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Abstract 

 

The evaporation of solution droplets and subsequent formation of solid particles may occur 

in a range of scenarios, for example, in an industrial spray drier, after a cough or sneeze, 

and in sea spray in the atmosphere. The processes that occur during droplet evaporation 

are governed by several kinetic competitions, which lead to dynamic behaviour as material 

and energy transfer between the droplet and gas environment. The state of drying droplets 

is may often considered as a binary transition: droplet to dry particle. However, a 

continuous process occurs with transient states which are poorly defined involved in 

defining the properties of the final dry particle. The properties of such particles are 

determined during the drying stage and so understanding of the drying and particle 

formation processes are essential to both accurate description of particle sources in release 

scenarios and to particle engineering challenges. 

 

This work presents the development of a novel instrument for parallel measurement of the 

geometric and aerodynamic size droplets as they dry and form solid particles, the 

development of a computational model for the simulation of the evaporation of binary 

solution droplets, and application of the two techniques to several inorganic salt solutions. 

 

The experimental approach developed is a Falling Droplet Column (FDC), the key 

principles and components are described in this work alongside analysis techniques for the 

datatypes obtained. The FDC is used to measure droplet drying and particle formation 

processes, such as size and density change, with direct imaging of particles and then collect 

samples of particles for further analysis. 

 

Interrogations of the evolving properties of particles formed from inorganic salt solutions, 

which are well parameterised, are presented and demonstrate the microphysical processes 

that occur within solidifying droplets. Additionally, measurements are made upon 

solutions of the industrial tracer material sodium fluorescein and respiratory surrogate 

fluids. 
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Chapter 1  

Introduction 

1.1. Aerosols – an overview 

Aerosols surround us, we inhale and exhale them, they are involved in the environmental 

processes in our atmosphere and are utilised in many domestic and industrial processes. It is 

difficult to go one day without observing or utilising one form of aerosol or another.  

An aerosol is a dispersion of condensed phase particles within a gas. The fact that aerosols are 

a dispersion makes them thermodynamically unstable; gravity causes sedimentation, surface 

tension favours coagulation and intermolecular forces can induce aggregation. Aerosols are, 

however, kinetically stable, unable to achieve a thermodynamically favourable state instantly 

due to external factors; air currents counteract sedimentation, dispersed particles may exist for 

significant periods before colliding with other particles, and not all collisions result in particles 

joining together. Consequently, aerosols particles remain in constant interaction with their 

surrounding gas phase for a range of time scales from less than a second to years.1 The state of 

aerosol particles may evolve with time with the dispersed nature of aerosol particles and 

interactions with the gas phase allowing them to change state rapidly. Many of the phenomena 

discussed in this thesis emerge from coupled and competing kinetically limited processes 

internal to aerosol particles. 

Within this thesis the terms “particle” and “droplet” will be ubiquitous. It is helpful, at this 

early stage, to clarify the definitions that will be used. While the definitions are chosen to be 

consistent with the literature, they may not be universally adopted and are primarily intended 

to be self-consistent within this thesis. A particle is taken to mean an object or amount of matter 

grouped together, usually small, the most general term in this work. A droplet is taken to mean 

a particle of pure liquid or predominantly liquid. As much of this thesis is given to studying the 

transition of droplets to solid particles and as aerosols may exist as mixtures of materials and 

phases, it is helpful to define some sort of boundary between the terms for mixed states. Within 
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this thesis, if the surface of a mixed particle is that of an uninterrupted liquid, then it is 

considered as a droplet with internal inclusions or phase separation. If a mixed particle has a 

surface that is defined by a solid structure or a liquid surface with protrusions, then it is 

considered as a wet particle. Droplets are typically spherical, due to surface tension, unless 

perturbed and stated otherwise. The term particle alone does not provide any information 

regarding shape. 

The dispersed nature of aerosols and their associated large surface area mean that aerosols can 

spread easily and enable rapid reactions with their surroundings, meaning they are ideal for 

some industrial processes, but also pose a large risk when they contain a contaminant or 

pathogen. It is therefore of great interest to the scientific community to achieve accurate 

descriptions of aerosol transport, both for the optimisation of industrial processes and for the 

quantification and mitigation of risk from aerosol sources, for example in disease transmission. 

The transport of an aerosol particle is governed by the properties of the gas through which is 

moving and by its aerodynamic properties, a combination of size, density and shape. This thesis 

aims to investigate the transport properties of aerosol particles formed by the evaporation of 

solution droplets. The aerodynamic properties of particulates are relatively well understood. 

However, there remains a lack of understanding of the process of particle formation, the key 

parameters that govern the transition of solution droplets to solid particles, and the factors that 

determine the final morphology of dried particles. This gap in understanding reframes the aim 

of this thesis from simply understanding the transport properties of particulates with known 

properties, to understanding the evolution of drying droplet properties, the particle formation 

process, and subsequent morphological changes so that the transport properties may be 

evaluated. 

1.2. Applications of Droplet Drying and Particle 

Formation  

The potential for aerosols to transport chemical compounds, enhance chemical reactions or 

changes of state, and to interact with their environment is extremely large. This potential may 

be leveraged in industrial processes or may prove to be a problem and pose a threat to human 

health. Despite a wide range of industrial and health applications, the underlying scientific 
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knowledge and measurement challenges remain the same. Accurate measurement and 

modelling of droplet drying, phase change, and particle formation are valuable to each 

application. Similarly, understanding the aerodynamic properties of particles is equally 

significant to those who work to protect humans from harmful aerosol or those who seek to 

deliver drugs to the respiratory system. Some applications of droplet drying, and particle 

formation studies are presented in this chapter, though not an exhaustive list.  

 

This thesis is funded by the Institut de radioprotection et de sûreté nucléaire (IRSN), a nuclear 

safety organisation. Therefore, the first application described is the need to understand and 

limit the spread of contamination from the nuclear industry. 

1.2.1. Nuclear Industry 

In the nuclear industry a large amount of material is handled in the liquid phase, creating the 

potential for aerosolization of hazardous materials. Therefore, understanding the mechanisms 

involved in the formation and transport of such aerosols is paramount to engineering 

countermeasures and ensuring safety. 

The recycling and disposal of spent fuel involves the large-scale chemical processing of 

mixtures which requires complex systems and an array of solvents and reaction vessels. A 

common method for reprocessing spent nuclear fuel is the Purex (plutonium uranium reduction 

extraction) process, implemented at the La Hague site in France. It involves the dissolution and 

liquid-liquid extraction and separation of components, some of which are reused and some of 

which are waste products. The spent fuel consists of uranium, plutonium and a complex 

mixture of fission products. By mass these components account for 95 %, 1 % and 4 % 

respectively. The Purex process is a complex multistep process and so only a simplified 

summary is presented below and in Figure 1-1. 
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Figure 1-1. Simplified representation of the PUREX process. Key steps are labelled in red. Uranium and plutonium 

are indicated with their respective chemical symbols and fission products are indicated with “FP”. 

Spent fuel is kept in cooling ponds for approximately 5 years prior to processing, to allow the 

level of radioactivity to decrease. The first stage of processing, known as shearing, is the 

removal of the fuel rod assembly end cap and cutting of fuel rods into 35mm sections. These 

sections are then deposited into nitric acid where the spent fuel dissolves, leaving the metal 

casings, known as hulls, to be removed and taken for separate processing as metallic waste. 

The resulting solution, known as a raffinate, contains uranium and plutonium amongst fission 

products, corrosion products, and neutron poison. A non-exhaustive description of those 

components is as follows. Fission products include group 1, group 2, and group 3 metals such 

as rubidium, strontium, barium, yttrium as well as some lanthanides. Corrosion products 

originate from the stainless-steel pipework interacting with nitric acid and are chromium, iron 

and nickel. A neutron poison is used to absorb neutrons and limit the level of radioactivity at 

various stages of the nuclear fuel cycle; an example of a neutron poison is gadolinium.2 

The acidified mixture created during dissolution is combined with tri-n-butyl phosphate (TBP) 

and a normal paraffinic hydrocarbon (NPH) dilutant. UO2
2+and P4+combine with nitrate ions 

and TBP to form complexes in the organic phase. Other fission products remain in the aqueous 

phase. The mixture is then separated in columns allowing the organic and aqueous phases to 
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partition and exit the top and bottom of the column, respectively. Subsequent separation of 

uranium and plutonium is achieved by reducing the plutonium with an aqueous reductant. This 

results in an organic phase containing uranium and an aqueous phase containing plutonium. 

Once again, the organic and aqueous phase partition, are separated, and are then taken for 

purification and extraction of uranium and plutonium.3 The aqueous solution containing fission 

products and corrosion products is heated in large stainless-steel containers called evaporators. 

The evaporation that occurs reduces the volume of waste material. This concentrated waste is 

then vitrified prior to storage in a deep geological storage site.4 

The highly corrosive nature of the acidic solutions used within the Purex process results in the 

degradation of the processing systems that contain the mixture. Austenitic stainless-steel (SS) 

304L is a highly corrosion resistant alloy and is preferred for important sections of reprocessing 

plants.5,6 The fission product evaporators in particular are subject to high concentrations of 

nitric acid at increased temperature, approximately 145 °C and a pressure of about 1000 kPa 

which can increase the rate of corrosion.7 In the scenario of significant corrosion and a clean 

break – when the metal tears open forming an opening to the container – a jet of liquid or a 

spray may be formed. In either case, aerosols will be formed, either by direct spraying or by 

the breakdown or impaction of a fluid jet. Fission product evaporators present a specific source 

of risk, and any leak in a reprocessing plant presents potential to generate radioactive aerosol. 

Indeed, a large of amount of aerosol may also be generated during an accident at a nuclear 

power station through a variety of mechanisms.8 However, for the purposes of this work, 

aerosols generated from liquid sprays are the focus, specifically those potentially formed from 

a clean break in a fission product evaporator. 

Nuclear facilities are fitted with high specification ventilation systems to minimise the risk of 

radioactive aerosol release. Containment must be achieved before release into the environment 

occurs. Therefore, the filtration systems must be capable and built to relevant specifications for 

the aerosol produced. Aerosol filtration is governed by four main mechanisms:9 

- Interception: when a particle follows a gas flow around a filter surface but collides due 

to its size. 

- Inertial impaction: when a particle deviates from the gas flow and resultingly impacts 

upon a filter surface 

- Diffusion: when Brownian motion results in a particle colliding with a filter surface 
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- Electrostatic effects: when a particle is drawn to a filter surface by coulombic or dipolar 

attractions. 

Such mechanisms must be considered alongside the properties of aerosol to be filtered to 

maximise filter efficiency. To predict the dispersion and filtration of aerosol, the aerodynamic 

size of particles subject to a range of environmental conditions must be understood. 

1.2.2. Industrial Spray Drying 

Spray drying in industry involves the conversion of a liquid feedstock into a dried powder. May 

materials have been spray dried in industry, from different market sectors.10 The technique can 

be traced to the mid nineteenth century and has since become widely used, particularly for high 

value products such as active pharmaceutical ingredients.11 Spray drying is a cost-effective 

way of producing particles of controlled morphologies or microencapsulating substances, but 

is not cheap to perform.12 Therefore, in situations where control of particle morphology is not 

critical, other drying techniques are used. Industrial spray dryers consist of some main 

components which are outlined here. A well-mixed feedstock is continuously supplied to a 

drying chamber, which may be via a liquid heating stage. The liquid enters the drying chamber 

via a spray nozzle, which disperses it into the aerosol phase. Nozzle designs vary, with 

associated advantages and disadvantages that need to be matched to the feedstock properties 

such as viscosity and the requirements of the end product such as monodispersity and size.13 

Some common designs include: 

- Rotary wheel atomisers: These rely on a disc spinning at high speeds (thousands of 

rpm) that interrupts a liquid flow and spreads the liquid, causing it to break up into 

small droplets.14  

- Pressure nozzle atomisers: These consist of an orifice through which the feedstock 

passes at pressure and an element that creates turbulence. These result in a conical 

spray.15 

- Pneumatic nozzles: Also called two-fluid nozzles, these combine a pressurised flow of 

gas with the feedstock near the exit of the nozzle. The gas interrupts and breaks the 

liquid flow causing a conical spray to form.16 

- Ultrasonic atomisers: Various designs exist. Generally, they convert an electrical signal 

to acoustic waves that break up a continuous flow of fluid over the device tip.17 
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- Electrosprays: These use a high voltage to induce a liquid stream to break down and 

charged droplets to spread away from each other, resulting in a spray.18 

 

Drying chambers are cylindrical and typically have a conical bottom for the collection of dried 

product. A heated gas flow is supplied to the drying chamber, introducing the energy required 

to drive evaporation. Feedstocks are introduced at the top of the drying chamber and fall. The 

gas flow can flow from the bottom to top or top to bottom of the drying chamber, and these 

configurations are known as counter-current and co-current, respectively.19,20 Both 

arrangements are represented in Figure 1 - 2. After drying and sedimentation, the dried product 

is collected, and the gas outlet flow is filtered for maximum recovery of product. 

 

 

Figure 1 - 2. Simplified diagrams of (a) a co-current spray dryer and (b) a counter-current spray dryer. Temperature 

is indicated by a colour scale from red (hottest) to white (coolest). Similarly, particle water content is indicated 

by colour, where blue corresponds to high water content and green corresponds to dry particles. 

There are many factors that influence the performance of a spray dryer and properties of the 

dried product. These include process parameters such as the inlet air and outlet air temperature 

of dryers, feedstock properties such as viscosity, surface tension and solid content, and system 

design factors such as nozzle design.21 The complexity of process optimisation is significant 

for application relevant mixtures in industry scale dryers and there is a need for an 

understanding of the fundamental principles that govern droplet drying and particle formation 
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to guide design processes. This thesis presents methods of concurrent measurement of particle 

morphology and aerodynamic properties, allowing resolution of the particle formation 

processes that occur. Such understanding is a step towards better control of particle properties 

in industrial spray drying. 

 

1.2.2.1. Pharmaceutical Industry 

Spray drying is highly applicable to the pharmaceutical industry and has been extensively used 

to generate solid powders for pulmonary drug delivery. It is desirable to control the chemical 

composition, physical composition and aerodynamic properties of particles generated for such 

purposes to ensure maximum efficiency of delivery.22 A bottom-up approach to control particle 

properties is preferable for increasingly complex pharmaceutical formulations which would 

otherwise require unfeasible amounts of trial-and-error process optimisation.23  

 

Particle properties also determine bulk powder properties, which are important for handling 

during manufacturing processes. The combined requirements of maximising bioavailability, 

optimising handling and delivery, preservation of expensive and sometimes sensitive active 

pharmaceutical ingredients (APIs), and minimising consumed resource create strong 

motivation and ample applications for the study of droplet drying and particle formation 

processes.24 

1.2.2.2. Food and Drink Industry 

Powder production via spray drying is prevalent in the food and drink industry, both for the 

manufacture of products such as dried coffee, milk powder or fruit juices or for the preservation 

of flavours via encapsulation.25 The encapsulation of a flavour stabilises an extract or oil in a 

carrier matrix, commonly a saccharide or starch. This retains volatile compounds and enables 

the flavour to be released upon demand.26 

 

Common structures of particles of encapsulated flavours are either a single-core particle 

surrounded by a wall or crust as a core-shell structure or alternatively as a solid or hollow 

particle of carrier material in which microcapsules or cores are embedded, a multiple core 

particle.27,28 
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The spray drying of dairy products has different motivation as the primary objective is to 

stabilise an otherwise extremely perishable product.29 Consequently, the focus on engineering 

particle morphology may be reduced and instead preferred powder properties and stability are 

favoured. Vast quantities of milk powder are produced. In 2020 3.1 million tonnes of milk 

powder were produced in the EU.30 As such industry seeks to maximise efficiency to reduce 

energy consumption and cost and to meet sustainability targets.31 

1.2.2.3. Challenges 

Despite a long history of usage, wide application and straightforward implementation, 

industrial spray drying continues to raise challenges for the scientific community. In particular, 

there is no comprehensive understanding of factors that determine final particle morphology.32 

The link between droplet evaporation rate, the internal diffusion rate of droplet components 

and morphology has been studied.33–35 However, this understanding alone does not encompass 

morphological evolution after a solidification event, for example the bucking or rupture of a 

particle that forms a crust while still containing liquid. 

 

Probing the processes that govern individual droplets is extremely difficult in industrial 

systems due to the speed at which they may occur and the range of scales involved. Consider, 

for example, the turbulent gas flow in a spray dryer which is approximately 10 m tall and the 

microenvironment of a 5 µm droplet, one of billions, entrained in the gas flow. Gas flows 

within industrial spray dryers are turbulent and  thermally inhomogeneous, sprays are 

polydisperse and produce vast numbers of droplets, making in situ studies extremely 

challenging.36,37 Psychrometric analyses are a means to analysing the state of the gas in a spray 

dryer and also the temperature of droplets of volatile liquids.38 Such an approach is, however, 

unable to account for the microphysical processes that occur inside drying droplets and govern 

final particle morphology. 

 

One particular challenge is the understanding of systems which become sticky – a subjective 

classification.39 Some materials become sticky upon drying which can lead to operational 

challenges, such as blockages, reduction in product quality due to clumping and present fire 

risks.40 
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Compounding the challenges in understanding mechanisms of particle formation are the 

difficulties in scaling up systems from laboratory scale to industrial systems. Computational 

Fluid Dynamics (CFD) modelling is a valuable tool in this process, describing gas flows and, 

indeed, the residence times and transport of particles with assumed properties.41 However, such 

assumed properties are problematic for real-world systems. When the evolution of droplet 

aerodynamic properties is unknown, it is not possible to accurately model the behaviour of 

droplets, even with extremely good representations of the gas phase conditions. Scale-up of 

spray drying systems must cover all aspects of system design, including the atomisation method 

and gas flow conditions must be considered via a mixed approach of experimental experience 

and modelling.42–44 However, this approach is limited as deviations from known designs will 

not be described by empirical rules.45 

 

It is possible to see a route to spray dryer design that is based upon understanding the 

phenomena of droplet drying and particle formation at the single particle scale, the conditions 

required to achieve desired results and then designing a system to produce such conditions. 

1.2.3. Public Health and Disease Transmission 

The dispersed nature of aerosols and the large and chemically permeable surface of the lungs 

combine to create a very large potential for aerosols to interact with human biology. The state 

in which aerosol exist will govern their interaction with the body, yet the evolution of the 

properties of droplets and particles over time still includes many uncertainties. The same 

knowledge and experimental challenges as are found in industrial scenarios are present in 

public health and understanding disease transmission. 

 

The link between air quality, particulate matter and human health has been well established 

and, furthermore, linked to anthropogenic sources of aerosol as well as natural.46–50 It is 

therefore desirable to understand and control the formation of aerosol particles at source where 

possible and methods of filtration in the case that protection of human health is required. 

 

Additionally, aerosol particles may transport biological organisms resulting in the transmission 

of disease. Such aerosol are an example of bioaerosol – aerosol of microbial, plant or animal 

origin – and exposure to them is a matter of growing interest.51,52 The aerosol transmission 

pathogens may occur through the generation of respiratory aerosol, the behaviour of which 
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may determine the transmission rate. Many factors influence such behaviour, such as the 

composition of the aerosol, the nature of generation, environmental conditions, the size of 

droplets produced.53 These pathogens may be inactivated through physical removal of the 

aerosol via sedimentation, chemical or physical change of state of droplets and biological decay 

over time.  

 

The production and transport of respiratory aerosol may be considered similar to the spray 

drying scenario – a fluid is dispersed in a gas phase and allowed to dry – coupled with biological 

processes. The transmission of diseases may be better understood using such a consideration 

in conjunction with assessments of the response of microorganisms’ containment within 

aerosol particles.54 Pathogenic microorganisms may be bacteria, viruses or fungi and are 

prolific, present in any non-purified space sampled. Consequently, aerosol transmission is 

considered by health officials devising infection policy and countermeasures to disease.55 

 

Aerosol transmission of disease quickly became a priority of research during the COVID-19 

pandemic which commenced in early 2020.56 The production of respiratory aerosol, accredited 

to fluid film rupture, turbulence and entrainment of fluids in the respiratory tract was measured 

for a variety of scenarios.57–60 The transport of respiratory aerosol was investigated with novel 

measurements of surrogate fluids.61 The efficacy of countermeasures, such as facemasks, was 

assessed in detail and the principles of filtration outlined above were applied to evaluate 

personal safety.62 Finally, and importantly, the viability of coronavirus virions in the aerosol 

droplets was measured.63–65 Such a measurement can be incorporated into models which 

quantify the risk from exposure to a source of infectious aerosol.66 In addition to determining 

the transport properties of respiratory aerosol, the microphysical properties of droplets and 

particles, such as composition and phase may be influential in governing the longevity of 

microorganisms contained within aerosol droplets and particles. Studies of both the 

physicochemical properties of droplets and measurements of biological decay are required in 

combination to provide further understanding. 

1.2.4. Agricultural Industry 

According to the United Nations, the world population is expected to reach approximately 11 

billion by 2100.67 The agricultural industry must respond to growing demand combined with a 

changing climate and the corresponding migration of pests.68,69 Thus, the effective delivery of 
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pesticides is a critical step in the protection of crops. Pesticides are commonly sprayed in liquid 

form onto crops, though the technology and governing regulations have seen little fundamental 

change over the last 50 years.70 Spray-drift can reduce the delivered dose by up to 50 %.71,72 

High levels of lost product has direct cost and efficacy consequences for industry, but also 

poses a health and environmental risk through air, soil, and water pollution and 

bioaccumulation.73–75 

 

The agricultural industry has a twofold motivation to understand droplet transformation and 

transport: to maximise efficiency of delivered pesticides and to minimise the quantity and 

environmental impact of lost materials. 

1.2.5. Cooling Systems 

Since the advent of the integrated circuit in the mid twentieth century, the miniaturisation of 

electronics has been a continuous journey.76 With reduced size comes increased component 

density and the challenge of removing excess heat from systems.77 Similarly, a global transition 

towards electrical power means that there is an increased requirement for high power systems, 

which also need thermal regulation.78,79 Spray cooling, the high pressure atomisation of a liquid 

and application onto a surface from which evaporation may occur offers effective heat transfer 

for such systems.80 The optimisation of spraying technologies is important for effective and 

well controlled cooling, with the nature of droplet generation droplet properties upon 

impingement with a surface being important factors.81 Furthermore, in the case of a nuclear 

accident, sprays may be used for the cooling of reactors and the containment of released 

materials.82,83 The characterisation of evaporating droplet properties is an important step in 

such applications.84 The same technology is applied, with similar challenges, to high power 

laser medical procedures, to avoid undesired tissue damage.85 

1.2.6. Printing, Paints, and Coatings 

Sprays of droplets are commonly used for the application of materials to surfaces. This includes 

large sprays from nozzles for covering large surfaces and microscopic ink-jet delivery of single 

droplets.86 Droplet characteristics and dynamics govern deposition events and the resulting 

surface properties. 
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1.2.6.1. Ink-jet Printing 

Ink-jet printing techniques have been applied to many materials. Industrial applications include 

the manufacture of electronic modules and flexible electronics, display technologies, chemical 

sensors, microfluidic systems, solar cells, and  microcapsules.87–93 Such microcapsules are an 

example of further application of aerosol droplet processes to the pharmaceutical industry, an 

area of growing interest.94,95 Furthermore, biotechnology is another application for ink-jet 

printing, such applications are known as bioprinting and enable the production of biomaterials, 

biochips and whole cell printing patterns.96,97 Ink-jet technologies are increasingly being 

considered in combination with spray drying methods to gain maximum uniformity of 

product.98,99 

With such wide-ranging applications, it is important for the highly dynamic processes that 

droplets undergo to be understood in detail, allowing control of microscopic manufacturing 

processes. The generation, transport, evaporation, phase evolution and deposition 

characteristics of solutions all influence the final product. 

1.2.6.2. Paints and Coatings 

Paints and coatings are used ubiquitously to protect and modify the surfaces of materials. This 

can offer corrosion resistance, aesthetic benefits, water resistance, resistance to ultra-violet 

radiation, and desired thermal insulation or conductivity.100,101  Such control proves useful for 

many industries and specialist coatings are a large subject of research.102–104 Spray painting 

systems are used for the coating of vehicles, including automobiles and ships.105,106 The large 

volumes of paints required for such applications can have significant health and environmental 

impact due to organic solvents commonly involved, such as thinners.107–112 Aqueous solutions 

are therefore preferable to mitigate such risks.113  

 

Droplet transport and deposition is an important part of coating processes. Inefficient delivery 

of product results in wastage, increased cost and resource requirements while increasing the 

exposure of equipment operators and environment to potentially harmful compounds.114 Thus, 

understanding, controlling and optimising the properties of aerosol droplets and thus their 

drying rates and transport is of great benefit to industries that involve painting or coating 

processes. 
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1.3. Experimental Approaches to Measuring Droplet 

Drying Processes 

The challenges in probing droplet drying systems in situ in industry such as scale and system 

complexity mean that laboratory studies that probe the microphysical state of droplets are 

highly valuable. The evolving state of aerosols makes observations difficult and droplet sizes 

and motion speeds can span orders of magnitude. Experiments provide the opportunity to 

understand the factors and mechanisms that govern particle formation and resulting properties. 

There are a range approaches used to studying droplet drying and a summary of these is 

described in subsequent sections. 

1.3.1. Ensemble Techniques 

Ensemble techniques, measurements on whole populations of droplets or particles, offer the 

opportunity to represent industrial scenarios closely. However, they are inherently 

accompanied by the same challenges, such as resolving the processes that occur on the single 

droplet scale. 

 

One approach is to generate a monodisperse populations of droplets in a laboratory scale 

system, where the size dependant mechanisms can be ignored.115,116 These studies allow the 

investigation of the relationship between droplet composition, drying rate and final particle 

properties.117 The link between drying conditions and particle properties has been established 

for various materials of relevance to industry.118–121 Such an approach produces large enough 

samples of particle for further experiments though they cannot fully probe the mechanisms of 

shell formation, crystal nucleation and growth and particle deformation.117 This is because they 

are largely limited to observing only initial and final states and controlling the environmental 

conditions between these stages. To gain insight of the microphysical processes that occur, 

experiments capable of making observations on the single droplet scale are required. 

1.3.2. Single Droplet Techniques 

Considering the limitations of ensemble techniques, there is scientific merit in studying single 

droplet processes to understand the fundamental phenomena and mechanisms that occur before 
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scaling this understanding up to real-world applications. This may be considered as a ‘bottom-

up’ approach. 

1.3.2.1. Droplets on Surfaces 

Droplets on surfaces, called sessile droplets, are of great interest for a number of applications, 

such as printing and coating. Such systems have therefore received a great amount of 

attention.122 However, it is important to note that while there are shared aspects between free 

droplets and sessile droplets, they exhibit different properties, and the aerosol phase is not 

accurately represented by experiments involving droplets on surfaces. In some respects, a free 

droplet is simpler than a sessile droplet as there is no asymmetry. The asymmetry, additional 

surface and three phase contact point of a sessile droplet leads to behaviour such as surface 

driven flows and heterogeneous nucleation of solutes.123–125 

 

Sessile droplets reduce the technical challenges of observation and measurement compared to 

free droplets. The fixed nature of such droplets enables high quality imaging measurements 

and studies on multiple droplets and their interactions.126–128 Droplets in such studies are 

commonly in the millimetre size range, which aids details imaging.129–132  

 

For the study of aerosol systems, which often include droplets in the micron size range, it is 

important to recognise the differences between sessile droplets and free droplets. For 

experiments to probe aerosol behaviour, ideal experiments will exclude particle interactions 

with a surface. 

1.3.2.2. Pendant Droplets 

One approach to minimising surface contact of droplets while still maintaining a well 

constrained position is to hold droplets at the end of a filament. Typically, droplets are 

suspended from a fine glass filament or a thermocouple probe. Droplets held in such a manner 

are referred to as pendant droplets, or intrusively levitated droplets.133 

 

Pendant droplets provide a platform for measuring droplet evaporation dynamics in controlled 

conditions achieved by placing droplets in a gas flow of controlled temperature, humidity and 

speed.134 The use of a thermocouple provides a valuable means of measuring droplet 

temperature change during evaporation.135  
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Pendant droplet experiments have associated disadvantages, primarily that they do not fully 

represent free droplets. Filaments can alter heat and mass transfer rates, introduce heterogenous 

nucleation sites and crystal growth of solutes, resulting in morphologies different from those 

formed through free droplet drying. 37,136,137 

1.3.2.3. Levitation Techniques 

To completely avoid surface contact, it is possible to levitate droplets. In such experiments a 

force is applied to a particle to offset its weight and any drag force. Millikan’s famous oil drop 

experiment was the first instance of droplet levitation.138,139 Experiments may rely upon a 

variety of mechanisms to constrain a particle including, magnetic levitation, electrodynamic 

levitation, electrostatic levitation, acoustic levitation, or optical trapping.139–143 Below is a brief 

description of some commonly used levitation methods, though they are not the focus of this 

work. 

1.3.2.4. Acoustic Levitation 

Acoustic traps create a potential well at a point (or multiple points) of low pressure in a standing 

wave generated by transducers.144 Acoustic trapping is applicable to almost any material, which 

is a benefit of this technique compared to other means of levitation. It is also a low-cost 

technique, which may be assembled using a single transducer or more complex arrays of 

transducers with advanced capability and spatial control for particle manipulation.145  

 

Acoustic levitation is applicable to droplets within the millimetre size range, allowing imaging 

of particles to be easily achieved.146 Droplets of such sizes are of interest in their own right, but 

may exhibit distortions due to the increasing ratio of the forces applied to the droplet compared 

to the surface tension (see section 2.4.3). Furthermore, it is important to understand that 

droplets are exposed to a nonuniform pressure environment.141 Consequently, the evaporation 

kinetics of acoustically trapped droplets may not be representative of that of to free droplets. 

Studies of particle formation and crystallisation have been made, revealing trends in 

structure.147  
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1.3.2.5. Aerodynamic Levitation 

It is possible for particles to be levitated by an air flow; this is known as aerodynamic levitation. 

Aerodynamic levitation has been used to study a number of systems including rain drops and 

snowflakes.148–150 Such techniques may be applied to droplets smaller than 100 µm, but are 

typically used for droplets of sizes 1mm – 10 mm.148,151 Aerodynamic levitation is an attractive 

approach as it mimics the free droplet behaviour well, however measurements made with this 

technique rely upon droplets being only just levitated by a gas flow, something that is difficult 

to control in real time for droplets that are evaporating rapidly. Furthermore, the horizontal 

position of particles must be tightly constrained to enable imaging as the microscope lenses 

required to resolve small particles have both a small field of view and depth of field. This 

challenge may be overcome with careful control of the gas flow but is a disadvantage of 

aerodynamic levitation.152,153  

1.3.2.6. Optical Levitation 

Optical traps work by exerting a force upon a dielectric particle using a tightly focussed 

coherent light source, a laser. A particle within the beam experiences a force comprised of two 

components, one acting in the direction of the of the incident light, and a second acting in the 

direction of the intensity gradient of the beam.154,155 Optical traps use a laser beam with a 

Gaussian intensity profile to ensure that particles are effectively centred on the beam focus. 

The scattering force is a result of the change in momentum imparted to scattered incident 

photons.156,157 The scattering force is balanced either by the weight of the particle, an electric 

field or another incident light beam propagating in the opposite direction. 

 

Optical tweezers are a well-documented technique and are used through colloid science, in 

which case particles are trapped within a liquid medium rather gaseous. They are relatively 

simple systems to set up, despite requiring precision optical components.158 Optical tweezers 

are capable of trapping particles in the size range ~ 10 nm to ~ 10 µm.146,158,159  

 

Optical trapping has been used in many studies for the characterisation of aerosol properties, 

as they enable single particles to be exposed to well defined environmental conditions.160 It is 

possible to probe the equilibrium properties of super saturated solute containing droplets and 

measure droplet viscosity through coalescence relaxation timescales.161,162 The size distribution 
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of atmospheric aerosols overlaps with the optimum size range for optical trapping and so many 

studies performed are focussed on atmospherically relevant systems, probing processes that 

would otherwise not be easily observable. 163–165 

1.3.2.7. Electrodynamic Levitation 

Levitation of charged particles by an electric field, the method used by Millikan in 1910, 

applies a Coulombic force to particles.138 Levitation can be achieved using an electrostatic 

field, where a particle is constrained by a constant field, including a component to offset its 

weight.166 Alternatively, an oscillating field may be used, known as electrodynamic trapping.167  

Such devices are often called electrodynamic balances (EDBs). 

 

Many different designs for EDBs may be found in the literature, thought they all rely on the 

same principle, generating a narrow potential well in which a charged particle will be 

constrained.168 Common designs include double ring electrodes, two identical ring electrodes, 

sharing a vertical axis and separated along this axis, and quadrupole traps consisting of four 

vertical rods arranged with a square cross section, and a fifth horizontal electrode at the bottom 

of the trapping region.169 In a double ring EDB, a sinusoidal oscillating voltage is applied to 

the electrodes in addition to a constant voltage to counteract the weight of a particle.170,171 In a 

quadrupole trap, diagonally opposite rods are connected, with each pair having a sinusoidal 

voltage applied at the same frequency, but with a phase difference of π. Such an arrangement 

creates a vertical line of minimum potential which radially constrains a trapped particle. The 

fifth electrode is subject to a constant voltage to offset particle weight and constrain trapped 

particles vertically. 

