the internal droplet domain was divided into concentric shells to account for 

internal heat and mass transfer (Parienta et al., 2011), applied a finite difference scheme in conjunction with 

measured variation in droplet size as a function of time to solve the diffusion equation (Gregson et al., 2019), 

or used an analytical method stating that the change in droplet radius is slow enough to consider the solute 

concentration profile inside the droplet as the stationary solution of the solute diffusion equation (Rezaei and 

Netz, 2021). Some limitations were identified in these studies, such as the numerical accuracy of the solutions 

due to the use of a small number of computational shells (8 in the study), the assumption of constant 
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thermophysical properties of the solvent, solutes and air or they did not provide the necessary information on 

the diffusivity of the solute or the vapour pressure at the droplet surface. Additionally, solving the diffusion and 

heat conduction equations analytically means that coupling between the heat and mass transfer is not possible, 

because the solute diffusivity is dependent on the temperature according to the Stokes-Einstein equation. The 

study from Gregson et al. (2019) combined the change in droplet size over time from experimental 

measurements with numerical modelling of the internal diffusion of the solute (NaCl) by solving Fickôs law 

(see Equation (3.13)) using finite differences. The resulting NaCl concentration profiles are shown in Figure 

2.5. A correlation was developed for the diffusion coefficient of salt as a function of its mass fraction using 

dynamic viscosity measurements, however the change in temperature within the droplet due to evaporative 

cooling was neglected in the modelling although it affects this diffusion coefficient. 

 

Figure 2.5: NaCl concentration profiles until efflorescence of a drying droplet at T = 293 K and RH = 0% from the combined 

experimentalïmodelling study by Gregson et al. (2019). 

In the field of spray drying, more emphasis has been placed on the numerical modelling of solute concentration 

and temperature distributions in an evaporating droplet. The numerical solution of the diffusion equation in 

spherical coordinates has been facilitated by the transformation into a ñsolute fixed coordinate systemò by van 

der Lijn (1976) and this approach has been implemented by others (Adhikari et al., 2007; Ali et al., 2017; 



18 
 

Faridatul Ain et al., 2025). It deals with the receding boundary problem by solving a transformed version of 

Fickôs law of diffusion: 
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(2.10) 

 

where ό is the moisture fraction on a dry basis, ᾀ ᷿ὅὶÄὶ is the solute-fixed coordinate system, ὅ is the 

solute concentration, Ὀ  is the diffusivity of solvent in solute and ὶ is the radial distance. However, this method 

does not account for the temperature variation inside the droplet and cannot be extended to multicomponents 

droplets, as the solute-fixed coordinates is designed for one solute only. Sadafi et al. (2014) solved the heat 

conduction equation inside an aqueous sodium chloride solution droplet as it evaporates, but did not consider 

the non-uniform solute concentration distribution. Moreover, the temperature profiles within the droplet were 

not shown in the results, despite being the main focus of the modelling. 

2.2.3 Crust Formation Modelling without Population Balances 

Crust formation during the drying of droplets is a complex phenomenon that has been studied using various 

deterministic approaches. The simplest technique is to disregard explicit modelling of crust formation and 

consider the droplet to be fully dried once it reaches a critical solute concentration (Gregson et al., 2019; Hardy 

et al., 2023). This approach is suitable when only the size of the solid particle is of interest. Similar models 

suggest that the crust forms once the droplet reaches a critical saturation value, which depends on the system 

considered, while still considering the droplet drying past the locking point to obtain information on the final 

crust thickness (Mezhericher et al., 2007; Ali et al., 2014; Shamaei et al., 2017). 

Mezhericher et al. (2011) considered that the crust in a drying droplet containing suspended nanoparticles forms 

once the solid volume fraction reaches a certain value, based on the maximum theoretical packing fraction of 

monodisperse spheres. It was observed that the shell consisting of nanoparticles stayed submerged in water 

throughout the transition period, or second drying stage, and further crust thickening was modelled by the 

calculation of the stresses applied to the crust. Other methods to model crust formation include combining the 

glass transition temperature and the rate of crystallisation to predict the transformation from the amorphous to 
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crystalline state of sugars (Woo et al., 2012; Grasmeijer et al., 2016; Ali et al., 2017). In these studies, the 

relative rate of crystallisation was used to distinguish between the different drying stages of the droplet. 

Sadafi et al. (2014, 2015) used a weighting factor to blend the equations of evaporation at different drying 

stages, rather than modelling each stage sequentially. This factor, starting at the value of unity at the beginning 

of the transient stage and decreasing to zero once the crust is formed, allowed for a smooth transition from 

surface evaporation to crystallisation. While these deterministic approaches provide insights into the 

mechanisms of crust formation for a drying droplet, they may not accurately predict the morphology of the dried 

particle. 

2.2.4 Population Balance Modelling of Crust Formation 

Seydel et al. (2006) were the first to apply population balance modelling (PBM) for the prediction of crystal 

formation in evaporating sodium chloride (NaCl) solution droplets. Their objective was to provide qualitative 

results and visual representations of the influence of gas temperature on the CSD. Crystal diffusion, caused by 

Brownian motion, was neglected, considering only nucleation and growth. While their study discretised crystal 

sizes into a finite number of bins, known as the discrete method, Handscomb et al. (2009) used the method of 

moments (MoM) to solve the population balance equation (PBE). Instead of describing the entire CSD, the 

MoM converts the PBE into moments equations that relate to global properties of the distribution, such as the 

total number, surface area or volume of crystals per unit volume of the droplet. By incorporating solid particle 

and crystal diffusion, this study applied the MoM to droplets containing colloidal silica and sodium sulphate to 

predict the time to reach the onset of crust formation, comparing the results with published experimental data 

(Neġiĺ and Vodnik, 1991). 

Bück et al. (2012) included both particle diffusion and agglomeration terms in the PBE to investigate their 

influence on the drying process of droplets containing suspended nanoparticles. They found that a larger kernel 

value in the aggregation kinetics reduces the time to reach crust formation, as does neglecting particle diffusion. 

This model was further used and compared with the continuous species transport (CST) approach for droplets 

containing spherical silica particles (Mezhericher et al., 2012). CST modelling is based on the species transport 

equation for intra-droplet mass transfer of nanoparticles. The PBM approach predicted a shorter initial drying 

stage compared to CST, as shell thickening past the locking point was not accounted for in the PBM formulation. 
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Abdullahi et al. (2020) applied PBM to ternary mixtures of solvents, polymers and solutes to predict the final 

CSD and time to reach crust formation. While previous studies used Raoultôs law for the solvent vapour pressure 

at the droplet surface, Abdullahi et al. (2020) used activity coefficients to model non-ideal vapour-liquid 

equilibria. The crust was deemed to be formed when a combination of the solid volume fraction, defined by the 

volume of particles per unit volume of the droplet, and the geometric standard deviation of the CSD reached a 

critical value. A recent PBM study by Poozesh et al. (2022) predicted the onset of crust formation by considering 

particle deagglomeration and convection in the PBE. When the latter approached zero, the crust was considered 

formed. Drying rate and time to reach solid formation for a NaCl droplet from previous published experiments 

(Gregson et al., 2019) were used to validate the model. 

The birth (crystal nucleation) and growth models used in these PBM studies, except those focusing solely on 

suspended nanoparticles, varied significantly. Seydel et al. (2006) used a quadratic power law model for the 

crystal nucleation: ὄ ÃÏÎÓÔὅ ὅ , where ὅ and ὅ  are the solute concentration and saturation 

concentration, respectively. Other researchers opted for an exponential law based on the standard/empirical 

functional form (Handscomb et al., 2009; Abdullahi et al., 2020; Poozesh et al., 2022): ὄ

ÃÏÎÓÔ ÅØÐÃÏÎÓÔ ÌÎὛ , where Ὓ is the supersaturation ratio. All growth models applied a power law 

Ὃ ÃÏÎÓÔὅ ὅ , driven by solution supersaturation with exponents ranging from 1 (Seydel et al., 

2006), 1.1 (Poozesh et al., 2022), 1.2 (Abdullahi et al., 2020) to 1.5 (Handscomb et al., 2009). Although the 

coefficients for the birth and growth models are sourced from existing literature, they were not validated against 

experimental data for the resulting CSD. 

The use of Raoultôs law for the water vapour pressure at the droplet surface, except in a few studies (Abdullahi 

et al., 2020; Poozesh et al., 2022), can lead to inaccuracies in the calculation of drying rate, as it is only valid 

when the mass fraction of solute near the surface is below 0.1 (Seinfeld and Pandis, 2016). Additionally, no 

studies have accounted for the need to overcome the energy barrier for crystallisation, assuming that crystal 

nucleation begins as soon as the solute concentration becomes saturated, thereby ignoring the existence of a 

metastable zone within the supersaturated solution. This assumption is incorrect for levitating droplets, i.e. not 

in contact with any surface, where only primary homogeneous nucleation takes place in the droplet, as the 

barrier for heterogeneous nucleation is less than for homogeneous nucleation. As mentioned in Section 2.1.4, 
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the ERH of a NaCl solution droplet is 45% (Seinfeld and Pandis, 2016), indicating high supersaturation. Saline 

droplets have been the primary focus or used for validation in previous studies (Seydel et al., 2006; Poozesh et 

al., 2022), without accounting for this high supersaturation. Finally, the crystal birth and growth models and 

associated parameters used in PBM studies on evaporating droplets, although based on literature data, were in 

general not validated against experimental results due to a lack of direct comparisons between the predicted and 

measured CSDs. Indeed, most of these studies considered the measured drying rate or the time to reach shell 

formation to validate the PBM predictions, despite the fact that such predictions can be obtained from less 

complex models (see Section 2.2.3). 

Another significant gap in previous modelling studies is the lack of comprehensive details on the numerical 

implementation of the governing equations employed in these models, making it challenging to replicate or 

build upon the existing work. Notably, none of the studies mention the use of flux limiters, numerical techniques 

used in high-resolution schemes to solve problems posed by partial differential equations (PDEs) in regions 

with sharp wave fronts or discontinuities. These are essential for solving the PBE when it includes crystal 

nucleation and growth, due to the steep gradients of the crystal number density generated at the droplet surface, 

as shown by two examples of solid volume fraction profiles from the literature in Figure 2.6 (Handscomb et al., 

2009; Abdullahi et al., 2020). Information on the discretisation of the crystal size coordinate in the discrete 

method is often missing, and while scaling of the variables by making them dimensionless is usually mentioned 

to improve speed and convergence of the numerical solutions, the details are often omitted. Justification for 

spatial boundary conditions and their numerical implementation is either scant or absent. Furthermore, there 

have been no direct comparisons of the numerical solutions obtained with the discrete method and the MoM for 

solving the PBE in an evaporating droplet. Considering the latter greatly reduces the number of equations to 

solve and thus the computational requirements, such a comparison would provide validation for the MoM. 
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Figure 2.6: Examples in the literature of solid volume fraction profiles modelled by PBM inside drying droplets from (a) 

Handscomb et al. (2009) and (b) Abdullahi et al. (2020). 

2.3 Measurements of Single Droplet Evaporation 

In addition to numerical modelling, several experimental techniques exist to investigate droplet drying (see 

reviews by Sadek et al. (2015) and Boel et al. (2020)). These can be either contactless (through levitation) or 

contact-based. Levitation methods include aerodynamic, electrodynamic, optical or acoustic levitation, while 

contact methods include droplets suspended on a filament or capillary or sessile droplets on hydrophobic 

surfaces to minimise wetting effects. The selection of the technique can affect the measured evaporation rate 

and the solid formation or crystallisation of the droplet. In particular, contact methods can introduce thermal 

and wetting constraints and provide a solid interface that can promote heterogeneous nucleation, whereas 

levitation avoids wall effects but may add forced convection through aerodynamic or acoustic fields. 

Aerodynamic levitation is less commonly used to study respiratory droplets because airflow levitation makes 

stable, motionless trapping challenging and imposes strong forced convection. Similarly, airborne optical 

trapping experiments can be technically demanding and do not allow the study of the residue morphology 

(Hardy et al., 2021). 

2.3.1 Effect of Respiratory Droplet Composition on Evaporation Rate 

Vejerano and Marr (2018) investigated the influence of mucin and dipalmitoylphosphatidylcholine (DPPC), a 

surfactant present in respiratory fluids, on the evaporation rate of respiratory-like droplets at different RH. The 
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droplets comprised either of three components, water, NaCl (9 g/L), mucin type III (3 g/L) or four components 

by adding DPPC (0.5 g/L), and were aerosolised and deposited on a superhydrophobic surface inside a 

controlled-humidity chamber. Evaporation rates increased at lower RH and the droplets with surfactant 

evaporated more slowly than those without. The authors attributed this to the surfactant forming an 

encapsulating surface layer acting as a barrier to water mass transfer. Fluorescence images of droplets exposed 

to decreasing RH showed crystallisation of salt and mucin droplets at 60% RH and below, a RH higher than the 

43% for levitating droplets (Seinfeld & Pandis, 2016). Seyfert et al. (2022) studied the evaporation of similar 

respiratory droplet surrogates with increasing complexity of the composition. Saline droplets (9 g/L) were 

compared with saline (9 g/L) and mucin (3 g/L) droplets and saline (9 g/L), mucin (3 g/L) and DPPC (0.5 g/L) 

droplets. All droplets were deposited onto a superhydrophobic substrate inside a humidity chamber. It was 

observed that mucin and DPPC did not significantly affect evaporation rate but influenced the final structure of 

the particle. Above 75% RH, the droplets would remain liquid and below this RH, the droplets would crystallise 

with different structures depending on the composition, as shown by scanning electron microscopy (SEM) of 

the dried residues in Figure 2.7. As these were sessile droplets, nucleation on the surface occurred, which in 

turn influences the shape of the dried particle residue as compared with levitating or free-falling techniques. 

 

Figure 2.7: SEM images of dried residues of droplets containing (a) NaCl, (b) NaCl and mucin, and NaCl, mucin and DPPC 

with an initial volume of (c) 1.6 µL and (d) 2.2 µL (Seyfert et al., 2022). 

Instead of depositing droplets on a surface, Kurai et al. (2024) generated droplets via nebulisation and introduced 

them into a flow tube. These droplets also exhibited increasing complexity in their composition, NaCl only (1 

g/L), NaCl + mucin (3 g/L) and NaCl + mucin + DPPC (0.5 g/L). While saline droplets showed strong 

dependency of RH on size at the end of the tube, the addition of mucin to these droplets showed a weak 

dependency. A similar low sensitivity on RH was observed for droplets containing both mucin and DPPC. The 
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authors inferred that mucin may form a shell at the gas-liquid interface, limiting water evaporation, and that 

DPPC may stabilise mucin layers, further reducing evaporation. 

These studies have primarily examined the behaviour of atomised droplets, either by analysing their evaporation 

after deposition on a surface or by tracking their evolution within a flow tube. When a droplet containing 

dissolved salts comes into contact with a surface, the substrate provides nucleation sites that reduce the 

maximum supersaturation attainable in levitating droplets with no heterogeneous nucleation pathway. 

Moreover, to the best of the authorôs knowledge, no studies reported in the literature attempted to model the 

evaporation of droplets containing salt, mucin or DPPC. Such models could offer additional information not 

obtainable experimentally, including the internal temperature or concentration gradients, salt supersaturation, 

or pH evolution of the droplet. 

2.3.2 Electrodynamic Levitation 

The Comparative Kinetic Electrodynamic Balance (CK-EDB, see schematic in Figure 2.8) works by levitating 

micron-sized aerosol droplets using an electromagnetic field. Combined with light scattering techniques, it can 

be used to determine the droplet size as a function of time and record droplet evaporation kinetics. This 

instrument has been used at the University of Bristol to study a wide range of droplet systems, beginning with 

water-glycerol droplets (Davies et al., 2012) to demonstrate the capabilities of the EDB. Subsequent studies 

investigated aqueous sodium chloride solutions (Gregson et al., 2019), sodium nitrate solution droplets 

(Robinson et al., 2020), and multi-solvent systems containing water and ethanol and pharmaceutical excipients 

(Ordoubadi et al., 2019). These studies revealed that aqueous sodium chloride droplets begin to crystallise when 

the supersaturation, defined as the ratio between the concentration of sodium chloride and the equilibrium 

solubility, reaches a level of 2.04. In contrast, aqueous nitrate droplets do not necessarily crystallise even after 

losing all water content. Furthermore, the morphology of particles obtained by drying droplets of 

multicomponent solvents was found to be very sensitive to the solvent composition. 



25 
 

 

Figure 2.8: Schematic of (a) the EDB construction, (b) the electrical connectivity to the EDB and (c) Top-down view of bottom 

pair of electrodes (Davies et al., 2012). 

Walker et al. (2021) investigated the hygroscopicity and evaporation rates of droplets from two respiratory fluid 

surrogates: artificial saliva (AS) (Woo et al., 2010) and surrogate deep lung fluid (DLF) (Hassoun et al., 2018). 

Both fluids showed similar hygroscopicity but were considerably less hygroscopic than sodium chloride 

solution. Although AS and DLF contain substantial quantities of dissolved salts, their high content of organic 

components reduces their ability to retain water. Formation of a solid residue occurred when the ambient RH 

was 45% or lower for DLF and 40% or lower for AS. SEM images of dried particles are shown in Figure 2.9. 

 

Figure 2.9: SEM images of the effloresced particles obtained from NaCl, deep lung fluid, and saliva droplets evaporated at 

35% RH and 295 K (Walker et al., 2021). 

Beyond the work conducted at the University of Bristol, other research groups have employed electrodynamic 

balances to levitate droplets and study their evaporation behaviour. Huynh et al. (2022) used a dual balance 

quadrupole electrodynamic balance (DBQ-EDB) capable of levitating two oppositely charged particles that 
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attract each other and undergo coalescence. By varying the relative humidity, the authors observed that aerosols 

did not always coalesce completely, particularly at low RH, indicating the presence of a semi solid phase state. 

The DBQ EDB can therefore be used to determine aerosol phase state as a function of RH. Their study showed 

that for droplets composed of salt (NaCl) and protein (albumin), increasing the protein concentration caused 

particles to remain in a semi solid state over a wider range of RH conditions. This suggests that the organic 

composition and therefore the dropletsô origin within the respiratory tract of carrier respiratory droplets play a 

role in the longevity of pathogens such as SARS-CoV-2. 

2.3.3 Falling Droplet Column 

Although it is not a levitation technique, the falling droplet column (FDC) allows for the measurement of single 

droplet evaporation rates under free-fall conditions. Droplets are continuously injected from the top of the 

column using a droplet-on-demand (DoD) dispenser, and a camera captures images of the droplets at different 

heights within the column. With the droplet injection frequency and initial droplet size known, the settling 

velocity can be estimated, allowing the camera position and image acquisition frequency to be adjusted so that 

the droplet evolution can be tracked from the top to the bottom of the column. A gas flow is introduced to 

control the RH inside the column. In addition, the dried particle residue remaining after evaporation can be 

collected for further analysis such as SEM. A schematic of the FDC is shown in Figure 2.10. 
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Figure 2.10: Falling droplet column schematic (Hardy et al., 2023). 

Hardy et al. (2023) used the FDC to study the evaporation and solid residue formation of saline droplets at 

ambient temperature (25 °C) under varying RH conditions. The RH ranged from 0% to 40% and therefore 

remained below the ERH of NaCl (see Section 2.1.4). They found that the number of crystals in the dried residue 

increased as RH decreased. Moreover, the resulting residues exhibited a hollow structure, consistent with the 

schematic shown in Figure 2.2. 
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Figure 2.11: Crystalline residue formed after the evaporation of free-falling saline droplet in the FDC at RH = (a) 0%, (b) 5%, 

(c) 10%, (d) 20%, (e) 30% and (f) 40% (Hardy et al., 2023). 

2.3.4 Acoustic Levitation 

Acoustic levitation (see schematic in Figure 2.12) is a contactless technique for studying droplet evaporation 

but introduces significant acoustic streaming effects. This is a secondary flow generated when a droplet is placed 

within acoustic standing waves, producing recirculating airflow vortices around the levitated sample. These 

vortices alter the heat and mass transfer boundary layers while trapping vapour near the droplet surface. 

Therefore, in strong acoustic fields, evaporation is no longer governed primarily by vapour diffusion into the 

surrounding air but is dominated by acoustic streaming (Yarin et al., 1999). Ali Al Zaitone and Tropea (2011) 

compared the evaporation of droplets levitated acoustically with those suspended on a glass filament. Acoustic 

levitation was obtained using an ultrasonic standing wave (58 kHz) between a transducer and reflector, while a 

controlled airflow was introduced to mitigate the influence of acoustic streaming on the droplet evaporation. To 

obtain comparable evaporation rates in both the acoustic and filament based experiments, an airflow of >2.0 
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L/min was required, causing the evaporation to be driven by forced convection rather than the effects of acoustic 

streaming. 

 

Figure 2.12: Schematic of an acoustic levitation setup (Yarin et al., 1999). 

Instead of using a transducer and reflector, acoustic levitation of droplets can be done without a reflector by 

arranging layers of transducers in a convex shape. Marzo et al. (2017) developed a single-axis, non-resonant 

acoustic levitator, called the TinyLev and shown in Figure 2.13, using 72 low-cost ultrasonic transducers (36 

per array) operating at 40 kHz. This inexpensive and easily assembled device has since been widely adopted for 

droplet evaporation studies (Bunio et al., 2022; Macklin, 2024; Winder et al., 2025). He et al. (2024) used this 

design and compared the evaporation of acoustically levitated NaCl droplets with sessile droplets on a 

hydrophobic substrate. They reported that acoustically levitated droplets exhibited evaporation rates 

approximately 30% higher than those of the sessile droplets. Furthermore, the crystals formed at the end of 

evaporation in the acoustic levitator showed irregular aggregates with edges not clearly defined, as shown in 

Figure 2.14. These observations can be attributed to the acoustic pressure field creating a vortex flow enhancing 

evaporation and exerting forces on the droplet. 
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Figure 2.13: (a) TinyLev system with polystyrene particles trapped at its nodes and (b) simulated acoustic field showing the 

locations of the nodes (Marzo et al., 2017). 

 

Figure 2.14: Images of NaCl crystals produced by (a) acoustic levitation and (b) sessile droplet (He et al., 2024). 

Uddin and Al-Jumaily (2024) generated water droplets using an ultrasonic nebuliser and introduced them into 

a flow tube equipped with a TinyLev acoustic levitator positioned at the tube outlet. Droplet sizes were measured 

using a Malvern Spraytec system (see Figure 3.21) and compared with measurements obtained in the absence 

of the acoustic levitator. The presence of the acoustic field led to a substantial reduction in droplet size: 

approximately a 45% decrease for 90% of the droplets, and up to a 55% decrease for the smallest droplets. This 

reduction was attributed to accelerated evaporation induced by the acoustic field, an effect that becomes 
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increasingly pronounced for smaller droplets due to their higher surface area to volume ratio. While each of 

these studies showed the effects of acoustic levitation on the evaporation and/or crystallisation of droplets, no 

direct comparison has been made with other types of single droplet levitation techniques such as the 

electrodynamic balance. 

In acoustic levitation experiments, the composition of respiratory droplets primarily governs the late-stage 

evaporation behaviour and the size/morphology of the final residue, whereas the early-stage evaporation often 

follows the d2-law and can resemble pure water (Lieber et al., 2021). As the droplet evaporates, solutes like 

mucin and lipids can lead to the formation of gels and glassy matrices within the droplet that increasingly limits 

mass transfer and slows the final stages of drying (Agharkar et al., 2025). This also prevents the droplet from 

drying out completely, leading to a droplet nucleus that is approximately 20% of its initial diameter for saliva 

droplets. Lastly, in surrogate respiratory droplets containing NaCl, mucin and DPPC, the residue morphology 

is not a single salt crystal but a heterogeneous particle with distinct structures at the centre versus the edge. 

Moreover, beyond changing the drying time, RH also affects the dried residue, producing more jagged/fine 

microstructure residues at lower RH and more consolidated (ñcocoon likeò) residues at higher RH. SEM images 

of dried particles are shown in Figure 2.15. 

 

Figure 2.15: SEM images of dried residues formed after evaporation of levitated surrogate respiratory fluid droplets under (a) 

low RH (~48%) and (b) high RH (~78%) conditions (Agharkar et al., 2025). For each RH: (i) SEM of the central region of the 
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residue; (ii) SEM micrograph of the edge region of the same residue; (iii) side-view image of the levitated residue; (iv) confocal 

maximum-intensity projection showing the spatial distribution within the dried residue. 

2.4 Modelling of Airborne Disease Transmission 

In previous studies, the modelling of aerosol dispersion was approached either by treating the dispersed phase 

as a massless tracer gas (Xie et al., 2007; Wei and Li, 2015; L. Liu et al., 2017), which simplifies the problem, 

or by formulating it as a multiphase flow system (Aliabadi et al., 2010; Li et al., 2018; Coldrick et al., 2022). In 

indoor airborne transmission studies, CFD is the dominant numerical tool, most often relying on RANS for the 

airflow field and then representing the dispersed phase either as an Eulerian scalar (species transport) for fine 

aerosols or with an EulerianïLagrangian discrete phase model (see reviews by Pourfattah et al. (2021) and 

Rayegan et al. (2023)). While considering the aerosols as an Eulerian phase reduces computational costs, this 

method was shown to be less effective in accurately tracking the trajectories under unsteady conditions (Zhang 

and Chen, 2007). In contrast, Eulerian-Lagrangian simulations require setting up the discrete phase 

(droplets/dried particles) and the continuous phase (air) equations coupled with a model for droplet evaporation 

and solid particle formation. This allows for the evaluation of the residence time and deposition on surfaces. 

2.4.1 Turbulence Modelling 

Due to the high ratio of inertial to viscous forces, airflow generated during expiratory events such as coughing 

or sneezing is turbulent (Bourouiba, 2021). Three principal computational approaches are commonly used to 

model such turbulent air flows: direct numerical simulation (DNS), large eddy simulation (LES), and 

Reynolds averaged NavierïStokes (RANS) modelling (Versteeg & Malalasekra, 2007). DNS resolves all 

spatial and temporal scales of turbulence and therefore does not require any turbulence model. However, DNS 

is often impractical because it is computationally expensive, particularly for high Reynolds number (Re) flows 

and large 3D meshes. LES adopts a hybrid approach in which the large, energy containing eddies are explicitly 

resolved, while the small eddies require a subgrid-scale (SGS) model. Finally, RANS models use the Reynolds 

decomposition of velocity components into mean and fluctuating components, solving the time averaged 

NavierïStokes equations in conjunction with an appropriate turbulence closure model. 

Typically, DNS captures the detached chaotic vortices generated during a cough more accurately than LES, 

which in turn resolves more turbulent fluctuations and detached vortices than RANS models. This is because 
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the dispersion of an aerosol cloud is more strongly influenced by turbulent fluctuations than by the mean flow 

field (Norvihoho et al., 2023). However, due to the high computational requirements for accurate LES 

simulations along with the difficulty in performing mesh and time-step sensitivity analyses, few studies have 

applied LES to model aerosol dispersion in the context of respiratory virus transmission (Rayegan et al., 2023). 

Amongst the RANS turbulence models, the Ὧ ʀ model has been widely used in aerosol dispersion modelling 

because of its compromise between computational cost and accuracy. However, the standard Ὧ ʀ model 

typically relies on wall functions for near-wall turbulence and can be less reliable in flows with strong 

recirculation/separation, curvature/rotation and some jet shear-layer behaviours, which can influence predicted 

dispersion patterns. The Re-Normalisation Group (RNG) method renormalises the Navier-Stokes equations 

which allows to account for the effects of smaller scales of motion. This results in better accuracy and stability 

at low Re and near-wall flows, making the RNG Ὧ ʀ model appropriate for predicting indoor airflow 

(Sheikhnejad et al., 2022). The Realizable Ὧ ʀ model represents the most advanced variant within the Ὧ ʀ 

family. The term ñRealizabilityò refers to its adherence to physical constraints, allowing for more accurate 

predictions in complex flows. It can better capture the behaviour of jets and their spreading rates and may 

therefore be preferred for the modelling of strong expiratory activities. 

2.4.2 Steady Jet Simulations 

In conjunction with the respiratory droplet evaporation models described in Section 2.2.1, several of these 

studies also incorporated numerical simulations to analyse droplet dispersion. Xie et al. (2007) modelled the 

exhaled air containing droplets released during coughing as a steady jet, using empirical formulations available 

in the literature (Baturin, 1972). The equations for evaporation and trajectories of expelled saline droplets within 

this jet were solved numerically. The aim of this study was to revisit the Wells evaporation-falling curve by 

considering the effects of relative humidity, air speed and respiratory jets. This curve compares the time for a 

droplet to fall from a height of 2 m to the time for the same droplet to fully evaporate. At a RH of 0% and 

ambient temperature of 18°C, Wells (1934) found that the largest droplet size that fully evaporates before hitting 

the ground was around 160 µm, while Xie et al. (2007) evaluated this size to be around 120 µm. 
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Wei and Li (2015) and Liu et al. (2017) adopted a similar approach by coupling a respiratory droplet evaporation 

model in a steady jet and included turbulent trajectories of the droplets to model aerosol dispersion from a cough 

(see Figure 2.16). The air flow was formulated by semi empirical round jet mean fields and turbulence statistics, 

estimating Ὧ and ‐ from the standard Ὧ ‐ RANS turbulence model (see Section 2.4.1) to set a discrete random 

walk scheme for particle tracking. These studies found that medium-sized droplets (50-60 µm) are more affected 

by RH than smaller or larger droplets, and that large droplets (>100 µm) quickly settle out of the jet. Although 

representing a cough as a steady jet with a constant injection velocity can simplify the numerical solution of the 

governing equations, a cough is more accurately characterised as an unsteady turbulent puff/cloud (Bourouiba 

et al., 2014). To account for the complexity of the vorticities in the airflow emitted by a cough, the use of 

multiphase models is therefore preferred. 

 

Figure 2.16: Illustration of the cough scenario modelled in the study by Wei and Li  (2015). 
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2.4.3 CFD Multi -phase Modelling Studies 

Aliabadi et al. (2010) modelled the behaviour of droplets expelled during coughs and sneezes in a quiescent 

(still air) environment using ANSYS Fluent. The RNG Ὧ ‐ turbulence model was chosen for its ability to 

handle both high and low Reynolds number flows. A Lagrangian approach tracked a large ensemble of 5000 

droplets, with two-way coupling between the particles and the flow to account for the exchange of momentum, 

heat and mass between the droplets and the surrounding air. Droplets were assumed to consist of 94% volatile 

material (water) and 6% non-volatile content (representing mucus or solids). Their initial sizes followed a 

RosinïRammler distribution ranging from 1 to 500 µm, grouped into 10 bin sizes for analysis. The results 

showed that droplet evaporation to a non-volatile core is strongly dependent on the initial droplet size and 

ambient relative humidity; high humidity delays this process. However, while the heat and mass transfer to the 

droplets was accounted for in this study, the evaporation was not based on a model for respiratory droplets. The 

validation of the droplet evaporation was done by comparing the predictions with published results on water 

droplets (Morawska, 2006). 

Similar multi-phase approaches were taken by other researchers to study the dispersion of cough droplets in a 

room. Li et al. (2018) found that coughing creates a temporary vapour plume of supersaturated air in front of 

the mouth, formed by exhaled vapour and rapid droplet evaporation. Although this plume dissipates within 

seconds, it significantly impedes the evaporation of droplets entrained inside it. The droplets were assumed to 

consist of 98.2% water and 1.8% non-volatile solids, by weight. Foat et al. (2022) considered a non-volatile 

core of 1.25% and investigated how indoor temperature and relative humidity (RH) affect airborne exposure to 

SARS CoV 2 from a coughing person in a mechanically ventilated room. They showed that droplet evaporation 

strongly controls exposure, especially for mid-sized droplets (20ï100 µm). These droplets are particularly 

important because they can shrink to respirable aerosols while still carrying substantial viral loads. In these 

studies, Raoultôs law and the Antoine equation were used to model the evaporation of droplets. This approach 

is inaccurate when the solute mass fraction is above 0.1, which always eventually occurs in drying droplets even 

with a very low initial mass fraction of solute. 

A comparative study between a CFD model and experimental data obtained from human volunteers was 

performed by Coldrick et al. (2022). The goal was to validate the use of CFD in predicting the dispersion and 
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deposition of respiratory droplets and aerosols, specifically to inform risk assessments for pathogens like SARS-

CoV-2. The droplets were considered as discrete Lagrangian particles with two component composition (water 

+ non volatile solids). The water activity parameterisation of Walker et al. (2021) was implemented as a lookup 

table in ANSYS Fluent based on the mass fraction of solute, allowing to account for non-ideal solution effects 

on the surface evaporation instead of relying on Raoultôs law. The results showed that close range exposure 

(<1 m) is dominated by surface deposition, while fine aerosols can remain suspended and spread throughout a 

poorly ventilated room, even beyond 2 m. Although this CFD model was validated by an experimental study 

with ten healthy volunteers coughing, speaking and singing in a small unventilated chamber, the initial droplet 

size of the simulations came from the literature and the initial velocities were set as equal to the exhaled airflow 

as a simplifying assumption. Overall, based on the review by Rayegan et al. (2023), no studies have used 

unsteady multi-phase CFD modelling in conjunction with experiments providing both input data and validation 

of the simulation results while using a respiratory droplet evaporation model. 

2.5 Conclusions 

In summary, this chapter has established the theoretical, numerical and experimental context required to model 

and validate the evaporation, solid formation and dispersion of respiratory-like droplets. While pure water 

droplets follow the d2-law of evaporation, the drying and crystallisation of saline droplets occurs over multiple 

stages including crystal nucleation and growth. Amongst the respiratory droplet evaporation models, many 

studies have used saline solution as a surrogate for respiratory fluid, while few account for internal concentration 

and temperature gradients during the evaporation. PBM can be used to predict crystal formation and growth in 

drying droplets, however such complex modelling requires careful application in order to ensure numerical 

accuracy, which may be lacking in previous studies. Experimental studies have investigated the influence of 

respiratory fluid composition on the droplet evaporation rate and residue formation, but these either used sessile 

droplets or atomised droplets on a substrate, which has a strong influence on the formation of solid residues 

compared to levitation techniques, such as electrodynamic or acoustic levitation. While acoustic levitation 

generates higher evaporation rates, these techniques have not been directly compared with each other. Finally, 

the CFD studies of aerosol dispersion mainly used the Ὧ ‐ turbulence model and while some used respiratory 

droplet specific evaporation model, inputs for droplet size and velocity as well as the validation data for the 
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CFD came from different sources. These insights motivate the first-principles modelling, numerical 

implementation and experimental choices introduced in CHAPTER 3 and applied in subsequent chapters. 
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CHAPTER 3 METHODOLOGY  

This chapter presents the methodological framework for the modelling and experimental work in this project. It 

first introduces the governing equations used to model the evaporation and crystallisation of saline droplets, 

covering heat and mass transfer to the droplet, internal solute and temperature gradients and population balance 

modelling for crystal nucleation and growth. The models are then extended to multicomponent droplets 

containing mucin to form a closer surrogate for respiratory droplets. The formulation of Computational Fluid 

Dynamics (CFD) simulations used to study the dispersion of sprayed droplets is subsequently described. Finally, 

this chapter details the experimental techniques used to generate input parameters for both the evaporation 

models and the CFD as well as to provide validation data. 

3.1 Single Droplet Evaporation and Crystallisation Models Formulation  

3.1.1 Model Assumptions 

The assumptions used in the single droplet evaporation modelling of this section are listed below: 

¶ The droplet is considered spherical throughout the evaporation process. 

¶ The evaporation of solvent (water) only causes diffusive motion of water vapour at the surface of the 

droplet, but no convective motion of water vapour in the air surrounding the droplet (Stefan flow, see 

Sections 2.1.1 and 2.1.2). 

¶ There is no internal flow of liquid within the droplet. 

¶ The Kelvin effect due to the curvature of the droplet is neglected. 

¶ The water vapour behaves as an ideal gas. 

¶ The radiative heat flux on the droplet is neglected, as the droplet is not exposed to high external 

temperatures (Sazhin, 2006). 

¶ The time derivative term of the droplet density is neglected when expressing the time derivative of the 

droplet mass as a function of the droplet size. 