 

EDBs have been used for studying droplets of sizes between ~ 1 µm and ~ 100 µm.139 

Consequently, EDBs have been used for studies for a variety of applications, including 

atmospheric aerosol processes, particle engineering, and industrial spray drying.172–175 

Electrodynamic levitation of particles is a well-documented and accepted technique within the 

literature, allowing accurate measurements of droplet size evolution, droplet imaging and 

compositional analysis.176–180  

 

Droplet evaporation and particle formation has been studied in detail using EDBs, providing 

insight into the evaporation kinetics of solutions, propensity of solutions to crystallise and 
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phase evolution.124,181,182 There are, however, limitations to the EDB technique. The collection 

of dried particles for further analysis is not always possible and measurement of particle 

aerodynamics is not achieved. 

1.3.3. Falling Droplet Techniques 

An intuitive route to observation and understanding of droplet behaviour of free droplets is to 

perform direct measurements upon droplets that are indeed free. This presents significant 

technical challenges. Firstly, droplets formed from simple sprays are log-normally distributed 

in size, meaning size dependent behaviour may dominate measurements and resolving 

underlying phenomena will be difficult.183 Secondly, the size of aerosol droplets (typically 100 

µm or less) and their dispersed nature means that direct observations require precision 

equipment but locating and tracking droplets is extremely difficult. These challenges are 

compounded by the constant movement of particles and the ephemeral nature of evaporating 

droplets, meaning that there is only a short period during which measurements may be made. 

Therefore, measurements on free droplets require droplets of a consistent size generated at a 

known location to enable observation. Furthermore, the gas phase through which droplets 

travel must be controlled if the relationship between environmental conditions and aerosol 

behaviour is to be probed. 

A solution that has been used in the literature and in industry is to use a “chain “or “train” of 

droplets generated at a regular frequency by a reproducible source, such as an inkjet print 

head.184 Identical droplets, with the same initial velocity exhibit identical trajectories, perturbed 

only by stochastic influences such as Brownian motion and crystallisation. The use of a droplet 

chain enables the time dependent behaviour of droplets to be investigated, simply by relating 

the time taken for droplets to travel along the path of the chain to the properties of the droplets 

at each point. Such an approach relies upon a fundamental assumption: given identical initial 

conditions, the size and spatial change between one droplet observed at position x0 and time t0, 

and another observed at position x1 and time t1, will be representative of any droplet over the 

period t0 to t1.  Falling droplet techniques may be considered as a quasi-single droplet approach, 

as results are achieved using multiple droplets but they are representative of a single droplet’s 

behaviour. It is implicit in the above description that one droplet does not influence the 

behaviour of another, perhaps due to charge or aerodynamic effects. In the case of this thesis 

this is assumed, and no direct observations of droplet-droplet interactions have been made.  
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Droplet chain techniques have been used in a variety of experiments, such as measuring surface 

tension, evaporation kinetics or droplet collisions and coalescence.184–187 A simple 

representation of a falling droplet chain experiment is shown in Figure 1- 3. To resolve 

temporal evolution of droplets in a chain, it is helpful to use a measurement technique that 

enables each position in the chain to be resolved, rather than a continues chain. One approach 

is to use particle image velocimetry (PIV), enabling multiple particles to be tracked through 

sequential images and their velocity to be measured.187,188 In the case of droplet chains, 

however, this limits the detail of imaging that may be achieved, as the field of view must be 

large enough to capture multiple particles which reduces the spatial resolution achieved. An 

alternative approach is the use of stroboscopic imaging. Stroboscopic imaging enables the 

imaging of a recurrent event by capturing images at the same frequency as the event. In the 

case of droplet chains, droplet generation and image capture are performed at the same 

frequency. 

 

 

Figure 1- 3. A simplified diagram of a falling droplet technique. Droplets fall through a column filled with a gas 

of controlled properties and evaporate as they do so. Dry particles deposit at the bottom of the column on a 

collection surface. The settling velocity of particles may be calculated from the change in position between 

consecutive stroboscopic positions. The inset highlights a droplet undergoing solidification, as may be observed 

using direct imaging. 
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Stroboscopic imaging is usually achieved using specialist lighting equipment that provides 

short pulses of light. Cameras used may use exposure times that are longer than needed and, in 

the absence of other light sources, only the period lit by the experimental light source will be 

captured. The fact that the droplet chain is only illuminated for short periods of time means 

that only certain parts of the trajectory are visible. To the human eye this gives the impression 

of a standing pattern – “stationary droplets” along the path of the droplet chain.  

 

Stroboscopic imaging requires droplet generation and imaging to be performed at the same 

frequency, but not in phase with each other, not synchronised. Indeed, adjustment of the time 

between droplet generation and image capture allow different parts of the droplet lifetime to 

be imaged.189 This method enables high time resolution to be achieved, limited only by the 

precision of electronic components and independent of any high frame rate cameras that other 

techniques may require. 

 

Stroboscopic measurements of falling droplets have been used for the tracking of particle 

trajectories in the literature.190 Baldelli et al. developed one such instrument for investigating 

the evaporation kinetics and evolution in aerodynamic properties of droplets.191–193 The work 

in this thesis is conducted primarily on an instrument similar to that of Baldelli et al. 

 

Falling droplet techniques have a variety of benefits compared to other techniques, such as the 

ability to analyse the trajectory of a free-falling droplet, the potential to collect a sample of 

particles formed from droplet drying and the ability to study a population of initially identical 

droplets. There are, however, disadvantages, including the reliance of falling droplet techniques 

upon a monodisperse source of droplets which can provide experimental difficulties, results 

are sensitive to changes in droplet generation. Furthermore, stochastic influences cause droplets 

to deviate from the average trajectory of the chain over time and become more significant at 

smaller sizes. Figure 1- 4 displays simulated data, representing possible measured droplet 

positions for a droplet chain technique in which droplets have an initial horizontal velocity and 

accelerate downwards under gravity. The widening distribution of measured droplet positions 

at consecutive measurement locations leads to increased uncertainty throughout and must be 

overcome with repeated measurements and statistical analysis. For samples that form solid 

particles, a distribution in aerodynamic properties may occur, resulting in increased variance 

in particle position and the fundamental assumption of falling droplet techniques loses validity.  
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Figure 1- 4. A diagram representing the position of droplets observed using stroboscopic imaging. In this system, 

droplets are generated at the top left of the image and travel horizontally, slowing down in that direction and 

accelerating vertically due to gravity. A black line represents the average path of droplets, each point is a measured 

droplet position. Points are coloured by the density of measurements and, in the inset, a red cross mark the mean 

measured location for each chain position. Droplets later in the trajectory exhibit a wider distribution of positions 

due Brownian motion and minute, unresolvable differences in droplet generation events. The diagram is not to 

scale. 

1.4. Aims 

This thesis is based on a project funded by the Institut de radioprotection et de sûreté nucléaire 

(IRSN) and as such, the aims are of this project are targeted to address the needs of the nuclear 

industry. Consequently, the following aims were outlined for this work. 
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• Develop the falling droplet technique to measure evaporation kinetics and 

morphological evolution of droplets and particles throughout drying. 

• Measure the evaporation of inorganic salt solution droplets to develop understanding 

of: 

o How resultant particle morphology is dependent upon the droplet composition 

and drying conditions. 

o How the aerodynamic properties of drying particles evolve. 

• Use the measurements to identify the key parameters and factors that determine the 

transport behaviour of particles formed from droplet drying. 

• Produce a model that may be applied readily to systems relevant to the nuclear industry, 

where direct measurements are not possible. 

 

In Chapter 2, the fundamental theory essential to the understanding and interpretation of results 

is presented. In Chapter 3 the core experimental and analytical techniques are described, 

including the major developments to the equipment used and the data analysis techniques 

applied. 

 

Chapters 4 to 7 present experimental results and analyses. The evaporation of sodium chloride 

droplets and an analysis of resulting particle morphologies is presented in Chapter 4. Chapter 

5 presents an implementation and benchmarking of a model to describe the evaporation of 

solution droplets. Application of the methods developed and benchmarked in earlier chapters 

to a range of binary inorganic salt solutions is presented in Chapter 6, comparisons between 

experimental measurements and simulations are made and solidification processes of different 

solutes are analysed. In Chapter 7 the drying of solutions relevant to real-world applications, a 

common tracer material and respiratory surrogate fluids, are measured and analysed with 

application of insight gained throughout this previous chapters. Finally, in Chapter 8, a short 

summary is presented, reviewing the outcomes of the work presented in this thesis within the 

context of the aims laid out above. 
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Chapter 2  

Droplet Evaporation, Particle Formation 

and Aerosol Transport Processes 

 

The state of an aerosol at a given time is determined by a balancing of thermodynamic driving 

factors, with a preferred equilibrium state, and limiting kinetic factors, governing the 

mechanisms by which an aerosol may change state. This chapter presents the major factors 

controlling the equilibrium thermodynamics liquid aerosols, the kinetic factors that govern 

aerosol behaviour and the framework with which the aerodynamic properties of aerosols are 

considered. 

 

The processes that aerosols undergo are dynamic. Particle transport depends upon the 

properties of the particle, but the way that droplets may evaporate and change state also depends 

upon their interaction with the surrounding gas phase. The evaporation of droplets involves 

both heat and mass transport, which are coupled. The rate of solute crystal nucleation depends 

upon temperature and concentration, but crystal growth can change both of these properties 

notably within the confines of an aerosol droplet. 

 

In the interest of understanding the evaporation, particle formation, and the transport 

phenomena of aerosols, the fundamental theory used to describe each is presented separately. 

It is, however, important to remember that each phenomenon both affects and is influenced by 

the others. 

2.1. Aerosol Droplet Thermodynamics 

The discussion that follows considers the equilibrium thermodynamics of solutions in aerosol 

droplets. It is important to remember that while the idea of an equilibrium may appear static, 

in truth equilibrium is maintained through a constant exchange of molecules between the 



Droplet Evaporation, Particle Formation and Aerosol 

Transport Processes  

25 

vapour and liquid phase. Evaporation and condensation are simply the manifestation of this 

exchange being imbalanced, producing a net flux of molecules in one direction. 

2.1.1. Pure Component Vapour Pressure 

The vapour pressure of a compound is the partial pressure of the vapour in equilibrium with 

the condensed phase. It is possible to derive a description of the vapour pressure of a substance 

by considering the fundamental thermodynamic equation, of a given system relating Gibbs 

energy, G, enthalpy, H, temperature, T, and entropy, S.  

 

 𝐺 = 𝐻 − 𝑇𝑆 (2-1) 

 

The definition of enthalpy in terms of internal energy, U, pressure, p, and volume, V, is: 

 

 𝐻 = 𝑈 − 𝑝𝑉 (2-2) 

 

Combination of Equations (2-1 and (2-2 provide the change in Gibbs energy of a system at 

constant volume. 

 

 𝑑𝐺 = 𝑉𝑑𝑝 − 𝑆𝑑𝑇 (2-3) 

 

For two phases at equilibrium, the Gibbs energies of the phases must be equal. In the case of a 

liquid and vapour, dGliquid = dGgas. Thus, small changes in Gibbs energy with pressure and 

temperature change must also be equal and taking the right-hand side (RHS) of Equation (2-3 

for each phase produces and alternate expression of the equilibrium state. 

 

 𝑉𝑙𝑖𝑞𝑢𝑖𝑑𝑑𝑝 − 𝑆𝑙𝑖𝑞𝑢𝑖𝑑𝑑𝑇 =  𝑉𝑣𝑎𝑝𝑜𝑢𝑟𝑑𝑝 − 𝑆𝑣𝑎𝑝𝑜𝑢𝑟𝑑𝑇 (2-4) 

 

Rearrangement of Equation 2-4 results in the Clapeyron equation, expressing the boundary 

between two states in temperature and pressure – a phase diagram – in terms of the difference 

in entropy, ∆Svap, and difference in volume, ∆Vvap, of the two states.194 
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 𝑑𝑝

𝑑𝑇
=

𝑆𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑆𝑣𝑎𝑝𝑜𝑢𝑟

𝑉𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑉𝑣𝑎𝑝𝑜𝑢𝑟
=

∆𝑆𝑣𝑎𝑝

∆𝑉𝑣𝑎𝑝
 

(2-5) 

 

At a phase boundary of liquid and vapour, the Gibbs energy of the two states must be the same 

such that ∆Gvapour-liquid = ∆Hvap –T∆Svap = 0, wher ∆Hvap is the enthalpy change due to 

vaporisation. The Clapeyron equation may therefore be written as: 195 

 

 𝑑𝑝

𝑑𝑇
=

∆𝐻𝑣𝑎𝑝

𝑇∆𝑉
 

(2-6) 

 

The volume change from liquid to vapour is large and the approximation that molar volume 

change is the same as the molar volume of the vapour phase (∆Vmol = Vmol, gas – Vmol, liq  Vmol, 

liq) is used. Vmol, gas may then be substituted according to the ideal gas law: Vmol, gas = RT/p, 

where R is the gas constant. Applying the approximation dp/p  = d(lnp) results in the Clausius-

Clapeyron equation. 

 

 

 𝑑 ln 𝑝

𝑑𝑇
=

∆𝐻𝑣𝑎𝑝

𝑅𝑇2
 

(2-7) 

 

 

The Clausius-Clapeyron equation describes the gradient of the boundary in a phase diagram 

for a given material is dependent upon the change in enthalpy between liquid and vapour states. 

The vapour pressure of a compound as a function of temperature may be found by integration 

of Equation 2-7 between T & T* where T* is a standard temperature, where pi
0 is a standard 

vapour pressure, the value at T*. The vapour pressure of water as calculated by Equation 2-7 

is shown in Figure 2-1. 

 

 
𝑝𝑖(𝑇) = 𝑝𝑖

0 exp [−
∆𝐻𝑣𝑎𝑝

𝑅
(

𝑇 − 𝑇∗

𝑇𝑇∗
)] 

(2-9) 
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Figure 2-1. (a) The vapour pressure of water between 273.15 K and 3733.15 K calculated using the Clausius-

Clapeyron equation. Comparison is made with empirically optimised parameterisations. (b) The difference 

between each parameterisation and the Clausius-Clapeyron equation, where ∆Pvap = Pvap, i - Pvap, Clausius-Clapeyron. 

The vapour pressure describes the equilibrium pressure of a closed system containing both the 

liquid and vapour phases of a single compound.196 The vapour pressure of compounds is a 

strong driving factor in the behaviour of liquid aerosol. Compounds with high vapour pressures 

evaporate more rapidly than those with low vapour pressures. Modifications to vapour 

pressure, due to temperature or other factors alter the evaporation rates of liquid droplets. 
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It is common the vapour pressure of compounds to be parameterised with respect to 

temperature. The Antoine equation is a common functional form to use, with empirically fitted 

coefficients A, B, and C, which for pure water are 8.07131, 1730.63, and 233.426 

respectively.197  

 

 
log[𝑝(𝑇)] = 𝐴 −

𝐵

𝑇 − 𝐶
 

(2-10) 

 

An alternative parameterisation may be made using the Buck equation or the International 

Association for the Properties of Water and Steam (IAPWS) IAPWS95 formulation based on 

data from Wagner and Pruss.198–200 Comparison of different parameterisations of the vapour 

pressure of water is made in Figure 2-1. 

2.1.2. Mixed Component Solution Vapour Pressures 

In the case of a solution, the vapour pressure of any particular component is reduced compared 

to its pure component vapor pressure due to its reduced concentration at the surface of the 

liquid. The reduction in vapour pressure for each component is dependent upon its relative 

concentration. This may be considered using chemical potential, the molar quantity of Gibbs 

energy, defined in Equation 2-11. 

 

 
µ𝑖 = (

𝜕𝐺

𝜕𝑛𝑖
)

𝑝,𝑇

 
(2-11) 

 

where ni is the number of moles of each component. For a closed system at constant 

temperature and pressure, the Gibbs free energy of the solution is:201 

 

 𝐺 =  ∑ 𝑛𝑖µ𝑖

𝑖

 
(2-12) 

 

For an ideal solution the chemical potential of a component in a mixture is: 196 
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µ𝑖 = µ𝑖

0 + 𝑅𝑇 ln (
𝑝𝑖

𝑝𝑖
0) = µ𝑖

0 + 𝑅𝑇 ln(𝑥𝑖) 
(2-13) 

 

where µi
0 is the pure component chemical potential at standard conditions and xi is the mole 

fraction of the component. Mole fraction is defined as: 

 

 𝑥𝑖 =
𝑛𝑖

∑ 𝑛𝑖𝑖
 (2-14) 

 

The mole fraction of a component in a solution is useful for describing the change in the vapour 

pressure of a solution. 

2.1.3. Henry’s Law 

Henry’s law states that the vapour pressure of a component in a solution is proportional to the 

concentration of that component.194 This is intuitive with consideration of the effect of 

concentration upon the transport of components from a solution to the vapour phase; a species 

must be present at the surface to evaporate, and lower concentrations will reduce its presence. 

This is true for dilute solutions and is expressed as: 

 

 𝑝𝑖 = 𝑥𝑖𝐻𝑖 (2-15) 

 

where Hi is the Henry’s law constant. Hi is specific to each compound, found empirically and 

determined such that Hi = dpi/dxi when xi = 0. The determination of Hi from infinitely dilute 

solutions means that Henry’s law is applicable to dilute solutions, but does not account for 

deviations at higher concentrations. 

2.1.4. Raoult’s Law 

A more widely applicable expression is Raoult’s law, which states that the vapour pressure of 

a component is proportional to its mole fraction in a solution as shown in Equation 2-16. 

 

 𝑝𝑖 = 𝑥𝑖𝑝𝑖
𝑜 (2-16) 
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For a closed system, the total pressure is the sum of the partial pressures and may be expressed 

as: 

 𝑝 =  ∑ 𝑥𝑖𝑝𝑖
0

𝑖

 
(2-17) 

 

Mixtures that obey Raoult’s law are known as ideal solutions. Ideal solutions commonly 

contain compounds with similar structures, meaning that the intermolecular interactions are 

similar. Raoult’s law is a limiting law and it holds at the extremes of dilution, when a solution 

is dominated by one component.   

 

Experimental data show that some solutions do not adhere to either Henry’s or Raoult’s laws 

and exhibit more complex behaviour. Figure 2-2 presents a comparison of vapour pressure of 

a water and ethanol mixture over a complete range of composition, including Henry’s law, 

Raoult’s law, and data according to a detailed thermodynamic model – the AIOMFAC 

model.202–205 True vapour pressure values are seen to be greater than those predicted by 

Raoult’s law, with Henry’s law deviating strongly for non-dilute mixtures. 
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Figure 2-2. The vapour pressure of each component of a water-ethanol mix and the total vapour pressure of the 

solution across all possible mixing ratios. Solid lines represent values calculated using the AIOMFAC model.202–

204 Dashed lines show values calculated using Raoult’s law. Dotted lines represent values calculated using Henry’s 

law.205 

The vapour pressure of water in solutions with various inorganic salts according to literature 

data is presented in Figure 2-3. A comparison with Raoult’s law is shown. Each salt can be 

seen to modify vapour pressure in a unique way in contrast to Raoult’s law, which is the same 

for all systems. Consequently, a more detailed description of vapour pressure of mixtures is 

required if accurate representation of solution behaviour is to be achieved. 
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Figure 2-3. The vapour pressure of water in aquous solutions of sodium chloride, sodium sulphate, sodium nitrate 

and nitric acid. 

2.1.5. The Solute Effect 

When compounds are mixed, there is a change in the Gibbs energy of the system which can 

depend upon the ratio of components and the interaction between the species involved. The 

Gibbs energy of mixing for a binary ideal solution is: 

 

 ∆𝐺𝑚𝑖𝑥 = 𝑛𝑅𝑇(𝑥𝑖 ln 𝑥𝑖 + 𝑥𝑗 ln 𝑥𝑗) (2-18) 

 

Nonideal thermodynamic properties of real solutions are expressed using excess functions, XE, 

defined as the difference between ideal value and the observed value. Excess entropy, SE, and 

excess enthalpy, HE, are two such quantities. Regular solutions are defined as those where SE 

= 0 and HE ≠ 0. Molar excess enthalpy is defined in Equation 2-19, where ξ is a dimensionless 

parameter describing the energy of interactions between molecules of i and j compared to ii 

and jj interactions. 
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 𝐻𝐸 = ξ𝑅𝑇𝑥𝑖𝑥𝑗 (2-19) 

 

The Gibbs energy of mixing for a regular solution is expressed as: 

 

 ∆𝐺𝑚𝑖𝑥 = 𝑛𝑅𝑇(𝑥𝑖 ln 𝑥𝑖 + 𝑥𝑗 ln 𝑥𝑗 +  ξ𝑥𝑖𝑥𝑗) (2-20) 

 

 

 

Figure 2-4. (a) Excess entalphy of a solution per mole, devided by RT, to produce a unitless visualisation of the 

impact of ξ upon HE. (b) Excess entalphy of a solution per mole, devided by RT, to produce a unitless visualisation 

of the impact of ξ upon ∆Gmix. A dotted black line marks ξ = 2, when a single minimum no longer exists and 

beyond which phase separation will occur. In (a) and (b) a solid black line indicates ξ = 0, when a solution is 

considered ideal. 

Values of ξ < 0 mean that mixing is exothermic; ij interactions are most favourable. Conversely, 

values of ξ > 0 mean that mixing is endothermic. The impact of ξ upon HE and ∆Gmix is shown 

in Figure 2-4 a and Figure 2-4 b, respectively As ij interactions become less favourable, ∆Gmix 
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transitions from having a single minimum at xi = 0.5 to having two. This occurs for values of ξ 

greater than 2 and physically corresponds to the mixture phase separating to form two mixtures 

with compositions corresponding the mole fractions of i and j at the two minima.  

 

The Margules equations shown in Equation 2-21 define the activity coefficient of compound i, 

γi, in terms of xj and ξ.206 

 

 ln 𝛾𝑖 = ξ𝑥𝑗
2      ln 𝛾𝑗 = ξ𝑥𝑖

2 (2-21) 

 

The activity of a component, ai, in a system is given by its mole fraction and activity coefficient 

as in Equation 2-22. 

 

 𝑎𝑖 = 𝛾𝑖𝑥𝑖 (2-22) 

 

The dependencies of the activity coefficients and activities of i and j upon the composition of 

the solution are shown in Figure 2-5. As the mole fraction of a compound tends to 1, so does 

the activity coefficient. When a compound is strongly diluted, unfavourable interactions with 

the other compound (ξ > 0) increase the activity coefficient significantly. The opposite is true 

for ξ < 0, but limited by a lower bound of zero as activity coefficients cannot be negative. 

Correspondingly, mixtures where mixing is endothermic have strongly increased activities 

across the range of composition, while mixtures with exothermic mixing have reduced 

activities compared to the linear behaviour of an ideal solution where ξ = 0. 
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Figure 2-5. (a) The activity coefficents of componentes of a binary solution, depending upon the compostion and 

value of ξ. (b) The activity of componentes of a binary solution, depending upon the compostion and value of ξ. 

In (a) and (b) the plain coloured regions correspond to component i and the hashed regions correspond to 

component j. A solid black link corresponds to an ideal solution that obeys Raoult’s law, when ξ = 1. 

For more complex systems than a regular solution, activity coefficients derived from Debye–

Hückel theory for dilute systems.207,208 More complex approaches consider the ideality of 

interactions within a solution, categorising them by the range over which they are effective and 

describing them individually. Long range interactions include ionic strength, mid-range 

interactions consider ion-ion and ion-dipole interactions and short range interaction include 

dipole-dipole interactions.203 Computation methods to quantify the activity coefficients of 

solution components such as the AIOMFAC and E-AIM models have been experimentally 

validated and provide activity values that are typically fit to a polynomial, resulting in 

physically realistic equations constrained to fit experimental data.209–211  

 

The vapour pressure of a solution component is given by a standard vapour pressure multiplied 

by the activity as in Equation 2-23. By rearrangement, the activity may be considered as an 
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effective vapour pressure. The reduction in vapour pressure of a solution component due to the 

presence of another component – a solute – is known as the solute effect. 

 

 𝑝𝑖 = 𝑎𝑖𝑝𝑖
0 = 𝛾𝑖𝑥𝑖𝑝𝑖

0 (2-23) 

 

2.1.6. Aerosol Thermodynamic Equilibrium State 

Considerations of solution properties so far have been in closed systems. Aerosol droplets exist 

within a bath gas phase, usually so large in quantity that it may be considered infinite and 

independent of droplet processes – that is, evaporation and condensation will have a negligible 

effect upon the gas composition. Ambient air typically contains some water vapour, though is 

rarely fully saturated. To describe the quantity of water in the gas phase the relative humidity, 

RH, is introduced. RH is expressed as a percentage. The saturation ratio of water, Sw, is the 

fractional equivalent of RH. Both RH and Sw compare the partial pressure of water, pw, in a gas 

mixture to the saturation vapour pressure of pure water at the same temperature, pw
0. 

 

 𝑅𝐻 = 100 × 𝑆𝑤 = 100 ×
𝑝𝑤

𝑝𝑤
0

 (2-24) 

 

Rearrangement of Equation 2-24 reveals that water activity, aw, and Sw both equal pw/pw
0, but 

are dependent upon the solution composition and ambient gas phase conditions, respectively. 

It therefore becomes clear that for a solution and ambient gas phase to be in equilibrium aw at 

the liquid surface must equal Sw; more specifically, the saturation ratio at the droplet surface, 

Sw,r, must equal that far from the droplet surface, Sw,. As the gas phase is invariant, the solution 

composition must change via evaporation or condensation to alter the water activity. This is 

the thermodynamic driving factor behind the evaporation and growth by condensation of 

aerosol droplets. For non-aqueous systems, the saturation ratio is normally zero in ambient 

conditions. The consequences of this relationship may be outlined as follows: 

 

- aw , Sw,r = Sw,. Equilibrium is maintained. Molecular flux to and from the solution 

surface are equal. 
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- aw, Sw,r > Sw,. Evaporation occurs. Molecular flux away from the solution surface is 

favoured, causing a reduction in xw and therefore aw, shifting the system towards 

equilibrium. 

- aw, Sw,r < Sw,. Condensation occurs. Molecular flux towards the solution surface is 

favoured, causing an increase in xw and therefore aw, shifting the system towards 

equilibrium. 

 

Figure 2-6. The activity of water in aquous solutions of sodium chloride, sodium sulphate, sodium nitrate and 

nitric acid plotted against (a) the mole fraction of the solute and (b) the mass fraction of the solute. 

The water activity in a solution may be represented as a function of the solute mole fraction. 

For experimental convenience water is often parameterised with respect to mass fraction of 

solute (MFS), defined in Equation 2-25) where mi is the mass of a component present in the 

solution. Water activity dependencies on mole and mass fractions for some aqueous solutions 

relevant to this thesis are presented in Figure 2-6.  

 

 

 𝑀𝐹𝑆𝑖 =
𝑚𝑖

∑ 𝑚𝑖𝑖
 (2-25) 
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The relationship between solute concentration, water activity, and vapour pressure, results in 

the dynamic evolution of evaporating droplets observed. As droplets evaporate, the 

concentration of solute increases, the activity of water, and thereby its vapour pressure, are 

reduced correspondingly. Later sections will describe how the rate of evaporation of a droplet 

component is dependent upon its vapour pressure at the surface. For now, it is sufficient to note 

that the thermodynamic driving force for evaporation varies dynamically during the 

evaporation of solution droplets. 

2.1.7. Hygroscopicity 

The hygroscopicity of an aerosol is its ability of to take up or lose water. Aerosol 

hygroscopicity is not parameterised with a single value, but rather, it is normally expressed 

using an equilibrium property of the aerosol as a function of the water activity. The properties 

used are usually the MFS or the radial growth factor, GFr, defined in Equation 2-26, where rRH 

is the radius of a droplet at a given RH and rRH=0 is the radius of a droplet when RH = 0 %. 

 

 𝐺𝐹𝑟 =
𝑟𝑅𝐻

𝑟𝑅𝐻=0
 (2-26) 

 

Representations of the hygroscopicity of some solutes are shown in Figure 2-7. GFr can be 

seen to tend to infinity as aw approaches 1, this is as the solution is driven to infinite dilution. 

The MFS curves are simply the inverse curves of those shown in Figure 2-6. An analogous 

term, the mass growth factor, GFm, based on droplet mass rather than droplet radius. 
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Figure 2-7. The radial growth factor (solid lines) and MFS (dashed lines) of aqueous salt solution droplets at 

equilibrium over water activity calculated using the E-AIM model. 

2.1.8. The Kelvin Effect 

In addition to the solute effect, the thermodynamics of aerosol droplets may be modified by the 

very fact that they are droplets. The curvature of droplet surfaces leads to an enhanced vapour 

pressure, this is called the Kelvin effect. The Kelvin effect is due to molecules at a curved 

surface having fewer neighbouring molecules compared to a flat surface, resulting in a reduced 

average intermolecular attraction and reduction in the energy required for a molecule to 

transition to the gas phase. 

 

The Kelvin effect may be described by considering the energy required to create a liquid-

vapour surface from a vapour phase alone. The heterogeneous formation of a droplet from a 

vapour phase requires a nucleation event, a group of vapour molecules clustering together in 

sufficient numbers to form a droplet. The stability of a cluster is determined by the competition 

between the reduction in Gibbs energy due to condensation and the Gibbs energy associated 

with the formation of a surface. This is expressed in Equation 2-27, where the Vmol is the 
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molecular volume, gliquid and gvapour are the molecular Gibbs energies associated with the liquid 

and vapour phases and σ is the surface tension of the liquid. 

 

 
∆𝐺 =

4𝜋𝑟𝑝
3

3𝑉𝑚𝑜𝑙
(𝑔𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑔𝑣𝑎𝑝𝑜𝑢𝑟) + 4𝜋𝑟2𝜎 

(2-27) 

 

Because there is no change in the quantity of material present (i.e. dni = 0) during condensation, 

at constant temperature, dg = Vdp = (Vliquid – Vvapour)dp. Since Vgas is always much larger than 

Vliquid, the assumption dg = Vdp = – Vvapourdp may be used. Under the assumption that the 

vapour phase is ideal the expression for dg may be integrated with respect to p between pi
0 and 

pi, where pi
0 is the equilibrium vapour pressure of the pure substance over a flat surface and pi 

is the actual vapour pressure of the substance over the surface of radius of curvature r. Equation 

2-28 shows the result, where Si,r is the saturation ratio of the substance at the surface of a 

droplet.201 

 
𝑔𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑔𝑣𝑎𝑝𝑜𝑢𝑟 =  −𝑘𝑇 ln (

𝑝𝑖

𝑝𝑖
0) =  −𝑘𝑇𝑙𝑛 𝑆𝑖,𝑟 

(2-28) 

 

By combining Equation 2-27 and Equation 2-28 the change in Gibbs energy may be expressed 

as: 

 

 
∆𝐺 = −

4𝜋𝑟3

3𝑉𝑚𝑜𝑙
𝑘𝑇𝑙𝑛 𝑆𝑖,𝑟 + 4𝜋𝑟2𝜎 

(2-29) 

 

At small radii, there is a net increase in Gibbs energy as the surface term dominates, but at 

larger radii, the reduction due to phase change dominates and droplet growth becomes 

energetically favourable rather than evaporation. The effects of radius and saturation ratio are 

presented in Figure 2-8. The metastable point at the maximum of ∆G for a given Si,r is the 

critical radius, rcrit. Clusters smaller than this will evaporate back into the vapour phase, 

whereas clusters larger than this will continue to grow and form larger droplets. 
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Figure 2-8. Change in Gibbs energy, ∆G, associated with water droplet formation from the vapour phase as a 

function of droplet radius shown acros a range of saturation ratios of water, Sw, from 0.9 to 1.1. Values of Sw = 

0.99, 1 and, 1.01 are highlighted to show strong dependncey of ∆G close to gas phase saturation. 

By taking the derivative of ∆G and rearranging for r an expression for the critical radius, rcrit, 

may be found, shown in Equation 2-30. The critical radius is the minimum radius that a cluster 

must reach to form a stable droplet and grow through condensation. 

 

 
𝑟𝑐𝑟𝑖𝑡 =

2𝜎𝑉𝑚𝑜𝑙

𝑘𝑇 ln 𝑆𝑖,∞
 

(2-30) 

 

As at equilibrium Si,r = Si,, an expression for the required saturation ratio for a droplet of a 

given radius to be at equilibrium may be found and is shown in Equation 2-31. As r tends to 0, 

the saturation ratio can be seen to tend to infinity, indicating that for smaller droplets, a 

supersaturation (Si,r > 1) is required to maintain stability. 

 

 
𝑆𝑖,𝑟 = exp (

2𝜎𝑉𝑚𝑜𝑙

𝑘𝑇𝑟
) 

(2-31) 
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Equilibrium saturation ratio is plotted over radius and temperature in Figure 2-9. The 

equilibrium saturation ratio is significantly increased for very small droplets. 

 

 

Figure 2-9. The saturation ration required for a droplet of a given radius to remain stable shown across a range of 

temperatures from 273.15 K to 373.15 K. T = 298.15 K is highlighted with a solid black line and a cut off in radius 

at 0.275 nm, the diameter of a single water molcule, was applied, shown in with a red dotted line. 

The Kelvin effect acts to increase the vapour pressure of a liquid over the surface of a droplet 

as the radius decreases. Conversely, for a given fixed solute content, the solute effect decreases 

the vapour pressure with a reduction in radius. These two effects are described together in 

Köhler theory.201,212,213 A maximum vapour pressure results at a critical radius, dependent upon 

the solute content. If a droplet radius exceeds the critical radius, it may increase grow infinitely 

(until interrupted by another process such as sedimentation). This is known as activation and 

is essential in the description of cloud droplet nucleation and growth.214 

 

In this thesis, experimentally recorded droplets are typically larger than 5 µm in radius and 

never smaller than 1 µm radius. The Kelvin effect is therefore considered negligible unless 

stated otherwise. It is however included in theoretical modelling methods and an important 
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consideration to make when dealing with the evaporation of pure solvents or indeed the 

nucleation of aerosol droplets. 