¶ The solute (NaCl and/or mucin) concentration depends only on the distance from the droplet centre 

(radial position). 
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The assumptions used in the modelling of crystal formation and growth in a drying saline droplet (Section 3.1.5) 

are listed below: 

¶ Crystal nucleation is regarded as continuous once the critical concentration value of NaCl is reached. 

¶ Only primary nucleation is considered, valid for supersaturation below 5 (Handscomb et al., 2009). 

¶ Aggregation and breakage of crystals are not considered. 

¶ Crystal growth rate is independent of crystal size, valid for particles smaller than 50 µm (BaĞdyga and 

Orciuch, 1997). 

¶ Diffusion of crystals within the droplet is based on the Stokes-Einstein-Sutherland equation (Equation 

(3.36)). 

¶ Power law models are used for the birth (quadratic) and growth (linear) rates of crystals (Seydel et al., 

2006). 

¶ The particle crust is deemed to be formed when the solid volume fraction at the surface of the droplet 

reaches 0.74 (Seydel et al., 2006). 

¶ Total number of crystals estimated from SEM is based upon a spherical particle residue approximation 

and monodisperse cubic crystals with a packing fraction of 0.74. 

3.1.2 Equations of Droplet Motion 

The equations for droplet motion are governed by Newtonôs second law of motion. The forces acting on the 

droplet are due to drag, buoyancy and gravity. The droplet is considered to be moving in a 2D plane with one 

vertical and one horizontal coordinate, so four ODEs are needed to model the motion of a droplet, two for the 

droplet velocity (Equation (3.1)) and two for the droplet position (Equation (3.2)). Equation (3.1) is derived 

from Newtonôs second law with the drag force modelled using Stokesô law. 
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In Equations (3.1) and (3.2), ʐ is the droplet relaxation time which depends on the droplet Reynolds number 

2ÅÐ, the Cunningham slip correction factor ὅ, the Knudsen number ὑ  and the drag coefficient ὅ, which is 

based on an empirical correlation (Schiller and Naumann, 1935). These are given by: 
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3.1.3 Water Droplet Evaporation Model 

3.1.3.1 Heat and Mass Transfer to the Droplet 

The first droplet evaporation model was developed by Maxwell in 1877 (Fuchs, 1959) and serves as the basis 

for the development of each single droplet evaporation models in this thesis. Droplet evaporation is governed 

by the concentration gradient of water vapour between the droplet surface and the surrounding air. The molar 

flux of water vapour ὔ  from the droplet surface to the air is represented by Equation (3.4), where ‍  

represents the mass transfer coefficient and ὧȟ  and ὧȟ the molar concentration of water vapour in the 

ambient air and at droplet surface, respectively. The change in droplet mass as a function of time is defined in 

Equation (3.5), where ά  is the droplet mass, ὶ the radius, ὃ  the droplet surface area, ὓ  the molar mass of 

water, Ὀ  the diffusivity of water vapour in air and Sh the Sherwood number. The molar concentrations of water 

vapour at the surface of the droplet and in the air can be derived by the ideal gas law and using the definition of 

the relative humidity (RH), as shown in Equation (3.6), with Ὕ and Ὕ  the droplet and air temperatures, 

respectively. For a pure water droplet in the continuum regime, the water vapour pressure at the vicinity of the 

droplet can be assumed to be saturated. 

ὔ ‍ ὧȟ ὧȟ  
(3.4) 
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Combining Equations (3.5) and (3.6), the change in droplet radius as a function of time is given by Equation 

(3.7), with ” the droplet density and Ὑ the universal gas constant: 

Äὶ

Äὸ

ὓ Ὀ3װÈ

ςὶʍ

2(ὴ Ὕ

ὙὝ

ὴ Ὕ

ὙὝ
 

(3.7) 

 

In Equation (3.7), the derivative of the droplet density ʍ with respect to time has been neglected (see Equation 

(3.8)). Indeed, considering that both the droplet radius ὶ and the droplet density ʍ vary with time, the 

derivative of the droplet mass ά  with respect to time should be as: 
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The first term in Equation (3.8) is neglected in the derivation of Equation (3.7) because including both terms 

would considerably increase the complexity of the model. In particular, it would introduce an additional variable 

into the system without providing a new equation. This assumption does not imply that the droplet density 

remains constant over time, however. Rather, the density is updated at each time step from the NaCl 

concentration, in a pseudo-steady-state manner. The validity of this assumption is discussed in CHAPTER 4 

(Section 4.2.7). 

The change in the droplet temperature can be determined by performing an energy balance on the droplet. Two 

heat fluxes are applied on the droplet, the heat transfer due to convection and the heat loss due to evaporation, 

with radiative heating neglected (see Section 3.1.1). The change in enthalpy of the droplet is described by 

Equation (3.9), where ὧ is the droplet heat capacity, ɻ the heat transfer coefficient, Ὤ  the latent heat of 

vaporisation of water, ʇ the thermal conductivity of air and Nu the Nusselt number. 
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The equation for the droplet temperature is then given by: 
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(3.10) 

3.1.3.2 Numerical Solution Method 

The two ordinary differential equations (ODEs) on droplet size (Equation (3.7)) and temperature (Equation 

(3.10)) are solved in MATLAB  (MathWorks Inc, USA) using an adaptative time-step explicit Runge-Kutta 

(RK) method (Dormand and Prince, 1980), described in APPENDIX A. The numerical solution is evaluated 

using both a four-stage and five-stage RK algorithm in order to compute the local truncation error by taking the 

difference between the solutions from these evaluations. This estimation of the error is then compared to a 

predefined tolerance threshold and determines whether the time step is valid or requires re-evaluation of the 

numerical solution, depending on the error being below or above the threshold. The time step size is then 

reduced or increased in order to improve accuracy and/or save on computational time. 

The program requires the initial droplet radius ὶ , the initial droplet temperature Ὕ , the ambient air 

temperature Ὕ  and the relative humidity RH and outputs arrays of time, droplet radius, droplet temperature as 

well as the numerical error at each time-step. 

3.1.3.3 Evaporative timescale 

An evaporative timescale for a water droplet is defined by estimating the time that would be required for the 

water droplet to evaporate should all properties aside from the droplet size remained constant. It is therefore 

derived by considering that the droplet temperature does not change throughout the evaporation. By integrating 

Equation (3.7) from the initial droplet size until all water has evaporated from the droplet, the evaporative 

timescale †ÅÖÁÐ  is defined by Equation (3.11). 
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3.1.4 Saline Droplet Evaporation Model without Crystal Formation  

3.1.4.1 Mass Transfer to the Droplet 

The change in droplet radius as a function of time due to evaporation (Equation (3.12)) is based on Equation 

(3.7). However, due to the presence of solutes, the water vapour pressure at the droplet surface will be lower 

than that of a pure water droplet, which is described by the water activity. Using a slightly modified version of 

the Maxwell model, taking into account the water activity of the droplet which depends on the concentration of 

solute at the surface, the change in droplet radius as a function of time can be written as: 
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(3.12) 

 

In Equation (3.12), ὶ is the droplet radius, ʍ its density, Ὀ  is the diffusivity of water vapour in air, ὓ  is the 

molar mass of water, 3È is the Sherwood number, 2( is the relative humidity, Ὕ  is the temperature of the air, 

Ὕ  is the temperature at the droplet surface and ὥ  is the water activity which is defined in Section 3.2.2. 

3.1.4.2 Heat and Mass Transfer Distributed Parameter Model 

The solute diffusion and temperature distribution within the droplet are described by Fickôs second law 

(Equation (3.13)) and the Fourier equation (Equation (3.14)), respectively. In spherical coordinates, the solute 

concentration, #, and solution temperature, 4, profiles are assumed to depend only on the radial position and 

not on the polar or azimuthal angles. At Ô π, both profiles are considered to be uniform (Equations (3.15) and 

(3.16)). The boundary conditions at the droplet centre are determined by the symmetry of the domain (Equations 
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(3.17) and (3.18)) and the boundary conditions at the droplet surface are given by Equations (3.19) and (3.20). 

These are derived in APPENDIX C (Sections C.1.2 and C.2.2). 
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In Equations (3.13) to (3.20), # is the concentration of solute, 4 is the temperature inside the droplet, $ is the 

diffusivity of solute in water and ʆ is the thermal diffusivity, ʇ  and ʇ are the thermal conductivities of water 

and air, respectively, Ὤ  is the latent heat of vaporisation of water, and ά  is the rate of change in droplet mass 

as a function of time that can be calculated using Equation (3.12), assuming that the rate of change in droplet 

mass is only affected by the change in droplet radius and not by the rate of change in droplet density: 
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3.1.4.3 Spatial Discretisation 

Equations (3.13) and (3.14) are discretised in space using the finite volume method in spherical coordinates. 

Following the mass and energy conservation on the control volume (also referred to as a cell), a normalisation 

of the radial position is performed to obtain control volumes in the new system of coordinates that are fixed in 

space (see APPENDIX C, Section C.1.4, for details). This allows the transformation of the PDEs (Equations 

(3.13) and (3.14)) into ODEs in time given by Equations (3.22) and (3.23). The boundary conditions are used 

to define fictitious points to extend the applicability of these equations for the cells closest to the droplet centre 

and the droplet surface (Equations (3.24) and (3.25)). Central differences are used for the approximation of all 

derivatives. Diffusivities at the cell boundaries are calculated by taking the average of the diffusivity values at 

the nodal points in two adjacent cells and the values of diffusivity, concentration or temperature at the droplet 

surface are computed using a first order extrapolation (see APPENDIX C, Section C.1.5). All the details of the 

derivations of Equations (3.22) to (3.25) are given in APPENDIX C (Sections C.1 and C.2). 
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In Equations (3.22) to (3.25), Ò is the normalised radial position. The droplet is divided into - control volumes 

with central nodal points represented by the index É ranging from ρ to -, as illustrated in Figure 3.1, where ὓ

φ for illustration purposes. The mesh size used in the simulations is determined in CHAPTER 4, in the 

sensitivity analyses presented in Section 4.2.2. The subscripts Å and × correspond to the east and west boundary 

of each control volume, respectively. The convention adopted in this study is that the cell closest to the droplet 
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centre corresponds to the most western cell and the cell closest to the droplet surface is the most eastern cell. 

The indices É π and É - ρ refer to fictitious points which are outside the domain and are only used for 

the purpose of extending Equations (3.22) and (3.23) to É ρ and É -. Details on the use of fictitious points 

are given in APPENDIX C (Sections C.1.5 and C.2.3). 

  

Figure 3.1: Representation of the control volume in spherical coordinates in a) 3D and b) 2D when M = 6. 

3.1.4.4 Numerical solution method 

The equation for the change in droplet radius (Equation (3.12)), the - equations for both the solute 

concentration (Equation (3.22)) and the solution temperature (Equation (3.23)) distributions and the four 

equations for the droplet motion (Equations (3.1) and (3.2)) form a system of ς- υ ODEs. Due to the 

difference in timescales of the processes involved (evaporation, solute diffusion, heat conduction and droplet 

motion), these ODEs behave at significantly different rates and the system is therefore stiff. In general, ODE 

stiffness increases with the number of cells (Schiesser and Griffiths, 2009), meaning that finding the optimal 

number of cells to ensure numerical accuracy but also reducing computational time is crucial. Moreover, when 

dealing with stiffness, a careful choice of the time step size (Dt) is essential for achieving stability (Lindfield 

and Penny, 2018). 

Because of the degree of instability caused by the stiffness of the ODEs, an implicit method is needed to solve 

these equations (Hairer and Wanner, 1991). In this study, a four-stage Rosenbrock method is used with an 

automatic time step adjustment algorithm (Rosenbrock, 1963; Press et al., 1992). It involves solving multiple 
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linear equations at each time step in order to approximate the solution of the non-linear equations needed for 

the implicit method. 

The numerical integration is terminated when the solute (sodium chloride) concentration at the surface of the 

droplet reaches a supersaturation (S) level, defined as the ratio of the concentration of sodium chloride to the 

equilibrium solubility (= 318 kg/m3), above ςȢπτ (Gregson et al., 2019). This has been shown to be the point 

for the onset of crystallisation in a saline droplet based on the experimental data combined with numerical 

modelling of Gregson et al. (2019). Furthermore, the calculations are also terminated when the droplet radius 

falls to 0.5 µm even if the specified supersaturation level has not been reached. This way, the Knudsen number 

(Kn), defined as the ratio of the molecular mean free path length to the droplet radius, remains always below 

the transitional value of πȢρ, so the droplet can be considered to be in the continuum regime. 

3.1.4.5 Extension to Multicomponent Droplets 

The diffusion model presented in Section 3.1.4.2 can be adapted to account for two solutes, sodium chloride 

and mucin. The diffusion of sodium chloride is described by: 
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Similarly, the diffusion of mucin can be described by: 
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The diffusion coefficient of mucin is given by the study from Znamenskaya et al. (2012) and the reduction in 

the diffusivity of sodium chloride of 50% is estimated from this study. From the concentrations of salt and 

mucin, the mass fractions of each solute can be calculated. However, this assumes volume additivity, as the 

interactions between each solute over any concentration range on the droplet density are difficult to evaluate. 

The mass and volume of salt and mucin within the droplet are calculated by: 

ά ὅ ὠ and ὠ  
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From these, the volume of water and the mass of water can be calculated: 

ὠ ὠ ὠ ὠ  and ά ” ὠ 

The mass of the droplet is given by: 

ά ά ά ὓ  

Now, the mass fraction of salt and mucin can be calculated: 
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The numerical solution method is the same as described in Section 3.1.4.4, with an additional ὓ equations to 

solve corresponding to the PDE for the diffusion of mucin (Equation (3.27)) converted in ODEs inside each cell 

of the domain. 

3.1.5 Saline Droplet Evaporation Model with  Crystal Formation 

3.1.5.1 Heat and Mass Transfer to the Droplet 

The change in droplet size as a function of time due to evaporation is the same as in Section 3.1.4.1 (given by 

Equation (3.12)). The initial condition on the droplet size is given by: 

ὶὸ π ὶ  
(3.28) 

 

In this droplet evaporation model however, the temperature inside the droplet is considered uniform. An energy 

balance on the droplet consists of three terms, a convection term, the heat loss due to evaporation and the heat 

change due to solid formation: 
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Based on this, the change in droplet temperature as a function of time can be expressed as: 
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In Equations (3.29) and (3.30), Ὕ represents the droplet temperature, ὧ the droplet heat capacity, ɻ the heat 

transfer coefficient,װάύ andάί the change in mass of water and solute, respectively, Ὤ  and ɝὌ  the 

enthalpy of evaporation of water and enthalpy of crystallisation of NaCl, respectively, ʇ  the thermal 

conductivities of air, .Õ the Nusselt number, ” the density of NaCl and צ the total solid volume fraction. 

The initial condition on the droplet temperature is given by: 

Ὕ ὸ π Ὕ  
(3.31) 

 

3.1.5.2  Internal Solute Diffusion 

The evolution of the concentration of solute as the droplet evaporates is influenced by diffusion and the 

consumption of solute to form crystals: 
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In Equation (3.32), # represents the concentration of solute, $ the diffusivity of solute in water, Ò the radial 

position in the spherical coordinate system and צ the solid volume fraction, defined in Section 3.1.5.3.3. When 

crystals are formed within the droplet, the effective solute diffusion coefficient is given by (Abdullahi et al., 

2020): 
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The initial condition on the solute concentration is given as: 
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(3.34) 

 



50 
 

3.1.5.3 Saline Droplet Crystallisation Modelling 

3.1.5.3.1 Principle 

Crystallisation in the droplet begins once the concentration of NaCl reaches a critical value, which is higher 

than the saturation concentration. This is due to the complex interactions between salt ions and water molecules 

and the necessity to overcome nucleation barriers for crystallisation during droplet drying. By dividing the 

droplet into a fixed number of control volumes, or cells, as described in Section 3.1.5.4.3, the solute 

concentration (Equation (3.32)) can be calculated in these cells until the concentration in one of them reaches 

the critical value for the crystallisation to begin, referred to as ὅ . Then, crystal nucleation and growth occur. 

Population balance modelling (PBM) is used to calculate the evolution of the crystal number density in these 

different cells until the crust is formed. A representation of this process is shown in Figure 3.2. 

 

Figure 3.2: Representation of the crystallisation modelling process in the droplet and the crystal size distribution. 

3.1.5.3.2 Population Balance Equation for Crystal Formation and Growth 

The population balance equation (PBE) considered in this study to model crystallisation until crust formation 

consists of the crystal diffusion and growth terms, with no aggregation: 
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In Equation (3.35), Î represents the crystal number density, Ὀ  the diffusion coefficient of the crystals and ' 

the growth rate of the crystals. The diffusion coefficient is given by the Stokes-Einstein-Sutherland equation 

(Cussler, 2009), where ὒ is the characteristic crystal size, Ὧ is the Boltzmann constant and ʈ is the viscosity of 

the liquid phase: 
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Equation (3.35) is a partial differential equation in time, space and crystal size. It therefore requires a boundary 

condition on the smallest crystal size bin, which is given by: 
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The crystal birth, ὄ, and growth, Ὃ, rates are modelled using power laws, with the difference between the solute 

concentration in any cell of the droplet # and the equilibrium concentration ὅ  as the driving force (Equations 

(3.38) and (3.39)). These models are based on the study by Seydel et al. (2006), which also investigated the 

crystallisation of saline droplet using PBM, and were based on the original work by BaĞdyga & Orciuch (1997). 

The birth rate follows a quadratic law and the growth rate is linear. However, in this study, the coefficients ὧ 

and ὧ from the birth and growth rates are determined by parameter estimation matching, described in Section 

3.1.5.5. 

ὄ ὧ ὅ ὅ  
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The expressions given by Equations (3.38) and (3.39) are empirical power-law models commonly used in the 

application of PBM to describe crystal nucleation and growth (Omar & Rohani, 2017). As discussed in 
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CHAPTER 2, Section 2.2.4, more complex laws exist, however, the present models were selected because of 

the limited availability of experimental data (see Section 3.1.5.5). 

The initial condition for the crystal number density is given as: 

ὲȿ π 
(3.40) 

 

3.1.5.3.3 Method of  Moments 

In PBM, a moment is a statistical measure that provides information on global properties of the particle size 

distribution. These can be related to the total number of all particles, the total length, total area or the total 

volume. Mathematically, the moment of order Ë is defined by (Omar and Rohani, 2017): 

ά ὸȟὶ ὒὲὸȟὶȟὒÄὒ 
(3.41) 

 

Four moments are used in this study to obtain information on the particle size distribution: 

¶ ά ὸȟὶ ᷿ ὲὸȟὶȟὒÄὒ: total number of particles per unit volume 

¶ Í ÔȟÒ ᷿ ,ÎÔȟÒȟ,Ä,: total length of particles per unit volume 

¶ ά ὸȟὶ ᷿ ὒὲὸȟὶȟὒÄὒ: total surface of particles per unit volume 

ὸȟὶצ ¶ ά ὸȟὶ ᷿ ὒὲὸȟὶȟὒÄὒ: volume fraction of particles 

By taking the integral of Equation (3.35), the partial differential equation for the moment of order Ë can be 

derived, consisting of a birth, growth and diffusion term, as (Handscomb et al., 2009): 
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In Equation (3.42), ὒ is an input parameter related to the smallest possible crystal size, determined in this study 

by a sensitivity analysis (see CHAPTER 5, Section 5.2.4.2). 

A challenge in the method of moments is the closure problem, as the resulting PBE leads to an infinite hierarchy 

of moment equations. Indeed, in Equation (3.42) the moments of order Ë depend on the moment of order Ë ρ, 
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so it is necessary to define the moment of order -1. Two closure equations can be used, first is the one used in 

the study by Handscomb et al. (2009): 
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However, this closure equation is based on the assumption of a monodisperse distribution (Marchisio and Fox, 

2013). If  the crystal number density can be considered to follow a gamma distribution, a two-parameter 

distribution which, depending on its parameters, may resemble a normal distribution. These two parameters of 

this distribution need not be known a priori, as the closure equation for the moment of order -1 does not involve 

these parameters, but only the moments of higher orders (Hulburt and Katz, 1964): 
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This closure equation requires however that its denominator remains strictly positive. This can be tested during 

the numerical solution of the PDEs and if it is not the case additional terms should be added to the closure 

equation according to the method derived in Hulburt and Katz (1964). 

The initial condition for the moment of order Ὧ is given as: 
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3.1.5.4 Numerical solution method 

3.1.5.4.1 Change of  coordinates 

In order to solve Equations (3.32), (3.35) and (3.42), the coordinates ὸȟὶ are changed to ʐȟὼ, where † ὸ 

and ὼ , to normalise the radial position. The partial derivatives with respect to ὸȟὶ can be expressed as 

a function of those with respect to ʐȟὼ: 
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This creates a virtual convective flux term. Equations (3.32), (3.35) and (3.42) can therefore be reformulated 

as: 
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In Equations (3.48), (3.49) and (3.50), the term 
Ä

Ä
 is kept in the original time coordinate. Since the droplet 

radius ὶ does not depend on the internal radial position ὶ, either time coordinate may be used without requiring 

any additional transformation when converting the variables back to the original coordinate system. 

3.1.5.4.2 Boundary conditions 

With the change of coordinates, Equations (3.48), (3.49) and (3.50), appear as advection-diffusion PDEs, 

comprising a time derivative of the state variable with a mass coefficient, a spatial derivative and a source/sink 

term. The term inside the partial derivative with respect to Ø represents a flux term, which is both advective, due 

to the receding boundary, and diffusive. Due to the symmetry of the system, this flux is zero at the centre of the 

droplet (Equations (3.51), (3.52) and (3.53)). Furthermore, since neither the solute nor the crystals exit the 

internal domain of the droplet, this flux is also zero at the external boundary for each variable (Equations (3.54), 

(3.55) and (3.56)). Consequently, the boundary conditions are derived as follows: 
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However, it is not necessary to explicitly formulate these boundary conditions. Indeed, with the use of the finite 

volume method, the no flux conditions at the centre and the surface of the droplet suffice to calculate the state 

variable in either the first or the last cell of the domain. Additional details are given in APPENDIX D (Section 

D.1.4). 

3.1.5.4.3 Finite volume method 

Equations (3.48), (3.49) and (3.50) are discretised in space and in crystal size using the finite volume method. 

Figure 3.3 is a representation of the computational domain with ὓ φ, the number of control volumes of the 

internal droplet domain, and ὖ υ, the number of crystal size bins, for illustration purposes. For the discrete 

method, this domain is two-dimensional (2D) (Figure 3.3a), with one spatial coordinate Ø and one coordinate 

for the crystal size ,. The spatial discretisation is non-uniform, with a more refined mesh at the droplet surface, 

corresponding to Ø ρ. The crystal size coordinate is uniform. For the MoM and the solute diffusion, the 

computational domain is one-dimensional (1D) (Figure 3.3b), with only the spatial coordinate. Details on the 

use of the finite volume method are provided in APPENDIX D (Section D.2.3). 

To account for steep gradients in the crystal number density near the droplet surface, the computational mesh 

used is log-normal, with a parameter Á controlling the degree of refinement near the droplet surface. The 

position of the É-th cell node is defined by the formula: 
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(3.57) 

 

The mesh size ὓ, refinement parameter ὥ, the number of crystal bin size ὖ and the smallest crystal size ὒ for 

the MoM are determined in CHAPTER 5, based on the sensitivity analyses conducted in Section 5.2.4. 

 

Figure 3.3: Computational domain with M = 6 and P = 5 for (a) the discrete method and (b) the method of moments and the 

solute diffusion. 
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3.1.5.4.4 Scaling of  the variables 

In order to improve convergence and expedite the numerical solution to Equations (3.12), (3.30), (3.48), (3.49) 

and (3.50), the variables are scaled by making them non-dimensional to minimise the differences in their orders 

of magnitude. The following scaling factors are applied: 

¶ Droplet radius: ὶz  

¶ Droplet temperature: Ὕz  

¶ Solute concentration: ὅz  

¶ Crystal number density: Î ὅ ὲz 

¶ Moment of order k: ά ὅ ὒ άᶻ, with ὒ
Ⱦ

 

The scaling of the number density Î is done based on the boundary condition on crystal size and the birth and 

growth model (Equations (3.37), (3.38) and (3.39)). The scaling of the moment of order Ë is designed to ensure 

that the moment of order 3 (ά ) remains unchanged, as it is already a dimensionless quantity (the total volume 

of crystals per unit volume of the droplet). 

3.1.5.4.5 Flux limiters 

The PBE, whether in its discrete form (Equation (3.49)) or using the MoM (Equation (3.50)), presents large 

gradients of the crystal number density or moments at the droplet surface, due to crystallisation occurring at the 

droplet surface, but also smooth regions closer to the droplet centre. These large gradients pose challenges for 

obtaining numerical solutions of such advection-diffusion equations. Indeed, according to Godunov's theorem, 

linear numerical schemes for solving hyperbolic partial differential equations (PDEs) can be at most first-order 

accurate for the scheme to be monotone (Godunov, 1959). If the scheme is not monotone, it will generate new 

extrema in the solution, leading to non-physical oscillations. 

However, since Equations (3.49) and (3.50) present second-order derivative terms, second-order (or higher) 

accurate schemes are required. One solution to this problem is the use of a flux limiter, which prevents the 

generation of extrema in regions with steep gradients while allowing the use of second-order (or higher) schemes 
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in smooth regions. Further details on the application of flux limiters to solve the PBE are provided in 

APPENDIX D (Sections D.2.4 and D.2.5). 

3.1.5.4.6 Systems of  ODEs 

After applying the finite volume method, three sets of ordinary differential equations (ODEs) are formed. 

Crystals only start to appear when the solute concentration ὅ reaches the predefined crystallisation 

concentration ὅ . This implies there is no need to solve the PBE until this concentration is reached, so the 

ODEs are solved in two steps. Initially, only the changes in droplet size, temperature and dissolved solute 

concentration profile are considered by solving Equations (3.12), (3.30) and (3.48) only, resulting in a total of 

- ς equations, until the solute concentration at the surface reaches ὅ . Then the PBE is added. By 

discretising the crystal size in 0 bins, Equations (3.12), (3.30), (3.48) and (3.49) form a system of - - ὖ

ς equations, known as the discrete method. The set of ODEs for the MoM consists of Equations (3.12), (3.30), 

(3.48), and (3.50) for Ë ρȟςȟσȟτ, resulting in υ ὓ ς equations. 

The calculation terminates when the solid volume fraction (ά ) reaches 0.74 (Seydel et al., 2006). The stiff 

ODE solver from MATLAB, ode23t, is used to solve the sets of ODEs. The calculations were performed on 

Aire, part of the High Performance Computing facilities at the University of Leeds, UK. No calculations taking 

longer than 96 hours are included in the analysis. This cutoff is arbitrarily set to ensure that the simulations 

remain within a reasonable time frame, considering that parameter estimation matching requires many 

simulations to run in parallel in order to find the optimal set of birth and growth coefficients. The parameter 

estimation matching simulations were run on a workstation with an Intel® X®(R) W-2245 CPU at 3.90GHz 

and 64 GB of RAM. 

3.1.5.5 Estimation of crystal birth and growth rate coefficients 

The coefficients for the crystal birth and growth models are estimated by comparing the time to reach crust 

formation between the numerical simulations and the experimental measurements on a saline droplet drying in 

an acoustic levitator. Additionally, the number of crystals predicted by the PBM is compared with those based 

on estimates from SEM observations of the surface of the salt particle residue after evaporation. This is done 

by evaluating the average crystal size with digital measurements and comparing the surface area of this 
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representative crystal to the total surface area of the solid particle residue, assumed to be spherical. Voidage 

between the crystals is also considered, assuming to be 0.74, similar to the value used in the modelling.  

The parameter estimation matching involves testing various values for the coefficients ὧ and ὧ, starting by 

those used in Seydel et al. (2006), which are ὧ φ ρπ  m3.s-1.kg-2 and ὧ υ ρπ  m4.s-1.kg-1. The 

coefficients are adjusted by one order of magnitude at a time and then further refined to best match experimental 

observations. The goal is to minimise the following: 

ὓ ȟ ὓ ȟ ȟװὸȟ ὸȟ  
(3.58) 

 

where ὓ  is the total number of crystals as defined in Equation (3.59) and ὸ the time to reach crust formation. 

The minimisation is performed qualitatively, with greater emphasis placed on matching the number of crystals. 

Moreover, due to the limited availability of number of experimental data points, no confidence intervals can be 

provided for the estimated coefficients. The model results should therefore be interpreted as qualitative rather 

than fully predictive. 

The determination of whether the discrete method or the MoM is chosen for this analysis, with or without 

accounting for the diffusion term in the PBE, is based on sensitivity analyses of mesh size and input parameters. 

These parameters include the discretised bin size ɝὒ for the discrete method or the smallest crystal size ὒ for 

the MoM. The sensitivity analyses are conducted in CHAPTER 5 (Section 5.2.4). 

The moments defined in Section 3.1.5.3.3, ά , ά , ά  and ά , can be computed for the discrete method using 

the definition in Equation (3.41). By integrating these moments over the entire volume of the droplet, it is 

possible to calculate the total number, the total length, the total area, or the total volume occupied by the crystals 

to compare with the experimental observations, using the following formula: 

ὓ ὸ τ“ ὶά ὸȟὶÄὶ 
(3.59) 

 

For a droplet trapped in an acoustic field, its evaporation rate is affected by local variations in the ambient 

conditions such as the vibrating air (Yarin et al., 1999). Considering that the evaporation model used in 
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CHAPTER 5 is based on the one validated in CHAPTER 4 with experiments using the electrodynamic balance 

(Gregson et al., 2019; Hardy et al., 2023), which is a less intrusive experimental setup, adjustments are necessary 

for the model to predict the evaporation of an acoustically levitated droplet. This involves modifying the heat 

and mass transfer coefficients, or the Nu and Sh numbers, used in Equations (3.12) and (3.30), by comparing 

the model predictions with experimental measurements. A water droplet is inserted into the acoustic levitator 

under the same conditions as the saline droplet, including ambient temperature, relative humidity and the voltage 

used to trap the droplet. The ratio of the evaporation rate of the model to that of the experimental measurements 

is used to adjust the heat and mass transfer coefficients so that agreement is obtained. These are then used for 

the modelling of the saline droplet in this study. More details are given in APPENDIX E (Section E.1.1). 

3.2 Properties of the Solute, Solvent and Air 

3.2.1 Summary 

The formulae for the thermodynamic, physical and chemical properties as a function of temperature or solute 

concentration employed in the evaporation models of this thesis are given in Table 3.1, along with references. 

Therein, the temperature 4 is given in K, ʖ is the mass fraction of solute, Ð the total pressure in atm, ʎ  and 

ɱ$ are the collision diameter in angstrom ( ) and collision integral in the ChapmanïEnskog theory, 

respectively. 

In the models described in Sections 3.1.4 and 3.1.5, the simplifying assumption of volume additivity for an 

aqueous solution of water and NaCl is relaxed. Instead, the density of the droplet as a function of the mass 

fraction of solute is based on empirical parameterisations to provide more accurate results (Tang, 1996). 

Similarly, the osmotic coefficient uses a semi-empirical parameterisation as a function of the mass fraction of 

solute (Pitzer, 1973) to calculate the water activity of the droplet as described in Section 3.2.2. The diffusion 

coefficient of NaCl in water is fitted based on the data from Gregson et al. (2019) (Section 3.2.3), which have 

been calibrated from dynamic viscosity measurements. The Stokes-Einstein equation (Cussler, 2009) could also 

be used to calculate the diffusion coefficient, however at high concentrations the values may be orders of 

magnitude different from the actual value (de Souza Lima et al., 2020). Therefore, the empirical fit to the data 
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of Gregson et al. (2019) is used in combination with the Stokes-Einstein equation to calculate the diffusion 

coefficient at different temperatures. 

Table 3.1: Formulae for the thermophysical and chemical properties used in the modelling. 

Symbol Description Formula Unit Reference 

▌ 
Thermal 

conductivity of air 
ςȢυ ρπ Íװ7  +װ  Parienta et al. (2011) 

◌ 

Thermal 

conductivity of 

water 

πȢτσςװװυȢχςυρπװװ4װψȢπχψװρπ4װ
 4װρȢψφρρπװ

Íװ7 +װ  Perry et al. (1997) 

▼ 
Osmotic 

coefficient 
Semi-empirical parameterisation (see Section 3.2.2) - Pitzer (1973) 

 Viscosity of water ρȢχτψρπ Ὕ ςχσ ρȢσσφρπ  0ÁװÓ Perry et al. (1997) 

▬ 
Density of saline 

droplet 
ςπφπʖ ςςυςʖ σχτρʖ χτρπʖ ωωχȢρ ËÇװÍ  Tang (1996) 

╪◌ 
Water activity of 

a saline droplet 
ὥ ÅØÐ

ςʖ

ρ ʖ
ɮװ
ὓ

ὓ
 - 

Robinson and Stokes 

(2012) 

╬▬ 
Specific heat 

capacity 

ρυστπȢψχ ρρφȢπρψ4װ πȢτυρװὝ χȢψ ρπװὝ
υȢς ρπװὝ 

*ËÇ +  Perry et al. (1997) 

╓ 

Diffusion 

coefficient of salt 

in water 

Ὀ
Ὕ

ςωσ

ʈςωσװ+

ʈ4
 Í Ó  

Ὀ fitted from Gregson 

et al. (2019) (see 

Section 3.2.3) 

╓▌ 
Diffusivity of 

water vapour in 

air 

πȢππρψυψ4װȾ - -װ Ȣ

Ðʎ ɱ
 Í Ó  Brokaw (2002) 

▐■▌ 
Latent heat of 

vaporisation of 

water 
ςυππȢψ ςȢσφ4 πȢππρφὝ πȢππππφὝ *װËÇ  Rogers and Yau (1989) 

ἚἽ Nusselt number ς πȢφ2Å
Ⱦ
0ÒȾ - 

Ranz and Marshall 

(1952a) 

▬▼╪◄ȟ╣ 
Saturation vapour 

pressure of water 
φρπȢψÅØÐ

ρχȢςχὝ ςχσȢρφ

Ὕ συȢψφ
 0Á 

Bridgeman and Aldrich 

(1964) 

ἡἰ Sherwood number ς πȢφ2ÅÐ
ρȾς3ÃρȾσ - 

Ranz and Marshall 

(1952a) 

 

3.2.2 Droplet Water Activity  

There are multiple ways to evaluate the water activity of a saline droplet as a function of the mass fraction of 

solute (Mikhailov et al., 2004). Generally, the water activity of aqueous solution ionic compounds can be 

defined as a function of the stoichiometric dissociation number of the solute ʉ (equal to 2 for NaCl), the molal 

or practical osmotic coefficient of the solute in aqueous solution ɮ , the solute molality ʈ and the molar mass 

of water ὓ  as given by Equation (3.60)  (R. A. Robinson and Stokes, 2002). The solute molality is related to 

the mass fraction of solute ʖ by Equation (3.61). 
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ὥ ÅØÐ’װ‘װ װὓ  
(3.60) 

 

‘
‫

ρ ‫ὓ
 (3.61) 

 

The osmotic coefficient describes the non-ideality of the solution such as ion interactions and other effects 

leading to deviations from Raoultôs law. An ion-interaction approach has been used to derive a semi-empirical 

parameterisation of ɮ  as a function of the solute molality for strong electrolytes dissociating into two types of 

ions (Pitzer, 1973): 

  ρ ȿᾀᾀȿὃ
ЍὍ

ρ ὦ ЍὍװ
‘
ς’’

’
‍ ‍Ὡ Ѝ ‘

ς’’ Ⱦ

’
ὅ  

(3.62) 

 

The molal ionic strength is ) πȢυʈᾀ ʈᾀ . In the case of NaCl in H2O at ςυЈὅ, ʉ ʉ ᾀ ᾀ ρ, 

ɼ πȢρπρχװËÇ ÍÏÌȤρ, ɼ πȢςχφωװËÇ ÍÏÌȤρ, ὅ πȢππσςςχװËÇςװÍÏÌȤς (Mokbel et al., 1997) and the 

Debye-Huckel coefficient ὃ πȢσωςװËÇρȾςװÍÏÌȤρȾς (Pitzer and Mayorga, 1973). 