2.2. Aerosol Droplet Kinetics 

Having considered the thermodynamic driving factors that control the preferred equilibrium 

state of aerosol droplets, the means by which equilibrium is achieved has not been described 

in detail. The microphysical processes that occur within aerosol droplets, including evaporation 

and condensation, are kinetically limited, thus the rate at which changes occur is controlled. 

Furthermore, the competition between different processes can lead to complex, dynamic 

behaviour. 

 

This thesis focuses on droplet drying, so the kinetics of droplet evaporation are described in 

most detail. It is valuable to consider the journey an individual molecule must make to undergo 

evaporation. First, it must diffuse through the droplet interior, the bulk phase, until it reaches 

the surface. Second, it must break free from the surface, making the transition from the liquid 

phase to vapour phase. Third, it must diffuse away from the surface, otherwise collision with 

the droplet surface will result in reabsorption – condensation – of the molecule. The steps above 

are represented in Figure 2-10. In reality, these processes are taking place simultaneously and 

reversibly for billions of molecules with the net change resulting in the observed phenomena 

of evaporation (or condensation). 

  

 

Figure 2-10. The possible rate limiting transport processes involved in droplet evaporation.  
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2.2.1. Aerosol Evaporation Regimes 

The mathematical framework used to describe the heat and mass transport that constitute 

evaporation and condensation reflect the size of the droplet involved. Large droplets behave as 

an object with a defined surface within a continuous fluid where individual molecules may be 

ignored and only the net flux is considered. However, at very small size, droplet behaviour may 

best be considered as a collection of molecules, where the accommodation and loss of 

individual molecules is significant. To assess which approach is most appropriate to use for a 

droplet, the Knudsen number, Kn, is used, defined in Equation 2-32. The Knudsen number 

compares the radius of the droplet to the average distance between molecular collisions in the 

gas phase – the mean free path, λ. 

 

 
𝐾𝑛 =

𝜆

𝑟
 

(2-32) 

 

The mean free path is a function of molecular size, temperature, and pressure. The Knudsen 

number of aerosol particles over a range of particle sizes and gas phase temperatures is shown 

in Figure 2-11. Particle size is seen to be the dominating factor in determining Kn. If Kn << 1, 

a particle is considered to be in the continuum regime, where the particle is interacting with a 

continuous fluid, described within a macroscopic framework. If Kn >> 1, a particle is 

considered within the free molecular regime (also called kinetic regime), where the rate of 

molecular accommodation and loss are determined using microscopic gas kinetics. When Kn 

 1, particles are considered within the transition regime. In the transition regime, the 

continuum regime approach is applied with modification to account for deviations in 

behaviour. A representation of the three regimes shown in Figure 2-12. 
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Figure 2-11. Knudens number as a function of particle diameter over a range of temperatures from 273.15 K to 

373.15 K at standard atmospheric pressure. T = 298.15 is marked with a dashed red line. Kn = 0.1, 1 and, 10 are 

marked using black lines for reference. 

 

 

Figure 2-12. Demonstration of the gas phase regimes representing (a) the free molecular regime, Kn > 1, (b) the 

transition regime, Kn ~ 1 and, (c) the continuum regime, Kn < 1. In each case the ratio of the droplet (blue circle) 

radius is compared to the average separation of gas phase molecules (red points). The diagram is not to scale. 
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This work focuses on the evaporation of droplets in the size range 10 – 100 µm, consequently 

droplets are described using the continuum regime framework. Nonetheless, the transition and 

free molecular regimes are described below for completeness and comparison. 

2.2.2. Continuum Regime Mass Transport 

For volatile liquid droplets in the continuum regime, the rate of evaporation is controlled by 

the rate of gas phase diffusion away from the surface of the droplet. Gas phase diffusion is 

described using Fick’s laws, applied to an ideal system. 

 

Fick’s first law, shown in Equation 2-33, describes the molecular flux in a given direction as 

proportional to the concentration gradient. 

 
𝐽𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟,𝑥 = −𝐷

𝜕𝑐

𝜕𝑥
  

(2-33) 

 

In three dimensions, this may be expressed as: 

 

 𝐽𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 = −𝐷∇𝑐  (2-34) 

 

Fick’s second law, known as the diffusion equation, relates the rate of change of concentration 

at a given point to the concentration gradient at that point. 

 

 𝜕𝑐

𝜕𝑡
 = 𝐷

𝜕𝑐2

𝜕𝑥2
  

(2-35) 

 

The same transformation to three dimensions may be made. 

 

 𝜕𝑐

𝜕𝑡
 = 𝐷∇2𝑐  

(2-36) 

 

Conversion from Cartesian coordinates to spherical coordinates produces the following 

expression in terms of radial coordinates: 
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 𝜕𝑐

𝜕𝑡
 = 𝐷 (

𝜕2𝑐

𝜕𝑟2
+

2

𝑟

𝜕𝑐

𝑟
 ) 

(2-37) 

 

When considering the mass transport towards or away from a spherical particle, some initial 

and boundary conditions on concentration, c(r ,t), may be applied to Equation 2-37: 

 

• The gas phase concentration at infinite distance is constant with time, c(∞, t) = c∞. 

• The gas phase concentration at the particle surface is constant with time, c(ra, t) = ca. 

• Initially, the gas phase (where ra < r < r∞) concentration is uniform, c(r, 0) = c∞. 

 

Within these conditions, a solution may be found which tends to the following expression in 

the limit of time: 

 𝑐(𝑟) = 𝑐∞ −
𝑟𝑎

𝑟
(𝑐∞ − 𝑐𝑎) (2-38) 

 

Equation 2-38 is invariant with time and describes steady state evaporation, during which the 

concentration profile is maintained and, for pure component droplets, is the rate controlling 

factor for evaporation. The concentration profile is represented in Figure 2-13. 

 

The differential of Equation 2-38 at r = ra is the molar flux away from the droplet per unit time. 

 

 𝐽 = 4𝜋𝑟𝐷𝑔(𝑐∞ − 𝑐𝑎) (2-39) 

 

This may be converted into a mass flux, in terms of the vapour pressure using the ideal gas law 

(n/V=p/RT) and the molar mass of the volatile component, M. 

 

 
𝐼 =

𝑑𝑚

𝑑𝑡
= 4𝜋𝑟𝐷𝑔

𝑀

𝑅𝑇
(𝑝∞ − 𝑝𝑎) 

(2-40) 
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Figure 2-13. Schematic of the radial concentration gradient in a vapour phase during steady state gas diffusion 

limited evaporation. The droplet (light blue) is the region when r ≤ a and is considered to have a consentration of 

Ca, the concentation at an infinite distance c∞ is zero, and in the region a ≤ r ≤ ∞, c is determined by Equation 

2-38. 

The mass balance on a droplet relates the flux to the change in particle size with respect to time 

as: 

 
𝐽 =  

𝜌𝑝𝑎

𝑀

𝑑

𝑑𝑡
(
4

3
𝜋𝑟3) 

(2-41) 

 

By combining the description of flux in Equation 2-40 with Equation 2-41 and rearranging, the 

following expression for the change in radius with respect to time may be found: 

 

 𝑑𝑟

𝑑𝑡
=

𝐷𝑔𝑀

𝜌𝑝𝑟𝑅𝑇
(𝑝∞ − 𝑝𝑎) 

(2-42) 

 

For constant c∞ and ca, integrating Equation 2-42 with respect to time gives r2 as a function of 

time, environmental conditions, and droplet component properties as shown in Equation 2-43. 
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𝑟2 = 𝑟0

2 −
2𝐷𝑔𝑀

𝜌𝑝

(𝑐𝑎 − 𝑐∞)𝑡 = 𝑟0
2 −

2𝐷𝑔𝑀

𝜌𝑝𝑅𝑇
(𝑝𝑎(𝑇) − 𝑝∞(𝑇))𝑡 

(2-43) 

 

Equation 2-43 does not consider the evaporative cooling that can occur and so it is not accurate 

for all systems. However, for the sake of demonstrating the effect of environmental RH upon 

evaporation, evaporation profiles (radius vs time) of pure water droplets at varying RH values 

are shown in Figure 2-14. 

 

 

 

Figure 2-14. Temporal evolution of droplet radius for water droplets according the to the R-sqaured law, Equation 

2-43, for a range of RH values, from 0 to 150 % in 5 % RH intervals. The initial droplet size is 20 µm, the 

temperature was taken as 298 K. A dashed black line highlights RH = 100 % when droplet size remains stable. 

2.2.3. Continuum Regime Heat Transport 

When a molecule joins or leaves a surface there is an associated release or absorption of energy, 

the latent heat of condensation/vaporisation, ∆Hvap. The resulting heat change in the system 

dissipates through thermal diffusion, either within the particle or externally, in the gas phase. 

The state of a liquid aerosol is maintained through constant exchange with the gas phase, both 

with respect to mass and heat. Collisions with vapour molecules provides a means for heat 
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transfer, shifting the gas phase and droplet towards equilibrium. This happens simultaneously 

alongside mass transport and the associated heat generation or consumption. Therefore, a 

thermal gradient is established in the same way as a concentration gradient. The steady state 

temperature distribution as a function of radial distance from a spherical particle is given in 

Equation 2-44, where kgas is the thermal conductivity of the gas, cp,gas is the specific heat 

capacity of the gas, ρgas is the density of the gas and ur is the mass averaged velocity of the gas 

as a function of radial distance.201 

 

 
𝑢𝑟

𝑑𝑇

𝑑𝑟
=

𝑘𝑔𝑎𝑠

𝑐𝑝,𝑔𝑎𝑠𝜌𝑔𝑎𝑠

1

𝑟2

𝑑

𝑑𝑟
(𝑟2

𝑑𝑇

𝑑𝑟
) 

(2-44) 

 

For dilute systems the first term may be ignored and Equation 2-45 may be solved under 

boundary conditions such that T(ra) = Ta and T(∞) = T∞ to give: 

 

 𝑑2𝑇

𝑑𝑟2
+

2

𝑟

𝑑

𝑑𝑟
= 0 

(2-45) 

 

 

This is analogous to the expression for mass diffusion and has a corresponding solution, shown 

in Equation 2-46. 

 𝑇(𝑟) = 𝑇∞ +
𝑟𝑎

𝑟
(𝑇𝑎 − 𝑇∞) (2-46) 

 

The energy distribution of condensed molecules is represented by a Boltzmann distribution. 

Molecules with sufficient energy may break free and transfer to the vapour phase. At increased 

temperatures this is more likely to occur, corresponding to the increase of vapour pressure with 

temperature. Ta is not normally known for aerosol droplets and, as the gas phase concentration, 

ca is temperature dependent due to both the ideal gas law and the temperature dependence of 

vapour pressure, an advanced approach is required to find Ta. Chang and Davis solved a 

coupled mass and energy balance and showed that latent heat of vaporisation is almost entirely 

exchanged with the gas phase.215 The following analytical expression relating Ts and ca may be 

used, derived using the method of Chang and Davis.201 
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𝑇𝑎 = 𝑇∞ +

∆𝐻𝑣𝑎𝑝𝐷𝑔

𝑘𝑔𝑎𝑠
(𝑐∞ − 𝑐𝑎) 

(2-47) 

 

For systems where ∆Hvap is small, or evaporation is slow, evaporative cooling may be 

considered negligible and the analytical description in Equation 2-47 may be used. Otherwise, 

a numerical approach is required. 

2.2.4. Coupled Heat and Mass Transport 

As the previous section outlined, ca and Ta are mutually dependent – a coupled, dynamic 

system. A numerical approach is therefore needed to solve the heat and mass equations 

simultaneously.  

 

The flux of a volatile solvent from a binary solution containing one solvent and one solute was 

described by Kulmala, considering the coupling of heat and mass transport, the mas flux is 

described using Equation 2-47. 

 

 
𝐼𝑖 = −4𝜋𝑟(𝑆𝑖,∞ −  𝑆𝑖,𝑎) [

𝑅𝑇∞

𝑀𝑖𝐷𝑔,𝑖 𝑝𝑖
0(𝑇∞)𝐴

+
𝑆𝑖,𝑎𝐿𝑖

2𝑀𝑖

𝑘𝑔𝑎𝑠𝑅𝑇∞
2

]

−1

 
(2-47) 

 

In Equation 2-47 A is a correction factor for the Stefan flow and is defined in Equation 2-48. 

Stefan flow occurs near the surface of evaporating or condensing surfaces and is directed away 

from and towards such surfaces, respectively. A thin layer of vapour forms around an 

evaporating surface, causing the diffusion of air into this volume. To maintain constant pressure 

at the surface, a flow is established in the opposite direction to the diffusion of the air – 

otherwise an accumulation of air and associated increased pressure would occur at the droplet 

surface.216,217 

 

 
𝐴 = 1 + 𝑝𝑖

0(𝑇∞)
(𝑆𝑖,∞ + 𝑆𝑖,𝑎)

2𝑝
 

(2-48) 
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Equation 2-48 was derived by simplifying the description of vapour pressure as a function of 

temperature. The simplification takes the Clausius-Clapeyron equation and replaces the 

exponential term with a first order Taylor series using the approximation that ex ≈ 1 + x. This 

allows Equation 2-49 to be replaced by Equation 2-50. 

 
𝑝𝑖,𝑎 (𝑇𝑎) = 𝑆𝑖,𝑎𝑝𝑖

0(𝑇∞) exp [
𝐿𝑖𝑀𝑖

𝑅

𝑇𝑎 − 𝑇∞

𝑇𝑎𝑇∞
] 

 

(2-49) 

 
𝑝𝑖,𝑎 (𝑇𝑎) ≈ 𝑆𝑖,𝑎𝑝𝑖

0(𝑇∞) [1 +
𝐿𝑖𝑀𝑖

𝑅

𝑇𝑎 − 𝑇∞

𝑇𝑎𝑇∞
] 

 

(2-50) 

While Ta and T∞ are similar this approximation is valid. During evaporation, droplets may cool 

significantly, and this approximation is no longer accurate. Figure 2-15 presents how the 

vapour pressure of water is underestimated by Equation 2-50 compared to the Clausius-

Clapeyron equation and the IAPWS95 parameterisation. 

 

It is common for the simulations using the Kulmala model to be applied to systems where the 

evaporative cooling is lower than 3 K, i.e ∆T < 3 K, where ∆T  = Tgas – Tdroplet. An assessment 

of the magnitude of ∆T may be made using the mass flux, as shown in Equation 2-51. 

 

 
∆𝑇 =  𝑇𝑎 − 𝑇∞ =  −

𝐿𝑖𝐼𝑖

4𝜋𝑟𝑎𝑘𝑔𝑎𝑠
 

(2-51) 

 

Later in this thesis more accurate approaches to modelling the heat and mass transport will be 

discussed. These provide a route to modelling aerosol behaviour that is not limited to a low 

degree of evaporative cooling.  
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Figure 2-15. A comparison of the Taylor expansion used in the Kulmala model to describe vapour pressure to the 

Clausius-Clapeyron equation and IAPWS95 parameterisations. (a) Presents the absolute values and (b) presents 

the difference between each alternative parameterisation and the Kulmala description. A dashed link marks Tgas – 

Tdroplet = 3 K. 

2.2.5. Transition Regime  

Particles with Knudsen numbers close to one are considered as within the transition regime. 

Within this regime, calculations that consider the gas surrounding a particle as continuous 

deviate from measurements, but considering the system from molecular perspectives alone is 

also not accurate. A correction may therefore be applied to the continuum regime, and the term 

describing concentration gradient in Equation 2-38 is modified by the correction factor βM, 

resulting in Equation 2-52. 
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 𝑐(𝑟) = 𝑐∞ −
𝑟𝑎

𝑟
(𝑐∞ − 𝑐𝑎)𝛽𝑀 (2-52) 

 

The quantification of βM has been the focus of several studies, which used different approaches 

and considered different factors. Fuchs, and later Fuchs and Sutugin, took a flux-matching 

approach which aims to match the flux calculation from continuum and kinetic regimes.218–220 

The resulting evaluation of βM shown in Equation 2-53 may be made, based on the Knudsen 

number. The mass accommodation coefficient, αM, is a number between 0 and 1, and represents 

the likelihood of a molecule that collides with an aerosol particle surface sticking. This has 

been assumed to be 1 up to now. A thermal equivalent to βM may be calculated, βT, using the 

thermal accommodation coefficient, αT, this is shown using a generalised form in Equation 2-

53. αM and αT are not required to be equal. 

 

 
𝛽𝑀,𝑇 =

1 + 𝐾𝑛

1 + [
4

3𝛼𝑀,𝑇 + 0.337] 𝐾𝑛 + [
4

3𝛼𝑀,𝑇
] 𝐾𝑛2

 
(2-53) 

 

 Including the correction factors βM and βT, Equation 2-47 may be expressed as: 

 

 
𝐼𝑖 = −4𝜋𝑟(𝑆𝑖,∞ −  𝑆𝑖,𝑎) [

𝑅𝑇∞

𝑀𝑖𝛽𝑀𝐷𝑔,𝑖 𝑝𝑖
0(𝑇∞)𝐴

+
𝑆𝑖,𝑎𝐿𝑖

2𝑀𝑖

𝑘𝑔𝑎𝑠𝑅𝛽𝑇𝑇∞
2

]

−1

 
(2-54) 

 

A common approach to assess transition regime corrections is to compare the calculated molar 

flux value, J, to either the value calculated using the continuum framework, Jc, or using the 

kinetic regime framework, Jk. As the next section will discuss, the Jc overestimates evaporation 

for small droplets (Kn > 1); it is therefore the role of corrections to reduce the quantity of J/Jc 

from 1 towards 0 with decreasing droplet size (increasing Kn). Figure 2-16 presents several 

approaches to calculating J/Jc including Jk.
218,220–223 
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Figure 2-16.  A comparison of various calculations of molar flux from an evaporating water droplet at 298 K as a 

function of droplet diameter to the calculated continuum regime flux according to Equation 2-39. The kinetic 

regime flux is calclated using Equation 2-58, found in section 2.3.6. Knuden number values of 10 and 0.1 are 

marked to indicate commonly assumed boundaries between the free molecular, transition and continuum regimes. 

2.2.6. Free Molecular Regime 

Within the free molecular regime, condensation and evaporation are considered at the 

microscopic scale, in terms of individual molecular collisions. The mass diffusion across an 

area, Ag, is defined based upon a Maxwell-Boltzmann distribution of gas molecule velocities 

as in Equation 2-55 and the molecular density of the gas phase. 

 

 𝑑𝑚

𝑑𝑡
=

𝐴𝑔

4
𝜌𝑔𝑐̅ 

(2-55) 
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In Equation 2-56, 𝑐̅ is the root mean square speed of gas phase molecules, defined as: 

 

 

𝑐̅ = √
8𝑘𝐵𝑇

𝜋𝑚𝑔
 

(2-56) 

 

Where mg is the mass of a vapour phase molecule. The rate of collisions per unit area is given 

in Equation 2-57, where N is the number of gas molecules per unit volume. 

 

 
𝑍 =

𝑁𝑐̅

4
 

(2-57) 

 

The molar flux may then be expressed as:  

 

 𝐽 = 𝜋𝑟𝑎
2𝑐̅𝛼𝑀(𝑐𝑎 − 𝑐∞) (2-58) 

 

Comparison of Equation 2-39 and Equation 2-58 produces the following expression: 

 

 𝐽𝑘

𝐽𝑐
=

𝑟𝑎𝑐̅𝛼𝑀

4𝐷𝑔
 

(2-59) 

 

A comparison of the kinetic regime flux, Jk and continuum regime flux, Jc, is presented in 

Figure 2-17. The point where the two approaches calculate the same flux can be seen to sit 

within the transition regime (0.1 < Kn < 10). 
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Figure 2-17. (a) Molar flux as a function of droplet diameter, calculated using the continuum regime description 

in Equation 2-39 (dashed line) and using the free molecular regime framework in Equation 2-58 (solid line). The 

red dashed line indicates which regime is observed in experiments. (b) The ratio of molar flux calculated using 

Equations 2-39 & 2-58. (c) The difference between Equations 2-39 & 2-58, ∆J. The diameter at which ∆J = 0 is 

marked with a red dotted line and indicates the transition between which framework is most approriate. 

When considering aerosol droplet evaporation at small sizes it is essential to use the corrections 

and approaches required for the transition and free molecular regime. A later chapter will 

discuss a modelling approach to understanding aerosol evaporation. The experimental work in 

this thesis typically deals with droplets between 10 µm and 100 µm in size and never smaller 

than 1 µm. The transition and free molecular regimes are therefore not considered unless 

explicitly stated otherwise. 
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2.2.7. Surface Kinetic Limitations 

All the considerations of droplet evaporation so far have been considering gas diffusion limited 

evaporation or condensation. The mass accommodation coefficient was used to treat a 

reduction in accommodation efficiency. The mass accommodation coefficient was described 

by Nathanson et al. by considering the process of condensation in terms of the processes that 

a molecule undergoes.224 A molecule in the gas phase, ng, must first adsorb onto the surface of 

a droplet. After this the surface bound molecule, ns, must dissolve into the bulk of the droplet 

to become a liquid phase molecule, nl. Each of these transitions, adsorption and solvation, have 

an associated rate constant and change in Gibbs energy, kads, ksol, and ∆Gads and ∆Gsol, 

respectively. Adsorption is considered reversible here and desorption has the associated rate 

constant, kdes, and Gibbs energy change, ∆Gdes. This process is represented in Equation 2-60. 

 

 
𝑛𝑔

𝑘𝑑𝑒𝑠

⇋
𝑘𝑎𝑑𝑠

𝑛𝑠

𝑘𝑠𝑜𝑙

→
 

𝑛𝑙 
(2-60) 

 

The accommodation efficiency is the proportion of molecules that undergo solvation out of all 

those leaving the surface through solvation and desorption, as defined in Equation 2-61. 

 

 
𝛼𝑀 =

𝑘𝑠𝑜𝑙

𝑘𝑠𝑜𝑙 + 𝑘𝑑𝑒𝑠
 

(2-61) 

 

This may be rearranged to relate the experimentally inferred Gibbs energy change to the mass 

accommodation coefficient. 

 

 𝛼𝑀

1 −  𝛼𝑀
=

𝑘𝑠𝑜𝑙

𝑘𝑑𝑒𝑠
= exp (

−∆𝐺𝑜𝑏𝑠

𝑅𝑇
)  

(2-62) 

 

The reverse process may be considered for the evaporation of droplets. More advanced 

approaches have been taken, relying upon molecular dynamics modelling, but are beyond the 

scope of this thesis.225,226 
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2.2.8. Bulk Diffusion Limitations 

It is possible that droplet evaporation may be limited by the rate at which volatile components 

can reach the surface. This may occur when bulk phase diffusion is slower than gas phase 

diffusion resulting in surface concentration depletion. Then the component may only evaporate 

as quickly as it arrives at the surface of the droplet. 

 

The diffusion of solutes within a bulk solution, which in this thesis are generally inorganic salts 

in water, is normally sufficiently quick for the solvent to reach the surface more quickly than 

the vapour diffuses away. However, it is possible for unique conditions to be achieved in the 

aerosol phase in which diffusion may be slowed significantly. Supersaturated solutions may 

exist with extremely high viscosities, reducing the diffusion rate of solutes. The diffusion 

constant of a solute can be approximately estimated from the viscosity of solution through the 

Stokes-Einstein equation, shown in Equation 2-63. 

 
𝐷 =

𝑘𝑏𝑇

6𝜋𝜂𝑟𝑚𝑜𝑙
 

(2-63) 

 

It is informative to consider the effect of viscosity upon the time required for the composition 

of a droplet to become homogeneously mixed by diffusion. The size-dependent characteristic 

timescale of internal mixing is given in Equation 2-64.201 

 

 
𝜏𝑖𝑛𝑡 =

𝑟𝑎
2

𝜋2𝐷
 

(2-64) 

 

The effects of droplet size and viscosity are shown in Figure 2-18. Aerosol particle viscosity 

can span several orders of magnitude from ~ 10-3 Pa s (viscosity of water) to a glassy-like state 

at ~ 1012 Pa s.227,228 
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Figure 2-18. The characteristic timescale of internal mixing as a function of droplet radius for a range of viscosities 

from 10-4 to 103. The visocity of water (0.001 Pas) is marked with a red dashed line for refernce and a contour is 

marked at each order of magnitude in viscosity. 

In evaporating droplet, such as those studied in this thesis, solutes may become increasingly 

concentrated and super saturated solutions may exist at the later stages of drying due to the lack 

of heterogeneous nucleation sites. Such solutions exhibit high viscosities and the limitation on 

evaporation rate may transition from gas diffusion to bulk diffusion. 

2.2.9. Evaporation of Moving Droplets 

Up to this point the motion of droplets has not been considered. Droplets may be travelling in 

a different direction to gas flow around them, and so the influence of the relative velocity (or 

speed) on evaporation rates must be considered. The Reynolds number, Re, is used to 

characterise the motion of particles through a fluid. It compares the inertial forces on a particle 
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to the viscous forces. Re is defined in terms of the gas density, pg, relative speed, u, particle 

diameter, d, and gas dynamic viscosity, ηg in Equation 2-65.229 

 

 
𝑅𝑒𝑝 =

𝜌𝑔𝑢𝑑

𝜂𝑔
 

(2-65) 

 

At low Re, a gas moving around a particle exhibits laminar flow, where the gas forms smooth 

streamlines around the particle and, shortly after, the gas flow reforms past the particle. At 

higher Reynolds number eddy formation may occur and turbulent flow is produced as Re 

increases. In turbulent flow, vortices and chaotic gas flow are left in the wake of a particle, and 

the force exerted by such flows can change the total drag on a particle.230  

 

Several other non-dimensional parameters are defined to aid the characterisation of moving 

droplets. The Schmidt number, Sc, compares the momentum diffusivity and mass diffusivity 

in a fluid. The equivalent property comparing the momentum diffusivity to the heat diffusivity 

is the Prandtl number, Pr. Sc and Pr are often described in terms of the kinematic viscosity of 

the gas, νg, which is equal to ηg/ρg and are defined in Equation 2-66 and Equation 2-67, 

respectively.  

  

 𝑆𝑐 =
𝜂𝑔

𝜌𝑔𝐷
 

(2-66) 

 

 𝑃𝑟 =
𝜂𝑔𝑐𝑝,𝑔

𝜌𝑔𝑘𝑔
 

(2-67) 

 

Two parameters are used to describe the ratio of convective and conductive heat and mass 

transport. The Sherwood number compares mass convection, hmass, to mass diffusion and the 

particle diameter. Several expressions of the Sherwood number have been defined, but it is 

commonly formulated in terms of the Reynolds number and the Schmidt number.231,232 In an 

analogous way, the Nusselt number compares the convective transport of heat, hheat, to the 

conductive transport and may be expressed in terms of the Reynolds number and Prandtl 

number.233,234 The expressions used in this work for Sh and Nu are shown in Equation 2-68 and 

Equation 2-69 respectively. Both Sh and Nu are limited to a minimum value of 2. This indicates 
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that droplet behaviour is fully described by considerations of diffusion, with no convective 

correction required.235 Flux corrections are implemented using Sh/2 and Nu/2, resulting in the 

limiting correction being 1. 

 

 
𝑆ℎ =

ℎ𝑚𝑎𝑠𝑠

(
𝐷𝑔

𝑑
)

= 2 + 0.6√𝑅𝑒 √𝑆𝑐
3

 
(2-68) 

 

 
𝑁𝑢 =

ℎℎ𝑒𝑎𝑡

(
𝑘𝑔

𝑑
)

= 2 + 0.6√𝑅𝑒 √𝑃𝑟
3

 
(2-69) 

 

 

The Reynolds number of a particle as a function of its relative speed to the gas flow and 

diameter is presented in Figure 2-19. The corresponding values of the Sherwood and Nusselt 

numbers are also shown, using the properties of air at standard conditions. 

 

Later chapters will discuss the modelling of moving aerosol droplets in more detail. Within the 

experimental work in this thesis Re is typically smaller than 0.1, meaning that gas flows may 

be considered laminar and corresponding low Sh and Nu show that evaporative behaviour 

observed may be considered as diffusion controlled. 
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Figure 2-19. Key dimensionless numbers as a function of particle diameter and relative gas velocity. (a) Reynolds 

number, (b) Sherwood number, and (c) Nusselt number. A solid line marked each order of magnitude in relative 

velocity. 
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2.3. Phase Behaviour of Drying Droplets 

The thermodynamic driving forces and rate limiting factors behind droplet evaporation have 

been discussed, but not what happens to involatile components during evaporation, or the 

nature of the residues left behind by evaporating solvents. In bulk measurements, solutions that 

exceed the solubility limit begin to crystallise. Inside aerosol droplets, the nucleation sites that 

may be found on the internal surface of a container are not present. Consequently, 

heterogeneous nucleation does not happen, and solutions may exist in a supersaturated state 

until homogeneous nucleation occurs at much higher supersaturation. 

 

The process of spontaneously changing from a solution droplet to a particle comprised of 

crystals is called efflorescence, with remaining water evaporating in a very short time. 

Efflorescence is normally observed in (but not limited to) aqueous inorganic salt solutions. The 

reverse process is called deliquescence, when a dry, crystalline article spontaneously uptakes 

water from the surrounding gas phase and becomes a solution droplet at a composition 

corresponding to the solubility limit of the solute.236  

 

The equilibrium behaviour of solution droplets was described in Section 2.1.7, but this 

consideration assumed droplets remained liquid at all concentrations. In reality, efflorescence 

occurs at a RH value known as the efflorescence RH (ERH) and deliquescence occurs at the 

deliquescence RH (DRH).  

 

The ERH and DRH of a solution are commonly discrete values, resulting in a hysteresis loop 

of growth factor (GF) over environmental RH. For example, the ERH of sodium chloride 45 

% and the DRH is 75 %. An example of a deliquescence-efflorescence cycle is provided in 

Figure 2-20. At high RH, droplets become increasingly dilute; at lower RH, the GF reduces 

and concentration increases and is reversible. At the ERH, efflorescence occurs and droplets 

transform into dry particles, the GF is 1 and does not change for any lower value of RH. For a 

dry particle (GF = 1) exposed to increasing RH, the particle will not change until the RH = 

DRH, at which point deliquescence occurs. After deliquescence, the particle is a solution 

droplet again and is able to grow and shrink in response the RH change. 

 



Droplet Evaporation, Particle Formation and Aerosol 

Transport Processes  

65 

 

Figure 2-20. Radial growth factor for aqueous sodium chloride droplets across gas phase humidity from 0 % to 

100 %. The red solid line represents the region where dropelets remain aqueous. The dash-dot line represents the 

region where dry particles may remain dry. The dotted verticle lines represent the transitions of efflorescence 

(ERH = 45 % RH) and delequescence (DRH = 75 % RH). When 45 % < RH < 75 %, particles maintain their 

preceeding state, either solid or liquid, and transition only when the RH reaches either the ERH or DRH. 

Experiments to measure hygroscopicity, ERH, and DRH of compounds may be performed by 

exposing aerosol of a given composition to different RHs, waiting for them to achieve 

equilibrium, and measuring the size compared to dry conditions (RH = 0 %). Such experiments 

must be performed with incremental small changes in the environmental RH and corresponding 

time periods for the droplet composition to equilibrate. This is in accordance with Equation 2-

64: the time to achieve homogeneity can increase as solutes become more concentrated and the 

viscosity increases above that of the pure solvent. The hygroscopic growth curve is a 

measurement of the thermodynamic equilibrium state, but the kinetics of aerosol processes 

cannot be ignored to achieve such a measurement. If evaporation occurs rapidly, the internal 

droplet composition can lose homogeneity due to surface enrichment. 
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2.3.1. Surface Enrichment 

As a droplet evaporates, its surface recedes. The components of the droplet can accumulate at 

the surface if they do not diffuse into the bulk sufficiently rapidly – this is surface enrichment. 

The recession of the droplet surface is quantified using the evaporation rate, κ, which is 

calculated from the “d-squared law” as the gradient of the square of droplet diameter over time, 

shown in Equation 2-70 and analogous to Equation 2-43. 

 

 𝑑2 = 𝑑0
2 − 𝜅𝑡 (2-70) 

 

In Equation 2-70 d0
2 is the initial droplet diameter squared. A Péclet number is used to 

characterise the competition between the rate of surface recession and internal solute diffusion, 

Di. Péclet numbers greater than 1 indicate that the surface is receding more rapidly than the 

internal composition can equilibrate, and surface enrichment will occur. Conversely, the 

droplet composition can remain homogenous when Pé is less than 1.237,238 Assessing the Péclet 

number of evaporating solution droplets presents a challenge as for both κ and Di are 

temperature and composition dependent. Additionally, droplet temperature is coupled to the 

evaporation rate and cannot easily be measured. For surface enriched droplets, Di will be 

radially dependent. Therefore, a simple expression for Pé may be made, such as the first 

equality in Equation 2-71, and is most easily made using initial composition and evaporation 

rate. However, this should not be over interpreted, and a more nuanced consideration may be 

made using the right-hand term in Equation 2-71. 

 

 
𝑃é =

𝜅

8𝐷𝑖
=

𝜅(𝑇𝑑𝑟𝑜𝑝, 𝑥𝑖)

8𝐷𝑖(𝑇𝑑𝑟𝑜𝑝, 𝑥𝑖 , 𝑟𝑃é > 1)
 

(2-71) 

 

Surface enrichment can lead to greatly supersaturated solutions near the droplet surface. 