3.2.3 Solute Diffusion Coefficient 

The diffusion coefficient of NaCl in water depends on the concentration (or mass fraction) of the solute and the 

temperature, which creates non-linearity in the diffusion equation and a strong coupling between the heat 

conduction (Equation (3.14)) and solute diffusion (Equation (3.13)) equations. Gregson et al. (2019) calibrated 

the diffusion coefficient of salt as a function of its mass fraction in the droplet using dynamic viscosity 

measurements at a temperature of 293 K. A 5th order polynomial was fitted to this data (Equation (3.63)), where 

ʖ is the mass fraction of solute. The accuracy of the polynomial fit compared to the original data is represented 

in Figure 3.4. 

Ὀ ρȢωυυςπȢτς‫ ρτρȢχ‫ υσωȢψ‫ ωωυȢφ‫ φωψȢχ‫  (3.63) 
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Figure 3.4: Fitted curve of the diffusion coefficient of NaCl in water (blue line) compared with original data from Gregson et al. 

(2019) (red circles). 

Using the Stokes-Einstein relation (Equation (3.36)) and taking into account the change in viscosity of water ʈ 

with temperature, it is possible to obtain the value of the diffusion coefficient at any temperature: 

ὈὝ Ὀ
Ὕ

ςωσ

‘ςωσװὑ

‘Ὕ
 (3.64) 

 

3.2.4 Relation Between Mass Fraction of Solute and Concentration 

Solving the diffusion equation (Equation (3.13)) described in Section 3.1.4.2 provides values for the 

concentration of solute in the droplet, however the diffusion coefficient of salt depends on the mass fraction of 

solute, so it is necessary to be able to convert the concentration into mass fraction. Based on the relation between 

the concentration, mass fraction and droplet density (Equation (3.65)), and the empirical polynomial fit of the 

droplet density as a function of the mass fraction of salt (Equation (3.66)) (Tang, 1996), it is possible to seek a 

direct polynomial formula for the concentration as a function of the mass fraction. 
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ὅ ”‫ ‫  (3.65) 
 

” ‫ ςπφπ‫ ςςυς‫ σχτρ‫ χτρπ‫ ωωχȢρ (3.66) 
 

For any given value of concentration #, the value of the corresponding mass fraction can be obtained by solving 

a polynomial equation of the form 0ʖ # π. This polynomial equation was solved for values of # ranging 

from 0 to 700 g/L (corresponding to a supersaturation level just above 2.04) and a polynomial fit was applied 

to it, so that values of ʖ could therefore be directly obtained from # without the need to solve a polynomial 

equation at each time step. The resulting polynomial fit is: 

‫ὅ ςȢπωφυχυρπ ὅ υȢυπψςωτρπὅ ωȢψφωρωςρπὅ σȢψρχψυωρπ (3.67) 
 

3.3 CFD Simulations of Sprayed Droplets 

In this thesis, computational fluid dynamics (CFD) is used to simulate droplets sprayed by the Respimat soft 

mist inhaler (SMI), presented in Section 3.4.1.3. These simulations include the saline-mucin droplets 

evaporation model described in Section 3.1.4.5, with the aim of investigating the dispersion of respiratory-like 

droplets. Input parameters for the droplet injection, such as the size distribution and cone angle, are obtained 

from phase Doppler anemometry (PDA, see Section 3.4.7) and the Proveris SprayVIEW system (see Section 

3.4.9). PDA measurements are also used to compare the results of the simulations at multiple downstream 

locations from the mouthpiece of the SMI. 

3.3.1 Computational Domain and Mesh 

The geometry used in the CFD simulations of sprayed droplets consists of a truncated 3D cone with a circular 

base as illustrated in Figure 3.5a. This geometry was designed to capture the droplet trajectories and the vortices 

produced by the momentum of the sprayed droplets. The domain was discretised using Ansys SpaceClaim in 

hexahedral elements arranged in an O-grid structure, which allows for low skewness of the mesh and an easy 

control of the number of elements in each direction. A mesh independent study is conducted in Section 6.2.3.2. 

The rear face of the geometry has a diameter of 3 cm, while the front face has a diameter of 15 cm. The total 
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length of the domain is 40 cm, which corresponds to a cone angle of 10°. A representation of the mesh is 

provided in Figure 3.5b. 

 

Figure 3.5: (a) Schematic side view of the computational domain and (b) 3D mesh used in the CFD simulations. 

 

3.3.2 Selection of the Turbulence Model 

Amongst the turbulence models presented in CHAPTER 2, Section 2.4.1, the RANS approach is commonly 

used in research because of its lower computational requirements in terms of time step and mesh size compared 

with DNS or LES. However, some RANS models may struggle to predict turbulence intensity accurately, 

particularly in jet simulations developing from quiescent air, such as those considered in this study. At the start 

of the simulation, the Reynolds number of the air is close to zero, but it rapidly increases as droplet injection 

induces air entrainment within the domain. To determine the most suitable turbulence model for the CFD 
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simulations, several models are tested and the resulting particle trajectories are qualitatively compared with 

plume measurements obtained using the SprayVIEW system (see Section 3.4.9). The models evaluated are the 

standard Ὧ ‐ model, Ὧ ‐ RNG, Ὧ ‐ realizable, Ë ʖ shear stress transport (SST), the Reynolds stress 

model (RSM) and Large Eddy Simulations (LES). Based on the analysis conducted in CHAPTER 6, Section 

6.2.3.3, the Ὧ ‐ realizable model is selected for the CFD simulations in this study. 

3.3.3 Continuous Phase Equations 

The continuous phase, the air, is treated as Eulerian in the CFD modelling. Reynolds averaging is used to 

decompose the velocity into a time-averaged and fluctuating component: 

ό ό ό 
(3.68) 

 

Using the Reynolds-Averaged Navier-Stokes (RANS) equations, continuity and momentum equations are 

expressed as: 
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(3.70) 

 

Equations (3.69) and (3.70) use the Einstein summation convention. All  variables are represented by their time-

averaged quantity. The RANS equations differ from the standard Navier-Stokes equations by additional terms 

such as the Reynolds stresses ( ”όό , representing the effects of turbulence. Such terms cannot be obtained 

by solving Equations (3.69) and (3.70) and must therefore be modelled in order to close Equation (3.70). This 

is done with the Boussinesq hypothesis to relate the Reynolds stresses to the mean velocity gradients: 

”όό ‘
‬ό

‬ὼ

‬ό

‬ὼ
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‬ό
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‏  

(3.71) 
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In Equation (3.71), ʈ represents the turbulent viscosity which, in Ὧ ‭ modelling, is computed by the turbulent 

kinetic energy Ὧ and the turbulent dissipation rate ‭, including a model parameter ὅ which is a function of the 

mean strain and rotation rates, the angular velocity of the system rotation, and the turbulence fields: 

‘ ”ὅ
Ὧ

‭
 

(3.72) 

 

In this thesis, the Realizable Ὧ ‭ model is used, as it has been shown to provide appropriate trajectories of the 

particles in the simulations (see Section 6.2.3.3). The modelled transport equations for Ὧ and ‭ are given by 

(Shih et al., 1995): 
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(3.73) 
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(3.74) 

 

In Equations (3.73) and (3.74), Ὃ and Ὃ are the generation of turbulence kinetic energy due to the mean 

velocity gradients and buoyancy , respectively, ὅ and ὅ  are constants, ʎ and ʎ are the turbulent Prandtl 

numbers for Ὧ and צ, respectively. The model parameters and constants are given by: 

ὅ άὥὼπȢτσȟ  , ʂ Ὓ  , Ὓ ςὛὛ , Ὓ  

ὅ ρȢττ , ὅ ρȢω , ʎ ρȢπ , ʎ ρȢς 

3.3.4 Discrete Phase Equations 

The discrete phase in the simulation consists of droplets and is modelled using the Lagrangian approach. The 

equation of motion are similar to those described in Section 3.1.2 and are given by Equations (3.1) and (3.2). 

The drag law used in the CFD modelling is given by (Morsi and Alexander, 1972): 

ὅ ὥ
ὥ

2Å

ὥ

2Åς
 

(3.75) 
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In Equation (3.75), ὥ, ὥ and ὥ are constants that apply for Reynolds number ranging from 0 to 50,000. 

Droplet to droplet interactions such as breakup coalescence are not accounted for. A discrete random walk 

(DRW) model is used to represent the effect of turbulent velocity fluctuations on particle motion (Gosman and 

Ioannides, 1983). Since RANS turbulence models provide only mean flow fields, the DRW model introduces 

synthetic turbulent fluctuations by assigning each particle a randomly sampled velocity perturbation derived 

from the local turbulent kinetic energy. 

The droplets under consideration consist of water, salt and mucin. The solutes, salt and mucin, are considered 

to form a pseudo-binary solution with water. The heat and mass transfer to the droplets are given by Equations 

(3.10) and (3.12) and coupled with CFD through user-defined functions. The internal diffusion of the solutes 

and heat conduction inside the droplets are not accounted for, therefore the droplets are considered homogenous. 

The water activity of the water-salt-mucin solution droplets is determined in CHAPTER 6. 

3.3.5 Numerical Solution Method 

The CFD simulations were conducted using ANSYS Fluent 2023 R2 (ANSYS Inc., Canonsburg) and performed 

on Aire, part of the High Performance Computing facilities at the University of Leeds, UK. The momentum 

equation was discretised using a bounded central differencing scheme. Pressureïvelocity coupling was handled 

with the PISO algorithm and the PRESTO! scheme was selected for the pressure interpolation. A first order 

upwind scheme was employed in the discretisation of the turbulent kinetic energy and turbulent dissipation rate 

equations to ensure numerical stability (Versteeg and Malalasekra, 2007). The species and energy equations 

were disabled to prevent numerical divergence. Convergence criteria for all residuals were set to ρπ , however 

as shown in Section 6.2.3.4, in practice most residuals are below ρπ  except for the turbulent dissipation rate. 

All boundaries of the computational domain were specified as pressure-outlet conditions, considering that the 

simulations represent a spray of droplets in open air rather than in a confined environment. The air velocity was 

initialised to 0 m/s, while the temperature and RH were set to 21.4° and 32%, respectively, corresponding to the 

ambient conditions of the experiments with the Respimat SMI. At each time step, ten droplet parcels of varying 

diameters were injected into the domain. The initial droplet size distribution was based on a Rosin-Rammler fit 

of measurements made by PDA (see Section 3.4.7). The injection was set as a solid cone with a disk-shaped 
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base (see visualisation in Figure 3.6), equivalent to releasing droplets 3 mm downstream of the Respimat SMI 

nozzle (see picture of the SMI on Figure 3.8). The initial droplet velocity was set to 10 m/s (Alatrash et al., 

2019), with a spray cone angle of 10°, as determined in CHAPTER 6. The droplet evaporation model, based on 

the water, salt and mucin formulation, described in Section 3.1.4.5, was implemented through a user-defined 

function (UDF). Sampling planes positioned at 7 mm, 27 mm, and 57 mm from the injection surface, equivalent 

to 1 cm, 3 cm, and 6 cm away from the Respimat SMI mouthpiece, were used to collect droplet size and velocity 

data from the CFD simulation results for comparison with experimental measurements. 

 

Figure 3.6: Visualisation of the cone particle injection in Fluent. 

3.4 Experimental Techniques 

Experiments are carried out to provide both input data and validation of the numerical models presented in 

Section 3.1 and 3.3. These experimental approaches range from levitation techniques, acoustic and 

electrodynamic levitation, to investigate the evaporation behaviour and hygroscopic response of individual 

droplets, to measurements of droplet and plume characteristics from the Respimat soft mist inhaler (SMI). The 

SMI is used to generate droplets composed of respiratory like fluid, for a comparison with the CFD simulations. 
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In addition, the influence of fluid viscosity and surface tension on the performance of the SMI is evaluated in 

this thesis, requiring measurements of these properties using a rheometer and bubble tensiometer. 

3.4.1 Materials and Sample Preparation 

3.4.1.1 Solutions Containing Water, Salt and/or Mucin 

The ingredients used to prepare water, saline or respiratory-like solutions are: 

¶ Milli -Q® grade deionized (DI) water. 

¶ Laboratory grade sodium chloride (NaCl), over 99% purity (Sigma-Aldrich, USA; cat. no. S9888). 

¶ Mucin from porcine stomach type III (Sigma-Aldrich, USA; cat. no. M1778), a partially purified 

powder containing 0.5-1.5 % bound sialic acid. 

To prepare a saline solution with a mass fraction X, a mass of 15*X g of NaCl was weighed into a vial, which 

was then filled with DI water until the total solution mass reached 15 g. The same procedure was applied to 

prepare water and mucin solutions. Due to the poor solubility of mucin in water at room temperature, the 

solution was heated to 40°C, approximately physiological temperature of a pig, and stirred using a magnetic 

stirrer at a medium setting for 20ï30 minutes. Solutions containing both NaCl and mucin, with mass fractions 

X and Y, respectively, were prepared by weighing 15Y g of mucin and 15X g of NaCl, then adding DI water 

until the total mass reached 15 g. The same heating and stirring procedure as for the water and mucin solution 

was applied. 

3.4.1.2 Aqueous Solutions with Varying Viscosity and Surface Tension 

Solutions containing Milli-Q® water and Metolose 60SH-4000 (Harke Pharma and Nutra, UK), a 

hydroxypropyl methylcellulose (HPMC) substance, were prepared at concentrations ranging from 0% (pure 

water) to 0.5% (w/w) to vary the solution viscosity, with or without the addition of Polysorbate 80 (Thermo 

Scientific, USA), at a concentration of 0.2% (w/w), a value above its critical micelle concentration (0.01%) 

(Pogorzelski et al., 2012), to reduce the surface tension. 
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3.4.1.3 Respimat Soft Mist Inhaler Mechanism and Filling 

The Respimat Soft Mist Inhaler (SMI) (Boehringer Ingelheim, Germany) was used to generate droplets in 

studies reported in CHAPTER 6 and CHAPTER 7 and filled with the solutions described in Sections 3.4.1.1 

and 3.4.1.2. The Respimat SMI contains the solution in a collapsible cartridge. When the clear base is twisted, 

a spring is tensioned, drawing the solution through a capillary tube and non return valve into the pump system. 

Pressing the dose release button then releases the stored spring energy, forcing the liquid through the uniblock, 

a micro engineered nozzle structure, where it is expelled as two high velocity liquid jets impinging at an angle. 

This produces a fine aerosol cloud via impinging jet atomization, which is responsible for the characteristic 

slow moving, long lasting soft mist. A schematic representation of the assembly of the SMI, including the 

uniblock, is provided in Figure 3.7. 

The aluminium casing surrounding the cartridge was carefully cut and removed using side cutters, ensuring that 

the internal bottle containing the solution was not damaged. Images of the SMI device without and with the 

cartridge opened are provided in Figure 3.8a and b, respectively. Prior to filling with any experimental solution, 

the bottle and device were thoroughly cleaned with DI water. Cleaning of the device consisted of at least ten 

actuations with DI water, followed by five actuations to prime the device after filling with the test solution, 

before performing any droplet size, velocity, or plume measurements. 
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Figure 3.7: Schematic of the Respimat SMI assembly (Dalby et al., 2004). 

 

Figure 3.8: Photographs of (a) the Respimat SMI and (b) with the cartridge cut open. 
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3.4.2 Acoustic Levitator 

3.4.2.1 Building the TinyLev Levitator 

The acoustic levitator used to study the evaporation of and/or crystallisation of single droplets is based on the 

TinyLev design (Marzo et al., 2017). It consists of 72 ultrasonic transducers operating at a frequency of 40 kHz, 

arranged in concentric rings with a convex shape to focus at the centre of the levitator. This configuration creates 

a standing wave, in which the nodes of the wave remain stationary over time, allowing for small objects in the 

millimetre range, such as particles or droplets, to be trapped and levitated in these nodes. Two levitators were 

used for the work in this thesis, first one built by Robin Winder at the University of Leeds, shown in Figure 

3.11, and another one built by me. Both are based on the same kit and design. 

The acoustic levitator was purchased as a kit (RobotShop, https://uk.robotshop.com/products/acoustic-levitator-

kit), which includes a 3D-printed TinyLev base, 76 transducers, an Arduino Nano and Motor Drive Board, 

jumper and copper wires and a switch. Assembly instructions are available online 

(https://www.instructables.com/Acoustic-Levitator/). In brief, each transducer is glued to the top and bottom 

sections of the TinyLev base with the polarity facing the same direction (Figure 3.9a). The transducer legs of 

same polarity are soldered to concentric copper wires (Figure 3.9b). Two additional wires are soldered to either 

the positive or negative copper rings and connected to the Motor Drive Board. The switch, Arduino Nano and 

Motor Drive Board are then connected using jumper wires according to the instructions and connected to the 

adjustable DC power supply (Figure 3.10). 

https://uk.robotshop.com/products/acoustic-levitator-kit
https://uk.robotshop.com/products/acoustic-levitator-kit
https://www.instructables.com/Acoustic-Levitator/
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Figure 3.9: Photographs of (a) the 3D printed TinyLev base and (b) the concentric circles of copper wires. 

 

Figure 3.10: Photograph of the acoustic levitator connected to an adjustable DC power supply. 

3.4.2.2 Experimental Setup 

The experimental setup for all single droplet evaporation experiments using the acoustic levitator is illustrated 

in Figure 3.11. A camera is positioned on one side of the levitator, focusing on the centre node, while a light is 
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placed on the opposite side to provide contrast between the droplet and the background. Since the droplet is 

always in focus, the number of pixels per millimetre at the camera's focal point can be measured to determine 

the droplet size over time. The ambient temperature and relative humidity (RH) are monitored in close proximity 

to the levitator using a temperature and humidity meter, accurate to ±0.5°C for the temperature and ±3% for the 

RH. While the low error on the temperature measurement may not have strong consequences, the error on the 

RH measurements will be noticeable when comparing model predictions to experimental measurements. Indeed, 

a 6% RH variation would affect the evaporation rate as predicted by the model and therefore add uncertainty to 

the model predictions. Droplets are dispensed into the node aligned with the camera using a 2 µL syringe and a 

copper wire used to remove the droplet from the syringe and allow it to fall into the node. 