Consequently, the speed of evaporation can produce very different morphologies in particles 

formed through drying, even if the final conditions they are exposed to are the same. 
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2.3.2. Crust Formation 

Surface enrichment may lead to extreme concentration gradients inside droplets. The 

solidification behaviour that results from droplet drying can vary greatly depending on droplet 

contents. Up to this point solution and droplet properties as a function of concentration have 

not been considered outside of efflorescence. However, aerosol droplets can exhibit a range of 

concentration dependent behaviours as they may contain a variety of materials: inorganic salts, 

organic components, or colloids, for example. In the case of solutes, surface enrichment may 

lead to crystallisation occurring at the droplet surface. Alternatively, the supersaturated nature 

of solutions may form gel or glass like states.239 For droplets consisting of a suspension, this 

behaviour can be different again, with suspended particles packing together at the surface, 

drawn together by capillary forces and, once close enough, bound by Van der Waals forces.240  

 

The nature of the surface formation varies greatly, and different terms may seem appropriate, 

“skin”, “film”, or “crust” are examples commonly used in the literature.241,242 The presence of 

a surface layer can impede the evaporation of the solvent. The properties of the surface layer 

formed are dependent upon its composition.243 Crusts that are porous may allow the flow of 

internal solvents towards the surface, but the porosity and capillary forces upon solvent may 

be strongly dependent upon the structure of the surface. Other surface layers may limit solvent 

diffusion to the surface with no capillary flow possible. The unifying fact is that the dynamics 

of drying transition from those of a solution droplet to those of a wet particle with more detailed 

considerations now required.244 

 

The point at which a surface layer forms is known as the locking point or locking point 

time.244,245  Once a crust is formed, a period of crust thickening occurs while solvent continues 

to evaporate and involatile components are deposited on the interior surface of the crust. After 

surface locking, the size and volume of the particle is fixed so the continued evaporation of 

contained solvent can form an internal bubble. The final stage of particle drying can result in a 

range of particle morphologies resulting from a competition of forces upon the crust formed. 
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2.3.3. Particle Deformation 

The dynamics of particle deformation, after surface locking and during the drying of wet 

particles, is complex. Many factors can influence the final morphology of a particle, such as 

the mechanical strength of the crust material, crust porosity, the surface tension of the liquid 

and solid phase interface, the nature of capillary forces within the crust, pressure differences 

between particle interior and exterior, the evaporation rate and the external conditions.122,244–

247 

 

Solvent evaporation from within a particle with a locked size may result in the internal pressure 

inside a droplet being lower than the external pressure, leading to buckling.245,247 Alternatively, 

in the case of the heated drying of droplets, the reduced evaporation rate after crust formation 

can reduce evaporative cooling, leading to an increase of particle temperature and the 

expansion of the internal gas. Such scenarios can result in inflated or ruptured particle.122,248 A 

schematic of various possibilities for crust forming materials is shown in Figure 2-21. 

 

 

Figure 2-21. Diagram showing some possible stages of droplet drying and solidification, and some of the different 

particle morphologies that may be formed. Based on a diagram by Handscomb et al.248 
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The exact nature of deformation processes, such as buckling, cracking rippling, folding, 

rupturing can be complex and is the focus of numerous studies.243,249–255 In the literature, 

particular attention is given to the resulting morphology, often due to relevance to 

pharmaceutical applications. A range of morphologies are possible, including spherical or non-

spherical particles, hollow or densely filled particles, porous particles or non-porous, toroidal 

particles, particles formed from agglomerates, wrinkled particles, smooth particles, mixed 

particles, phase separated and encapsulated particles; mixtures of traits and properties are also 

possible.256–269 

 

For moving droplets, droplet deformation may occur prior to locking or while the particle is 

still wet and flexible, and influence or initiate the particle deformation. Droplet deformation 

may be described by the Bond number, defined in Equation 2-72, where ∆ρ is the difference in 

density between the droplet and surrounding fluid, arel is the acceleration of the droplet relative 

to the gas phase and σ is the droplet surface tension.123,270 The Bond number compares the 

inertial forces acting on a droplet to the surface tension effects. Bond numbers close to zero 

correspond to spherical droplets, with little or no deformation and large Bond numbers 

correspond to the force due to acceleration being larger than surface tension forces, likely 

resulting in deforemed droplets. 271,272 Typically, such deformations are not observed for the 

size of droplets experimentally studied in this thesis but may be required when considering 

larger droplets. 

 

 
𝐵𝑜 =

∆𝜌𝑎𝑟𝑒𝑙 𝑑𝑒
2

𝜎
 

(2-72) 

 

2.4. Aerodynamics of Aerosol 

The effects of particle speed upon the evolution of particle size and shape have been discussed 

in previous sections, but not the effect of particle properties upon particle motion. The transport 

of aerosol droplets and particles is an important area of research for many applications, 

especially those that seek to quantify and mitigate risk from aerosol contamination or develop 

filtration technologies. The ‘transport of aerosol’ can be an ambiguous term and it is more 
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precise to consider the aerodynamic properties of individual aerosol particles. The transport of 

aerosol is truly the combination of the distribution of particle aerodynamic properties and 

environmental properties, such as flow in the gas phase. This section explores the different 

ways to consider aerosol motion and follows the approaches outlined by Hinds.217 

2.4.1. Newton’s Drag 

For a spherical particle moving through a fluid, resistance to motion may be considered as 

equal to the change in momentum given to the volume of gas that the particle must displace. 

In each unit time, the particle carves out a volume equal to its cross-sectional area multiplied 

by its relative velocity to the gas. The mass of this volume is the product of the density and 

volume. The change in momentum per unit time applied to this mass of gas is proportional to 

the velocity of the particle. Force is defined as change in momentum per unit time and 

according to Newton’s third law, the force on the particle must be equal in magnitude to that 

applied to the gas. The proportionality between the drag force on the particle, FD, the gas 

density, the relative particle speed and particle size is captured using a drag coefficient, CD. 

Newtons drag is defined in Equation 2-73. 

 

 𝐹𝐷 = 𝐶𝐷

𝜋

8
𝜌𝑔𝑑2𝑢2 (2-73) 

 

The drag coefficient is dependent upon particle velocity and is commonly parameterised with 

respect to the Reynolds number. At low Reynolds number (Re < 1), CD is proportional to Re 

(CD = 24/Re). As Reynolds number increases CD has a period of more complex dependency 

upon Re, before becoming almost independent at high Reynolds numbers (Re > 1000). The 

relationship between CD and Re is presented in Figure 2-22. Newtons law is applicable for high 

Reynolds numbers where inertial effects are dominant. The range where 1 < Re < 1000 is 

characterised as a transition regime, and the section where Re < 1 is governed by Stokes’ law, 

where viscous forces dominate particle motion. 
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Figure 2-22. Drag coefficient, CD, as a function of Reynolds number, parameterised according to Hellevik.273 CD 

= 24/Re is marked in with a dashed red line. The Stokes regime is shaded in yellow. The regime described by 

Newton’s drag is shaded in green. In the region where 103 < Re < 2  105, CD is almost independent of Re.  

2.4.2. Stokes’ Law 

In 1851 Stokes considered the motion of a fluid around a sphere with uniform motion at a small 

velocity.274 The drag force on a particle was considered as the sum of two components: the 

form component (πηud), which describes the pressure differences that develop around the 

particle as it moves through the fluid, and the frictional component (2πηud), which describes 

the viscous interaction between the particle and the fluid. This is known as Stokes’ law and is 

shown in Equation 2-74, where the viscosity of the gas is ηg. Stokes law assumes that the 

surrounding fluid is incompressible, inertial forces are negligible, there are no walls near the 

particle, the particle is a rigid sphere with constant motion, and the velocity of the fluid is zero 

at the surface of the particle. 

 

 𝐹𝐷 = 𝜋𝜂𝑔𝑢𝑑 + 2𝜋𝜂𝑔𝑉𝑑 = 3𝜋𝜂𝑔𝑢𝑑 (2-74) 
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Comparison of Stokes’ law and Newton’s drag in the regime where Stokes’ law is applicable 

(called the Stokes’ regime) is made in Equation 2-75. 

 

 𝐹𝐷 = 3𝜋𝜂𝑔𝑢𝑑 = 𝐶𝐷

𝜋

8
𝜌𝑔𝑑2𝑉2 For Re < 1 (2-75) 

 

Rearranging this to find an expression for CD reveals the relationship between the drag 

coefficient and Reynolds number within the Stokes’ regime, shown in Equation 2-76. 

 

 
𝐶𝐷 =

24𝜂𝑔

𝜌𝑔𝑢𝑑
=

24

𝑅𝑒
 

For Re < 1 (2-76) 

 

2.4.3. Settling Velocity 

When considering free particles within air, Newton’s second law may be applied, including the 

acceleration due to Earth’s gravity, g. Particles will be at equilibrium when the drag force upon 

them is equal to the opposing gravitational force due to their mass, FG, as shown in Equation 

2-77. 

 

 𝐹𝐷 = 𝐹𝐺 = 𝑚𝑔 (2-77) 

 

Taking the Stokes’ law definition of FD and replacing the particle mass with the product of the 

particle volume and the difference in density between the gas phase and particle results in 

Equation 2-78. 

 

 
3𝜋𝜂𝑔𝑢𝑑 =

(𝜌𝑝 − 𝜌𝑔)𝜋𝑑3𝑔

6
 

(2-78) 

 

Rearranging Equation 2-78 for u provides an expression for the terminal settling velocity of a 

particle, VTS, its equilibrium falling speed, shown in Equation 2-79. A simplification may be 

applied given that ρp – ρg ≈ ρp, as ρp is generically much greater than ρg for aerosols, such as is 

the case for a water droplet in air, ρp/ρg ≈ 775. The expression in Equation 2-79 is valid within 
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the Stokes’ regime and, as with heat and mass transport, corrections must be made for very 

small particles. 

 

 
𝑉𝑇𝑆 =

(𝜌𝑝 − 𝜌𝑔)𝑑2𝑔

18𝜂𝑔
≈

𝜌𝑝𝑑2𝑔

18𝜂𝑔
 

for  d   > 1 µm 

and Re < 1 

(2-79) 

 

The mobility of a particle, B, is defined in Equation 2-80. This enables the concepts applied to 

settling of particles under gravity to be transferred to any cause of acceleration, where Fac is 

the force causing acceleration. The terminal velocity, VT, of a particle subject to a force is the 

product of the force, Fac and the mobility, B, as defined in Equation 2-81. 

 

 
𝐵 =

𝑉

𝐹𝐷
=

1

3𝜋𝜂𝑑
 

(2-80) 

 

 𝑉𝑇 = 𝐹𝑎𝑐
𝐵 (2-81) 

 

2.4.4. Slip Correction 

In the case that particles are small, the assumption that gas velocity at the particle surface is 

zero is no longer valid. The consequence of this is that particles fall more quickly than 

calculations predict. The Cunningham slip correction factor, CC, is introduced to correct for 

this effect. Cunningham first proposed a formulation of a correction parameter as defined in 

Equation 2-82, where λ is the mean free path of the gas phase.275,276 Other, more complex, 

formulations have been proposed by Davies in 1945 and, later, Allen and Raabe.277–279 

 

 
𝐶𝐶 = 1 +

2.52𝜆

𝑑
 

(2-82) 

 

The dependence of each formulation over a range of particle sizes is presented in Figure 2-23. 

CC has an asymptote at 1 and becomes significant only for particles in the transition regime 

and smaller.  
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Figure 2-23. Cunningham slip correction factor as a function of particle diameter, with corresponding Knudsen 

number marked at 10 and 0.1. A black line at CC = 1 is marked for reference. Different parameteriations of CC are 

shown according to Cunningham, Allen & Raabe and Davis.275,277–279 

As with previous corrections for small particle behaviour, CC is not considered when 

interpreting experimental results in this thesis. 

2.4.5. Shape Effects 

Many aerosol particles are not spherical but only spherical droplets have been considered up 

to this point. Non-spherical particles raise the challenge of defining the size of a particle. 

Consider, for example, a marble, a coin, a needle, and a piece of popcorn. The item with the 

largest diameter in a certain direction would be the needle, but it also would have the shortest 

diameter, in the perpendicular direction. It may not seem appropriate to call the needle the 

biggest item, or the smallest. The coin could pose a similar dilemma. The measured diameter 

clearly depends upon the direction it is measured over. When it comes to aerodynamic 

behaviour, it would not be expected for all the items to fall at the same speed. In the case that 

they all had the same mass, it may still not be expected. The popcorn and the marble may be 

approximately the same shape, but the popcorn has a much more complex shape locally and 

contains void volumes, resulting in a lower density. A common approach to overcoming this 
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challenge is to use the volume equivalent diameter (sometimes called the geometric diameter), 

dv, the diameter of a sphere that has the same total volume as a given particle.280 

 

The volume equivalent diameter can be combined with Stokes’ law to define a new parameter, 

the dynamic shape factor, χ, presented in Equation 2-83. 

 

 
𝜒 =

𝐹𝐷

3𝜋𝜂𝑔𝑢𝑑𝑣
 

(2-83) 

 

The dynamic shape factor accounts for the deviation in the drag force due to the shape of a 

given particle. The dynamic shape factor of a sphere is 1. For a cube, χ is 1.08.281 In this thesis, 

most particles observed have morphologies approximating a sphere or a cube, therefore χ is 

never assumed to deviate greatly from 1. 

 

Using the dynamic shape factor and the Cunningham slip correction factor, a comprehensive 

expression for terminal settling velocity may be given. In Equation 2-84 VTS, is calculated 

considering the shape, size and density of a given particle.   

 

 
𝑉𝑇𝑆 =

𝜌𝑝𝑑𝑣
2𝑔𝐶𝐶

18𝜂𝑔𝜒
 

for  d   > 1 µm 

and Re < 1 

(2-84) 

 

2.4.6. Aerodynamic Diameter 

Given that VTS is a function of several particle properties, it is possible for multiple particles to 

exhibit the same value of VTS. It is therefore a useful parameter in the description of the 

aerodynamic properties of aerosol particles and gives rise the concept of aerodynamic size. The 

aerodynamic diameter, da, is defined as the diameter of a sphere of standard density (1000 kg 

m-3) with the same settling velocity as a given particle.282,283 This equality is presented in 

Equation 2-85. 
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 𝜌𝑝𝑑𝑣
2𝑔

18𝜂𝑔𝜒
= 𝑉𝑇𝑆 =

𝜌0𝑑𝑎
2𝑔

18𝜂𝑔𝜒𝑠𝑝ℎ𝑒𝑟𝑒
 

 (2-85) 

 

Rearrangement of Equation 2-85 provides an expression for aerodynamic diameter: 

 

 

𝑑𝑎 = √
18𝜂𝑉𝑇𝑆

𝜌0𝑔
 

 (2-86) 

 

Aerodynamic diameter is a common parameter in the literature and is used for the 

characterisation of transport, deposition, and filtration behaviour of aerosol. Aerodynamic 

diameter as a function of particle density and volume equivalent diameter is presented in Figure 

2-24. 

Further consideration of Equation 2-85 reveals that the ratio da
2/dv

2 is equal to the ratio of the 

particle density and the gas density, divided by the dynamic shape factor. For a sphere, the 

dynamic shape factor is one and the ratio is exactly that of the two densities.191,193 It is possible 

to consider this ratio as an effective density, ρeff, defined in Equation 2-87, not forgetting that 

it includes a consideration of particle shape. 

 

 𝑑𝑎
2

𝑑𝑣
2

=
𝜌𝑝

𝜌0𝜒
= 𝜌𝑒𝑓𝑓 

 (2-87) 

 

Though not required for the experimental work in this thesis, it is worth noting that CC may be 

included in the derivation above, resulting in Equation 2-88 for small particles, with high 

Knudsen numbers. 

 

 𝑑𝑎
2

𝑑𝑣
2

=
𝜌𝑝

𝜌0𝜒

𝐶𝐶(𝑑𝑣)

𝐶𝐶(𝑑𝑎)
 

 (2-88) 
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Figure 2-24. The aerodynamic diameter of spheres calculated according to Equation 2-86 across a range of 

geometric sizes and densities. Contours are marked every 50 µm. 

Finally, it is essential to remember that for free droplets that are evaporating the temporal 

evolution in size and composition is coupled with the droplet motion; that the terminal settling 

velocity is not fixed and therefore the convective impacts of a relative gas flow must be 

considered dynamically. 

2.4.7. Settling at high Re 

The descriptions above are applicable to the Stokes regime. Within industry particles often are 

moving rapidly and can have high Reynolds numbers. An alternative expression for VTS, shown 
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in Equation 2-89), is possible when the inertial forces upon a particle cannot be ignored, 

although not required for analysis of experimental data in this thesis. 

 

 
𝑉𝑇𝑆 =

4𝑑𝑝𝜌𝑝𝑔

3𝐶𝐷𝜌𝑝
 

 (2-89) 

 

Where  

 
𝐶𝐷 =

4𝑑3𝜌𝑝𝜌𝑔𝑔

3𝜂2(𝑅𝑒)2
 

 (2-90) 

 

Re is a function of particle velocity and so there is not a simple solution to this description. 

Possible approaches include computational optimisation of CD to empirical data or 

consideration of the product CDRe and extraction of CD from data such as that in Figure 2-22. 

2.5. Summary 

This chapter has presented the core principles, theories and equations used throughout this 

thesis. The thermodynamic factors that govern evaporation have been presented, including how 

solution properties can modify evaporation behaviour. The kinetics factors that limit droplet 

evaporation have been discussed and the interplay of different mechanisms has been 

introduced. The process of particle formation from droplets has been briefly introduced, with 

some possible resulting morphologies described. Finally, the nature of particle motion has been 

discussed, accounting for the particle properties, size, shape and density. 

 

While individual processes have been described in this chapter, emphasis has been given to the 

simultaneous and coupled nature of processes in evaporating aerosol droplets. This thesis aims 

to probe some of these processes in more detail and allow the influence in individual parameters 

to be resolved and better understood. 

  



  

79 

Chapter 3  

Experimental Techniques, Experimental 

Development and Analysis 

Methodologies 

 

 

Section 3.2 is based on part of a publication in Physical Chemistry Chemicals Physics. The 

paper title is “High time resolution measurements of droplet evaporation kinetics and particle 

crystallisation”, Phys. Chem. Chem. Phys., 2021,23, 18568-18579 

(doi.org/10.1039/D1CP02840E). I am the lead author of the paper. I collected all of the data 

included in this chapter, I developed the analysis software used and performed the data 

analysis myself. Experimental guidance was provided by Jim Walker and Justice Archer, the 

experimental technique was originally developed in collaboration with Reinhard Vehring, and 

academic supervision was provided by Pascal Lemaitre and Jonathan Reid.284 

3.1. Chapter Context 

This chapter presents the technical details of the Falling Droplet Column (FDC) in section 3.2. 

The initial part of this project was dedicated to building and refining the experimental 

instrument. The system described in section 3.2 was used to collect the data presented in 

Chapter 4. Further advancements described in this chapter (section 3.3) were added prior to the 

collection of data used in Chapters 5, 6 and 7. 

3.2. Falling Droplet Column 

There are a variety of complementary methods for investigating evaporating droplets and the 

properties of the final dry particles. Studies with droplets deposited on surfaces or suspended 

from a wire tip, known as sessile and pendant droplets, respectively, are both common, but do 
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not replicate the aerosol phase as the droplets are not free from surface interactions.285 Optical, 

electrodynamic and acoustic trapping all involve trapping individual aerosol droplets, but do 

not allow detailed observation of the morphology, especially during crystallisation.141,286–289  

Droplet chain instruments enable studies and observation of the entire droplet drying and 

particle formation processes free from surface contact, including measurements of droplet 

optical properties using elastic light scattering, and composition by non-linear Raman 

scattering.290,291 In addition, they allow high-time resolution observations of the physical and 

aerodynamic diameter at distinct stages of the evaporative lifetime, from droplet generation to 

dry particle formation. Finally, dry particles can be collected for further analysis.35 

 

Droplet chain techniques rely upon a droplet source that produces a series of uniform droplets 

that descend under the influence of gravity or propelled by a gas flow.292 At any moment, each 

position in the droplet series, or ‘chain’, represents a snapshot of a specific time in the lifetime 

of a single evaporating droplet. One such technique was developed by Baldelli et al. and 

involved generation and stroboscopic illumination of a droplet chain to observe the evolving 

aerodynamic size of aqueous cellulose acetate butyrate and sodium nitrate droplets, with ~20 

ms temporal resolution.35,192 Imaging the silhouettes of the droplets allowed the inflight 

geometric diameter to be calculated and the final dried particle morphologies were analysed 

using scanning electron microscopy (SEM).  

 

Here, we introduce the Falling Droplet Column (FDC), where the droplet chain technique has 

been extended to include high resolution imaging and significantly improved temporal 

resolution. This technique allows detailed images of the evolving morphology to be collected 

throughout the full evaporative lifetime, from droplet generation to dry particle formation, 

spanning almost 6 orders of magnitude in time (< 1µs to ~5 s). The gas phase conditions can 

be controlled to explore the effect of the specific drying conditions on evaporation process and 

resulting dry particle morphologies. We demonstrate the capabilities of the technique with 

detailed inflight observations of the different crystallisation mechanisms for inorganic solution 

droplets evaporating under different environmental conditions.  
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3.2.1. Experimental Setup 

A schematic of the FDC instrument is shown in Figure 3-1, which also indicates the main 

analysis techniques. The instrument uses a droplet-on-demand (DoD) dispenser (Microfab, MJ-

ABP-01), triggered with a voltage pulse at a regular, user-controlled frequency, to generate a 

continuous stream of uniform droplets. The stream is dispensed horizontally and directed into 

a vertical glass column of 4 cm2 inner area and 50 cm length. The droplets rapidly lose their 

horizontal momentum and fall vertically down the centre of the column, evaporating as they 

fall. The falling droplets are illuminated by a vertically propagating laser, strobed at the same 

frequency as the DoD dispenser. This produces the illusion of a visible static ‘chain’ of 

droplets. An xyz-translational stroboscopic imaging assembly is used to analyse droplets at 

various positions along the chain. Dry particles formed during the evaporation processes are 

collected on a glass slide at the bottom of the column and are further analysed using scanning 

electron microscopy (SEM) imaging. The monodisperse droplets initially have a diameter of 

between 25 and 50 µm depending on the DoD orifice size and pulse sequence parameters (pulse 

width, frequency, amplitude, etc.); at sampling, the dry particles are typically 5 to 20 µm in 

size depending on the initial droplet size and composition. 
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Figure 3-1. Schematic of the FDC instrument, including the main components of the control and measurement 

systems. The droplet dispenser is triggered by a square wave function from the waveform generator, the LED and 

laser are both triggered by a signal of the same frequency passed through a delay generator. 
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The column is isolated from the laboratory environment allowing the internal gas phase 

conditions to be controlled. A gas flow, formed by combining dry and humidified nitrogen 

flows in variable proportions (using MKS 1179A mass flow controllers), is used to control the 

relative humidity (RH) inside the column. The gas flow enters at the top of the column and 

exits near the bottom, with a user-controlled flowrate. The average gas flow speed vG can be 

calculated using Equation 4, where Q is the volumetric flow rate and A is the cross-sectional 

area of the glass column.  

 vG =
Q

A
 (4) 

The settling velocity vs of a particle may be extracted from its observed falling speed vy using 

Equation 5, and this can be used to calculate aerodynamic diameter as described in Chapter 2.35 

Equation 4 does not account for a velocity profile across the cross section of the column so a 

correction factor, cG, is included in Equation 5. The value of Q is calibrated to droplets of know 

aerodynamic diameter for each experimental gas flow, reducing any systematic error in the 

intended gas speed. It is not possible to completely remove the uncertainty in the gas flow as 

the point at which the DoD dispenser is inserted allows gas to leave the column to a varying 

degree between experiments. In this work the maximum gas flow speeds used are 

approximately 2 cm/s and settling velocities observed ranged up to 5 cm/s. 

 vs = vy − cGvG (5) 

The temperature inside the column is controlled using a heating coil wrapped around the 

outside of the glass enabling a temperature range from room temperature to approximately 343 

K to be accessed, though current work has focused on the effect of varied RH at room 

temperature. The RH and temperature inside the column are monitored continuously with 

absolute measurement uncertainties of ±5 % RH and ±2 K, respectively. Control of the 

instrument hardware, and all the analysis, is performed electronically from an interfaced PC 

using a bespoke computer program, written in LabVIEW.  

3.2.1.1. Droplet imaging and position measurement 

Brightfield imaging with a high-power LED, strobed at the DoD dispensing frequency with 

500 ns pulses is used to analyse the droplet positions along the column. The illuminated droplet 

image is collected with a long working distance (LWD) objective (Optem 10X M Plan APO 

LWD) mounted together with an associated zoom lens module (Optem Fusion 7:1 Zoom 
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Detent) and is captured and digitised with a CCD (JAI GO-2400M-USB). The field-of-view of 

the image is calibrated with a micrometre graticule allowing measured dimensions to be 

automatically converted from pixels to physical dimensions. The pixel resolution depends on 

the selected zoom setting but is typically 0.5 – 1 µm. Figure 3-2 is an example brightfield image 

of the tip of the DoD dispenser and a freshly dispensed droplet. These images allow the droplet 

morphology to be observed, as well as the location and physical dimensions to be calculated.  

 

Figure 3-2. A typical brightfield image of a droplet, acquired shortly after dispensing. The tip of the DoD dispenser 

is seen on the left of the image. X and Z correspond to the location of the droplet within the image and a and b 

correspond to the dimensions of the bounding box fitted around the droplet. 

Droplets are identified automatically from the brightfield image using an algorithm which 

makes use of the fact that the edge of the droplet is darker than the background. The greyscale 

image is binarized against a suitably selected threshold to isolate the droplet shape. A 

rectangular bounding box is then applied around the droplet allowing the maximum vertical 

and horizontal dimensions to be retrieved (a and b in Figure 3-2). The droplet centre-of-mass 

is identified from the droplet image by treating the droplet as a 2-dimensional shape of even 

density and used when identifying the droplet location within the image (x and z in Figure 3-

2). The position of the stroboscopic imaging assembly can be electronically translated (using a 

Velmex BiSlide) to analyse various locations along the droplet chain. The exact horizontal and 
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vertical position of each droplet is calculated by combining the absolute position of the imaging 

assembly with the relative position of the droplet within the image field-of-view. 

3.2.1.2. Determining the droplet trajectory through the FDC  

The trajectory of a droplet through the instrument can be divided into by two time-regimes, as 

shown in Figure 3-3. First, there is a period dominated by horizontal motion immediately after 

the droplet has been dispensed. During this time, the droplet approaches the central vertical 

axis of the column, decelerating to lose any initial momentum supplied during the dispensing 

process. The droplet transitions to fall vertically down the centre of the column under the 

influence of gravity and the gas flow, if present, falling at a velocity approaching the terminal 

settling velocity until it either evaporates or reaches the bottom of the instrument and is 

deposited. In Figure 3-3, proportionally sized brightfield images of the droplet are shown for 

marked time intervals. Note that droplet shape oscillations are also observed early in the droplet 

lifetime as marked within the first 100 µs.162,185 The inset shows the rapid change in velocity 

as the droplet decelerates to the terminal settling velocity. The immediate deceleration 

following droplet generation is discussed in more detail below.  
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Figure 3-3. An example trajectory of water droplets transiting through the FDC instrument at 293 K and 75 % 

RH. The colour scheme represents a logarithmic scale of the lifetime of the droplet. The images show the size of 

the droplet at various timepoints and are proportional. The inset image shows the corresponding vertical (red) and 

horizontal (black) velocities with exponential decay fit lines which can be used to calculate the relaxation time of 

droplets. 

3.2.1.3. Geometric and aerodynamic diameter calculations 

Although an initial measurement of the droplet geometric diameter can be taken from the 

dimensions of the rectangular bounding box from the droplet image, a single value is 

unrepresentative of the droplet size when non-spherical. This is especially important within the 

first few 100 µs after droplet generation when the droplet is initially teardrop in shape and then 

oscillates between oblate and prolate spheroids.185 Instead, a geometric (volume equivalent) 

diameter dv, defined as the diameter of a sphere with the same volume as the observed particle, 

is inferred. The estimation of dv assumes the droplet shape is constructed as a series of single-

pixel thick cylinders centred on a horizontal axis in the plane of the image. The diameter of 
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each cylinder is taken as the number of pixels occupied by the droplet in the corresponding 

column of pixels in the image. Then, the droplet volume is the sum of the individual volumes 

of each cylinder. However, this approach still assumes that each slice is circular about a 

horizontal axis in the plane of the image, leading to reduced accuracy for non-symmetric or 

crystalline particles, or if the droplet is not orientated parallel to the plane of the image. 

The aerodynamic diameter can be calculated directly from a measurement of the terminal 

settling velocity and the terminal settling velocity is measured from the spatial and temporal 

separation between consecutive measurement points in the droplet chain.  

3.2.1.4. Temporal resolution 

Traditional evaporation profile measurements made using a droplet chain are limited to a 

temporal resolution equivalent to the reciprocal of the dispensing frequency. Most DoD 

dispensers are not recommended for use with dispensing frequencies above ~100 Hz, which 

would limit the temporal resolution to >10 ms. However, a further limitation of using a droplet 

chain is that droplets produced at high frequencies may coalesce as they decelerate. In practice 

this reduces the maximum dispensing frequency to approximately 20 Hz. In this instrument we 

use a delay generator (BNC Model 555) to insert a variable delay between droplet generation 

pulse and brightfield imaging strobe. Now, rather than the temporal separation between 

measurements being limited by the dispensing frequency, the measurement limitation is the 

resolution of the delay generator (10 ns). This method allows quasi-continuous measurements 

of droplet properties throughout the evaporative lifetime. Importantly, the temporal resolution 

is not only increased using this approach, but it is also variable. This enables processes that 

occur over rapid timescales (such as crystallisation) to be probed with much higher temporal 

resolution than is required for slower processes (such as steady-state evaporation). Variations 

of this method have been employed to study droplet collisions and short-term dispensing 

dynamics within the inkjet printing industry. However, the use of this setup to analyse full 

evaporative lifetimes and crystallisation behaviour is a novel development.190,293,294 

3.2.1.5. Dispensing dynamics 

The establishment of a falling droplet chain is underpinned by the controllable and reproducible 

behaviour of the DoD dispensers. Important for this application is the ‘stopping distance’ of 
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the dispensed droplets.217 This not only defines the approximate distance the DoD dispenser 

should be positioned from the central vertical axis of the glass column, but also identifies when 

the dispensed droplets are traveling at their terminal settling velocity. An analysis of the 

dynamics of the droplets dispensed using a DoD generator with a range of typical pulse 

voltages is presented in Figure 3-4. In these examples the DoD generator was orientated to 

dispense droplets vertically to clearly show the change in velocity, from high initial velocity to 

low terminal settling velocity, along a single axis. 
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Figure 3-4. The transport dynamics of recently dispensed water droplets. (a) the deceleration of a droplet dispensed 

with a 70 V pulse. (b) the influence the initiating pulse voltage (50, 60 and 70 V) on the distanced travelled before 

the terminal settling velocity and aerodynamic diameter can be calculated. 

Droplets are initially dispensed at high velocities and decelerate rapidly until the terminal 

settling velocity is reached within ~100 ms, corresponding to a distance-of-travel ~50 mm or 

less. At increased pulse voltages the droplets are dispensed faster and travel further before 
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decelerating to terminal settling velocity. Indeed, a droplet dispensed using a 70 V pulse may 

travel ~25 mm more than one dispensed using a 40 V pulse.  

3.2.1.6. Droplet chain stability and measurement uncertainty 

The instrument relies on the positional stability of the droplet chain to generate complete and 

reproducible evaporation profile measurements. Factors including electrostatic interactions, 

internal gas flows and unstable behaviour of the DoD dispensers have the potential to perturb 

the chain stability. Measurements of the variation in position and diameter across many 

droplets at sequential points in the lifetime of evaporating water droplets were made to assess 

the stability of the FDC droplet chain. 

 

The environment within the column is assumed to be symmetric about the central vertical axis. 

Thus, the measured variation in the horizontal position in the plane of the image is taken as 

equivalent to the horizontal variation perpendicular to the image plane. This positional 

instability is reflected in an apparent variation in the measured geometric diameter as the 

droplets move in and out of the focal plane of the imaging assembly. Similarly, instability in 

the vertical position gives rise to the variation in the measured separation between droplets and 

therefore uncertainty in the aerodynamic diameter. 

 

Figure 3-5 reports the standard deviation in the measured diameter (geometric and 

aerodynamic) and position (horizontal and vertical) of 25 droplets at discrete timepoints during 

the first 2 s of the droplet lifetime (the length of a typical rapid evaporation measurement). 

These data were collected during the measurements shown in Figure 3. As can be seen, the 

measured uncertainties increase with time (i.e. distance along the chain). This is expected, as 

any small variations between droplet trajectories propagate to larger uncertainties as the 

droplets travel down the column. However, the uncertainty measured for the geometric 

diameter does not exceed 0.5 µm and for the aerodynamic diameter generally remains below 1 

µm throughout the 2 s window. Intuitively, the increased uncertainty in the aerodynamic 

diameter can be rationalised when considering that it is calculated using the measured locations 

of two droplets at different timepoints, both with their own positional instability. These 

uncertainties are comparable in magnitude to the imaging resolution.  
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Figure 3-5. (a) The measured standard deviation in vertical position (blue) and horizontal (red) position for 25 

droplets at each timepoint. (b) The corresponding standard deviation in the measured aerodynamic (blue) and 

geometric (red) diameter for 25 droplets at each timepoint.  Lines of best fit are shown for each case. 

The diameter measurements presented throughout the rest of this work correspond to the mean 

value from up to 50 droplets recorded at each timepoint with the standard deviation used as a 

measure of the uncertainty. 

3.2.2. Evaporation kinetics measurement validation 

Before demonstrating the capability of the instrument for exploring inflight crystallisation 

mechanisms, we first validate the evaporation kinetics measurements by comparing simple 
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solvent evaporation profiles measured using the FDC and Electrodynamic Balance (EDB). The 

EDB is a well-established technique for performing accurate measurements of the evaporation 

of single droplets.171  

 

Evaporation measurements of ethanol droplets from both EDB and FDC experiments under 

similar environmental conditions (294 K, ~0% RH) are reported in Figure 3-6a. The timescale 

is initiated (i.e. t = 0 s) by the DoD dispenser pulse for both experiments and the data clearly 

show the delay time required before it is possible to capture and observe the droplet size in 

EDB measurements (~0.3 s). By comparison, the FDC allows data to be recorded immediately 

after the droplet is dispensed. Additionally, the initial diameter can be measured directly in the 

FDC, whereas a significant extrapolation is needed to acquire the same property from the EDB 

measurements at t = 0 s. The dry environmental conditions for these experiments were 

specifically selected to compare the performance of the two techniques for monitoring rapid 

evaporation events. As discussed earlier, each datapoint in an FDC measurement corresponds 

to the mean value for up to 50 droplets recorded at the same timepoint with the error bars, 

corresponding to the standard deviation, small enough to be obscured by the datapoints. The 

spread in the data collected from the EDB highlights the limitations in the measurement of such 

a rapidly evaporating droplet and indicates that the limits of the technique are being 

approached.  

 

Figure 3-6b presents evaporation profiles for butanol, propanol, ethanol and water droplets 

measured under equivalent ambient conditions (294 K, ~0% RH) for both instruments, with 

linear fits derived from the EDB data shown rather than the raw data. The profiles are displayed 

as the change in the diameter-squared against time with both axes normalised against the initial 

diameter for each experiment. This approach allows measurements of droplets with varying 

initial diameter and different volatilities to be compared on the same graph. The small 

variations between the FDC and EDB linear fits, reported in Table 3-1, are consistent with the 

uncertainty in the temperature and RH measurement attributed to both the FDC (±2 K and ±5% 

RH) and EDB (±1 K and ±5% RH). 
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Figure 3-6. (a) Evaporation profiles for ethanol measured using the FDC (black squares, lower data set) and an 

EDB (black circles, upper data set). The lines are linear fits to the data, extrapolated back to t = 0 s for the EDB 

measurements. The EDB data are optical diameters, calculated from light scattering analysis. The FDC data are 

geometric diameters. (b) Normalised evaporation profiles for water (green), butanol (blue), propanol (red) and 

ethanol (black) from the FDC (datapoints) and EDB (lines with error as shaded area).  
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𝑑0

2 (FDC) /  

μm2 

𝑑0
2 (EDB) / 

μm2 

κ (FDC) / 

μm2 s-1 

κ (EDB) / 

μm2 s-1 

Temperature 

suppression / K 

Ethanol 1140 ± 20 2550 ± 60 4670 ± 20 4700 ± 100 18 ± 1 

Propanol 1360 ± 20 2380 ± 30 4390 ± 90 3910 ± 90 4 ± 2 

Butanol 1210 ± 7 2018 ± 2 1428 ± 8 1328 ± 2 3 ± 1 

Water 1270 ± 40 1951 ± 2 1215 ± 8 1061 ± 2 18 ± 2 

Table 3-1. Initial diameter squared (𝑑0
2) and evaporation rates (κ) from the evaporative profiles shown in Figure 

3-6 with calculated temperature suppression of the evaporating droplets.  

The wet bulb temperature, and therefore the evaporative temperature suppression, was 

calculated from the evaporation rate for each solvent shown in Table 3-1. This was achieved 

using the Maxwell definition of the evaporation rate, applicable to pure solvents, where the 

evaporation rate and vapour pressure are expressed as a function of temperature, and varying 

the droplet temperature until the difference between the calculated and experimental 

evaporation rates was minimized. The calculated temperature suppressions are shown in Table 

3-1 and the results are consistent with previous measurements of ethanol droplet evaporation 

performed using the EDB.295–297 The measured evaporation rates and corresponding 

temperature suppression of droplets is consistent with the trend in vapour pressure for the 

solvents. 

3.3. Experimental development 

This section describes image analysis techniques used to analyse images of particles throughout 

evaporation and improvements made to the measurements of aerodynamic diameter that were 

developed subsequently to the publication of the paper on which section 3.2 and Chapter 4 are 

based.284 Therefore, the approach discussed in section 3.3.1 is not included in Chapter 4 and 

only a preliminary version of the analysis described in section 3.3.3 is included in Chapter 4. 
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3.3.1. Multiple Exposure Imaging and Resolving Aerodynamic 

Diameter Distribution 

The fundamental assumption of falling droplet techniques – that different droplets, having 

identical starting states, at different points in their lifetime are representative of a single droplet 

over the same period of its lifetime – breaks down as droplets solidify and form unique 

morphologies with different aerodynamic properties. The result is that upon solidification, 

especially for systems that form irregular crystalline particles, the uncertainty in measured 

aerodynamic diameter greatly increases. 

 

The aerodynamic diameter is calculated using the average measured location at a given position 

in the stroboscopic pattern. The associated uncertainty of this position is taken as the standard 

deviation in the mean location. A population of particles with unique shapes will exhibit broad 

distribution of settling velocities and, consequently, the measured locations will be more 

disperse, resulting in a larger uncertainty in position and hence aerodynamic diameter. Such a 

divergence of spatial position is shown in Figure 3-7. The use of average measured position 

cannot resolve the aerodynamic diameter non-spherical particles with a high level of accuracy. 

Furthermore, crystal nucleation is a stochastic process, which induces a random error in the 

aerodynamic properties of a particle. Even if crystal morphologies and aerodynamic properties 

converge to a narrow distribution again, the random error is carried into measurements taken 

after the region where crystal nucleation occurs. Consequently, it is not possible to resolve if 

the distribution in aerodynamic size is broad for all dried particles or or if they exhibit a narrow 

distribution of aerodynamic diameters, but the stochastically determined point at which droplet 

solidification occurred alone induces random error in measurements. 
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Figure 3-7. A representation of measured positions within two falling droplet chains exhibiting different amounts 

of random error, which increases over time: (a) a small amount of random error which increases only slightly 

throughout particles’ journey, corresponding to particles that remain spherical, and (b) a rapidly increasing random 

error, corresponding to particles that assume a wide range of morphologies. Measured locations are marked with 

points which are coloured by the spatial density of measurement. The mean measured position is marked with a 

red cross and red error bars show the horizontal and vertical standard deviation in measured position. The model 

path of a particle with no random error is marked with a black line. Diagram is not to scale. 

To overcome the limitation in measuring aerodynamic diameter from measurements on 

multiple particles, multiple exposure imaging of single particles was implemented on the FDC. 

Images captured on the FDC are backlit, brightfield images, which are captured by using a very 

short light pulse from a source directly opposite the camera objective lens, with the particle of 

interest in between. In this process, there is no light detected apart from that of the light source 

and the camera exposure time is longer than the light pulse. The light pulse is responsible for 

the image captured and its length determines how much motion blur is observed. Multiple 

exposure images are achieved by using more than one light pulse within a single exposure 

period of the camera. In such a case, multiple representations of a single particle are captured 

within one image, separated by the distance the particle has travelled during the separation 

between light pulses. 

 

Multiple exposure imaging enables the calculation of the aerodynamic diameter of individual 

particles; the settling velocity may be calculated from a single image for each particle. It is 
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therefore possible to measure the distribution of aerodynamic diameter for multiple particles at 

a given point within the stroboscopic pattern, allowing a higher level of detail to be resolved 

within measurements and the link between phase change and aerodynamic diameter to be 

probed more deeply. 

 

Multiple exposure imaging was implemented by the addition of a delay generator (BNC Model 

555) which creates multiple square-wave signals of user-defined width and separation from a 

single trigger pulse. Multiple exposure imaging presents challenges when considering the 

recognition of particles within images as the amount of light the camera sensor is exposed to 

is doubled, which can lead to ‘clipping’ at particle edges, when the visual boundary of a particle 

is reduce by increased lighting. Furthermore, as the images are composed of a bright 

background and a dark shadow and multiple images are superimposed to form a single multiple 

exposure image, the contrast between a particle and the background is reduced. Consequently, 

the binarizing algorithms used to identify particle size and shape may detect different edges to 

single exposure images. In practice, these challenges may be largely overcome by inline 

adjustment of the camera sensitivity settings. 

 

One constraint on the use of multiple exposure imaging is that for a given separation in time 

between light pulses, the imaged particle must remain within the field of view of the objective 

lens. In the FDC particle speeds can span two orders of magnitude, travelling horizontally and 

then vertically, and one order of magnitude in size. It is therefore not possible to use a single 

lighting pulse separation that enables particle positions within the image to be individually 

resolved and separated sufficiently for measurement of velocity (not overlapping and with as 

much ‘white space’ between them as possible). The capability for data collection and analysis 

with a variable lighting pulse separation was not built into the FDC within this work but would 

provide a solution to this challenge. Therefore, experiments performed in this work were 

carried out with only single exposure imaging in regions where droplets remain homogeneous, 

and multiple exposure imaging was for the later part of the evaporative lifetime, when droplet 

size and speed do not change significantly. 

 

Aerodynamic diameter was calculated using custom offline analysis software, which extracts 

the distance travelled by particles between light pulses. This is calculated using the separation 
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between pulses and the distance represented by one pixel, which is calibrated as described in 

section 3.2.1.1. 

3.3.2. Data Analysis Methodology 

The data collected using the FDC is of a complex format; multiple measurements are made at 

each position within the stroboscopic pattern. For the evaporation of a ‘single droplet’ to be 

analysed, the location and size of droplets at each position must be calculated, with associated 

errors, and then compiled into a time series. A significant proportion of the work involved in 

this project has been devoted to the development of data analysis software for processing data 

collected using the FDC. This section describes the main steps involved in such analysis and 

some image analysis methodologies applied within this thesis.  

 

For each measurement position within the stroboscopic pattern, the location and size of 

multiple (typically between 10 and 20) particles are recorded. The fundamental variables that 

are required for data analysis are the horizontal and vertical droplet position and the particle 

geometric size. The geometric size is estimated in two ways, firstly, as the width of a bounding 

rectangle fitted around the particle in the image and, secondly, by the estimation of the volume 

equivalent diameter using a integration of the droplet profile in polar coordinates. The first 

method, though simplistic, is appropriate for spherical particles. The second method is more 

appropriate for non-spherical particles and converges to the same value as the bounding 

rectangle method for spherical particles. Volume equivalent diameter is calculated by taking 

the radius of the particle in each column of pixels within the image and calculating the volume 

of a disc of single pixel thickness, the sum of the volume of such discs is taken as the volume 

of the particle from which a volume equivalent diameter is derived. This approach assumes 

that the particle is rotationally symmetric about a horizontal axis in the plane of the image. 

While this assumption is not always valid, the estimation of volume equivalent diameter is 

sensitive to size change for irregular particle shapes and is therefore used throughout this work. 

 

The data recorded at each position in the stroboscopic pattern is grouped by the time since 

droplet generation (measured from the trigger pulse fed to the DoD) and the mean position and 

size are calculated, with the associated standard deviation recorded. The velocity is then 
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calculated using the time difference and spatial separation between consecutive measurements 

and aerodynamic diameter is then evaluated as described in Chapter 2. 

 

The calculation of aerodynamic diameter from settling velocity presented in Chapter 2 is only 

valid for particles within the stokes regime that are falling at their settling velocity. In the FDC, 

droplets initially travel horizontally and relax to a terminal velocity in the vertical direction. 

This period is characterised as the ‘relaxation regime’ where the aerodynamic diameter values 

calculated from vertical speed are not valid. After this period, when the Reynolds number is 

small ( < 0.1)  and particles are not decelerating/accelerating, they are considered to be in the 

‘settling regime’ and the calculated aerodynamic diameter is valid. 

 

 

Figure 3-8. Sample trajectory of droplets falling though the FDC. The initial position is normalised to x=0.1mm 

and z =1mm, where x and z are the vertical and horizontal position, respectively. Positions are marked by the 

intersection of error bars which are colours according to the age of a droplet at that position as indicated in the 

colour bar. Points identified as within the relaxation regime are highlighted with red points. Points identified as 

within the settling regime are marked with a black cross. A coloured circle, the size of which represents the droplet 

size at that point, is added to points within the Stokes regime (Re < 0.1). A black line, marks a three-point rolling 

average. 
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The spatial trajectory and geometric and aerodynamic size evolutions are then available for 

further interrogation as presented in later chapters. In addition to the collection and processing 

of numeric data, the use of the FDC also enables image data to be collected which requires its 

own processing methodology. 

3.3.3. Image Analysis Techniques 

One advantage of the FDC technique is the ability to collect images of droplets throughout 

their evaporative lifetime. Images readily allow qualitative assessment of droplets phase 

behaviour. To achieve a quantitative analysis, images must be analysed and parameters that 

describe the properties of droplets and particles must be extracted. The description of particle 

shape is a challenge relevant to industries that work with granular materials, including those 

that use spray drying.298,299 The fields of artificial intelligence (AI) and computer vision have 

made large advances over recent decades. AI based approaches hold significant potential in the 

categorisation of images identification of droplet states but are outside the scope of this thesis. 

Within this thesis, parameters are directly obtained from images and trends in these parameters 

over time used to identify phase behaviour. 

 

As the size of droplets is already calculated by an in-line analysis of images on the FDC, the 

focus of this analysis is on the description of particle shape. The descriptions of shape used in 

this thesis are size independent. Image processing is performed by analysing digital images of 

particles with custom software. Therefore, the following methods consider images as arrays of 

pixels with numeric values corresponding to shade. 

 

To extract information about the shape of a particle, the edge of the particle must first be 

defined. Images recorded in the FDC are greyscale images. Images are converted from 

greyscale to binary images – black and white – using a thresholding algorithm. A thresholding 

algorithm converts each pixel in an image to either fully black or fully white based by 

comparing it to a use specified threshold. Variation in background shade can lead to difficulties 

in selecting a threshold value that results in clear identification of the edge of a particle.  That 

is to say, ideally, a particle shows as a dark shape against a white background, but this is not 

always achieved and instead a particle is merely a grey shape against a bright background of 
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various shades of grey. In the latter case, boundary detection is extremely sensitive to the 

specified threshold. To overcome this challenge the Otsu thresholding algorithm was used. 

This produces good results despite any variation in background by dynamically selecting the 

threshold across the image.300 

 

Once a binary image is produced, the particle boundary is identified using a contour 

identification algorithm, introduced by Suzuki and Be.301 Contours detected within the image 

are the boundary between any black and white region. The boundary of the particle is identified 

as the outermost contour within the image. It is possible for contours to be located within 

contours and so a hierarchy is recorded which captures the nested structure of detected 

contours.  

 

The description of particle shapes in three dimensions and two-dimensional projections is a 

complex field with a wealth of terminology and approaches.302,303 In this work the details of 

each term are not explored in depth, but comparison is made with sample images to understand 

the impact of droplet and particle state upon the describing parameters. It is also worth noting 

that there is some variance in the terms used within the literature and so, while an effort has 

been made to be consistent, the terms used in this thesis may be different from some sources 

in the literature. The key terms used in this thesis are defined and are used in a self-consistent 

manner.  

Some essential definitions are as follows: 

 

• Contour – any boundary detected within the binary image 

• Perimeter – the boundary of the particle, the outermost contour 

• Convex hull – the shape formed be connecting the outermost points of the perimeter. A 

convex hull has no concave edges. 

• Maximum inscribed circle – the largest circle that may be drawn within the perimeter. 

Parameterised using a centre point and radius. 

• Minimum circumscribed circle – the smallest circle that may be drawn around the 

perimeter. Parameterised using a centre point and radius. 

• Equivalent area circle – a circle with area equal to that surrounded by the perimeter. 

Parameterised using a centre point and radius. 
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• Centre of mass – for a 2D projection, the centre of mass is calculated assuming the 

shape is of uniform density. 

• Minimum bounding rectangle – the smallest possible rectangle that can be drawn 

around the perimeter. Parameterised using a centre point, height, width and rotation 

angle. 

• Fitted ellipse – an ellipse drawn to fit the perimeter. Parameterised using a centre point, 

major axis, minor axis and rotation angle. 

• Maximum Feret diameter – the largest possible diameter measured, as if with callipers, 

between two parallel lines touching the perimeter on opposite sides. 

• Minimum Feret diameter – the smallest possible diameter measured, as if with callipers, 

between two parallel lines touching the perimeter on opposite sides. 

 

Figure 3-9 presents a sample image from the FDC of an irregularly shaped particle with 

superimposed representations of the definitions above. The maximum Feret diameter is 

calculated by finding the maximum separation of any two points of the convex hull. The 

minimum Feret diameter is shortest diameter measured perpendicular to any face of the convex 

hull.304,305 It is notable that the directions of the minimum and maximum Feret diameters are 

rarely perpendicular. 
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Figure 3-9. (a) A sample greyscale image as captured by the FDC. (b) A binary image produced from the image 

in panel (a) with the detected perimeter (red), convex hull (orange) and internal contours (green) overlayed. (c) 

Binary image with superimposed minimum circumscribed circle (solid line circumference, “x” marked centre), 

equivalent area circle (dash-dot line), centre of mass (single round dot), and maximum inscribed circle (dashed 

line, “+” marked centre). (d) Binary image with superimposed bounding box (orange, centre marked “x”) and 

fitted ellipse (green, centre marked with single round dot). (e) Binary image with superimposed maximum Feret 

diameter (blue) and minimum Feret diameter (red). The points where the parallel lines intersect the perimeter are 

marked with a dot, solid lines represent mark the diameter of the particle measured between such points, and 

dotted lines mark the direction of measurement. (f) A greyscale image with the perimeter, convex hull, internal 

contours and Feret diameters superimposed for comparison of the detected boundaries. 

Having defined the boundary of a particle, it is possible to begin describing its shape. As 

droplets are spherical and solid particles form a variety of shapes, focus has been given to 

describing “how round” the projections of particles are in images from the FDC. This provides 

a route to identifying if particles deviate from a spherical morphology throughout drying and, 

if so, when. Furthermore, it provides some insight into the applicability of assumptions about 

the dynamic shape factor of particle, though this has not been quantified within this thesis. 
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Several dimensionless parameters are here defined that are used to describe the shape of 

particles within this thesis. The definitions of these parameters have been chosen to ensure that 

they range between a value of 0 and 1. 

• Sphericity – the ratio of the radius of the maximum inscribed circle to the radius of the 

maximum circumscribed circle. For a circle, sphericity is 1. Strictly, sphericity is a 

three-dimensional descriptor, based upon circumscribes and inscribed spheres, but in 

this work is only considered with respect to two-dimensional projections of particles. 

• Image solidity – the ratio of the area enclosed by the perimeter to the area enclosed by 

the convex hull. For a circle, image solidity is 1; image solidity represents the degree 

to which a shape may be considered open and hollow. 

• Compactness – the ratio of the area enclosed by the perimeter and the area of a circle 

with the same perimeter. For a circle, compactness is 1. 

• Image density – the fraction of area enclosed by the perimeter (red line in Fig….) that 

is not occupied by internal contours (“light patches”) (Green lines in FIG…) .  Image 

density does not describe the shape of a particle, rather the fraction of particle which 

allows light to pass through with low levels of scattering or absorption. Image density 

is an indicator of particle phase and symmetry, transparent particles that are not 

symmetrical scatter light strongly exhibit high image densities and so do particles that 

are not transparent. 

o Inverse number of internal contours – A simplistic measure of how many “light 

patches” are observed within a particle. Homogenous droplets show only one 

bright spot, known as a Poisson or Arago sport. Typically, more than one bright 

spot is observed only in crystalline particles. The inverse of the number of bright 

patches is used to ensure the value remains between 0 and 1. When no internal 

bright patches are measured, this value is force to 1, for ease of interpretation. 

• Aspect ratio – the ratio of a minimum and maximum measured diameter 

o Ellipse aspect ratio – the aspect ratio calculated using the major and minor axes 

of an ellipse. 

o Rectangle aspect ratio – the aspect ratio calculated using the width and length 

of a rectangle, where width  height. 

o Feret aspect ratio – the ratio of the minimum and maximum Feret diameters. 
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The properties above may be used to describe the shape of particles throughout evaporation. 

An initial comparison of each parameter for a sample set of images is shown in Figure 3-10. 

Image solidity is shown be very insensitive to the shape and appearance of particles. Sphericity 

and Feret aspect ratio most sensitive to what qualitatively appears to be deviations from the 

homogeneous droplet state. Image density shows sensitivity to  particle form but resolves 

particles differently from shape-based parameters. Similarly, the inverse number of internal 

contours resolves particles that appear to be crystalline from those that are amorphous or 

homogenous. 
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Figure 3-10. A sample set of images, images are placed vertically by the calculated value of (a) sphericity, (b) 

Feret aspect ratio, (c) image density, (d) compactness, (e) image solidity, and (f) inverse number of internal 

contours. Images are spaced evenly along the x-axis according to their appearance, subjectively ranked from 

‘most-droplet-like’ to ‘least-droplet-like’ and spherical appearance. 

To understand the sensitivity of the different measures of aspect ratio to particle morphology, 

a direct comparison with the sphericity parameter has been made and is presented in Figure 3-

11. The Feret aspect ratio is seen to scale in line with particle sphericity when sphericity is 

close to 1. However, the Feret aspect ratio is more sensitive for particles that appear to be the 

most crystalline. The Feret aspect ratio is less sensitive to particles with concave sections, this 

is because the Feret diameters are measured from the convex hull. Both the aspect ratio of fitted 

rectangles and ellipses are least sensitive to small changes from a homogeneous droplet state, 

remaining close to 1 even for particles with sphericity values lower than 0.85. Insensitivity is 

noted for particles with perimeters that are close to regular shapes, in such cases fitted ellipses 

and rectangles are circles and squares, respectively, with aspect ratios of 1. While some solid 

particles may have an average aspect ratio that is 1, the aim of extracting descriptors from 

particle images is to identify the state of a particle (droplet or solid particle) so such insensitivity 

to droplet state makes the fitted shape aspect ratios less useful than the Feret aspect ratio. 

 

 

Figure 3-11. Sensitivity analysis of different measures of particle aspect ratio, compared against sphericity: (a) 

Feret aspect ratio, (b) fitted ellipse aspect ratio, and (c) fitted rectangle aspect ratio. The red line shows the line 

with gradient of 1 that intercepts the origin. Images that sit on this line are described with equal sensitivity by the 

descriptors on the x and y axes, the descriptor on the y axis is most sensitive to images above the line, and the 

descriptor on the x axis is most sensitive to images below the line. 
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Despite a range of sensitivities, shown in Figure 3-11, all measures of aspect ratio are almost 

linear with respect to each other, they are strongly correlated. Therefore, multiple measures of 

aspect ratio do not contribute new information to the description of particle shape. To assess if 

the other parameters extracted are also correlated a standard exploratory data analysis 

technique was applied: a scatter matrix was plotted, shown in Figure 3-12. A scatter matrix is 

a way of visualising the covariance matrix of a multivariate distribution of data. The functional 

form of correlated variables may be seen clearly (covariance ~ 1) and variables that are not 

correlated present seemingly random distributions with no clear functional form (covariance ~ 

0). The diagonal elements of the scatter matric show the variance of each variable. 

 

Examination of Figure 3-12 reveals a number of insights into the particle descriptors extracted. 

Firstly, the correlation of sphericity and Feret aspect ratio discussed above is shown. Image 

solidity is shown to be almost independent of all other variables, due to its lack of sensitivity 

to image shape. Compactness is seen to be loosely correlated with sphericity and, consequently, 

Feret aspect ratio. Image density appears independent of the other variables, but still exhibits a 

sensitivity to particle phase (Figure 3-12). 
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Figure 3-12. Scatter matrix of key particle descriptors extracted from sample set of images from the FDC. All 

axes show have axes limits of 0.5 and 1 as minimum and maximum, respectively, except for diagonal axes which 

have a minimum of 0. Where the x and y axis are the same variable, the distribution of data is shown. Diagonally 

opposed axes are inverse plots of the same data. 

Based on the above sensitivity and correlation analysis, the parameters that may provide the 

most information about particle state are the sphericity, Feret aspect ratio and image density. 

Other parameters are shown to be less sensitive or dependent upon these three parameters. In 

subsequent chapters only the most sensitive parameters are used to describe morphology 

evolution as this provides the most information, while reducing the number of parameters to 

be considered. 

3.4. The Compartive Kinetics Electrodynamic Balance 

In addition to the FDC technique described in the sections above, some measurements were 

performed using a comparative kinetics electrodynamic balance (CK-EDB). The CK-EDB 

used within this work was developed by Davies et al. and further analysis methods applied 

were developed by Haddrell et al.171,182 As a well-documented and accepted technique in the 

literature, the CK-EDB is used as a benchmarking tool for the development of the FDC and 
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models developed within this thesis. Additionally, the CK-EDB allows the collection of data 

complimentary to that collected with the FDC. For example, very accurate measurements of 

size evolution, long term evaporation behaviour for systems that would remain liquid 

throughout a full descent of the FDC, or light scattering behaviour revealing additional phase 

information to droplet images collected with the FDC. 

 

The CK-EDB used in this work is configured as a concentric cylindrical EDB. The layout of 

the trapping chamber in the system used in this work is presented in Figure 3-13. A temperature 

and RH controlled gas flow passes into the chamber through the electrodes, to ensure trapped 

particles are subject to tightly constrained environmental conditions. The body of the chamber 

is further temperature controlled via an ethylene glycol flow which passes through the top and 

bottom plates of the chamber. The chamber is octagonal with a window on each vertical face, 

allowing access to the centre of the trap. Two DoD dispensers are used to generate droplets, 

with one providing probe droplets of a well parameterised solution for the extraction of the 

exact conditions inside the chamber, and a second delivering droplets of the sample solution. 

Probe droplets are typically a sodium chloride solution or pure water. In the case that the 

chamber RH is greater than 45 %, the equilibrium size of sodium chloride droplets can be used 

to infer the RH in the trapping chamber.306 For RH values greater than 80 %, pure water 

droplets are typically used. The evaporation rate of water droplets may be compared to 

simulations using the Kulmala model to evaluate the RH of the CK-EDB chamber. The use of 

water droplets is more straightforward but limited to conditions in which the Kulmala model 

is applicable. At high evaporation rates, corresponding to low RH values, evaporative cooling 

increases and the Kulmala model becomes increasingly inaccurate (as described in chapters 2 

and 5).307 
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Figure 3-13. A top-down plan of the CK-EDB trapping chamber. Diagram is not to scale. The chamber is 

symmetrical about a horizontal plane passing through the centre of the trapping chamber. 

The size of droplets is calculated using elastically scattered laser light. The scattering pattern, 

called a phase function, is collected and the intensity is measured along the equatorial plane. 

The intensity function is compared to simulations based on Mie theory for the scattering of 

light by particles.308–310 In practice, the geometric approximation is used to increase the speed 

of calculations, allowing in-line evaluation of droplet size.311 
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Chapter 4  

Evaporation and Crystallisation in 

Aqueous Sodium Chloride Droplets 

 

Chapter 4 is based on part of a publication in Physical Chemistry Chemicals Physics. The 

paper title is “High time resolution measurements of droplet evaporation kinetics and particle 

crystallisation”, Phys. Chem. Chem. Phys., 2021,23, 18568-18579 

(doi.org/10.1039/D1CP02840E). I am the lead author of the paper. I collected all of the data 

included in this chapter, I developed the analysis software used and performed the data 

analysis myself. Experimental guidance was provided by Jim Walker and Justice Archer, the 

experimental technique was originally developed in collaboration with Reinhard Vehring, and 

academic supervision was provided by Pascal Lemaitre and Jonathan Reid. 

4.1. Chapter Context 

This chapter focusses on the results from the paper upon which it is based. The introductory 

sections from the paper on which the chapter is based are included in section 4.2, to provide a 

context for the measurements and data analysis, and interpretation of results. The development 

of the Falling Droplet Column (FDC) is described in Chapter 3, with experimental details, 

analysis methodologies and benchmarking measurements. This chapter presents the subsequent 

results and analysis which probed the evolution of the aerodynamic diameter and particle 

morphology. 

4.2. Introduction 

Modelling the evaporative drying, phase behaviour, morphology and transport of droplets and 

aerosol particles is important for many industrial applications, including spray drying, crop 

spraying, spray painting and droplet vaporisation processes such as fuel injection and 

combustion in automotive and aerospace engines.312–314 Recent attention has also been paid to 
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the impact of these factors on respiratory disease transmission.315–317 Spray drying, an 

ubiquitous process in the food and pharmaceutical industries, employs the production of 

droplets into a heated environment which are dried rapidly to form solid particles.318–324 The 

processes underlying spray drying can also be applied to understand the properties of airborne 

particles relevant to various nuclear safety scenarios.325 For example, following the rupture of 

a heated, pressurised, fission product evaporator radionuclides may be released as a plume of 

droplets which evaporate rapidly due to the elevated temperatures.326,327 Studies resolving the 

microphysical behaviour of evaporating droplets can provide important insights into evolving 

particle size and phase. 

 

To quantify the transport of material released in a spray dryer or nuclear accident, and to 

understand the efficacy of filtration systems, the aerodynamic size of the particles must be 

understood.328,329 The aerodynamic size depends on physical properties as well as the geometric 

size. For example, a solid, smooth, spherical particle will sediment more rapidly than a hollow, 

buckled, non-spherical particle of equivalent mass. The aerodynamic diameter da is defined as 

the geometric diameter dv of a sphere with density 1 g/cm3 with the same settling velocity as 

the particle in question. The aerodynamic diameter of a particle falling through a gas can be 

calculated using Equation (1 where ρ* is the standard density of 1 g/cm3, μ is the dynamic 

viscosity of the gas medium, g is the acceleration due to gravity and vs is the terminal settling 

velocity of the particle. 

 𝑑𝑎 = √
18𝜇𝑣𝑠

𝜌∗𝑔
 (1) 

 

The aerodynamic diameter of a particle evolves throughout an evaporative drying and 

crystallisation process. Pure volatile solvent droplets dispersed in an unsaturated gaseous 

medium will undergo evaporation as heat and mass transfers between the droplet surface and 

the surrounding gaseous phase. Similarly, droplets that are a mixture of different volatile 

substances evaporate with rates characteristic of the range of volatilities of the components 

present. In the case of a solution droplet that contains non-volatile solutes or a suspension, the 

residue forms a dry particle. Indeed, the specific drying conditions can lead to different dry 

particle morphologies and, hence, different aerodynamic diameter. 
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Droplets formed from a bulk sample by an aerosolization process undergo a brief period of 

rapid, unsteady evaporation due to an imbalance of heat and mass flux away from the newly 

formed droplet. However, upon reaching a phase of near-constant heat and mass flux – known 

as steady-state evaporation, pure solvent droplets evaporate according to a diameter-squared 

law, defined in Equation 2.330–332 This relates geometric diameter at time t, to the evaporation 

rate κ and the initial diameter d0.  

 𝑑(𝑡)2 = 𝑑0
2 − 𝜅𝑡 (2) 

 

The dry particle size (at least the point at which a solid crust is formed) and morphology are 

influenced by the competition between solvent evaporation rate and solute diffusion, 

represented by the diffusion constant D. This competition is characterised by the Peclét number 

Pe, defined in Equation 3.333  

 𝑃𝑒 =
𝜅

8𝐷
 (3) 

 

A Peclét number greater than one, indicating that the evaporation rate is dominant, leads to 

surface enrichment of the solute and possible skin formation during the drying process. For a 

Peclét number less than one, the rate of diffusion is dominant and surface enrichment is 

negligible. The drying conditions can have a significant impact on the evaporation process and 

value of the Peclét number.334 A comprehensive understanding of the drying process is required 

to predict the morphology and physical properties of the dried particles. The processes driving 

the evaporation, including solvent/solute interactions and drying conditions, are complex. 

However, single droplet evaporation experiments can provide an empirical route to resolving 

this information.181,335,336 

 

To investigate the interplay of drying rate, final particle morphology and aerodynamic size, a 

suitable instrument would allow observation of the evolving particle morphology throughout 

the drying process with parallel measurements of geometric diameter and aerodynamic 

diameter. Finally, sampling of the dry particles produced would allow detailed analysis of the 

relationship between drying conditions and final dry particle morphology providing a direct 

comparison to the dry particles produced in industrial applications. Phase transitions and 
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morphological changes in the aerosol phase can occur over short timescales (<<0.1s), even 

though full droplet evaporation may take several seconds. In industrial applications droplet 

evaporation can be exceedingly rapid and, therefore, measurements of the evolving droplet 

properties are required with a time resolution on the order of milliseconds. 

 

There are a variety of complementary methods for investigating evaporating droplets and the 

properties of the final dry particles. Studies with droplets deposited on surfaces, often referred 

to as sessile droplets, or suspended from a wire tip, pendant droplets, are both common, but do 

not replicate the aerosol phase as the droplets are not free from surface interactions.337 Optical, 

electrodynamic and acoustic trapping all involve trapping individual aerosol droplets, but do 

not allow detailed observation of the morphology, especially during crystallisation.338–342  

Droplet chain instruments enable studies and observation of the entire droplet drying and 

particle formation processes free from surface contact, including measurements of droplet 

optical properties using elastic light scattering, and composition by linear and non-linear 

Raman scattering.290,343 In addition, they allow high-time resolution observations of the 

physical and aerodynamic diameter at distinct stages of the evaporative lifetime, from droplet 

generation to dry particle formation, and dry particles can be collected for further analysis.344 

Droplet chain techniques rely upon a droplet source that produces a series of uniform droplets 

that descend under the influence of gravity or propelled by a gas flow.345 At any moment, each 

position in the droplet series, or ‘chain’, represents a snapshot of a specific point in the lifetime 

of a single evaporating droplet. The temporal resolution between snapshots is equivalent to the 

reciprocal of the frequency of droplets in the chain. One such technique was developed by 

Baldelli et al. and involved generation and stroboscopic illumination of a droplet chain to 

observe the evolving aerodynamic size of aqueous cellulose acetate butyrate and sodium nitrate 

droplets, with ~20 ms temporal resolution.322,344 Imaging the silhouettes of the droplets allowed 

the inflight geometric diameter to be calculated and the final dried particle morphologies were 

analysed using scanning electron microscopy (SEM).  