The intensity of the acoustic waves is controlled by adjusting the voltage of the transducers, and while a high 

voltage allows dense and heavy particles to levitate, it can cause vibrations that deforms droplets into an oval 

shape, affecting evaporation. Conversely, if the voltage is too low, the droplet or particle fails to levitate. In the 

experiments, the lowest voltage of 6V, determined in Section 5.2.1, that can keep the droplet airborne throughout 

the evaporation process is used. After evaporation in the acoustic levitator, the dried particle residue is collected 

and analysed using a Hitachi TM3030Plus SEM. 
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Figure 3.11: Photograph of the acoustic levitator experimental setup (Winder et al., 2025). 

3.4.3 Electrodynamic Balance 

3.4.3.1 Principle 

The Comparative Kinetic Electrodynamic Balance (CK-EDB) used for the work in this thesis is located at the 

University of Bristol and has been employed to study a wide range of droplet systems (Davies et al., 2012; 

Gregson et al., 2019; Robinson et al., 2020), as described in Section 2.3.2. This instrument levitates micron sized 

aerosol droplets using an electromagnetic field. Droplets are produced by a droplet on demand dispenser and 

electrically charged via induction electrodes. These charged droplets are placed into a trapping chamber 

equipped with cylindrical electrodes, where the electromagnetic field between the electrodes traps one droplet 

in place at a time. A voltage applied to the lower electrode balances the forces acting on the droplet, allowing it 

to remain stationary within the chamber. The relative humidity inside the chamber is controlled by introducing 

dry nitrogen at a flow rate of 0.03 m/s, while the temperature is regulated by circulating ethylene glycol coolant 

through the electrodes. A schematic of the EDB is provided in Figure 3.12, and photographs of the EDB setup 

and the droplet dispenser are shown in Figure 3.13 and Figure 3.14, respectively. 
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The droplet is illuminated with a 532 nm laser and a CCD camera placed at 45° angle relative to the laserôs 

forward direction captures the resulting scattered light pattern. For a uniform, spherical droplet, this pattern 

consists of evenly spaced interference fringes, which are used to determine the droplet size. By measuring the 

angular gap between the light and dark fringes in the pattern, geometric optics approximations of Mie theory 

are used to calculate the droplet radius. 

 

Figure 3.12: Schematic of the EDB (Marsh, 2018). 
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Figure 3.13: Photograph of the EDB setup 

 

Figure 3.14: Droplet-on-demand dispenser 

3.4.3.2 Density and Refractive Index Calibrations 

Light scattering behaviour varies not only with droplet composition but also with concentration for a given 

composition. Consequently, it is necessary to determine the refractive index of solutions at concentrations 

exceeding those of the initial bulk solution. During evaporation, droplets can reach supersaturation levels far 
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beyond the bulk solubility limit. For instance, a sodium chloride solution droplet reaches its bulk solubility limit 

at a relative humidity (RH) of approximately 75%, yet efflorescence does not occur until the RH decreases to 

around 43% (Seinfeld and Pandis, 2016). 

To account for this effect, a polynomial fit is applied to measurements of density and refractive index at known 

concentrations, which is then used to extrapolate the refractive index at higher concentrations. The process 

begins by preparing a solution with a high solute concentration at room temperature, following the procedure 

described in Section 3.4.1.1. As previously noted, this concentration may be limited by the bulk solubility of 

the solute, the poor solubility of solutes such as mucin, or the physical volume occupied by dry solutes required 

for highly concentrated solutions (see Figure 3.15 showing how much 0.5g of mucin type III occupies in a 20 

mL vial). 

From the solution of highest concentration, the refractive index and density are measured using a refractometer 

and a density meter, respectively. Images of these instruments are shown in Figure 3.16, illustrating the 

measurement of the refractive index of water (Figure 3.16a) and the density of water (Figure 3.16b). The 

concentrated solution is then diluted by adding water, followed by stirring and heating if necessary, and the 

refractive index and density are measured again. 
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Figure 3.15: 0.5g of mucin type III in a 20 mL vial. 

 

Figure 3.16: (a) Refractometer and (b) density meter. 
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3.4.4 Real-time X-ray Diffraction  on an Acoustically Levitating Droplet 

To determine the NaCl concentration at which the droplet begins to crystallise, the acoustic levitator is placed 

in an X-ray diffractometer, positioning the levitating droplet between the X-ray beam and the 2D detector, as 

illustrated in Figure 3.17. Real-time X-ray diffraction (XRD) patterns of the evaporating saline droplet are 

produced every 10 seconds. The anode X-ray source operates with a rotating Cu anode at a wavelength of 1.54 

Å. This experimental setup, located in the School of Chemistry at the University of Leeds, has been described 

in a previous study (Turner et al., 2024). When crystals begin to form inside the droplet, the first two diffraction 

peaks of NaCl crystals at the 27.4° and 31.7° angles (Ahmad et al., 2021) appear on the 2D diffraction pattern. 

The time at which these first peaks appear and corresponding droplet size are recorded. For a NaCl droplet with 

known initial concentration, the average concentration at which the first crystals appear, referred to as ὅ  in 

this study, can be calculated based on the NaCl mass balance in the droplet as it evaporates using its initial size: 

ὅὸ ὅ
ὶ

ὶὸ
 

(3.76) 

 

 

Figure 3.17: Photograph of the setup for real-time XRD on an acoustically levitating droplet (Turner et al., 2024). 

3.4.5 Kinexus Rotational Rheometer 

The viscosities of solutions containing HPMC and Ps80, prepared as described in Section 3.4.1.2, are measured 

with a Kinexus rotational rheometer (Netzsch, Germany) at 25ºC for shear rates ranging from 1 to 1000 s-1, with 

ten measurement points per decades and three replicates per solution. Power-law models were fitted to each 



82 
 

dataset to observe non-Newtonian behaviours, for all shear rates above 50 s-1 to avoid potential measurement 

errors occurring at low shear rates. 

 

Figure 3.18: Photograph of the Kinexus Rotational Rheometer. 

3.4.6 Bubble Tensiometer 

The surface tensions of solutions prepared following Section 3.4.1.2 are measured at lab ambient temperature 

(~20ºC) by a SITA t100 bubble pressure tensiometer (SITA, Germany). A photograph of the tensiometer can 

be found in Figure 3.19. Calibration with Milli-Q water was performed daily, before each use of the tensiometer, 

and the resulting surface tension should not deviate by more than 1 mN/m from its nominal value (72.3 mN/m). 

An average of six measurements were taken to reduce the potential influence of viscous solutions on the 

formation of bubbles. 
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Figure 3.19: Photograph of the SITA bubble Tensiometer measuring the surface tension of water. 

3.4.7 Phase Doppler Anemometry 

A one-dimensional Phase Doppler Anemometry (1D-PDA) system (Dantec Dynamics, Denmark) was used to 

measure the size and velocity of droplets emitted by the Respimat SMI. The system, which includes a FiberFlow 

transmitting optic and a 112 mm FiberPDA receiving optic, is mounted on a 3D traversing support, allowing 

measurement at various positions within the plume. This non-intrusive technique, based on light-scattering 

interferometry, provides high spatial and temporal resolution measurements without requiring calibration. 

Droplet size and velocity were measured along the plume centreline at 1, 3 and 6 cm from the device 

mouthpiece, as well as above and below the centreline at 3 and 6 cm, with three replicates per position. 
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Figure 3.20: Photograph of the PDA setup. 

3.4.8 Malvern Spraytec 

The volume-based droplet size distribution was measured by the Spraytec laser diffraction system (Malvern 

Instruments Ltd, UK). The SMI was held onto the Proveris Vereo SSx actuator using a 3D-printed holder. The 

actuator was mounted on the Nasal Spray Stand (NSS), allowing to position the SMI at specific distances from 

the measurement zone of the Spraytec laser diffraction system. Three distances and three replicates were taken 
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for the measurements: 1, 3 and 6 cm from the device mouthpiece. A photograph of the Spraytec setup can be 

found in Figure 3.21. 

Post-processing on the raw data was done in the Spraytec software where an appropriate number of detectors 

were removed to account for beam steering. While the number of detectors removed varied across different 

distances and concentrations of Metolose, the same number was selected for each measurement replicate. Unlike 

PDA, the droplet size distribution is volume based and not number based. Moreover, the measurement volume 

is much larger with the Spraytec, in the order of centimetres, as opposed to millimetres with the PDA, so an 

entire section of the plume is measured throughout its duration rather than a single point in space. 

 

Figure 3.21: Photograph of the Spraytec setup. 

3.4.9 Proveris SprayView 

The spray patterns and plume geometries were analysed using the SprayVIEW system (Proveris Scientific, 

USA). A high-speed camera captures the light reflected from a laser sheet, which was emitted either horizontally 

(perpendicular to the plume) or vertically (along the direction of the plume) throughout the whole duration of 

the spray. The SMI was actuated remotely using the Proveris Vereo SSx automated actuator (Proveris Scientific, 

USA), positioned to spray vertically upwards. The resulting spray pattern and plume geometry images were 

processed in the Viota software (Proveris Scientific, USA). 
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Figure 3.22: Photograph of the SprayVIEW setup. 

3.4.10 Statistical analysis 

All data processing and statistical analyses for CHAPTER 7 were performed in MATLAB (MathWorks Inc, 

USA). Linear mixed effect models were generated with the droplet size/velocity or plume parameter as the 

dependent, or response, variable and the Metolose concentration as well as the presence or absence of 

polysorbate as independent variables, or fixed effects. The interaction of the Metolose concentration with the 

polysorbate presence was also investigated. The separate actuations of the device (three replicates) were 

included as a grouping factor. Correlations between the droplet size/velocity or plume parameter and the 

concentration of Metolose are plotted, with the R squared values extracted from the mixed effect model. 

3.5 Conclusions 

The numerical and experimental techniques presented in this chapter are used to model the evaporation, 

crystallisation and dispersion of water and saline droplets, with the inclusion of mucin, along with refinement 

and validation through measurements. Mathematical models are formulated to describe evaporation and internal 

concentration and temperature gradients in saline and saline-mucin droplets, as well as crystallisation in saline 

droplets using PBM. The internal droplet domain is discretised in space using the finite volume method, with a 
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change of coordinates applied to account for the receding boundary. Particular attention is given to mesh 

refinement, variable scaling and the stiffness of the resulting system of ODEs caused by the strong coupling and 

differing timescales of the processes involved. An EulerianïLagrangian CFD framework is developed to 

simulate the dispersion of sprayed droplets produced by the Respimat soft mist inhaler, incorporating the 

evaporation model for salineïmucin droplets through user-defined functions. Finally, the experimental methods 

used to obtain model input parameters, such as droplet size and velocity distributions for the CFD simulations 

and data for parameter estimation, as well as validation data from single-droplet levitation and spray 

measurements, are described. Together, these modelling and experimental methodologies provide the 

foundation for the results discussed in the following chapters, where the models are assessed and applied to 

water, saline and saline-mucin droplets. 
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CHAPTER 4 A DISTRIBUTED PARAMETER MODEL FOR THE 

SOLVENT EVAPORATION FROM A SALINE DROPLET INCLUDING 

INTERNAL SOLUTE DIFFUSION AND HEAT CONDUCTION  

4.1 Introduction  

4.1.1 Background 

The COVID-19 pandemic has sparked considerable interest in the understanding of the mechanisms for the 

transmission of the disease. Among the three primary routes, airborne transmission of exhaled droplets has 

emerged as the predominant mode for the spread of SARS-CoV-2 (Anderson et al., 2020; Asadi et al., 2020; 

Morawska and Cao, 2020). The initial size of respiratory droplets is one of the determining factors affecting 

dispersion, deposition and survival of the virus within the droplets. Based on the Wells evaporation curve 

(Wells, 1934), large droplets (>100 µm) rapidly settle onto surfaces, whilst smaller ones evaporate to leave a 

solid residue (droplet nucleus) which can remain in the air for long periods of time before finally impinging and 

settling onto surfaces. 

Once exhaled into the atmosphere, respiratory droplets flow with the air circulation and undergo heat and mass 

transfer with the air, shrink to droplet nuclei containing viral clusters, and ultimately cause the airborne 

transmission. The evaporation of water from these droplets and the resulting formation of a solid residue play a 

significant role in the dispersion of aerosols and subsequent disease transmission. This evaporation is greatly 

affected by the presence of dissolved solids such as salts, proteins and pathogens within the droplet (Vejerano 

and Marr, 2018). 

The study of droplet evaporation/drying extends beyond the field of respiratory diseases, with applications in 

spray drying, for example, in the pharmaceutical, detergent and food industries and in spray combustion. A 

comprehensive understanding of the drying process of droplets is therefore essential for accurate modelling and 

prediction of aerosol dispersion for respiratory disease control strategies, but also for industrial applications. 
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4.1.2 Present Contributions 

In this chapter, a first principle based distributed parameter model, which accommodates the internal transport 

of heat and mass within the droplet, is proposed to simulate the solvent (water) evaporation from stationary and 

free-falling saline droplets, described in Section 3.1.4, serving as a surrogate for a respiratory droplet. The 

transport equations are discretized using a finite volume method, with description of all the derived equations 

provided in APPENDIX C (Sections C.1 and C.2). The model is parametrised using accurate thermodynamic, 

physical and chemical property data from the literature, which are crucial for the validity of the model and are 

summarised in Table 3.1. Firstly, the model is benchmarked by predicting published experimental data (Gregson 

et al., 2019; Gregson, 2020; Hardy et al., 2023) and then the influence of initial droplet conditions, such as the 

size and solute concentration, on the evaporation rate and final droplet size is investigated. The model is also 

tested at high ambient relative humidity (RH) (60% and 100%), where the droplet acquires water through the 

process of condensation. The purpose of this study is to provide a validated evaporation model accounting for 

the effect of surface enrichment of the solute due to the shrinking of the droplet, as well as the heat conduction, 

providing a modelling framework for respiratory droplets containing multiple components. All the mathematical 

tools, such as derivations and discretisation of transport equations, numerical solution methods, formulae for 

the thermo-physical properties and the drying conditions are provided in details, along with guidelines on how 

to adapt the model to relax certain assumptions (see CHAPTER 3, Section 3.1.1 and Section 4.2.7 of this 

chapter), for researchers in the field to reproduce this model and build upon it. 

4.2 Results and Discussion 

4.2.1 Validation of Pure Water Droplet Evaporation Model  

As a first step, the evaporation model for a stationary pure water droplet, described in Section 3.1.3, is validated. 

There, the temperature is considered as uniform inside the droplet in this model. Under this condition, only two 

ODEs are needed to be solved, assuming that the droplet is stationary: one for the droplet size (Equation (3.7)) 

and one for the droplet temperature (Equation (3.10)). This system of two coupled non-linear ODEs is solved 

using a numerical adaptive time-step explicit Runge-Kutta (RK) method (Dormand and Prince, 1980), described 

in APPENDIX A. This method evaluates the solution using both a four-stage and five-stage RK algorithm and 

considers the local truncation error to be the difference between the solutions from these evaluations. This 
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estimation of the error is then compared to a pre-defined tolerance threshold, and determines whether the time 

step is valid or requires revaluation of the numerical solution, depending on the error being below or above the 

threshold. The time step size is then reduced or increased in order to improve accuracy and/or save on 

computational time. 

The predictions from the model are presented in Figure 4.1 along with the experimental data from the literature 

using the same initial and ambient air conditions (Ranz and Marshall, 1952b; Hardy et al., 2023). The square of 

the normalised droplet diameter follows a straight line when plotted against time, in accordance with the Ὠ-

law (Langmuir, 1918). The time is made dimensionless by dividing it by an evaporation timescale ʐÅÖÁÐ defined 

by Equation (4.1), which represents an estimate of the time only for a pure water droplet to fully evaporate 

should its properties (temperature, velocity) remain unchanged during the evaporation, and is therefore based 

on the ambient and initial conditions only. The derivation of †ÅÖÁÐ is given in CHAPTER 3 (Section 3.1.3.2). 
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For the comparison with the Ranz and Marshall (1952b) experiments, Ὠ ρȢπτω mm Ὕ ςψςװ+װωЈ#, 

Ὕ ςωψװ+װςυЈ# and RH = 0% (dry air), the total evaporation time is very close to the evaporation timescale 

†ÅÖÁÐ (Equation (4.1)). This is due to the fact that the initial droplet temperature (ωЈ#) is very close to its wet-

bulb temperature (χЈ#) under the experimental conditions, so there is little change in the droplet temperature 

and the evaporation can be well represented by the Ὠ-law using the initial droplet conditions only. In the cases 

where Ὠ υςȢτװʈÍ or υπȢωװʈÍ (Hardy et al., 2023), the initial droplet temperature is the same as the ambient 

air temperature (ςπЈ#), so there is a large reduction in the droplet temperature during the initial stage of 

evaporation. From comparison with each experimental case, the model demonstrates excellent agreement with 

the measured data, which validates the evaporation model for a pure water droplet. 
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Figure 4.1: Change in droplet size with time for a pure water droplet under different conditions compared with experimental 

data from the literature.  

4.2.2 Sensitivity Analysis of the Numerical Solution of the Distributed Parameter Model  

Two parameters affect the accuracy of the numerical results: the number of spatial cells - and the error 

threshold ‭ used in the solution of the system of coupled non-linear ODEs. Two outputs are monitored to assess 

the accuracy of the numerical solution: the time to reach the supersaturation level of 2.04 and the ratio of the 

final to initial mass of NaCl, which should be unity, as NaCl does not evaporate. At any time during the 

evaporation, the mass of solute can be calculated by the numerical integration (using the trapezoidal rule) of 

radial concentration profile, given by Equation (4.2): 

ά τʌ ὅὶȟὸὶװÄÒ 
(4.2) 

 

The results of a sensitivity analysis are given in Table 4.1 based on a levitating saline droplet with an initial 

diameter Ὠ τυȢχςװʈÍ, an initial NaCl concentration of 24 g/L, ambient conditions of temperature at 20°C 

and a RH of 0%. Based on these results, the number of cells ὓ ρππ and the error threshold ‭ ρπ are 
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chosen for the numerical investigations. The selection of these parameters gives a ratio of final to initial mass 

of solute of 0.9997 and a time to reach S = 2.04 within πȢππρװÓ of the results with a larger -װ ρπππ or 

smaller װצ ρπ , so they are deemed sufficiently accurate. In this case, the computational time was in the 

order of one minute on a workstation with an Intel® X® W-2245 CPU at 3.90GHz and 64 GB of RAM. Using 

an explicit RK method with adaptative time step described in APPENDIX A (Section B.1), it would take 7 to 8 

hours, as the stiffness of the system of ODEs requires a very small time step in order to remain stable throughout 

the entirety of the calculation. 

Table 4.1: Sensitivity analysis on number of cells and error threshold. 

Number 

of cells 

Error 

threshold 

Computational 

time 

(hh:mm:ss) 

Time to 

reach S = 

2.04 (s) 

Ratio of final to 

initial mass of solute 

10 10-3 00:00:00 1.6495 0.9931 

10 10-5 00:00:01 1.6444 0.9975 

10 10-7 00:00:10 1.6421 0.9978 

100 10-3 00:00:10 1.6535 0.9957 

100 10-5 00:01:04 1.6417 0.9997 

100 10-7 00:10:05 1.6417 0.9999 

1000 10-3 00:21:45 1.6553 0.9947 

1000 10-5 02:33:10 1.6424 0.9997 

1000 10-7 23:41:00 1.6416 0.9999 

 

4.2.3 Validation of Stationary Saline Droplet Evaporation Model 

The second step of the model validation focuses on stationary saline droplets, where the model predictions are 

compared with published experimental data on single levitating saline droplets in Figure 4.2a (Gregson et al., 

2019) and Figure 4.2b (Gregson, 2020). Their experiments were carried out using a CK-EDB, which uses an 

electromagnetic field to levitate single droplets and the droplet size is monitored with time by light-scattering 

method. This technique has a high fidelity for single droplet evaporation measurements in the micrometre range 

compared to an acoustic levitator which produces waves that may affect the evaporation rate for such small 

droplets (Yarin et al., 1999). The predictions of the model are closely aligned with the experiments for both the 

cases at a RH of 0% and 42%. 
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At the RH of 42%, the influence of the solute concentration on the evaporation is noticeable, as the drying curve 

(Figure 4.2b) deviates from a straight line in the later stage of evaporation. This is well represented in the model 

by the influence of the droplet water activity ὥ  described in CHAPTER 3 (Section 3.2.2). The effect is also 

observed at the RH of 0% (Figure 4.2a); however, due to the faster evaporation rate, it is less prominent. 

 

Figure 4.2: Predicted change in size with time for stationary saline droplets compared with experimental data at a) RH = 0% 

and b) RH = 42%. 

In combination with their experimental measurements of droplet size, Gregson and co-workers used a finite 

difference discretization of an isothermal version of the solute diffusion equation (Equations (3.13), (3.15), 

(3.17) and (3.19)) to model the concentration distribution inside the droplet as it evaporates. Their model 

predictions along with those of this model are plotted in Figure 4.3, and correspond to the same conditions used 

to generate the predictions in Figure 4.2. The radial profiles of solute concentration for the conditions relating 

to Figure 4.2a are plotted against the changing radius during the time from the beginning of the evaporation 

until when the surface concentration reaches the supersaturation level of 2.04 in Figure 4.3a. Notably, the plot 

reveals non-uniform concentration profiles, especially towards the end of the evaporation. The Peclet number 

(Pe), which compares the evaporation rate of the solvent to the diffusion rate of the solute, has often been used 

to describe whether the droplet remains homogenous or not during evaporation (Vehring, 2008). A low Pe 

means that the solute diffuses faster than the droplet shrinks, and vice versa. However, a calculation of Pe for 

the situation presented in Figure 4.2a and Figure 4.3a (RH = 0%) reveals that it remains below 0.5 throughout 

the evaporation, indicating that despite a low Pe, surface enrichment of the solute can still be observed. 
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The present model predictions are relatively close to those obtained from the combined experimental and 

modelling approach of Gregson et al. (2019). The time to reach the critical supersaturation level S = 2.04 of the 

present model is within 6% to that of Gregson et al. (2019). However, the concentration profiles do differ at the 

time when the critical supersaturation is reached, but this may be due to the influence of the droplet temperature 

on the diffusion coefficient used in these models. In their model, Gregson et al. (2019) do not account for the 

temperature change as the droplet evaporates, which affects the diffusion coefficient following the Stokes-

Einstein relation. Indeed, at 0% RH, the droplet temperature drops from 20°C to 5°C, which reduces the 

diffusivity of sodium chloride by 33%. Moreover, although quite close, the change in droplet size from the 

present model predictions does not match exactly the experimental values (see Figure 4.2a). This affects the 

rate at which the droplet surface shrinks and therefore the diffusion of solute. The surface concentration profiles 

shown in Figure 4.3b reveal that both predictions are very close until a certain point of time towards the end of 

the evaporation. This is already noticeable in the plot of droplet size as a function of time in Figure 4.2b. It is 

likely that the droplet is undergoing phase transformation, affecting the light scattering, or that the size of the 

droplet becomes too small to be accurately trapped by the electromagnetic field. 

 

Figure 4.3: a) Predicted solute concentration profiles at different times within a stationary saline droplet for RH = 0% and b) 

concentration of solute at the droplet surface for RH = 42%. 

4.2.4 Evaporation of Free-Falling Droplets  

The final part of the model validation addresses the evaporation of free-falling droplets, where the equations of 

motion (Equations (3.1) and (3.2)) are involved and the Sherwood (Sh) and Nusselt (Nu) numbers (described in 
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Table 3.1) are increased due to the droplet motion. The predictions are compared with the experimental data at 

two different RH in Figure 4.4a, sourced from a study utilising a falling droplet column (Hardy et al., 2023). In 

their experimental setup, droplets were injected at regular intervals using a droplet dispenser. As the droplets 

fall through the column, a high-speed camera captures images at various vertical positions and record the 

trajectory and evaporation history of the droplets. 

The predicted results at the RH of 35% indicate a better agreement with the experimental data than at RH = 

10%. However, it is important to note that some measurement errors were reported in the original study. First, 

the apparent RH may only be accurate to °5%, which has a great influence on the evaporation rate. Other 

measurements errors were associated with the droplet size (πȢτװʈÍ at RH = 10% and πȢφװʈÍ at RH = 35%), 

initial velocities ( πȢςװÍװÓ ) and even ambient temperature (ρװ+). All combined, the differences between 

the actual and nominal values of the initial and ambient conditions may result in an over- or under-estimated 

evaporation rate. 

For the case of 35% RH, the temperature variation with time at different locations along the droplet radius is 

presented in Figure 4.4b. The time is represented on a log-scale in order to show the comparison between the 

temperature profile at the droplet centre and the droplet surface at the first moments of the evaporation. In less 

than πȢρװÓ, the temperature becomes uniform along the droplet radius. Two dimensionless numbers are generally 

used to ascertain the uniformity temperature profile inside a body. First the Biot number (Bi), representing the 

ratio of the internal conduction to the external convection resistances, and the Fourier number (Fo), which is the 

ratio of the time Ô to a characteristic timescale for heat diffusion. In the case presented in Figure 4.4b, Bi is in 

the order of 0.1 for the entirety of the evaporation and Fo becomes larger than 10 within πȢρװÓ, confirming the 

rapid evolution of the temperature distribution to a uniform profile. 
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Figure 4.4: a) Predicted and measured changes in size of falling saline droplets as a function of time at two RHs and b) 

predicted change in temperature as a `function of time at different radial positions for RH = 35%. 

4.2.5 Influence of Initial Droplet Size and Concentration 

The model is used to assess the effect of initial droplet size (1 to 100 µm) and solute concentration (1 to 200 

g/L) on the time to reach S = 2.04 and the ratio of final to initial diameter. Table 4.2 lists the predictions for 

initial and ambient temperature corresponding to respiratory droplets in a typical indoor environment of Ὕ

σχЈὅ, Ὕ ςπЈὅ and 2( συϷ. 

The initial diameter greatly influences the total evaporation time, showing a proportional relationship with the 

square of the initial diameter. Interestingly, the ratio of the final to initial diameters does not depend on the 

initial droplet size. The initial solute concentration on the other hand shows the opposite trend. The evaporation 

time does not change much with the initial concentration, but the ratio of final to initial droplet sizes is greatly 

affected by the initial concentration. Both of these findings reveal how important the initial conditions are in 

determining the final droplet sizes and the evaporation times. These are in agreement with the modelling results 

by Liu et al. (2017). 
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Table 4.2: Evaporation time and ratio of final to initial droplet size with varying initial diameters and 

solute concentrations. 

Initial diameter 
(µm) 

Initial solute 
concentration (g/L) 

Time to reach 
S = 2.04 (s) 

Ratio of final to 
initial diameter 

1 1 0.0013 0.1160 

10 1 0.1336 0.1161 

100 1 11.27 0.1161 

1 10 0.0014 0.2498 

10 10 0.1406 0.2502 

100 10 11.85 0.2501 

1 50 0.0015 0.4272 

10 50 0.1523 0.4268 

100 50 12.54 0.4281 

1 100 0.0016 0.5386 

10 100 0.1570 0.5377 

100 100 12.64 0.5394 

1 200 0.0015 0.6783 

10 200 0.1547 0.6775 

100 200 12.04 0.6800 
 

4.2.6 Application of the Model to the Evaporation Droplets at High Relative Humidity 

The model equations presented in CHAPTER 3 (Section 3.1.4) are also applicable if the droplet undergoes 

condensation due to hygroscopic growth instead of evaporation. This scenario could occur if a droplet enters a 

highly humid environment such as the mouth or the lungs. The changes in size of a stationary saline droplet 

with an initial diameter of ρπװʈÍ and an initial solute concentration of 10 g/L at relative humidities of 60% and 

100% are depicted in Figure 4.5a, focusing on the first 5 ms. In these simulations, the initial droplet temperatures 

are set to 20°C (room temperature), while the ambient temperature is set to 37°C (typical body temperature). 

These two situations are similar to a previous study on the evaporation/condensation of pure water (Redrow et 

al., 2011). 

In contrast to the results at lower RH values (Figure 4.4b), the temperature of the droplet at high RHs increases 

(Figure 4.5b) until reaching the wet-bulb temperature, which at a RH of 100% is the same as the ambient 

temperature. At 60% RH, the droplet first grows due to condensation and the rise in the droplet temperature 

increases the water vapour pressure at its surface, which eventually becomes higher than that of the ambient air. 
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The droplet size then decreases at a steady rate when the variation of the droplet temperature becomes 

sufficiently small as it reaches the wet-bulb temperature. 

At the RH of 60%, the solute concentration at the droplet surface (Figure 4.6a) first decreases due to 

condensation and then increases due to evaporation, as expected following the trend of variation of droplet size 

with time (Figure 4.5a). However, because the diffusion of solute is not instantaneous, the concentration does 

not reach a uniform profile before the droplet size begins to decrease. This leads to the formation of a wave in 

the profile, particularly visible at 0.9 ms. At the RH of 100%, the solute concentration decreases and eventually 

reaches a uniform profile (Figure 4.6b) due to the droplet temperature and size becoming constant (Figure 4.5a 

and b). These cases demonstrate the capability of the model to handle both condensation and evaporation, even 

when both processes occur for the same droplet. 

 

Figure 4.5: a) Predicted change in droplet size at RH of 60% and 100% and b) change in droplet surface temperature. 
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Figure 4.6: Predicted radial profiles of solute concentration at a) RH=60% and b) RH=100%. 

4.2.7 The Effects of Model Assumptions on the Predictions 

The models developed in this study are based on the assumptions outlined in CHAPTER 3 (Section 3.1), which 

are only applicable in specific circumstances. First, the Stefan flow, an outward flow of water vapour from the 

droplet surface during evaporation, is not accounted for. This means that the evaporation of the solvent at the 

surface of the droplet is governed by diffusion only, and not by convective motion of water vapour, which is 

valid for slowly evaporating droplets. The criterion to check whether this assumption is applicable or not is 

given by Seinfeld and Pandis (2016) as: 
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(4.3) 

 

where ὼȟ and ὼȟ are the mole fraction of water at the droplet surface and far from the droplet, respectively. 

In the experimental cases simulated in this study, the criterion is of the order of ρπ , which is far below 1 and 

therefore the Stefan flow can be neglected. 

Another assumption made concerns the Kelvin effect, which has been neglected. The effect, whereby the vapour 

pressure over the curved surface of a droplet is greater than that over a flat plane, is negligible for droplets larger 

than πȢςװʈÍ (Seinfeld and Pandis, 2016). Similarly, the droplet size is much larger than the mean free path of 

the gas molecules. Therefore, the Knudsen number (Kn), defined as the ratio of the molecular mean free path 

length to the droplet radius, is below 0.1 throughout the evaporation in all cases investigated here, so the system 
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under consideration (droplet and air) is in the continuum regime. For droplets sizes smaller than a few 

micrometres, the system becomes transitional and requires a correction factor for the evaporation model with 

the use of an accommodation coefficient (Seinfeld and Pandis, 2016). 

The circulation of liquid inside droplets is generally neglected, as it only occurs if the Bond (or Eötvös) number 

(Bo or Eo) is above 4, known as the Bond criterion (Clift et al., 1978). This dimensionless number compares 

the gravitational to the capillary forces, and for all droplets considered in this study, it is always below 0.2. 

The droplet temperature distributions are obtained using the thermal properties, such as the heat capacity, 

thermal conductivity and latent heat, of pure water and do not account for the influence of a dissolved solute. 

Based on the results of temperature variation with time (Figure 4.4b), this would have little impact, because the 

temperature profile becomes uniform within a very short time. Furthermore, the heat transfer due to radiation 

at the droplet surface is neglected in the boundary conditions and is considered to make minimal contribution 

to the change in droplet temperature (Sazhin, 2006). 

In order not to further complicate an already complex mathematical problem, the term containing the derivative 

of the density was not accounted for in the calculation of the derivative of the droplet mass shown in Equation 

(3.12). The change of the droplet mass with time should actually be written as: 
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However, taking both terms into account would add a new variable to the ODEs to solve, but without adding 

any new equation. A possible workaround would require expressing ʍ as a function of # using formulae 

described in CHAPTER 3 (Section 3.2.4), but this would generate a 7th order polynomial in #. Then the 

derivative of ʍ would need to be expressed as a function of # and its derivatives. While this could theoretically 

be feasible, the added complexity may have limited benefits. To test the validity of this simplification, the ratio 

between both terms in Equation (4.4) was plotted as a function of time in Figure 4.7. For most of the evaporation 

time, the term with τʌʍὶ
Ä

Ä
 is more than 10 times larger than ʌὶװ

Ä

Ä
 which validates this simplification, 

except at the very end of evaporation when it is still at least 4 times larger. 
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Figure 4.7: Ratio of the first to second term in the derivative of the droplet mass in Equation (4.4). 

Some of these assumptions can be relaxed by making certain adjustments to the model to extend its applicability 

to other fields involving evaporation such as atmospheric aerosols, spray combustion or spray drying. For 

droplets undergoing rapid evaporation or with a size smaller than ρװʈÍ, the evaporation model presented in 

Equation (3.12) can be adapted to incorporate the Stefan flow or the Kelvin effect. The Spalding number, which 

relates the sensible heat and latent heat of the evaporated material, can be incorporated in the evaporation 

equation and in the correlations for the Nusselt and Sherwood numbers to give a more appropriate description 

of rapidly evaporating droplets (Abramzon and Sirignano, 1989). Similarly, for small droplets, other models 

that include the Kelvin effect or an empirical accommodation coefficient such as proposed by Fuchs and Sutugin 

(1971) may be more relevant when the system (droplet and air) is in the transition regime (Kukkonen et al., 

1989; Hardy et al., 2023). 

In comparison to the solute concentration, the temperature variation inside the droplet rapidly reaches a uniform 

distribution. This signifies that there is fast heat conduction compared to the heat transfer due to convection or 

phase change. This was also noticed in a study in the field of spray drying, where the relative difference between 
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the initial droplet temperature and the gas phase temperature was very high (Seydel et al., 2006). This suggests 

that the assumption of a uniform temperature in the droplet is generally valid for the droplet sizes investigates 

in this study. In this case, Equations (3.14), (3.18) and (3.20) are combined into a single ODE to represent the 

average temperature of the droplet. 

4.3 Conclusions 

The evaporation of saline droplets has been analysed by numerical solutions of mass and heat transfer equations 

for stationary and free-falling droplets. This study presents a predictive capability based on rigorous modelling 

and contributes to our understanding of the temperature and concentration gradients that occur in an evaporating 

saline droplet. The first principle model presented here, which combines the solvent evaporation from a saline 

droplet and the solute enrichment at its surface while it evaporates, has been validated against experimental and 

numerical results reported in literature for multiple scenarios. Details on the discretization of the equations, 

formulae for the thermo-physical properties, numerical solution methods have all been provided, along with 

guidance on how to relax certain limitations of the model, for this model to be reproduced and built upon by 

other researchers. 

Good agreement is achieved for the rate of change of droplet size with time between the numerical results and 

the experimental data obtained from the literature for stationary droplets. The same applies to free-falling 

droplets, despite the model predictions not always exactly matching the experimental data. Considering some 

of the measurement errors listed in the original studies, particularly on the ambient conditions, the agreement is 

relatively good. Although minor differences exist between the solute concentration profiles obtained by the 

present model and with the semi-empirical modelling study reported in the literature, these may be attributed to 

the way the droplet temperature is incorporated in the calculation of the diffusion coefficient of the solute. The 

application of the model highlights the importance of accurate measurements of initial droplet conditions such 

as its size and solute concentration, as they have significant effects on the fate of the droplet. 
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CHAPTER 5 MODELLING AND EXPERIMENTAL VALIDATION OF 

THE EVAPORATION AND CRYSTALLISATION OF A SALINE 

DROPLET 

5.1 Introduction  

5.1.1 Background 

The production of solid particles has diverse applications, spanning from chemical and agricultural processes 

to the study of respiratory droplets or atmospheric aerosols. These unit operations are integral to various 

industries, including food, detergents and pharmaceuticals to name a few, where the drying and crystallisation 

kinetics and morphology of the dried crystalline particles significantly impact the quality of the final product. 

A comprehensive numerical model capable of predicting crystal formation and the crystal size distribution 

(CSD) of the dried particle residue is essential to optimise the morphology of such particles and thus reduce the 

degree of experimental development work. 