 

Here, we introduce the Falling Droplet Column (FDC), where the droplet chain technique has 

been extended to include high resolution imaging and significantly improved temporal 

resolution. This technique allows detailed images of the evolving morphology to be collected 

throughout the full evaporative lifetime, from droplet generation to dry particle formation, 
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spanning almost 6 orders of magnitude in time (< 1µs to ~5 s). The gas phase conditions can 

be controlled to explore effect of the specific drying conditions on evaporation process and 

resulting dry particle morphologies. We demonstrate the capabilities of the technique with 

detailed inflight observations of the different crystallisation mechanisms for inorganic solution 

droplets evaporating under different environmental conditions.  

4.3. Results 

4.3.1. Measuring the Evaporation of NaCl droplets 

The capability of the Falling Droplet Column (FDC) for exploring morphological changes 

during the evaporation and crystallisation of droplets is now demonstrated, in this case for 

aqueous NaCl droplets evaporating into a humidity below the efflorescence point (~45% RH).33 

Figure 4-1 shows the time-dependence of the geometric and aerodynamic diameters during the 

evaporation of aqueous NaCl droplets of 0.1 initial mass fraction solute (MFS) evaporating 

into 20%, 30% and 40% RH environments. 

 

The initial aerodynamic diameter is slightly larger than the geometric diameter, as expected for 

a sodium chloride droplet with a density higher than water. For example, the initial density at 

40% RH is calculated at 1035 kg/m3, compared to 997 kg/m3 for water, corresponding to a 

3.8% increase in the aerodynamic diameter compared to the geometric. As the droplet 

evaporates and the density increases, the deviation between aerodynamic and geometric 

diameters also increases (Figure 4-1 c). Between 0 and 2 s for the 40% RH profile the 𝑑𝑎
2/𝑑𝑣

2 

ratio increases from 1.04 to 1.4, correlating to an increase in density of ~ 360 kg/m3, compared 

to the density of water. Upon crystallisation both the aerodynamic and geometric diameters 

decrease promptly. The larger decrease in the aerodynamic diameter reflects a change in the 

particle morphology (and hence a change in shape factor) alongside the reduction geometric 

diameter.  

 

The aerodynamic diameter measurements exhibit significantly larger variability and 

uncertainty than the geometric diameter, especially after crystallisation (Figure 4-1 a & b). This 

could be a true reflection of the differing aerodynamic sizes of the final dry particles, or due to 
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the stochastic nature of the onset of the crystallisation process introducing changes in the 

separation distance between pairs of droplets, which propagates through the rest of the 

experiment, remembering that the aerodynamic diameter is measured from the relative 

positions of two different particles. Although there is no simple method for resolving what is 

the dominant source of variability in the measured aerodynamic diameter of the dried particles, 

analysis of the morphology of the dry particles provides an indication of their uniformity. 

 

 

Figure 4-1. (a) Geometric and (b) aerodynamic diameter squared for aqueous NaCl droplets evaporating in 

environments of 20% (red), 30% (purple) and 40% RH (blue) at 295 K. (c) The ratio between the two 

measurements. Coloured lines are rolling averages of data shown 
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The evolving evaporation rates for these datasets are shown in more detail in Figure 4-2. The 

general trend is a steady decrease in evaporation rate following droplet generation, deviating 

away from the d2 law, until the onset of crystallisation. The decrease is most extreme at 40% 

RH and can be rationalised by considering the difference between the water vapour pressures 

at the droplet surface and in the gas phase, which govern the evaporation rate. As the water 

evaporates, the surface concentration of the solute increases which leads to a decrease in the 

vapour pressure difference and, hence, the evaporation rate. This does not occur as dramatically 

for droplets evaporating at a lower RH because a significant difference between the vapour 

pressures is maintained until efflorescence occurs.  

 

During crystallisation there is a dramatic increase in the evaporation rate until the solvent loss 

is complete. Two phenomena contribute to the increase in the evaporation rate during 

crystallisation. Firstly, the concentration of the supersaturated solution (with highest 

supersaturation at the droplet surface) reduces rapidly as the solute crystallises, leading to an 

increase in the vapour pressure at the droplet surface. Secondly, the temperature of the droplet 

increases as the solute crystallises due to the enthalpy of crystallisation, also increasing the 

vapour pressure.346 Previous EDB experiments have also observed this short period of 

increased evaporation rate, and the amount of heat released, corresponding temperature 

increase and elevated evaporation rate have been shown to correspond well.347 This suggests 

that the temperature increase, calculated as ~ 6 K,  is the dominant effect increasing the 

evaporation rate, rather than the decrease in solution concentration.  
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Figure 4-2. The evolving evaporation rate calculated for aqueous NaCl evaporating at 295K and 20% RH (red), 

30% RH (purple) and 40% RH (blue) The trendlines represent ten-point rolling averages. 

4.3.2. Relating Evaporation Rate and Final Particle Morphology 

for NaCl droplets 

The high-resolution time-resolved brightfield imaging allows the morphological evolution of 

the droplets to be observed throughout the evaporation lifetime, extending from droplet 

generation to dry particle formation. Figure 4-3 reports images retrieved from the evaporation 

measurements introduced in Figure 4-2.  
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Figure 4-3. Inflight images of the morphology of evaporating NaCl droplets in environments of 20% (red), 30% 

(purple) and 40% RH (blue). Enlarged images of final morphologies are inset. 

 

The morphological transition from homogeneous droplet to crystalline dry particle can be 

clearly seen from the images. Homogeneous droplets are recognised by their symmetrical, 

circular profile and a distinct dark outer / bright inner appearance. Initial crystallisation is 

identified by perturbations in the symmetry of the droplet image and the dark outer / bright 

inner distinction is broken by a mottled appearance, as can be seen at 1.2 s, 1.55 s and 2.15 s 

for 20%, 30% and 40% RH respectively. During the initial crystallisation stage, the image 

remains circular, indicating the spherical droplets still have a liquid surface and the droplets 

likely contain inclusions.182 Crystal nucleation is expected to occur near the surface of the 
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droplet due to surface enrichment during drying.33,348 After this the droplets lose their spherical 

nature as the crystals are brought together by the receding liquid surface and begin to define 

the final morphology of the dry particle. The remaining solvent then continues to evaporate 

from within the structure until total evaporation has occurred and the final morphology is 

formed. 

 

Distinct differences in the morphologies of the dry particles formed were observed depending 

on the environmental RH. Whereas droplets evaporating in 20% and 30% RH produced 

similarly structured multi-crystal particles, roughly spherical in appearance, those evaporating 

in 40% RH produced single-crystal particles. This behaviour was very reproducible, and 

images in Figure 4-3 were selected to represent the typical appearance of these particles. The 

40% RH single crystals most commonly nucleated in the bottom half of the droplet, rather than 

with a stochastic distribution followed by internal settling within the droplet. This contrasts 

with the crystallisation mechanism observed for sodium benzoate in static pendant droplets, 

where crystals gradually sank to the bottom of the droplet.266 The crystallising particles also 

remained aerodynamically stable as they fell, maintaining the same orientation once dry as 

when first formed.  

 

The dry particle morphologies captured from inflight imaging can be compared with SEM 

images of the collected particles (Figure 4-4). Observations of dry particles collected from the 

evaporation at 40% RH showed single crystals with opposing square and domed faces (Figure 

4-4 a & b). From the inflight images the domed face originates from the bottom, liquid, curved 

surface of the droplet. This confirms that the droplet surface can template the crystal structure 

and corroborates previous observations of externally smooth, round yet fully crystalline spray 

dried particles.349 The holes seen in the centre of each square face in the SEM images can also 

be seen from the inflight images. Although the origin of the hole is undetermined at this stage 

it should be noted that, following surface enrichment during evaporation, the lowest solute 

concentration would be found toward the centre of the droplet due to depletion as the crystals 

grow. Crystal growth appears to occur rapidly with the individual crystal morphology 

determined long before solvent evaporation is complete.  
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The aerodynamic stability of the dry particles formed during this evaporation is highlighted by 

the fact that the domed faces were only revealed in places where the crystals had tumbled (for 

example, after landing on other particles). Otherwise, all the crystals were observed to have the 

same square-face-up orientation.  

 

Below 40% RH the dry particles form multi-crystal structures, containing a higher number of 

crystals as the conditions get dryer (Figure 4-4 c & d). This may be understood by considering 

the effect of evaporation rate upon surface concentration; greater evaporation rates lead to 

increased surface enrichment, corresponding to a higher Péclet number. Increased surface 

concentration is accompanied with a large increase in nucleation rate, leading to multiple 

crystals nucleating within a short period and subsequently growing in parallel while the 

remaining solution evaporates.350 The growth of these crystals are limited by the droplet surface 

on one face and the less saturated solution towards the centre of the droplet on the opposite 

face, and so grow preferentially around the circumference of the droplet toward neighbouring 

crystals. As the SEM images of final morphologies show, the crystals grow until a corner/edge 

touches a neighbouring crystal, at which point they ‘lock’ the surface of the particle, as is 

observed by a constant geometric diameter (as seen in Figure 4-1). In the case of slow 

evaporation (higher RH) the low surface enrichment means the nucleation rate is much lower 

and it is possible for the first nucleating crystal to desaturate the solution sufficiently to supress 

additional nucleation events.  
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Figure 4-4. SEM images of particles formed in the FDC. (a) and (b): 0.1 MFS at 295 K, 40% RH, (c): 0.1 MFS at 

295 K, 25% and (d): 0.02 MFS at 318 K 0% RH.  

4.3.3. Observing Crystal Growth and Particle Drying with 

Stroboscopic Imaging 

The ability to record many particles at any specific time in the evaporative lifetime allows 

statistical analyses to be performed of key events, such as crystallisation. Figure 4-5 shows the 

proportion of droplets that have crystallised as a function of time for the three sodium chloride 

droplet evaporation experiments introduced earlier (i.e. 20% RH, 30% RH and 40% RH). 

Crystallisation was identified automatically from the image of each droplet using custom 

software, which applied an ellipse to the droplet shape and calculated the aspect ratio. During 

the onset of crystallisation the aspect ratio dropped from ~1 (i.e. for a circle) to a value between 

0.4-0.95, depending upon the dry particle morphology. Appropriate aspect ratio thresholds 

were selected to classify each image as either uncrystallised liquid droplet, droplet with crystal 
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inclusions, or final crystalline morphology. Figure 4-5 shows that the majority of droplets (i.e. 

>50%) achieved final crystalline morphology at 1.4 s, 1.8 s and 2.4 s for 20% RH, 30% RH 

and 40% RH, respectively. The corresponding aspect ratio data and thresholds used are 

displayed in Figure 4-6. 

 

 

Figure 4-5. The proportion of particles in liquid droplet state (dark blue) or final crystalline state (red) for NaCl 

droplets evaporating at 293 K in 20% RH (solid line), 30% RH (dashed line) and 40% RH (dotted line). The cyan 

and magenta curves represent the proportion of particles transitioning out of the liquid droplet state, and into the 

final crystalline state, respectively. 

The process of fitting an ellipse to non-elliptical shapes is a coarse step in the process of 

automatically detecting morphological changes and can lead to some variation in measured 

aspect ratio, especially for the crystalline particles, with some failing to be classified as final 

crystalline morphology. Hence, at the end of experiments shown in Figure 4-5, the proportion 

of final crystalline particles is <1. The cyan and magenta curves show the proportion of droplets 

transitioning into, and out of, the intermediate state (i.e. droplets with inclusions) described 

above. The temporal offset between the peaks of these two curves represents the time during 

which crystal growth and solvent evaporation completes. The length of this transition window 

is RH dependent, increasing from 0.03 s to 0.13 s as the RH increases from 20% RH to 40% 

RH in Figure 4-5. The transition window is shorter under lower RH conditions due to more the 
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rapid solvent evaporation and parallel growth of many crystals, compared to the higher RH, 

which produce particles containing fewer crystals.  

 

Figure 4-6. The aspect ratio of particles over time for NaCl droplets evaporating at 293 K in 20% RH (red), 30% 

RH (purple) and 40% RH (blue). The respect thresholds in aspect ratio used to determine state (either liquid 

droplet or final crystal form) are marked in black, 20% RH (solid line), 30% RH (dashed line) and 40% RH (dotted 

line). 

4.4. Conclusions 

This chapter introduces initial results from the Falling Droplet Column (FDC) technique, which 

adds greatly improved temporal resolution and detailed stroboscopic imaging capability to the 

droplet chain analysis technique. This technique resolves the evolving geometric diameter, 

aerodynamic diameter and morphology throughout the full evaporative lifetime, from droplet 

generation to dry particle formation, spanning almost 6 orders of magnitude in time (< 1µs to 

~5 s). Dry particles are collected and further analysed with SEM. The technique is uniquely 

suited to analysing rapid evaporation processes, such as crystallisation, and the concurrent 

measurement of aerodynamic diameter and geometric diameter enable allow changes in droplet 

density to be inferred. 
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This chapter presents detailed inflight observations of different crystallisation mechanisms and 

resulting dry particle morphologies of sodium chloride droplets evaporating under a range of 

environmental conditions. At 40% RH the slower evaporation rate (lower Peclet number) 

creates dry particles consisting of large single crystals, which nucleate on the leading face of 

the droplet. In contrast, dryer conditions (higher Peclet number) produce dry particles 

composed of multiple smaller crystals distributed around the circumference of the particle. The 

crystallisation window, the time between initial crystal nucleation and final solvent 

evaporation, can be clearly resolved. Indeed, subsequent analysis of many droplets at each time 

point enables accurate statistical analysis of stochastic events, such as crystallisation, to be 

performed. For example, although the spread in the crystallisation window observed between 

droplets extended up to ~0.5 s at 40% RH, the calculated average ranged between 0.03 and 

0.13 s for sodium chloride droplets evaporating in 20 % RH and 40 % RH, respectively. 

 

It is anticipated that the flexibility of the technique, including control over the gas phase 

conditions, will afford the FDC application to many diverse droplet drying scenarios. This 

includes the rapid evaporation that occurs in various industrial applications, where the 

relationship between drying conditions and dry particle morphology, and understanding the dry 

particle formation mechanisms, may be critical.  
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Chapter 5  

Modelling the Evaporation of Solute 

Containing Droplets 

 

This chapter is based on a manuscript which has been submitted to the Journal of Physical 

Chemistry B. I am the lead author of the paper. I performed the all of the simulations and the 

majority of measurements with the Falling Droplet column (FDC). Edward Neal contributed 

some measurements of sodium chloride solution droplet evaporation, measured in the FDC 

and Thomas Hilditch contributed all the experimental data collected using the Electrodynamic 

Balance (EDB). Joshua Robinson carried out the majority of the development of the codebase 

used for implementing the model presented in this paper. I co-developed the model and 

performed all benchmarking. Jim Walker provided model development advice and aided in 

review of the manuscript. The production of the following chapter was enabled by each 

collaborator’s contribution thanks is given for their willing cooperation. 

5.1. Chapter Context 

This chapter presents a refined numerical model for the evaporation and transport of droplets 

of binary solutions is introduced. Benchmarking is performed against other models found in 

the literature and experimental measurements of both electrodynamically trapped and 

freefalling droplets. The model presented represents the microphysical behaviour of solutions 

droplets in the continuum and transition regimes, accounting for the unique hygroscopic 

behaviour of different solutions, including the Fuchs-Sutugin and Cunningham slip correction 

factors, and accounting for the Kelvin effect. Simulations of pure water evaporation are 

experimentally validated for temperatures between 290 K and 298 K and between relative 

humidity values of approximately 0 % and 85 %.  Measurements and simulations of the spatial 

trajectories and evaporative behaviour of aqueous sodium chloride droplets are compared for 

relative humidity values between 0 % and 40 %. Simulations are shown to represent 

experimental data within experimental uncertainty in initial conditions. Calculations of a time 
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dependent Péclet number, including the temperature dependence of solute diffusion, are related 

to morphologies of sodium chloride particles dried at different rates. For sodium chloride 

solutions, dried particles are comprised of collections of reproducibly shaped crystals, with 

higher evaporation rates resulting in higher numbers of crystals, which are smaller. 

 

5.2. Introduction 

The transportation of evaporating aerosol droplets plays a fundamental role in a wide range of 

industrial, health and environmental applications.13,351–353 Such applications include industrial 

spray drying and surface coating, respiratory disease transmission and atmospheric aerosol and 

cloud droplet transportation and dynamics.24,64,104,239,272 Despite the wide variety of application 

areas, the underlying processes of heat and mass transfer between the droplet surface and 

surrounding gas phase, and the impact on droplet trajectory, are central. It is therefore valuable 

to provide an accurate and accessible approach to modelling the interplay between the 

physicochemical processes underlying droplet evaporation/condensation and transport. 

 

Modelling evaporation/condensation in aerosol droplets is challenging because the heat and 

mass transfer between the droplet surface and surrounding gas phase are coupled.239 Indeed, 

including droplet transport into the model framework introduces further complexity because 

physical properties such as size and density, which have a significant impact on the 

aerodynamic properties, can change rapidly during evaporation. Despite these challenges, 

accurate models of single droplet behaviour are an important step in advancing our 

understanding of the collective dynamics of an aerosol ensemble. The microphysical processes 

that determine droplet behaviour may be explored more rapidly and systematically in silico 

than in physical measurements. Modelling allows the evolution of individual properties, which 

might not be directly measurable, to be predicted throughout the evaporation period. For 

example, the internal diffusion of solutes, which governs the level of surface enrichment during 

droplet evaporation (quantified using the Péclet number),238 is temperature and concentration 

dependent. Modelling enables the evolving droplet temperature and composition to be used to 

estimate a time-dependent Péclet number throughout an experiment. An additional benefit of a 



Modelling the Evaporation of Solute Containing 

Droplets  

128 

validated model is to guide the development and application of experimental approaches for 

measuring rates of droplet drying. 171 

 

Numerous model treatments of aerosol evaporation/condensation have been developed, using 

different approaches to treating the relevant microphysical processes. It is useful to separate 

these models depending on whether or not they account for the interplay between droplet 

motion, relative to the gas phase, in addition to heat and mass transfer. Models which consider 

evaporation of droplets within a stationary gas phase include a semi-analytical approach by 

Kulmala.216,354 Although accurate for modelling evaporation in fairly humid environments, it 

becomes less accurate when the humidity drops below ~ 80 %RH. Under these dryer 

conditions, the evaporation rate increases and the associated evaporative cooling becomes 

significant, which is not fully accounted for. An advancement upon the Kulmala model was 

made by Kulmala, Vesala and Heidenreich, to consider continuum regime condensation while 

including thermal diffusion and Stefan flow.355,356 A numerical description of heat and mass 

transport during droplet evaporation was developed by Su et al.297,307 The Su model accurately 

describes the temperature suppression of evaporating droplets, though it has not been widely 

implemented in other studies. The Kulmala and Su models do not account for inhomogeneity 

in droplet composition or temperature. This can be overcome with models incorporating 

internal concentration gradients that form during drying, though these typically do not 

simultaneously describe droplet transport.33,34,181,248 Recent work by Rezaei et al. has integrated 

surface enrichment effects and crust formation descriptions into droplet evaporation models,242 

though this does not include fully coupled descriptions, depending instead upon analytical or 

semi-analytical representations of heat and mass transfer.  

 

A more complete model framework of droplet dynamics requires the coupling of heat and mass 

transport with droplet motion, since movement relative to the gas phase affects droplet 

evaporation and, consequently, changes the aerodynamic properties. Xie et al. developed a 

representative model for an evaporating droplet in motion, which continuously solved the 

coupled velocity, mass transfer and heat transfer differential equations at discrete time-

steps.357,358 Lui et al. made improvements to the Xie model by including insoluble solids.358 

Walker et al. adapted the Xie model to include thermodynamic treatments of solutions other 
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than NaCl, such as deep lung fluid and saliva, to accurately describe the trajectories and settling 

times of respiratory droplets in cough jets.61  

 

Routine use of a coupled evaporation and transport model, like those introduced above, is 

hampered by two factors. Firstly, there is a lack of appropriate experimental single particle 

data, stemming from a lack of suitable experiments with which to benchmark and validate the 

model. Secondly, there is currently no readily available computational package, implementing 

such a model, for common use. Single droplet evaporation models require careful validation 

against experimental measurements to ensure that representations are accurate, particularly 

when complex processes such as phase transformations (e.g. crystallisation) occur during 

drying. Ideally, such measurements should be performed upon contact-free droplets to ensure 

surface effects are not present. Suitable techniques for investigating evaporation in stationary 

droplets include electrodynamic trapping instruments such as a comparative kinetics 

electrodynamic balance (CK-EDB).171 However, to fully benchmark model treatments which 

describe the interplay between droplet evaporation/condensation processes and transport 

requires accurate measurements on moving droplets. Such measurements are now available 

using the new falling droplet chain (FDC) technique.284 

 

In this work the aim is to test the most advanced single droplet coupled 

evaporation/condensation and transport model against the most accurate single droplet 

evaporation measurements available, and confirm correlation between the simulated and 

experimental data. Specifically, an updated coupled droplet evaporation/condensation and 

transport model, based on the models developed by Xie et al. and Walker et al., which evaluates 

the coupled behaviour of droplet motion, temperature and size change and provides time-

resolved evaporation profiles and two-dimensional droplet trajectories is introduced. The 

model framework is validated with experimental data from the CK-EDB and FDC instruments. 

As with its predecessors, the model uses continuum regime descriptions of droplet-gas 

interactions. However, as an advancement, this model includes the Fuchs-Sutugin correction 

factor, Cunningham slip correction factor and Kelvin effect. Such factors extend the range of 

droplet sizes at which the model is applicable from a lower limit of approximately 10 µm down 

to the order of 1 µm at standard temperature and pressure. As with the existing models, this 

approach also assumes droplet homogeneity in concentration and temperature.  
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In this chapter, the underpinning theory and parameterisations of the model framework is 

presented first. Secondly, comparison is made between the droplet evaporation calculations for 

stationary droplets against existing models and experimental CK-EDB data and show the 

capability for real-time assessment of RH within an CK-EDB chamber. Assessment is then 

made of the model performance against FDC measurements of individual droplets falling 

through a gas phase to validate the modelled calculations of droplets in motion, including a 

detailed sensitivity analysis. Additionally, a comparison between the expected and measured 

crystallisation times, assuming prompt crystallisation when a solute supersaturation threshold 

is reached is included. A sensitivity analysis, assessing the sensitivity of simulations to the 

input parameterisations and variations in initial conditions, based upon experimental 

uncertainties, is then presented. Following validation, the model is used to extract time-

resolved Péclet numbers throughout the evaporation period and relate the drying rates to 

observed final particles morphologies. 

 

In this work the model has been implemented using the Single Aerosol Drying Kinetics and 

Trajectories (SADKAT) software package.359 SADKAT is a bespoke, free-to-use and open-

source program, written using Python, which combines the model framework discussed in this 

paper with a convenient user interface. It allows complete droplet trajectories and evaporation 

profiles to be calculated within seconds of computational time on a typical personal computer. 

It is anticipated that SADKAT will be readily adapted to new experiments to meet the needs 

of single-particle aerosol scientists, and able to act as a reference to verifying new numerical 

models. For simplicity, the simulations generated using the model are labelled as ‘SADKAT’ 

in the figures throughout this chapter. 

5.3. Theoretical Background 

The model is capable of representing evaporation and condensation processes for droplets of 

binary solutions, consisting of one volatile component and an involatile component (or a 

mixture of involatile components that can be represented as a single component), typically an 

inorganic salt. The influence of dissolved solutes on the vapour pressure of the solvent, known 

as the solute effect, is accounted for by relating the composition of the droplet, in terms of 
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standard molality, to the solvent activity with an activity coefficient, . The model also includes 

the capability to account for non-ideal hygroscopicity as implemented by Walker et al.61 

 

The model treats the gas surrounding a droplet as a continuous fluid. This assumption can break 

down if the size of droplets is small compared to the mean free path, λ, of gas phase molecules. 

The model presented by Xie et al. was implemented such that simulations were terminated if 

droplets evaporated to 0.3 µm in radius.357 To assess if it is appropriate to consider the gas 

phase as continuous, the Knudsen number, Kn, is used, defined in Equation 5-1.  

 

 

The Knudsen number is the ratio of the radius of a particle, r, to the mean free path of the 

surrounding gas. Particles with Kn ≪ 1 are in the continuum regime, particles with Kn ≫ 1 are 

considered in the free molecular regime, where the gas is not considered as a continuous fluid. 

Particles with Kn  1 are considered to be in the transition regime, where the continuum 

approach may be used with the inclusion of correction factors.360 Our model has been 

developed for application to droplets in the continuum regime, but correction factors have been 

included to extend the range of validity to smaller droplet sizes. 

 

The framework assumes droplets are both thermally and compositionally homogeneous and 

the effects of surface enrichment are not accounted for in any way, with no description of 

solidification behaviour. Within the bounds discussed, the state of a droplet may be described 

using the Equations 5-2 – 5-5.357 This system of ordinary differential equations is numerically 

integrated over time, using dynamically selected timesteps. 

 

 
𝑑𝑟𝑝

𝑑𝑡
=  𝑆ℎ

𝐶𝐷∞

𝜌𝑝𝑟𝑝
 
𝑀𝑣𝑝

𝑅𝑇∞
𝑙𝑛 (

𝑝 − 𝑝𝑣,𝑎

𝑝 − 𝑝𝑣,∞
) = 𝑓1(𝑟𝑝, 𝑇𝑝, 𝑉𝑝) (5-2) 
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𝑐𝑝𝑚𝑝
−

3Γ(𝑇∞ − 𝑇𝑝)

𝑐𝑝𝑚𝑝𝑟𝑝
= 𝑓2(𝑟𝑝, 𝑇𝑝, 𝑉𝑝) (5-3) 

 
𝑑𝑉𝑝

𝑑𝑡
= 𝑔 (1 −

𝜌𝑝

𝜌𝑔
)   −  

3C𝑑𝜌𝑔|V𝑝 − 𝑉𝑔|(V𝑝 − 𝑉𝑔)

8𝜌𝑝𝑟𝑝
= 𝑓3(𝑟𝑝, 𝑇𝑝, 𝑉𝑝) (5-4) 

 
𝐾𝑛 =

𝜆

𝑟
 (5-1) 
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𝑑𝑥𝑝

𝑑𝑡
= 𝑉𝑝 = 𝑓4(𝑉𝑝) (5-5) 

 

The terms in equations 5-2 – 5-4, and others used in this chapter, are defined in Table 5-1. 

Symbol Description Units 

∞ (subscript) Indicates quantity relates to gas phase - 

a (subscript) Indicates quantity relates to gas at droplet surface - 

C Binary diffusion coefficient temperature correction - 

Cd Drag coefficient - 

Cp Particle specific heat capacity J.kg-1.K-1 

D Binary diffusion coefficient m2.s-1 

g Acceleration due to gravity m.s-2 

Kg Gas thermal conductivity W.m-1.K-1 

Kn Knudsen number - 

Lv Latent heat of vapourisation J.K-1 

Mg Gas molar mass kg.mol-1 

mp Particle mass kg 

Msol Solvent molar mass kg.mol-1 

Nu Nusselt number - 

p Pressure Pa 

Pé Péclet number - 

pv Solvent vapour pressure Pa 

rp Particle radius m 

Sh Sherwood number - 

T Temperature K 

t Time s 

Vg Gas velocity m.s-1 

Vp Particle velocity m.s-1 

βFS Fuchs-Sutugin correction factor - 

Γ Stefan Boltzmann constant W.m-2.K-4 

κ Evaporation rate m2.s-1 

λ Gas mean free path m 

ρg Gas density kg.m-3 

ρp Particle density kg.m-3 

Table 5-1. A list of symbols, with definitions and units, that are used the equations in this chapter. 
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5.3.1. Accurate parameterisation of physicochemical quantities 

To describe solution droplet transport and evaporation processes accurately, parameterisations 

of the physicochemical properties of the system are required. These are considered in three 

categories: environmental, solvent and solution properties. 

 

Interactions with the gas phase determines the processes that occur at the droplet surface. 

Similarly, the transport of a droplet depends upon the nature of the gas it is surrounded by. As 

such, gas phase conditions need describing in detail, with temperature dependent 

parameterisation where necessary. The surrounding gas in the experiments presented in this 

work is air, though any other gas phase may also be used, by including the appropriate 

parameterisations. A representative molar mass of air of 28.9647 g/mol and standard 

atmospheric pressure of 101325 Pa are used. The density of air is parameterised with respect 

to temperature using the parameterisation by Lemmon et al. included in the Chemicals python 

library.361,362 The dynamic viscosity and thermal conductivity of air are parameterised as 

recommended by Lemmon and Jacobsen.363 The specific heat capacity of air is taken as 1006 

J/kg/K. 

 

The physicochemical properties of the liquid and gaseous states of the evaporating volatile 

solvents must be accounted for to describe gas phase diffusion limited evaporation, where 

internal transport mechanisms do not limit solvent molecules from reaching the droplet surface. 

In this work the solvent used is water, however, the model is capable of using any other solvent, 

given the appropriate parameterisations. The equilibrium vapour pressure of water is 

parameterised as a function of temperature using functional form and coefficients suggested by 

Buck.198,199 The density of liquid water is defined using the parameterisation provided by 

Wagner et al., a fractional power series, scaled by a reference density.200 The specific heat 

capacity of water is described using an implementation of the IAPWS-95 standard and the 

approach presented by Sippola et.al.200,362,364,365 The latent heat of vaporisation of water is 

parameterised with respect to temperature linearly, using the same coefficients as Su et al.307 

The binary diffusion coefficient for water vapour is parameterised using the same functional 

form as Xie et al., presented in Equation 5-6.357 Dref, Tref and λ are determined empirically and 

values of 0.2190 × 10-4, 273.15 and 1.81 are used, respectively. The surface tension of water is 
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described using the DIPPR Equation 106 and coefficients recommended by the Dortmund Data 

Bank.366–369 

 
𝐷(𝑇) =  𝐷𝑟𝑒𝑓 (

𝑇

𝑇𝑟𝑒𝑓
)

𝜆

 
(5-6) 

 

The parameterisations of water’s properties are shown in Figure 5-1. 

 

 

Figure 5-1. Parameterisations of bulk properties of water with respect to temperature. (a) density, (b) specific heat 

capacity, (c) enthalpy of vaporisation, (d) vapour pressure, (e) binary diffusion coefficient of water vapour in air 

and (f) surface tension. 
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The properties of a solution can be dramatically different from those of the pure solvent. As 

droplets evaporate, the concentration of involatile components increases. To account for this, 

parameterisations of the properties of a solution over a wide range of concentrations must be 

considered. In this work the solution presented is aqueous NaCl, a system which has already 

been well parameterised in the literature. The solution density is parameterised using a 

polynomial with respect to the square root of solute mass fraction as described by Clegg and 

Wexler.210,296 This polynomial is fit to data from the Extended Aerosol Inorganics Model (E-

AIM).211,370 To test the sensitivity of simulations to droplet density alternative 

parameterisations are also used: a linear parameterisation in the square root of MFS domain, a 

simple representation, and a polynomial with a gradient half that of the fit to E-AIM, to 

approximate droplets that form hollow particles with low densities. Solvent activity is 

parameterised in the mass fraction solute (MFS) space using a constrained polynomial, forced 

to pass though (0,1) and (1,0), corresponding to the pure component solvent and a theoretical 

state of pure component solute. This polynomial is fitted to values extracted from experimental 

data obtained, for example, from CK-EDB measurements.176 In the case of NaCl these data 

may be obtained from the E-AIM model.371 Xie et al. assumed that solvent activity obeyed 

Raoult’s law and is linear in mole fraction; Walker et al. implemented the non-ideal 

representation of activity.61,357  Raoult’s law is also included for comparative simulations here. 

Solution properties, such as solvent activity, are parameterised with respect to MFS. This is 

convenient for comparison with experimental work and often performed using MFS 

measurements. The parameterisations of solution density and solvent activity for aqueous 

sodium chloride solution used are shown in Figure 5-2. It is seen that both the linear 

parameterisation of density with respect to MFS1/2 and Raoult’s law present as non-linear in 

the MFS parameter space. 
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Figure 5-2. (a) Density parameterisations of aqueous sodium chloride solutions with respect to MFS. Density data 

from E-AIM is used to produce a polynomial fit. A simplified fit, linear in MFS1/2 between the density of pure 

water (MFS = 0) and the solid density of NaCl (MFS = 1), is included. Additionally, a reduced density system is 

represented using a parameterisation of a half times the E-AIM fit. (b) Water activity parameterisations of aqueous 

sodium chloride solutions with respect to MFS. E-AIM data and a corresponding polynomial fit is show in contrast 

with Rauolt’s law. 

5.4. Experimental Methods 

The model described above is validated by comparison with two different experimental 

approaches: the CK-EDB and the FDC. These are cutting-edge techniques which interrogate 

stationary and moving droplets, respectively. 

5.4.1. Comparative Kinetics Electrodynamic Balance 

The CK-EDB allows robust and accurate measurements of the evaporation dynamics of 

individual stationary droplets. The technique has been introduced in more detail previously, so 

here only the main components are outlined.171 The instrument consists of parallel concentric 

cylindrical electrodes within a chamber, through which a gas of controlled speed, temperature 

and RH is flowed. A piezoceramic droplet-on-demand (DoD) dispenser generates highly 

reproducible, single, micron-sized droplets from an inductively charged solution, which are 

then electrostatically confined in an oscillating electric field.  The time taken between droplet 

generation and confinement is ~0.1 s.185  

 

In this work the evaporation dynamics of individual droplets of pure water levitated in a CK-

EDB is measured. Water droplets are trapped and evaporation measured at temperatures 

between 290 K and 298 K and 0 % RH and 85 % RH. The droplet sizes are measured from 

laser light scattering using the procedures described in previous work.33,171 An initial radius, 

R0, is calculated for each droplet by a linear back-extrapolation in R2 to t = 0 from the earliest 

measurement point. Repeat measurements are made and the mean initial size is used as the 

initial value for simulation. The standard deviation in the mean is taken as the uncertainty and 

this is always less than 0.1 µm.  
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The RH within the CK-EDB chamber is inferred using a probe droplet. In humid conditions (> 

80 %RH) the evaporation rate of water droplet can be compared to the Kulmala model to 

resolve the RH with a high degree of accuracy. However, large uncertainties are introduced 

under dryer conditions (explored in more detail below), as evaporative cooling is not well 

accounted for by the Kulmala model. Below 80 %RH, the equilibrium size of a NaCl droplet 

can be used to calculate the RH. However, the use of an inorganic salt is limited to RH values 

above the efflorescence RH (~45 % RH for NaCl). Below this value the droplet crystallises and 

retrieval of an accurate size is not possible. Although other inorganic salts, such as LiCl 

(efflorescence RH = 11.3 % RH), can be used to probe dryer conditions, there are associated 

disadvantages as not all salts are well characterised by thermodynamic models.306 As with 

initial radius, the mean RH from repeat experiments is  used to set the RH for the model 

simulations, with the standard deviation taken as the associated uncertainty. To acquire data 

for comparison with the model at very low RH a gas flow of dry nitrogen gas (~ 0 % RH) is 

used. Under these conditions it is not possible to measure the RH using a probe droplet in the 

existing systems, so instead electronic RH probes are used. These probes have an associated 

error of ± 5 % at ~ 0 % RH and so the RH is assumed to be 2.5 ± 2.5% RH for these experiments. 

In all experiments the temperature is measured using a thermocouple probe with ± 1 K 

uncertainty.  

 

5.4.2. Falling Droplet Column 

The FDC offers a unique method for measuring the coupled evaporation and transport 

dynamics of falling droplets, convenient for comparison against our model simulations. The 

FDC has been introduced in detail previously, so here only the main components are 

described.284 Individual droplets are generated at a regular frequency (10s of Hz) using a DoD 

dispenser. The droplets propagate down through a vertical column in line with a gas flow of 

controlled flow rate and RH, as indicated in Figure 5-3. Droplets are imaged using stroboscopic 

imaging, enabling a high time-resolution and sampling of multiple droplets at a given time-

point after generation. Geometric diameter is measured directly from calibrated images of 

droplets, using a calibration factor with units of meters per pixel. FDC measurements enable 

the trajectories of droplets to be analysed concurrently with the droplet size evolution. In this 
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work, measurements of the evaporation of falling droplets of aqueous NaCl, with initial 

concentration 0.05 MFS and radii of ~20 µm radius, are made over a range of RH values for 

comparison against the model. The RH and temperature are measured using capacitance and 

thermocouple probes, respectively.  

 

 

Figure 5-3. Simplified representation of the FDC showing the key components used in the generation and imaging 

of droplets and the collection of dry particles. 

The initial conditions for running the simulations (RH, T, initial size, initial droplet velocity 

vectors and gas flow dynamics) are extracted from the experimental FDC data. To evaluate the 

initial droplet horizontal and vertical velocity, consecutive measurements of droplet position 

with a known temporal separation (typically 1 × 10-5 s for such measurements) are made. 
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Droplets generated from DoD dispensers oscillate for a short period immediately after 

generation, making the definition of droplet position and size difficult. A small uncertainty in 

droplet position corresponds to a large uncertainty in velocity when using small time steps. To 

reduce uncertainty and achieve a representative set of initial conditions a mean of the five 

earliest measured values of droplet velocity and size is used as initial values for simulations. 

All the initial conditions used in this work (shown in Table 5-3) are taken within 0.5 ms of 

droplet generation. The uncertainty is taken as the standard deviation in the mean. The FDC 

technique allows the collection of dried particles. Particles deposit upon a glass collection slide 

which may be removed from the FDC for further analysis, such as SEM. 

5.5. Results and Discussion 

5.5.1. Intercomparison with Existing Models 

As an initial assessment of the model performance, comparison of simulated steady-state 

evaporation rates of single pure water droplets, over a range of ambient RHs, against existing 

models is made. The evaporation rate, κ, is defined in Equation 7 as the rate of change of the 

square of droplet diameter, d, over time, t. An alternative expression in terms of droplet radius 

is also shown.237 

 

 
𝜅 = −

𝑑𝑑2

𝑑𝑡
= −8𝑟

𝑑𝑟

𝑑𝑡
 (5-7) 

 

Although evaporating droplets exhibit unsteady evaporation immediately after generation, this 

phenomenon is typically only observed in simulations and not in experimental data, as it 

requires overcoming the challenge of measuring the evaporation rate at very early time points. 

During steady state evaporation, κ is constant and may be evaluated from experimental data as 

the mean value of dd2/dt.236 To capture a representative value of steady state evaporation from 

the modelled simulations, a mean evaporation rate is calculated after excluding the initial and 

final 10% of droplet lifetime. 
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Figure 5-4a presents a comparison of the steady-state evaporation rate of pure water droplets 

with an initial radius of 25 µm calculated using our model and the Kulmala and Su models, at 

298.15 K over the RH range from 0 % to 100 %. The three models calculate an evaporation 

rate of 0 µm2 s-1 at 100 % RH and diverge at lower RH values. In particular, the Kulmala model 

clearly deviates from the other models below 80 % RH. This is a consequence of 

approximations made in the Kulmala model when calculating the droplet temperature. Indeed, 

in the literature, the description of temperature suppression in the Kulmala model is only 

considered accurate when the difference between the gas phase temperature and droplet 

temperature is less than 3 K.307 Our model closely aligns with the experimentally validated Su 

model across the RH range. Figure 5-4b presents the calculated temperature suppression (Tgas 

- Tdroplet) of droplets during steady state evaporation by the three models. 
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Figure 5-4. (a) Comparison of calculated evaporation rate according to Equation 5-7 using Kulmala model, Su 

model and SADKAT. (b) Calculated temperature suppression of droplets during steady state evaporation using 

Kulmala model, Su model and SADKAT. A black dotted line is included at 3 K for reference. 

5.6. Intercomparison with Experimental Data 

We now turn our attention to compare the model performance against high-precision single 

droplet experimental data, firstly for stationary droplets (using the CK-EDB), and then for 

falling droplets (using the FDC).  



Modelling the Evaporation of Solute Containing 

Droplets  

143 

5.6.1. Evaporation of Stationary Droplets of Pure Water 

Figure 5-5 is a comparison of the time dependence of the droplet radius between CK-EDB 

measurements and model simulations at 298 K at approximately 60 % RH and 0 % RH. In both 

cases the experimental data agrees well with the simulations. This close alignment suggests 

that the true experimental conditions are well within the experimental uncertainties described 

above. In Figure 5-5a the linearly extrapolated initial radius can be seen to be a source of error 

as it does not account for the period of unsteady evaporation. Experimental measurements are 

terminated before complete evaporation as droplets become unstable and are typically lost from 

the trap when they reach a sufficiently small size. For rapidly evaporating droplets, the final 

measurement points exhibit noise, potentially due to involatile impurities introducing 

uncertainties during the size retrieval, but this does not lead to significant deviations from the 

simulated trend. 
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Figure 5-5. Comparison of CK-EDB measurements and SADKAT simulations for the evaporation of water 

droplets at (a) at 298 ± 1 K and 2.5 ± 2.5 % RH and (b) 298 ± 1 K and 59 ± 0.2 % RH. 

To assess the agreement between experiments and simulations more widely, experimental 

evaporation rates are compared to simulations across both the temperature and RH parameter 

space. This is shown in Figure 5-6a and is calculated in the same way as previously described. 

A comparison of measured and simulated evaporation rates is reported in Table 5-2. The 

calculated droplet temperature suppression throughout evaporation is presented in Figure 5-6b. 
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Figure 5-6. Properties of evaporating droplets calculated using SADKAT over the RH range 0 – 100 % and 

temperature range 288 – 303 K. (a) Evaporation rate and experimentally measured values using a CK-EDB for 

comparison. Contours are marked every 100 µm2s-1 and experimentally measured evaporation rates are marked 



Modelling the Evaporation of Solute Containing 

Droplets  

146 

with square points. Experimental data points are coloured according to the temperature of the measurement and 

the line along the surface of simulated results is marked with a solid line of the same colour. (b) Temperature 

suppression calculated as environmental temperature minus droplet temperature, contours are marked every 2.5 

K. 

The simulated evaporation rates of water droplets may be used as a route to characterise the 

RH in experimental systems. The measured evaporation rate of droplets may be compared to 

the surface in Figure 5-6a and, with a known temperature, the RH may be inferred. 

 

T / K RH / % R0 / µm κCK-EDB / µm2s-1 κSADKAT / µm2s-1 

290 ±  1 84.6 ± 0.1 25.34 ± 0.03 35 ± 1 36 ± 1 

293 ± 1 2.5 ± 2.5 25.29 ± 0.05 301 ± 3 313 ± 12 

294 ± 1 67.5 ± 0.2 25.38 ± 0.02 89.2 ± 0.5 89 ± 3 

298 ± 1 2.5 ± 2.5 26.18 ± 0.03 364 ± 13 377 ± 14 

298 ± 1 51.7 ± 0.2 25.50 ± 0.03 152 ± 1 155 ± 4 

298 ± 1 59.0 ± 0.1 25.45 ± 0.02 126 ± 1 128 ± 3 

298 ± 1 66.2 ± 0.2 25.28 ± 0.04 103 ± 1 103 ± 3 

298 ± 1 72.2 ± 0.2 25.24 ± 0.08 81 ± 2 83 ± 2 

298 ± 1 76.4 ± 0.7 25.39 ± 0.01 65 ± 2 70 ± 2 

Table 5-2. Summary of CK-EDB experiments. Temperature error is quoted as the uncertainty associated with a 

thermocouple probe. RH error is taken as the standard deviation in the mean value calculated using a NaCl probe 

droplet, except where RH = 2.5 %, here RH is expected to be less than 5 %, but cannot be measured using a probe 

droplet. R0 is the mean initial size of droplet and the error is the associated standard deviation. κCK-EDB is the mean 

of the value calculated for each droplet in a given set of conditions with the uncertainty taken as the standard 

deviation. The uncertainty in κSADKAT is calculated from simulations with initial conditions based on experimental 

uncertainties. 

5.6.2. Evaporation of Free Falling Aqueous NaCl droplets 

The model is now compared against experimental data derived from falling droplets acquired 

using the FDC. Seven experiments were performed in the FDC and are compared to 

simulations. The parameters used as initial inputs for the simulations (RH and temperature, the 

initial horizontal and vertical velocities, the initial radius and the speed of the gas flow in the 

FDC) are shown in Table 5-3, alongside the associated uncertainties. Simulations are 

terminated at the time corresponding to the final measurement from the FDC. 
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Experimental 

RH / % 
T / K Vx / ms-1 Vz / ms-1 R0 / µm Gas Flow / ms-1 

0 ± 5 294 ± 1 1.4 ± 0.2 0.0 ± 0.3 19.6 ± 0.2 0.007 ± 0.001 

5 ± 5 294 ± 1 1.5 ± 0.2 0.0 ± 0.1 19.3 ± 0.2 0.008 ± 0.001 

10 ± 5 294 ± 1 1.2 ± 0.2 0.24 ± 0.09 18.7 ± 0.4 0.007 ± 0.001 

20 ± 5 294 ± 1 2.4 ± 0.5 0.15 ± 0.07 17.9 ± 0.2 0.006 ± 0.001 

30 ± 5 294 ± 1 1.5 ± 0.3 0.0 ± 0.1 19.4 ± 0.3 0.007 ± 0.001 

35 ± 5 294 ± 1 0.9 ± 0.2 0.0 ± 0.1 21.9 ± 0.6 0.005 ± 0.001 

40 ± 5 294 ± 1 2.53 ± 0.05 0.3 ± 0.6 18.0 ± 0.2 0.005 ± 0.001 

Table 5-3. Experimental conditions and initial conditions from experiments performed in the FDC and used as 

inputs for model simulations. RH and T are quoted with instrumental uncertainties, other values are mean values 

of initial measurements with associated standard deviations. 

Example experimental and simulated evaporation profiles and trajectories for NaCl droplets, 

evaporating in a range of RH (from 0 % to 40 %), are compared in Figure 5-7. The size changes 

are normalised with respect to the initial radius squared to enable comparison of the 

evaporation rates between different experiments. Droplet images from very early in the droplet 

lifetime can exhibit blurring, due to the high droplet velocity. This can sometimes artificially 

increase the measured initial geometric size (subsequently used in the simulations), resulting 

in in some experiments displaying a systematic offset in radius between experiments and 

simulations. There are two possible reasons why the measured trajectories of the falling 

droplets sometimes deviates slightly from a truly vertical freefall (as can be seen in Figure 5-

7). Firstly, slight misalignment between the axis of the imaging system and the column would 

systematically affect the measured trajectory. Secondly, the orifice through which the droplets 

are dispensed into the column perturbs the gas flow through the column. This is responsible 

for the apparent curved trajectories of experimentally measured trajectories. Despite this, from 

Figure 5-7 it can be seen that the measured trajectories and evaporation profiles are well-

captured by the model.  

 

The crystallisation time, taken as the time required for the water activity within the droplet 

reach a given efflorescence threshold, can also be calculated from the model. In this work, the 
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efflorescence threshold used is aw = 0.24, corresponding to the activity of water in a NaCl 

solution at 2.04 time the saturation limit (2.04 × 0.26 MFS), when spontaneous efflorescence 

is observed.33,370 An alternative threshold may be aw = 0.45, the efflorescence Despite the 

model not including a representation of surface enrichment, the predicted crystallisation time 

correlate well with experiments for experiments at low RH (0 % - 20%) and rapid evaporation 

rates. Above 20 % RH the observed and simulated crystallisation times are seen to diverge, as 

shown in Table 5-4. 
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Figure 5-7. Comparative spatial trajectories (left) and evaporative profiles (right) of NaCl solution droplets (0.05 

MFS) measured with the FDC and simulated using SADKAT. The RH of each experiment is marked in the left-

hand panel. The time of datapoints within the spatial trajectories are colour mapped to a logarithmic scale with 

transitions at 1 ms, 10 ms, 100 ms and 1 s: t < 0.001 s (yellow), 0.001 s < t < 0.01 s (orange), 0.01 s < t < 0.1 s 

(pink), 0.1 s < t < 1 s (violet), 1 s < t (indego). 
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Experiment RH / % tcrys, obs / s ( ± 0.05 s) tcrys, SADKAT / s 
(tcrys, obs / R0

2) / 

(s/µm2) 

(tcrys, SADKAT / R0
2) 

/ (s/µm2) 

0 0.95 1.02 0.0025 ± 0.0001 0.0027 

5 1.00 1.08 0.0027 ± 0.0001 0.0029 

10 1.10 1.11 0.0031 ± 0.0001 0.0032 

20 1.25 1.31 0.0039 ± 0.0002 0.0041 

30 1.60 2.46 0.0043 ± 0.0001 0.0066 

35 2.90 3.42 0.0060 ± 0.0001 0.0071 

40 -- 2.65 -- 0.0082 

Table 5-4. Observed and predicted crystallisation time measured in the FDC and simulated using SADKAT. 

Absolute times are presented, and times normalised with respect to the square of the initial radius, which removes 

size dependence. 

Gregson et al. demonstrated that rapidly evaporating NaCl droplets have concentrations that 

increase quickly and surpass the bulk saturation limit, with surface concentrations becoming 

significantly larger than the centre only just prior to crystallisation. This fast increase in surface 

saturation only immediately prior to crystallisation may account for the similarity between the 

simulated and measured data, despite the model not accounting for surface enrichment effects.  

 

5.7. Sensitivity Analysis 

As discussed above, various experimentally derived input parameters are required to generate 

model simulations for comparison against FDC acquired data. These include the environmental 

conditions, parameters relating to the droplet generation dynamics, and the initial bulk 

properties of the solution. Next, sensitivity analysis is performed to assess sensitivity of the 

model to each of these input parameters. Specifically, from a single FDC acquired evaporation 

experiment multiple simulations are generated, with the simulations using input parameters 

taken from the experiment. However, for each simulation the value for different input 

parameters is artificially set to the extreme of the anticipated uncertainty and then assessment 

is made of the difference between the simulation and measurement. The FDC measurement 
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used for this sensitivity analysis is the NaCl(aq) droplet evaporation at 10 %RH and the initial 

conditions, and the associated uncertainties, are shown in Table 5-3.  

 

Figure 5-8 highlights the sensitivity of the model to uncertainties in the droplet generation 

properties. As can be seen, the initial radius is the dominant source of uncertainty in both radial 

evolution and the settling velocity. The initial horizontal velocity is the key factor in 

determining the horizontal turning distance, whilst the initial vertical velocity has a significant 

positional impact only during the very early stage of droplet lifetime, while the particle is still 

relaxing to a terminal settling velocity.  

 

 

Figure 5-8. Sensitivity analysis of SADKAT simulations to initial conditions, initial radius, R0, horizontal velocity, 

Vx, and vertical velocity, Vz, with FDC data shown for comparison. (a) The spatial trajectory of droplets with inset 

of distance fallen over time. (b) The evaporation profile of droplets. 

Figure 5-9 presents the sensitivity of the model to uncertainties in the environmental 

conditions. The speed of the gas flow is the dominant environmental source of uncertainty in 

the droplet trajectory, whilst the RH dominates uncertainties in droplet size. This is to be 

expected from Equation 2 as the rate of change in radius depends directly upon the 
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environmental vapour pressure of water but only weakly upon the velocity of droplets through 

the Sherwood number. 

 

 

 

Figure 5-9. Sensitivity analysis of SADKAT simulations to initial conditions, gas flow, RH, and environmental 

temperature, with FDC data shown for comparison. (a) The spatial trajectory of droplets with inset of distance 

fallen over time. (b) The evaporation profile of droplets. 

In general, the most significant disagreement between the model simulations and experimental 

measurements is the vertical distance fallen by the droplet. As discussed above, the FDC is not 

a completely airtight system, having a small aperture at the top into which the droplets are 

dispensed. This is not fully accounted for in the calculation of the gas flow velocity leading to 

a small but constant error in the gas flow velocity input parameter to the model. 

 

The model is sensitive to the parameterisations of droplet properties as well as experimental 

factors. Figure 5-10 displays the sensitivity of the model to the parameterisations of solution 

density shown in Figure 5-2a. The density of solution is shown to affect both the droplet 

trajectory and evaporation profile, with the simplest parameterisation clearly deviating from 

experimental data early in the droplet lifetime. The linear parameterisation of density with 
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respect to MFS1/2 increases greatly at low MFS relative the E-AIM parameterisation, this 

results in droplets showing a larger relaxation time, travelling further in the horizontal 

direction. As the density of the particle also features in the denominator of the first term in 

Equation 3, droplet temperature and consequently evaporation rate is modified by different 

density parameterisations. The parameterisation using half the E-AIM value is seen to affect 

the simulation most at the late stages of droplet drying when the predicted densities become 

increasingly separated. Therefore, little deviation in trajectory is observed and most of the 

evaporative behaviour is well represented, with significant deviation only resolvable from ~ 1 

s. 

 

 

Figure 5-10. Sensitivity analysis of SADKAT simulations to input parameterisation of solution density 

corresponding to those shown inFigure 5-2 with FDC data shown for comparison. (a) Spatial trajectory with inset 

of distance fallen over time. (b) Evaporation profile. 

Figure 5-11 displays the sensitivity of the model to the parameterisation of the water activity 

used, either Raoult’s law or E-AIM data. Raoult’s law represents the initial droplet evaporation 

well, only deviating significantly from the measurement after approximately 0.7 s, when the 

MFS is approximately 0.18 (aw = 0.86 according to the E-AIM based data). In Figure 5-2b, the 

two parameterisations of aw can be seen to diverge significantly above MFS values of about 
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0.2, explaining the increased difference between the two simulation results in Figure 5-11. The 

difference in radial evolution becomes apparent in the trajectory when considering the distance 

fallen over time, with the total horizontal distance travelled unaffected. The calculation of a 

final equilibrium size is significantly different depending upon the parameterisation of water 

activity used, though it is worth noting this is ignoring any influence of crystallisation. 

 

 

Figure 5-11. Sensitivity analysis of SADKAT simulations to input parameterisation of water activity depending 

on solution composition corresponding to those shown in Figure 5-2b with FDC data shown for comparison. (a) 

Spatial trajectory with inset of distance fallen over time. (b) Evaporation profile. 

5.8. Calculating an Evolving Péclet Number 

Unlike a pure solvent droplet, the equilibrium vapour pressure of a solution droplet changes 

with changing solute concentration, therefore a time-dependent evaluation of evaporation rate 

must be made. Such an approach, although more complex, does allow the agreement between 

the simulations and experiments to be explored in more detail. The simulated and measured 

evolution of the evaporation rate, as calculated in Equation 5-7, are compared in Figure 5-12a 

and have been plotted against time normalised by initial radius squared for direct comparison. 

Experimental and simulated evaporation rates can be seen to exhibit general agreement, both 
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in absolute values and in temporal evolution, across a broad range of environmental conditions, 

despite some noise in the experimental data, associated with the variation in stroboscopic FDC 

measurements. As expected, dryer conditions are characterised by higher initial evaporation 

rates, followed by sharper reductions as the drying is completed more rapidly when compared 

to more humid experimental conditions.  

 

An advantage of accurate model simulations, like those presented in this work, is the ability to 

calculate time dependent physical properties. For example, the evolving Péclet number, Pé, 

can be calculated over the course of the experiment from the droplet evaporation rate, κ, and 

the internal solute diffusion (in this case NaCl), DNaCl, both of which are functions of droplet 

temperature and composition, as shown in Equation 5-9.  

 

When DNaCl is much larger than κ then Pé << 1 and a droplet maintains compositional 

homogeneity. However, when the evaporation rate dominates, Pe >> 1 and surface enrichment 

occurs and the assumption of homogeneity in the model is no longer valid. Surface enrichment 

has a positive feedback effect; increases in the solute concentration and viscosity near the 

droplet surface leads to further reduction in DNaCl at the surface and further surface enrichment. 

The temperature dependence of DNaCl and MFS are calculated from literature values.124,372 

Figure 5-12a, 12b and 12c show the simulated κ, DNaCl and Pé values, respectively, for droplet 

evaporation measurements described above in Table 5-3. 

 

The degree to which the model deviates from reality will be determined by the level of surface 

enrichment that occurs. When Pé >> 1, this is significant, but surface enrichment may even 

occur in systems that exhibit an initial Péclet number of less than 0.1.33 The Péclet number 

presented in Figure 5-12c is based on the assumption that droplets are homogenous, which is 

likely not the case. As with other dimensionless numbers, the Péclet number provides insightful 

descriptions in extreme cases, but close to 1 the system may be considered in a transition 

regime. The Péclet number does however still inform understanding of final particle 

 
𝑃é =

𝜅(𝑇𝑑𝑟𝑜𝑝, 𝑀𝐹𝑆𝑁𝑎𝐶𝑙)

8𝐷𝑁𝑎𝐶𝑙(𝑇𝑑𝑟𝑜𝑝, 𝑀𝐹𝑆𝑁𝑎𝐶𝑙, 𝑟)
 

(5-9) 
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morphologies as the level of surface enrichment impacts the particle formation process and 

resulting morphology. 

 

Figure 5-12. Properties of evaporating NaCl solution droplets simulated using SADKAT. (a) Evaporation rate and 

comparison with measured values (points with shaded error envelope). (b) Diffusion constant calculated as a 

function of droplet temperature and concentration. (c) Péclet number calculated using Equation 9 based on the 

values in panels (a) and (b). 
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5.9. Relating Drying Rate to Final Particle Morphology 

The morphology of the final dried particles generated from the FDC can be directly related to 

the drying process and Péclet number. Figure 5-13 shows SEM images of the dry particles 

collected from the FDC measurements described above. The particles exhibit the same trends 

shown by Hardy et al., with fast drying droplets resulting in crusts comprising of higher 

numbers ( ~ 10) of smaller ( 5 µm diameter) crystals and particles formed from slower drying 

made of a smaller number of crystals which are larger.284 In the case of droplets drying close 

to the efflorescence RH (35 % and 40 % RH), droplets produce a single large (~ 15 µm 

diameter) crystal. Between these extremes in RH a more diverse range of morphologies is 

observed, which may be due to the stochastic nature of particle nucleation and the window of 

crystallisation that broadens with decreased evaporation rate.181,284 

 

The relationship between final morphology and drying rate can be related to the evolution of 

Pé and appears to be governed by the interplay between surface enrichment, nucleation rate 

and crystal growth rates. Nucleation rates scale dramatically with solution supersaturation.350 

Experiments at low RH values produce high evaporation rates where surface enrichment is 

significant and the nucleation rate will increase significantly at the surface. In such cases, the 

likelihood of multiple nucleation events occurring within a very short time (effectively 

simultaneously) is high. These crystals grow at the receding droplet surface until they make 

contact with each other, locking the surface structure and leaving the solvent to evaporate 

around them from within the particle structure. Experiments that exhibit lower evaporation 

rates produce less surface enrichment, meaning the surface saturation of salt is much lower 

with a correspondingly lower nucleation rate. With a lower nucleation rate the probability that 

multiple nucleation events will occur at the same time is small, allowing the first nucleation 

site to grow into a crystal. As the first crystal grows, there will be a reduction in the 

concentration of the solution, further reducing the likelihood of other nucleation events. It is 

proposed that this competition could scale with evaporation rates higher than those in this work 

to a crust formation when very many crystals may nucleate but do not have time to gain a well-

defined shape prior to the surface locking. Comparison between the dry particle morphologies 

shown in Figure 5-13 and the calculated evolution of Pé in Figure 5-12c indeed show the 

expected trend. The lowest RH (highest Pé) particles exhibit multi-crystal morphologies, with 
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a structure defined by crystals of varying size arranged in a spherical shell, such as those seen 

in Figure 5-13a. Higher RH (lower Pé) particles exhibit fewer crystals per particle, to the 

extreme point of a single crystal particle as shown in Figure 5-13f. 

 

Figure 5-13. SEM images of NaCl particles formed through drying in the FDC at 294 K and varying RH values: 

(a) 0 %, (b) 5 %, (c) 10 %, (d) 20 %, (e) 30 % and (f) 40 %. 
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5.10. Conclusion 

This work has presented an updated single droplet coupled evaporation/condensation and 

transport model and compared it against the most accurate single droplet evaporation 

measurements available. In this chapter it has been demonstrated that the model captures the 

evaporative behaviour observed in measurements of both ‘stationary’ droplets and falling 

droplets. In particular, the model accurately simulates droplet evaporation and transport 

mechanisms and is capable of evaluating droplet temperature suppression. The sensitivity of 

the model to uncertainties in input values, such as environmental RH, and important 

parameterisation, such as water activity in solution, have been compared against experimental 

results. It is shown that the parameterisation used and the initial values used resulted in 

simulations that matched measured evaporation and droplet transport well, with only vertical 

position over time deviating from experiments which is attributed to a systematic uncertainty 

in the experimental gas flow speed used. 

 

It is noted that the predicted final size of droplets, ignoring crystallisation, is similar the 

measured geometric size of final crystalline particles of NaCl. The exact mechanism that 

determines crystallisation behaviour appears to include a competition between multiple factors 

and the similarity between simulations and measurements is not understood to be due to a 

physical similarity 

 

Further work is required to simulate a wider range of systems and understand the impact of the 

assumed homogeneity within the model in more detail. The integration of radially resolved 

droplet composition models would be a significant step towards a full description of droplet 

behaviour. Indeed, the model is not capable of representing systems with colloidal inclusions 

and future work will be focussed on addressing this, widening the industrial applicability of 

model implementations such as this 
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Chapter 6  

Evaporation and Crystallisation in 

Aqueous Inorganic Salt Solution Droplets 

6.1. Chapter Context 

This chapter presents measurements on droplets consisting of various inorganic salt solutions. 

The aim of these measurements is to relate the initial properties of solution droplets to the 

morphology of final particles formed and their aerodynamic diameter. Inorganic salts were 

used as solutes as they offer a way to modify solution properties without forming complex 

mixtures; each salt forms a binary solution which may be parameterised as described in chapter 

2. It is intended that the relationships established between solution properties and droplet 

drying behaviour for simple solutions may be applied to more complex and industrially relevant 

systems. The final section of this chapter is devoted to a set of experiments which were 

performed using an electrodynamic balance (described in Chapter 3) in conjunction with the 

FDC. The aim of these experiments was to modify the morphology of particles by doping initial 

solutions with small amounts substances other than the primary solute. For such experiments, 

sodium chloride was used as a solute, being the most thoroughly investigated inorganic salt 

within this thesis, there is the most data for comparison and analysis.  

 

6.2. Particles Formed from the Drying of Inorganic Salt 

Solution Droplets 

In this section, the results from experiments measuring the evaporation of inorganic salt 

solution are presented. Solutions were prepared using an MFS of 0.05 and measurements were 

performed using the FDC at an ambient temperature of 295K and in dry conditions (0 % < RH 

< 5 %). Inorganic salts of alkali metals were used, as a series of materials so that the properties 
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of the solutions investigated may be modified without significantly increasing solution 

complexity. A small number of other compounds or compositions were used to probe specific 

effects and properties. Solutions measured for comparison were sodium chloride, potassium 

chloride, sodium iodide, potassium iodide, lithium nitrate, sodium nitrate, potassium nitrate, 

rubidium nitrate, sodium sulphate, potassium nitrate, and magnesium nitrate. Such compounds 

bare relevance to materials found in the nuclear industry, particularly caesium, with 

understanding of compounds including group 1 metals to be applied to nuclear safety 

scenarios.373 

 

In addition to measurement of droplet evaporation and morphology, simulation of droplet 

properties was performed using the model described in Chapter 5, implemented using the 

SADKAT implementation.  

 

The results in the following section are presented in a standard format, with little commentary 

on individual results. A more significant discussion of results is presented later, in section 6.2.6, 

where results are compared. The format of reported results is consistent and is as follows: 

• Graphical and tabular representations of parameterisations of water activity and 

solution density used in simulations. 

• Tabulated initial conditions extracted from FDC data and used as inputs to simulations. 

• Comparison of measured and simulated geometric radius. 

• Comparison of measured and simulated aerodynamic radius. 

• SEM images of particles collected from FDC experiments. 

• Image analysis using the approaches described in Chapeter 3. 

• Any additional morphological analyses. 

 

Water activity is parameterised with respect to MFS using a polynomial, constrained to pass 

through 1 at MFS = 0. Solution density is parameterised using a polynomial fit, of at least third 

order, with respect to the square root of MFS as described by Cai et al.296 The fits are then 

presented across the MFS domain, not the MFS1/2 domain. The details of this process are 

described in Chapter 5. The polynomials used follow the form presented in Equation 6-1, with 

the coefficients, Ci, reported up to Cn, the order of the polynomial fit used.  

 



Evaporation and Crystallisation in Aqueous Inorganic 

Salt Solution Droplets  

162 

 𝑓(𝑥) = 𝐶0 + 𝐶1𝑥 + 𝐶2𝑥2 + ⋯ + 𝐶𝑛𝑥𝑛 (6-1) 

 

In the following series of results, data from early in the droplet lifetime (defined here as time, 

t < 0.025 s) is excluded. During the initial period after droplet generation in the FDC, both the 

geometric and aerodynamic sizes exhibit large changes due to effects such as image blurring 

and the particle relaxing to its terminal settling velocity. Such effects have been discussed 

elsewhere in this thesis. This chapter presents a validation of the SADKAT model 

implementation for a range of inorganic salts and a sampling of the associated morphologies. 

Radial evolutions are presented in the form R2/R0
2, where R0 is defined as the radius at the 

earliest time point after the threshold described above. In all plots the time axis is also 

normalised with respect to R0
2 to allow direct visual comparison of evaporation rates and to 

remove initial-size-dependent effects. Throughout this chapter, evaporation rates are calculated 

from the geometric radius measurements. Even if the overall change in radius can be seen to 

be consistent, noise in radius measurements can result in calculated evaporation rates exhibiting 

a very large amount of noise. To counteract this, evaporation rates are calculated using the 

gradient of a rolling-five-point linear fit to R2 data. 

 

The density values calculated from FDC measurements in this chapter are an effective density, 

calculated by comparison of da
2 to dv

2, resulting in the ratio of the density and the dynamic 

shape factor, ρ / χ. SEM images of resulting dried particles are presented and a time-resolve 

image analysis, based on the methods presented in Chapter 3, which enables the evaporative 

and aerodynamic evolutions to be related to the morphological transitions that occur in drying 

droplets and particles. The image parameters used for comparison are sphericity, Feret aspect 

ratio as these showed most sensitivity to morphological change and image density as this 

provided an independent (statistically uncorrelated) description of particle phase. In each figure 

presenting the image analysis the raw data is displayed alongside a mean value with uncertainty 

marked as the standard deviation in the mean, both of which are smoothed using a five-point 

rolling average. 