Population balance modelling (PBM) can be used to predict the formation of solid crystalline particles during 

the drying process of a droplet. This approach requires kernels for the birth, growth, aggregation, breakage and 

transport of solid particles. Within an evaporating droplet, transport of nano- or micro-metre sized particles or 

crystals may occur through diffusion, driven by Brownian motion (Hunter, 2001). In the case where aggregation 

and breakage are not involved, the PBM predictions rely on a precise determination of parameters for the birth 

and growth rate models. By fitting such parameters with experimental data, the resulting PBM can provide 

accurate insights into the final particle shape. Such insights can provide better fundamental understanding on 

the evaporation and crystallisation of droplets allowing for the investigation of the influence of drying 

conditions on the morphology of the final particle, ultimately leading to better control and optimisation of the 

solid particle formation process. 

5.1.2 Present Contributions 

This work builds upon the model of an evaporating saline droplet under ambient conditions presented in 

CHAPTER 4 and Mignot et al. (2024), by incorporating one-dimensional PBM to predict crystal formation and 
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the CSD at crust formation. The model employs both the full discrete method and the MoM for the solution of 

the population balance equation (PBE), with the latter requiring only one closure equation instead of two used 

in the study by Handscomb et al. (2009). A direct comparison between these methods is provided, together with 

a critique of the MoM, highlighting its strengths and limitations. The aim of this study is to determine the most 

suitable approach to solve the PBE in an evaporating saline droplet by focusing on sensitivity analyses of input 

parameters. These include the crystal bin size for the discrete method (Section 5.2.4.1), used for the discretising 

the crystal size coordinate, the smallest crystal size for the MoM (Section 5.2.4.2), the mesh refinement at the 

surface of the droplet (Section 5.2.4.3) and the influence of the maximum solid volume fraction (Section 

5.2.4.4). The influence of computational mesh refinement in the proximity of the droplet surface, the 

contribution of the diffusion term in the PBE and the critical solid volume fraction required for crust formation 

on the predicted CSD are investigated. Although PBM has been applied to drying droplets in previous studies 

using either the discrete method or the MoM and with or without accounting for crystal diffusion, none of these 

have conducted a rigorous comparison between each of these approaches supported by extensive sensitivity 

analyses to ensure numerical accuracy. 

The numerical implementation, including the discretisation of equations and the description of boundary 

conditions, is fully detailed in Section 3.1.5 and APPENDIX D. Moreover, it is demonstrated that these 

boundary conditions do not need to be explicitly formulated when appropriately applying the finite volume 

method, allowing for a reduction in the number of closure equations needed for the MoM. Scaling of variables 

to reduce the disparity in their orders of magnitude is included to enhance convergence and accelerate numerical 

solutions. A non-uniform mesh with flux limiters is required to accommodate both steep gradients and smooth 

regions of the crystal number density profiles. All physicochemical properties of the solvent, solute and air have 

been previously described in CHAPTER 3, Section 3.2. Finally, the crystal birth and growth models are adapted 

from the literature to match the number of crystals and time to reach crust formation, as predicted by PBM, to 

experimental measurements. 

Experimental studies on evaporating single water and saline droplets suspended by acoustic and electrodynamic 

levitation are carried out to provide data for the model development and validation, see CHAPTER 3, Section 

3.4.2 and 3.4.3. The heat and mass transfer coefficients are calibrated for water droplets to align the numerical 
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predictions with measurements obtained from the acoustic levitator and are subsequently applied to modelling 

evaporation of saline droplets and the numerical predictions are compared against experimental data from the 

acoustic levitator. Real time X-ray diffraction on an evaporating droplet is performed, as described in Section 

3.4.4, to determine the critical solute concentration at the onset crystallisation point. A separate experiment with 

the acoustic levitator (Section 3.4.2) is conducted to validate the evaporation rate within the model and to 

characterise the resulting morphology of the dried particle. The number of crystals formed on this dried particle 

residue is estimated from images obtained by scanning electron microscopy (SEM) and compared with the PBM 

predictions. 

5.2 Results and Discussion 

5.2.1 Investigation of the Effects of Acoustic Streaming on the Evaporation of Droplets 

The evaporation models for water and saline droplets presented in CHAPTER 3 and used in CHAPTER 4 were 

validated against published experiments using electrodynamic levitation. As discussed in CHAPTER 2 (Section 

2.3.4), the evaporation rate of a droplet in an acoustic levitator may differ due to acoustic streaming. The present 

section therefore compares the drying behaviour of water and saline droplets levitated acoustically and 

electrodynamically with the validated evaporation models, with the aim of determining what model parameters 

must be adjusted to reproduce the conditions of acoustic levitation experiments. 

5.2.1.1 Comparison between Measurements using Acoustic and Electrodynamic Levitation and the 

Model Predictions for the Evaporation of Water Droplets 

The evaporation profiles of water droplets in the acoustic levitator and the electrodynamic balance (EDB) are 

presented in Figure 5.1. Experiments with the acoustic levitator were conducted at a temperature of T = 23°C 

and relative humidity RH = 38%, whereas measurements using the EDB were taken at T = 20°C under multiple 

RH conditions, ranging from 0% to 56%. The measurements are compared with the predictions from the water 

droplet model described in CHAPTER 3 (Section 3.1.3) and validated using literature data obtained by 

electrodynamic levitation (Hardy et al., 2023) in CHAPTER 4 (Section 4.2.1). As shown in Figure 5.1a, the 

predictions from the validated evaporation model do not align with the measurements obtained from the acoustic 

levitator at a voltage of 6V. In contrast, the comparison between the model predictions and the EDB 
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measurements exhibits good agreement across all RH values (Figure 5.1b). Because an RH probe cannot be 

placed inside the EDB chamber, RH was estimated from a fit based on an available model reported in the 

literature (Hardy et al., 2023). 

The normalised diameter squared from the measurements with each instrument are shown in Figure 5.2. 

According to the Ὠ-law, the evaporation of water droplets should exhibit a linear trend when the normalized 

diameter squared is plotted against time (Seinfeld and Pandis, 2016). However, the evaporation of a water 

droplet in the acoustic levitator does not follow the Ὠ-law (Figure 5.2a), whereas in the EDB, the evaporation 

behaviour of water droplets adheres to this law across all RH conditions (Figure 5.2b). This is due to the acoustic 

streaming, described in Section 2.3.4, while electrodynamic levitation does not alter air circulation around the 

droplet. 

 

Figure 5.1: Change in droplet size with time for water droplets compared with model predictions for (a) acoustic levitator 

measurements at 39% RH and (b) EDB measurements at multiple RHs. 
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Figure 5.2: Change in normalised diameter square with time for water droplets compared with model predictions for (a) 

acoustic levitator measurements at 39% RH and (b) EDB measurements at multiple RHs. 

One adjustable parameter of the acoustic levitator is the voltage from the DC power supply (see CHAPTER 3, 

Figure 3.10), which controls the intensity of the acoustic waves. A higher voltage causes the droplet to adopt an 

oval shape as shown in Figure 5.3, whereas a lower voltage may be insufficient to maintain levitation of the 

droplet. The objective is therefore to apply the lowest voltage that allows for the droplet to remain stable in 

levitation. Tests were conducted at different voltages to examine their effect on water droplet evaporation and 

the results are presented in Figure 5.4. For droplets of identical initial size and under the same ambient 

conditions, higher voltages result in faster evaporation (Figure 5.4a). Deviations from the Ὠ-law occur at all 

voltages (Figure 5.4b) and become more pronounced toward the end of evaporation as the droplet becomes 

smaller. This explains why the discrepancy between the predicted and measured evaporation rates increases for 

smaller droplets (Figure 5.1a). As mentioned in Section 2.3.4, this is attributed to the effects of acoustic 

streaming, which enhance water vapour diffusivity. Furthermore, at higher voltages, the change of shape of the 

droplet increases its surface area, enhancing evaporation. Except when explicitly mentioned, all experiments 

using the acoustic levitator presented in this thesis have been conducted at a 6V voltage. 
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Figure 5.3: Comparison of the shape of a water droplet in the acoustic levitator at different times for (a) 6V and (b) 12V. 

 

Figure 5.4: Measurements with the acoustic levitator for multiple voltages for a) the diameter as a function of time and b) the 

normalised diameter squared as a function of time. 

In order to enhance the predicted evaporation rate of a water droplet in the acoustic levitator, the heat and mass 

transfer coefficients in the evaporation model (Equations (3.7) and (3.10)) are modified by introducing a fixed 

multiplying factor. This factor is determined such that the predicted droplet size as a function of time matches 

the experimental measurements during the initial stage of evaporation. The predicted results and measurements 

are presented in Figure 5.5, corresponding to the same case as Figure 5.1a, where the Nusselt (Nu) and Sherwood 

(Sh) numbers, related to the heat and mass transfer coefficients, respectively, are multiplied by a factor of 1.79. 

As illustrated in Figure 5.5, while the new model predictions align with the measurements during the early stage 

of evaporation, discrepancies increase as the droplet becomes smaller, with the largest deviations occurring 
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toward the end of the process. This outcome is attributed to the fact that applying a constant factor to the model 

does not change whether the evaporation follows the Ὠ-law. Consequently, a plot analogous to Figure 5.2a for 

the model predictions would remain linear, whereas measurements from the acoustic levitator are not (see Figure 

5.2a). 

To achieve a good agreement between the acoustic levitator measurements and the water droplet evaporation 

model predictions over the whole evaporation period, it is necessary to modify the heat and mass transfer 

coefficients by a factor that varies with droplet size. By comparing the slopes of the normalized diameter squared 

versus time from the measurements and the model predictions (Figure 5.2a), the adjustment needed for these 

coefficients with droplet size can be inferred. For a droplet evaporating at its wet-bulb temperature, meaning its 

temperature is constant, the slope of the normalised diameter square from the model (Equations (3.7)) is given 

by: 
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(5.1) 

 

This slope corresponds to the inverse of the evaporative timescale defined in Section 3.1.3.3 and used in Section 

4.2.1. The slope from the acoustic levitator measurements is obtained by subtracting the droplet size between 

two measurements interval and dividing it by the time of this interval. The ratio between the slopes obtained 

from the measurements and the model predictions as a function of the droplet size is presented in Figure 5.6a. 

While any small variation in the droplet size measurement can lead to large variations in the slope, the general 

trend of the slope ratio appears to be linear. Therefore, a linear fit is performed to derive a size-dependent 

adjustment for Nu and Sh. This adjustment is then incorporated into the model (Equations (3.7) and (3.10)), and 

the updated predictions are compared with the measurements in Figure 5.6b, demonstrating a significantly 

improved agreement. 
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Figure 5.5: Water droplet model predictions with the heat mass transfer coefficients multiplied by 1.79. 

 

Figure 5.6: (a) Ratio of slopes from the acoustic levitator and the model as a function of droplet size and (b) model predictions 

with the size dependent Nu and Sh adjustments. 
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5.2.1.2 Comparison between Measurements using Acoustic and Electrodynamic Levitation and the 

Model Predictions for the Evaporation of Saline Droplets 

Differences between the predictions from the evaporation model validated in CHAPTER 4 and the acoustic 

levitator measurements are also present for the evaporation of saline droplets, as shown in Figure 5.7. In this 

case, a droplet with an initial concentration of 50 g/L of NaCl is evaporating at an ambient temperature of T = 

23°C at a RH = 38%. The acoustic levitator measurements are compared with the model predictions under three 

conditions: without adjustments, with a constant factor adjustment, and with the size-dependent Nu and Sh 

adjustment determined in Section 5.2.1.1. As observed, the unadjusted predictions deviate substantially from 

the measurements, while the constant factor adjustment overestimates the evaporation rate as the droplet 

becomes smaller. The size-dependent adjustment, although not perfect, provides a much closer match to the 

experimental data. The remaining discrepancy compared to the water droplet case (Figure 5.6b) may be 

attributed to differences in density and surface tension between saline and pure water droplets. Each of these 

predictions are based on the model presented in 3.1.5, and do not include crystal formation as the droplet 

evaporation. Instead, the evaporation stops when the salt supersaturation Ὓ, defined as the ratio between the salt 

concentration and the saturation concentration, reaches 2.04 (see Section 3.1.4.4). 

Overall, the droplet size and time at onset of crystallisation are relatively similar between the acoustic levitator 

measurements and the model predictions incorporating the size-dependent adjustment for the heat and mass 

transfer coefficients. In the experiments, the onset of crystallisation is defined as the moment just before the 

sudden decrease in droplet size towards the end of evaporation. The corresponding time and droplet size at the 

onset of crystallisation are 2070 s and 0.66 mm, respectively, while the model predicts 2190 s and 0.65 mm. 

Beyond this point, the droplet is not spherical anymore and adopts an unstructured shape when it crystallises 

(Figure 5.7b). The observed fluctuations in the size of the crystalline residue after this point are attributed to the 

droplet spinning. Notably, the morphology of the crystalline residue differs from that observed in SEM images 

following free-fall evaporation (see Figure 2.9), likely due to the acoustic pressure on the top and bottom part 

of the droplet as it crystallises. 
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Figure 5.7: (a) Evaporation profile of a saline droplet with the acoustic levitator compared with the saline droplet model 

predictions and (b) shape of the crystalline residue at the end of evaporation. 

EDB measurements of a saline droplet with an initial concentration of 3% w/w evaporating into dry air 

compared to model predictions from Section 3.1.4 under the same conditions are shown in Figure 5.8a. The 

model predictions and the measurements are relatively close, although they differ slightly towards the end of 

the evaporation. Once crystals begin to form, the droplet is not pure liquid anymore which changes its refractive 

index. This causes the determination of the droplet size to become inconsistent. Therefore, the onset of 

crystallisation for the EDB measurements is defined as the point before the irregular fluctuations in size. In the 

model it corresponds to the point in time at which the solute supersaturation reaches 2.04 (Figure 5.8b), as 

explained in Section 3.1.4.4. This corresponds to a time and radius at the onset of crystallisation of 2.75 s and 

11.2 µm for the measurements, respectively, and 2.90 s and 11.4 µm for the model predictions. Although the 

times differ, the droplet sizes at the onset of crystallisation are comparable between the model and the 

measurements. 

In addition to the saline droplet model validation using the published experimental data presented in Section 

4.2.3, experiments in this study allow to test the model at relative humidities above the efflorescence relative 

humidity (ERH) of a saline droplet, which is approximately 43% (Seinfeld and Pandis, 2016). Comparisons 

between the model predictions and experimental results at RH values of 47% and 56% are shown in Figure 5.9a 
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and b, respectively. At these levels of RH, the saline droplet does not crystallize but instead reaches equilibrium 

with the surrounding air, despite the droplet being supersaturated in salt. In addition to the close match between 

the predictions and experimental measurements, this behaviour is also captured by the model, as evidenced by 

the continued evaporation. 

 

Figure 5.8: a) Evaporation profile of a saline droplet using the EDB compared with the mode prediction and b) radial profiles 

of solute concentration at different time intervals. 

 

Figure 5.9: Comparison between the model predictions and the EDB measurements for the evaporation of a saline droplet 

above the efflorescence relative humidity (ERH) at (a) RH = 47% and (b) RH = 56%. 
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5.2.2 Determination of the Onset of Crystallisation 

The first frame where the diffraction from NaCl crystallisation occurs is at Ô ρσππװÓ, indicative of the onset 

of crystallisation. At this point, the crystals are not yet optically visible through the images captured by the 

camera shown in Figure 3.11. The diameter of the droplet as a function of time is estimated from the images of 

the droplet captured by the camera. Using these and the initial salt concentration in the droplet (1% w/w), the 

concentration variation with time is calculated using Equation (3.76) (see Figure 5.10), with the concentration 

at the onset defined by ὅ . 

In Figure 5.10, the variation of solute concentration with time reveals some peculiarities in its evolution, 

particularly close to the time of first nucleation (t = 1300 s), which may stem from errors in the droplet size 

measurements. Considering that the solute concentration is inversely proportional to the cube of the droplet 

diameter, even minor errors in size measurement can significantly impact the calculated solute concentration. It 

should be noted that as the droplet becomes smaller, it may begin to fluctuate in the levitator, which can cause 

the droplet to adopt a spheroid shape. While the image processing algorithm can account for an ellipse on the 

2D images captured by the camera, the reconstructed volume used to calculate the diameter of an equivalent 

sphere may lead to inaccuracies in the droplet size. For example, a spheroid with one axis 10% longer than its 

other two axes may lead to a 7% error in the estimation of the droplet diameter (see APPENDIX E, Section 

E.1.4 for details). Additionally, droplet size measurements were taken every 10 seconds, which adds uncertainty 

in the determination of ὅ , especially near the onset of crystallisation where the concentration changes 

rapidly. Around this point, the concentration varies by approximately 40 to 50 kg.m-3 (Figure 5.10), representing 

nearly 10% of the estimated ὅ . Nonetheless, previous work using XRD on an acoustically levitating droplet 

has revealed that the observed efflorescence relative humidity (ERH) for a saline droplet is 60% (Macklin, 

2024). This corresponds to an NaCl concentration of 473 kg.m-3, or a supersaturation, defined as the ratio to the 

saturation concentration, of 1.49. This is close to the crystallisation concentration of 435 kg.m-3 determined in 

this study, equivalent to a supersaturation of 1.37, confirming that the uncertainty is within 10%. 
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Figure 5.10: Variation of NaCl concentration in the levitating droplet as a function of time. The post-nucleation concentration 

is only shown as indicative, as Equation (3.76) is not valid once crystals are formed. 

5.2.3 Estimation of Crystal Birth and Growth Coefficients 

The discrete method of solving the PBE (Equation (9)), including the diffusion term, is employed to estimate 

the birth and growth rate model parameters. The objective is to compare with the model predictions the time 

required to reach crust formation in the experiment (Figure 5.11a) and the number of crystals observed in the 

dried salt particle from the SEM image (Figure 5.11b). In the experiment, the measured ambient temperature 

and relative humidity are 4 ςσЈὅ (±0.5°C) and 2( σρϷ (±3%). 

The examination of the 2D image from SEM of the salt particle residue after evaporation (Figure 5.11b) reveals 

the formation of well-defined NaCl crystals with a cuboid habit, ranging in size from 100 to 200 µm. The 

diameter of the entire solid particle residue is Ä υππ µm, giving a total surface area of ʌὨ χψυσωψ µm2, 

considering a spherical shape. The average crystal size is approximately 150 µm, with a surface area of 22500 








































































































































































































