 

After each salt solution has been described a comparison of solution properties and final 

morphologies is made.  
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6.2.1. Alkali Metal Chlorides 

Sodium chloride has been investigated at length in the previous chapters of this thesis. With an 

understanding of the mechanisms that dominate sodium chloride particle morphology, the 

evaporation of potassium chloride solution droplets was also measured and resulting 

morphology collected. 

6.2.1.1. Sodium Chloride 

The E-AIM model was used to acquire the activity of water in sodium chloride solution and 

the density of the solution.211,370 Figure 6-1 presents the reference solution properties and 

polynomial fits achieved. Table 6-1 reports the coefficients of the fits shown in Figure 6-1. 

 

Figure 6-1. (a) Water activity and (b) solution density over MFS for sodium chloride solution. Blue datapoints are 

calculated using the E-AIM model and fitted functions are represented by a red line.211,370,374 

 C0 C1 C2 C3 C4 C5 C6 C7 

aw 1 -0.477 -2.998 19.289 -93.887 186.594 -158.044 48.523 

Density 997.711 -3.165 443.730 1252.100 -1929.193 1387.975 - - 

Table 6-1. Polynomial coefficients used to describe the activity of water in aqueous sodium chloride solution with 

respect to MFS and the solution density with respect to MFS1/2. 

Figure 6-2 presents the evaporation of sodium chloride droplets. Simulations were performed 

using the initial values shown in Table 6-2, which were extracted from FDC measurements in 

using the same method as described in Chapter 5. The difference in evaporation rate between 

the simulation and experiment is approximately 15 %, with the simulation reporting faster 
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evaporation. The time at which evaporation dramatically reduces is similar for experiment and 

simulation though the exact form of this differs.  

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

18.5 2.483 -0.014 0.007 2.5 295 

Table 6-2. Initial values extracted from the FDC used for the simulation of the evaporation of sodium chloride 

droplets. 

The evolution in aerodynamic radius for evaporating sodium chloride droplets is presented in 

Figure 6-3(a) and the evolution of particle density is shown in Figure 6-3(b).  

 

Figure 6-2. (a) The evolution of geometric radius and (b) evaporation rate of evaporating sodium chloride droplets. 

Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) and 

simulations are marked with a red line. 
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Figure 6-3. (a) The evolution of aerodynamic radius and (b) particle density of evaporating sodium chloride 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line.  

As discussed in previous chapters, surface enrichment may occur during droplet drying – 

especially in the case of rapid drying. The morphologies formed from droplet drying are shown 

in Figure 6-4 and show particles formed from an assembly of small cubes. Such morphologies 

are characteristic of surface enriched droplets, where nucleation occurs near the droplet surface 

and crystals are brought together by the receding surface or grow until they make contact with 

each other. Crystals are bound by the droplet surface when forming and subsequently 

approximate a sphere. After the solvent is completely evaporated, the size of the droplet at the 

time of surface locking by crystal contact is preserved, leaving a hollow particle. The hollow 

nature of the particle correlates with the reduced density measured with the FDC as water is 

lost after crystallisation between 0.003 and 0.005 s.µm-2. 
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Figure 6-4. SEM images of sodium chloride particles formed from aqueous solution droplets drying in ~ 0 % RH 

at 295 K.  

The order of the solidification process above is reflected in the image analysis presented in 

Figure 6-5. Image density increases at approximately 0.003 s.µm-2, corresponding to the change 

in the light scattering properties of the particles upon crystallisation. Particle sphericity and 

aspect ratio is seen to decrease in a similar timeframe, but with a slight delay. This delay may 

be representative of the period during which nucleation has occurred, but water has not yet 

receded from the particle surface to expose the crystal. Consequently, the rounded shape may 

remain despite crystallisation. 
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Figure 6-5. Image properties of sodium chloride droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 

6.2.1.2. Potassium Chloride 

The activity of water in potassium chloride solution was calculated using the AIOMFAC 

model.202,204 The density of aqueous potassium chloride solution over MFS was acquired from 

the CRC Handbook of Chemistry and Physics.375 Figure 6-6 presents the reference data and 

the polynomial fits made, with the coefficients of the fits reported in Table 6-3. 
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Figure 6-6. (a) Water activity and (b) solution density over MFS for potassium chloride solution. Water activity 

was calculated using the AIOMFAC model, density measurements are acquired from the CRC Handbook of 

chemistry and Physics.202,204,375 Reference data points are marked with blue dots and fitted functions are 

represented by a red line. 
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Table 6-3. Polynomial coefficients used to describe the activity of water in aqueous potassium chloride solution 

with respect to MFS and the solution density with respect to MFS1/2. 

The evolutions of geometric size and evaporation rate of evaporating potassium chloride 

solution droplets are presented in Figure 6-7, measured using the FDC and simulated using the 

initial parameters from Table 6-4.  

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

18.7 2.937 0.340 0.005 2.5 295 

Table 6-4. Initial values extracted from the FDC used for the simulation of the evaporation of potassium chloride 

droplets. 
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Figure 6-7. (a) The evolution of geometric radius and (b) evaporation rate of evaporating potassium chloride 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 

The simulation is shown to represent the average evaporation rate well, with particular 

agreement in the period where evaporation terminates, though it is important to note that in 

FDC measurements this period also included crystallisation, but simulations represent solution 

characteristics only. 

 

A comparison of measured and simulated aerodynamic radial evolution is shown in Figure 6-

8(a). Figure 6-8(b) presents the extracted effective density from FDC measurements and the 

calculated density from simulations. Both simulations and measurements report a concurrent 

increase in density over time, deviating only late in the evaporative lifetime. This deviation is 

indicative of crystallisation: when crystallisation occurs the geometric size is locked, but 

solvent loss may continue, resulting in reduced particle density (compared to a solution droplet 

that would continue decrease in size and increase in density). Furthermore, upon crystallisation, 

the shape factor may become greater than unity and reduce the effective density of the particle. 
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Figure 6-8. (a) The evolution of aerodynamic radius and (b) particle density of evaporating potassium chloride 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

Figure 6-9 presents SEM images of the potassium chloride particles produced through the 

evaporation of droplets in the measurements above. Particles are shown to have generally 

reproducible shapes (Figure 6-9(a)) but with each particle having a unique microscopic 

structure. Typically, particles appear to be formed of two halves. The first half has a relatively 

smooth outer face approximating a hemisphere. The cross section of this first half appears to 

be radially symmetric about an axis which is perpendicular to the plane separating the halves 

of the particle with the particle having a slightly pointed appearance at one extreme of this axis. 

With an unbroken surface, this section appears to be a dense crystal with no visible hollow 

sections. The other half of the particle is less dense, formed from three-dimensional strips of 

crystalline material that appear to be determined by the underlying crystal structure and 

interspaced by voids. The second section also approximates a hemisphere, being joined to the 

first half at the particle centre, with a gap between the two halves along the dividing 

circumference. 
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Figure 6-9. SEM images of potassium chloride particles formed from aqueous solution droplets drying in ~ 0 % 

RH at 295 K.  

The formation of such particles is understood to follow a similar mechanism to that of sodium 

chloride particles described in Chapter 4. Nucleation appears to be isotropic, occurring at the 

droplet surface, but with no particular angular dependency, as demonstrated in Figure 6-10. 

Particles were observed to form and fall with no angular alignment. Particle morphology did 

not appear to result in an aerodynamically preferred particle orientation, though extended 

observation of post crystallisation trajectories would be required to confirm this. 

 

Figure 6-10. Sample images from the FDC of evaporating potassium chloride droplets at various times throughout 

drying. All images are at the same scale, indicated with the initial image. 
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The sample images of droplets presented in Figure 6-10 reveal that droplets appear spherical 

and homogeneous at 0.0026 s µm-2, but many exhibit protrusions at a certain point by 0.0027 

s µm-2. Indeed, the image analysis shown in Figure 6-11 reveals that a slight reduction in 

particle sphericity is measured around 0.0025 s.µm-2 followed by a further reduction in 

sphericity and an increase in image density at approximately 0.003 s.µm-2. 

 

 

Figure 6-11. Image properties of potassium chloride droplets throughout drying and particle formation. A five-

point rolling average of mean values is marked with a line and shaded region indicated standard deviation in the 

mean. 

In the case of sodium chloride solution droplets, the droplet surface appeared to constrain the 

morphology of the crystalline particle. In contrast, potassium chloride solution droplets appear 

to behave differently, with the crystal being partially engulfed in the droplet and not constrained 

by the liquid surface. The reason for this difference in behaviour may be a result of the solution 

properties, or the solid properties, or a combination. 

 

The surface tension of immiscible aerosol components can define the particle morphology.376 

In particular, interfacial energy between phases determines the preferred morphology, 

controlling the amount to which a component spreads on another.377 In the case of crystallising 
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inorganic salts, existing models are not fully valid as one of the phases involved is a solid, 

which is not able to spread, with the others being a saturated solution and the gaseous phase.  

 

The surface tension (solution-air interfacial energy) of sodium chloride solutions is higher than 

that of potassium chloride solutions.378 The interfacial energies of the three possible interfaces 

in the particle, sourced from the literature or calculated from the contact angle using Young’s 

equation, are given in Table 6-5. Spreading coefficients, Si, were calculated from the surface 

energies using the method described by Kwamena et al. and are also presented in Table 6-5.377 

For immiscible liquid phases Kwamena et al. relate spreading values to morphologies as 

follows: S2 < 0 & S3 < 0: partial engulfing, S2 > 0 & S3 < 0: full engulfing, and S2 < 0 & S3 > 0: 

non-engulfing.377 The calculated values predict partial engulfing for potassium chloride and 

water, however they also predict this for sodium chloride and water but this is not observed. 

As describe above, the solid nature of one phase reduces the validity of this assessment. 

Furthermore, the drying droplet is not necessarily in equilibrium and so a thermodynamic 

assessment alone is unlikely to fully describe the evolving morphology. 

Solute 
σsolid,air / 

mJ.m-2 

σsolid,liquid / 

mJ.m-2 

σliquid,air / 

mJ.m-2 
S1 S2 S3 

NaCl379 114.0 63.0 82.0 -0.095 -0.095 -0.133 

KCl380,381 252.0 176.0 76.6 -0.001 -0.351 -0.153 

Table 6-5. Surface energies of possible interfaces in a particle containing a solid salt phase and a saturated salt 

solution in air. References used for surface energy calculation are indicated in the solute column. Spreading values 

are calculated as recommended by Kwamena et al.377 

Given that it is not clear from the surface energies alone why sodium chloride and potassium 

chloride exhibit different behaviour, consideration is given to reasons this assessment fails and 

alternative explanations. The values above may not be fully representative of the particle 

interfaces as they correspond to a saturated salt solution and, at least at the time of nucleation, 

parts of the solution are supersaturated. Molecular dynamics simulations of salt solution – salt 

interactions have shown that the surface energy of solid potassium chloride with its aqueous 

phase increases more steeply with solution concentration than that of sodium chloride. It is 

possible therefore, that the thermodynamic driving factor to minimise the total surface energy 

is larger than estimated using the values in Table 6-5. 
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Contact angle measurements of sodium chloride and potassium chloride solids with aqueous 

solutions  demonstrate that the salts have different wetting properties. Indeed, complete wetting 

occurs for sodium chloride and its solution, so no contact angle can be measured, but potassium 

chloride and its solution produce a nonzero contact angle.382 Salts can act to enhance or disrupt 

structured hydrogen bonding in the surrounding water molecules, and consequently, are 

classified as structure making or structure breaking salts, respectively.381 Sodium chloride is a 

structure making salt. Potassium chloride is a structure breaking salt and as such water 

molecules are weakly bound to the solid surface, enabling the separation of salt and solution. 

It may be this characteristic of potassium chloride that enables crystal to protrude upon 

nucleation, while sodium chloride crystals remain completely wet and do not interrupt the 

droplet surface. 

6.2.2. Alkali Metal Iodides 

In addition to using different cations, the evaporation and particle formation from alkali metal 

iodide solution droplets was investigated. The alkali metal halides used in this thesis all share 

the same crystal structure, so differences in particle morphology are understood to be due to 

differences in evaporation and particle formation processes.383 

6.2.2.1. Sodium Iodide 

The activity of water in solution with sodium iodide was calculated using the AIOMFAC model 

and the density of aqueous sodium iodide solution across different mass fractions was 

calculated according to the equation given by Bai and Katz.202,204,384 The reference data and 

polynomial fits achieved are shown in Figure 6-12 and the coefficients of the polynomial 

functions are reported in Table 6-6. 
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Figure 6-12. (a) Water activity calculated using the AIOMFAC model and (b) solution density calculated as 

recommended by Bai and Katz over MFS for sodium iodide solution.202,204,384 Blue datapoints are reference data 

and fitted functions are represented by a red line. 

 C0 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 

aw 1
 

-0
.2

4
1
 

0
.0

0
1
 

-1
.3

6
9
 

-4
6

.5
9

0
 

2
5
9

.3
2

4
 

-5
5
3

.3
7
9
 

1
2
0

.6
2

5
 

-2
4
9

.2
3
2
 

9
5
0
1

.8
8
9
 

-3
4
0

8
5

.5
1

5
 

5
6
4
2

9
.3

5
0
 

-5
0
4

8
2

.5
1

3
 

2
3
6
9

3
.6

8
8
 

-4
5
8

9
.7

7
5
 

Density 

9
9
2

.7
0

4
 

1
1
9

.9
7

5
 

3
0
8

.3
3

0
 

9
9
7

.0
6

5
 

- - - - - - - - - - - 
Table 6-6. Polynomial coefficients used to describe the activity of water in aqueous sodium iodide solution with 

respect to MFS and the solution density with respect to MFS1/2. 

The initial parameters extracted from FDC measurements and used for the simulation of 

sodium iodide droplets are given in Table 6-7. 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

18.2 1.466 0.092 0.010 2.5 295 

Table 6-7. Initial values extracted from the FDC used for the simulation of the evaporation of sodium iodide 

droplets. 

The simulated and measured evaporative behaviour of sodium iodide solution droplets is 

shown in Figure 6-13. Despite a large amount variance in calculated evaporation rate, due to 

random error in the FDC measurements of geometric radius, the average evaporation rate aligns 

with the simulated value. Figure 6-14. presents the measured and simulated change in 

aerodynamic radius and the evolution of particle density. The point at which the two 
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evaluations of density deviate from each other indicates the point of particle solidification; 

when the external structure of the particle changes from a smooth droplet to an irregular 

particle, corresponding to the time at which the evaporation rate is observed to start decreasing. 

In the period while particles are liquid droplets the two methods of evaluating density remain 

in agreement. 

 

 

Figure 6-13. (a) The evolution of geometric radius and (b) evaporation rate of evaporating sodium iodide droplets. 

Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) and 

simulations are marked with a red line. 

 

Figure 6-14. (a) The evolution of aerodynamic radius and (b) particle density of evaporating sodium iodide 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 
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Some sodium iodide particles collected from the experiments in the FDC recrystallised on the 

collection slide at the bottom of the FDC. It is understood that ambient moisture from the 

atmosphere is absorbed by the particle to the point deliquescence occurs, drying of the sample 

for SEM imaging induces a second drying and crystallisation process, this time involving 

sessile droplets. Recrystallised sample is shown in Figure 6-15(a). A small number of isolated 

particles were observed on the collection slide and are presented in Figure 6-15(b). Insufficient 

particles were observed for a general characterisation of particle morphologies, but those 

observed approximate a sphere and are comprised of multiple sections. No clear point of initial 

nucleation is evident from particle morphology. Particles exhibit a microscopic texture, 

consisting of a platelet-like sections showing grains, presumed to be defined by the 

underpinning crystal structure. 

 

Figure 6-15. SEM images of sodium iodide particles formed from aqueous solution droplets drying in ~ 0 % RH 

at 295 K.  

Further understanding of the particle morphology may be gained from Figure 6-16, droplets 

exhibit a drop in sphericity and aspect ratio, followed quickly by an increase in image density, 

corresponding increased light scattering or absorption, at approximately 0.003 s.µm-2 in Figure 

6-16. This coupled change suggests crystallisation starts, water recedes from around the solid 

structure and leaves a particle which does not scatter light like a homogeneous droplet. Particles 

exhibit sphericity and aspect ratio values typically larger than 0.85, corresponding to irregular, 

but generally rounded morphologies. 
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Figure 6-16. Image properties of sodium iodide droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 

6.2.2.2. Potassium Iodide 

The density of potassium iodide solution at various MFS values was acquired from the CRC 

Handbook of Chemistry and Physics and the activity of water in potassium iodide solution was 

calculated using the AIOMFAC model.202,204,375 Figure 6-17 presents the reference data 

acquired and the polynomial fits achieved, with the fit coefficients reported in Table 6-8. 
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Figure 6-17. (a) Water activity calculated using the AIOMFAC model and (b) solution density data over MFS 

from the CRC Handbook of Chemistry and Physics for potassium iodide solution.202,204,375 Blue datapoints are 

reference data and fitted functions are represented by a red line. 
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Table 6-8. Polynomial coefficients used to describe the activity of water in aqueous potassium iodide solution 

with respect to MFS and the solution density with respect to MFS1/2. 

Simulation of the evaporation of potassium iodide solution droplets was performed using the 

initial parameters given in Table 6-9. 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

18.6 1.513 0.123 0.008 2.5 295 

Table 6-9. Initial values extracted from the FDC used for the simulation of the evaporation of potassium iodide 

droplets. 

FDC measurement and simulation of the evolution of geometric radius and evaporation rate 

are presented in Figure 6-18. The simulated evaporation and average measured evaporation 

rate are in agreement for the period of solvent evaporation. While the measured and simulated 

time of evaporation termination is in close agreement, the two may be caused by different 

mechanisms. The simulation – which does no account for solidification processes – describes 



Evaporation and Crystallisation in Aqueous Inorganic 

Salt Solution Droplets  

180 

solution equilibration and the measurements include particle solidification which is shown in 

subsequent figures. The measurement exhibits increased noise at the period where evaporation 

slows considered to be due to crystallisation. While there is a clear reduction in measured 

evaporation rate at this point, it is hard to resolve a level of agreement with the simulation. 

 

Figure 6-18. (a) The evolution of geometric radius and (b) evaporation rate of evaporating potassium iodide 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 

The measured and simulated aerodynamic radius is presented in Figure 6-19(a). The measured 

aerodynamic diameter is seen to be at least 10 % smaller than the simulated value. In Chapter 

4, the inaccuracy in the gas flow within the FDC was discussed. The systematic discrepancy 

between the simulated and measured aerodynamic size is understood to be due to the 

inaccuracy in the gas flow speed within the FDC. Insertion of a DoD dispenser into the side of 

the FDC enables an unquantified amount of gas to escape. This amount can vary between 

experiments and is understood to be a dominant source of error in Figure 6-19. Reduced 

aerodynamic size is shown to result in a reduced calculated effective density in Figure 6-19(b), 

where the measured value is consistently lower than the simulated value. Despite the systematic 

error, the trends in the two evaluations of density appear to be in agreement until, as with other 

systems, solidification interrupts the solution behaviour and changes the particle aerodynamics. 
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Figure 6-19. (a) The evolution of aerodynamic radius and (b) particle density of evaporating potassium iodide 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

Final particle morphologies produced through the drying of potassium iodide droplets are 

presented Figure 6-20. Particles appear to exhibit one of two distinct morphologies: either a 

particle that is approximately rectangular in appearance, with one or more rounded corners and 

a hole in the visible face near to the most rounded corner and a very smooth surface, or a 

particle that is approximately spherical, comprised of multiple sections of crystalline material. 

The former of these morphologies appears to be a single crystal, indicative of a single 

nucleation event leading the formation of the final particle. The second type of particles exhibit 

a variety of shapes, with different amounts of segmentation, suggesting that more than one 

nucleation event may have occurred, causing crystal growth around the edge of the droplet. 

This may preserve the spherical shape of the droplet and simultaneously lead to the strips of 

material that appear crystalline in nature. It is noted that some particles have sections showing 

a fourfold symmetry where a ‘four-legged’ structure may appear. Such a structure is also 

observed in some sodium chloride particles and is therefore understood to be an emergent 

phenomenon, caused by the underlying crystal structure, though a mechanism of formation is 

not known. 
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Figure 6-20. SEM images of potassium iodide particles formed from aqueous solution droplets drying in ~ 0 % 

RH at 295 K.  

The variety of morphologies formed is reflected in the image analysis shown in Figure 6-21 

and bright-field images presented in Figure 6-22. Image density is seen to increase rapidly, 

indicating the loss of water from the particle. Prior to this change, a loss of sphericity and a 

reduction in the average aspect ratio of particles is observed. The order of these changes 

suggests, as with other results, that the particle shape is initially changed due to crystal 

formation with light scattering changes shortly after this as water completes evaporation from 

around a solid particle. The large standard deviation in the average sphericity and aspect ratio 

is a reflection of the range of morphologies formed The rapid change in droplet appearance 

corresponding to the sharp increase in image density can be seen in Figure 6-22 between 0.0027 

s.µm-2 and 0.0029 s.µm-2. 
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Figure 6-21. Image properties of potassium iodide droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 

Breaks in the uncertainty envelope are caused by measurements comprised of a single in-focus image resulting in 

a absence of a calculated standard deviation. The break is propagated though the rolling average to other 

measurement points. 
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Figure 6-22. Sample images from the FDC of evaporating potassium iodide droplets at various times throughout 

drying. All images are at the same scale, indicated with the initial image. 

The variety of particle shapes relate to a wider distribution in aerodynamic diameter than would 

be observed for identical morphologies. The increased statistical uncertainty in particle 

sphericity, Feret aspect ratio, and aerodynamic diameter upon solidification are consequences 

of the distribution of morphologies. 

6.2.3. Alkali Metal Nitrates 

Further experiments were performed using solutions of alkali metal nitrates, MNO3, where M 

= Li, Na, K, Rb. Such compounds exhibit a larger variety of crystal structures than alkali 

halides and so morphologies determined by emergent crystal structure properties may be less 

likely and harder to identify qualitatively.385,386 

6.2.3.1. Lithium Nitrate 

The activity of water in lithium nitrate solution was calculated using the AIOMFAC model and 

the density of lithium nitrate solution at various MFS values was acquired from Campbell et 

al.202,204,387 Figure 6-23 presents the reference data acquired and the polynomial fits achieved, 

with the fit coefficients reported in Table 6-10.. 
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Figure 6-23. (a) Water activity calculated using the AIOMFAC model and (b) solution density data over MFS 

from the Campbell et al. for lithium nitrate solution.202,204,387 Blue datapoints are reference data and fitted functions 

are represented by a red line. 
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Table 6-10. Polynomial coefficients used to describe the activity of water in aqueous lithium nitrate solution with 

respect to MFS and the solution density with respect to MFS1/2. 

The evaporation of lithium nitrate droplets was measured using the FDC and simulated, using 

the initial parameters extracted from the FDC measurements reported in Table 6-11. 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

19.5 0.993 0.037 0.007 2.5 295 

Table 6-11. Initial values extracted from the FDC used for the simulation of the evaporation of lithium nitrate 

droplets. 

The FDC data and simulation results for the evaporative behaviour of lithium nitrate solution 

droplets are shown in Figure 6-24. Crystallisation was not observed in the drying droplets but 

supersaturated droplets were formed and reached an equilibrium. The absence of solidification 

is discussed further below. It is noted that the equilibrium geometric size of the droplets is 
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represented well by the simulation and that there is agreement in the temporal evolution of the 

evaporation rate, despite significant noise in the FDC data early in the measurement. 

 

Figure 6-24. (a) The evolution of geometric radius and (b) evaporation rate of evaporating lithium nitrate droplets. 

Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) and 

simulations are marked with a red line. 

The evolution in aerodynamic size and particle density is presented in Figure 6-25. The 

simulation appears to overestimate the aerodynamic size, the density of droplets, and the 

reduction of aerodynamic size over time. However, the FDC data does include a larger amount 

of variation and uncertainty than some other experiments and so further experiments would be 

needed to confirm the level of inaccuracy. As crystallisation was not observed, no significant 

reduction in effective density or aerodynamic size is expected. 
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Figure 6-25. (a) The evolution of aerodynamic radius and (b) particle density of evaporating lithium nitrate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

Further confirmation of the lack of crystallisation in lithium nitrate is provided by SEM 

imaging of the collection slide which is shown in Figure 6-26. A crystalline material that has 

dried on the slide surface and is much larger in size than the droplet equilibrium size (~ 10 µm) 

is visible, indicating that solution droplets deposited on the slide, formed a pool and then 

crystallised on the slide during drying prior to SEM imaging. Additionally, the image analysis 

presented in Figure 6-26, shows no step change in the image properties, corresponding to 

droplets that scatter light consistently and remain spherical. 

 

Figure 6-26. SEM images of lithium nitrate deposits formed from aqueous solution droplets drying in ~ 0 % RH 

at 295 K. 
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Figure 6-27. Image properties of lithium nitrate droplets throughout drying. A five-point rolling average of mean 

values is marked with a line and shaded region indicated standard deviation in the mean. 

There is no efflorescence RH of aqueous lithium nitrate solution reported in the literature and 

previous studies have shown consistent behaviour using EDB measurements.347,388 The 

hygroscopicity of lithium nitrate (compared to other salts later in this chapter) means water is 

more likely to be retained within a droplet by lithium nitrate than other salts. Furthermore, 

lithium nitrate may exist in a hydrated solid form (LiNO3•3H2O), evidencing the nature of 

lithium nitrate to retain water. It may be possible that such a hydrated form is the lower limit 

for the amount of water in drying droplets at the temperature of the experiments performed 

(295 K). Further understanding and measurements upon crystallisation in lithium nitrate 

solutions would be required to identify the factor that precludes solidification in the 

measurements above. 

6.2.3.2. Sodium Nitrate 

The activity of water in solution with sodium nitrate and the solution density was calculated 

using the E-AIM model.211,374 The reference data and fitted polynomial functions are shown in 

Figure 6-28 with the coefficients of the fits provided in Table 6-12. 
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Figure 6-28. (a) Water activity and (b) solution density data over MFS calculated using the E-AIM model for 

sodium nitrate solution.211,374 Blue datapoints are reference data and fitted functions are represented by a red line. 
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Table 6-12. Polynomial coefficients used to describe the activity of water in aqueous sodium nitrate solution with 

respect to MFS and the solution density with respect to MFS1/2. 

The parameterisations of the solution properties above and the initial parameters given in Table 

6-13, which were extracted from FDC measurements, were used for the simulation of drying 

sodium nitrate droplets. 

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

22.9 1.119 0.023 0.005 2.5 295 

Table 6-13. Initial values extracted from the FDC used for the simulation of the evaporation of sodium nitrate 

droplets. 

The simulation results are compared to FDC measurements in Figures Figure 6-29 and Figure 

6-30. The FDC measurement of evaporation rate (Figure Figure 6-29(b)) has a large amount of 

noise but is generally within 15 % of the evaporation rate whilst particles remain a solution. 

The simulation shows reduced evaporation and equilibration at the same time as the geometric 
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radial evolution equilibrates due to solidification. The simulate density of solution droplets 

agrees closely with measured values until a point (approximately half way through the period 

where the solution evaporation rate is decreasing rapidly) where the measured effective density 

deviates from the simulated solution density. After this point, the density of the particles is 

relatively stable, reducing only slightly over time. 

 

Figure 6-29. (a) The evolution of geometric radius and (b) evaporation rate of evaporating sodium nitrate droplets. 

Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) and 

simulations are marked with a red line. 

 

Figure 6-30. (a) The evolution of aerodynamic radius and (b) particle density of evaporating sodium nitrate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 
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SEM images of particles formed through the drying of sodium nitrate droplets are shown in 

Figure 6-31. Particles are generally round, exhibiting various deformations including wrinkles 

and holes. The holes appear as if they may have been formed by an expulsion from inside the 

droplet, though the majority of particles on the FDC collection slide appeared to have been 

formed from a liquid state on the slide surface. It is not possible to resolve from the images 

alone if this is due to a lack of crystallisation before deposition or recrystallisation prior to 

SEM. The more rounded nature of sodium nitrate particles, with a smooth surface and no clear 

nucleation location or crystal structure suggests that crystalline structures were less easily 

formed for sodium nitrate than for sodium chloride. This may be due to the extremely saturated 

conditions possible at the surface of an evaporating droplet, causing an almost spontaneous 

crystallisation process during which ions may not arrange into an ideal crystal structure at a 

large scale. At high saturations sodium nitrate has a lower diffusion coefficient than sodium 

chloride, meaning that surface enrichment will be more pronounced and that ions will move 

more slowly during crystallisation.34 These effects may combine to cause formation of an 

amorphous crust at the surface of the droplet, triggered by extreme saturations. 

 

Figure 6-31. SEM images of sodium nitrate particles formed from aqueous solution droplets drying in ~ 0 % RH 

at 295 K. 

The image analysis, presented in Figure 6-32, demonstrates that particles formed are spherical 

with only a small drop in average aspect ratio and sphericity accompanied by an increase in 

image density. The slight increase in image density, may be indicative of particles remaining 
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more homogenous in composition compared with other samples, such as potassium iodide, 

which show a clear change in light scattering behaviour. 

 

The lack of a clear single transition from liquid to solid states in sodium nitrate droplets may 

also be due to the stochastic nature of crystallisation. Sodium nitrate droplets have been shown 

to have a limited propensity to crystallise, with approximately 25 % of comparable droplets 

remaining liquid in the time range accessible using the FDC.347 Further analysis, for example 

a study of the light scattering of particles, would be required to resolve crystalline particles 

from liquid particles as a separation was not evident in the data collected in the experiments 

above. 

 

Figure 6-32. Image properties of sodium nitrate droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 

6.2.3.3. Potassium Nitrate 

Figure 6-33 presents the parameterisations of water activity and solution density for aqueous 

potassium nitrate solutions. Water activity was calculated using the AIOMFAC model and 

density measurements were acquired from the CRC Handbook of Chemistry and Physics. The 

polynomial fit coefficients calculated are reported in Table 6-14. 



Evaporation and Crystallisation in Aqueous Inorganic 

Salt Solution Droplets  

193 

 

Figure 6-33. (a) Water activity calculated using the AIOMFAC model and (b) solution density data over MFS 

from the CRC Handbook of Chemistry and Physics for potassium nitrate solution.202,204,375 Blue datapoints are 

reference data and fitted functions are represented by a red line. 
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Table 6-14. Polynomial coefficients used to describe the activity of water in aqueous potassium nitrate solution 

with respect to MFS and the solution density with respect to MFS1/2. 

Simulation of drying droplets was performed using the parameterisation above and the initial 

parameters listed in Table 6-15, extracted from experimental FDC measurements. 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

24.1 1.480 -0.006 0.007 2.5 295 

Table 6-15. Initial values extracted from the FDC used for the simulation of the evaporation of potassium nitrate 

droplets. 

Simulation results and FDC measurements of the evolution of geometric radius and 

evaporation rate are presented in Figure 6-34. As with other compounds presented so far, the 

simulated evaporation rate is seen to represent the experimental value well, with the period of 

saturation and equilibration coinciding with the point at which solidification occurs and the 

geometric size is locked. In such cases, the simulated geometric equilibrium size is 
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consequently close to the measured solid particle size, though this is not understood to be 

physically meaningful that the two sizes coincide. 

 

Figure 6-34. (a) The evolution of geometric radius and (b) evaporation rate of evaporating potassium nitrate 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 

The aerodynamic size and density evolution are presented in Figure 6-35. The simulated results 

show an initial increase in aerodynamic size, this is because the droplet velocity is still relaxing 

to the terminal velocity at the lower limit in time used to select data in this analysis. The initial 

increase in simulated aerodynamic radius induces a systematic error, but the temporal evolution 

is similar. The simulated and measured change in density over time demonstrate close 

agreement, showing a clear separation at approximately 0.003 s.µm-2, indicative of 

solidification. After this point, a reduction in effective density is shown, due to the loss of water 

from a particle of fixed geometric size. 
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Figure 6-35. (a) The evolution of aerodynamic radius and (b) particle density of evaporating potassium nitrate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

SEM images of particles formed through the drying of potassium nitrate droplets in the FDC 

measurements above are shown in Figure 6-36. A wide variety of particle morphologies is 

observed, which is coherent with the large statistical error in the calculated effective density. 

Particle morphologies include completely smooth, spherical particles, spherical particles with 

a slightly textured surface consisting of plate-like segments, rough, spherical particles with an 

external skeleton structure appearing to be defined by an underlying crystal structure, and some 

particles that appear tetrahedral and buckled, sometimes with a hole at one vertex. Such a 

variety of morphologies is indicative of a competition between a number of factors that may 

induce different morphologies. Such factors may include ion diffusion, which influences 

surface enrichment and controls the ability of ions to arrange into a crystal structure, the nature 

of any initial crust formed, either a complete amorphous crust or a porous external skeleton, 

and the number of nucleation sites that lead to particle solidification. 
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Figure 6-36. SEM images of potassium nitrate particles formed from aqueous solution droplets drying in ~ 0 % 

RH at 295 K. 

A marked change in the value and standard deviation of particle image properties is observed 

at the point of solidification, presented in Figure 6-37. The average sphericity of particles 

decreases prior to crystallisation, though an inspection of individual images did not reveal any 

particular morphological changes, and this may be an artifact of the bright-field imaging – 

where out of focus droplet images are not evenly captured. Image density increases sharply 

upon solidification accompanied by an increase in the standard deviation of particle sphericity. 

This concurrent transition indicates that at the point of solidification, a range of morphologies 

are formed, rather than particle deformation leading to the variety of morphologies observed. 
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Figure 6-37. Image properties of potassium nitrate droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 

6.2.3.4. Rubidium Nitrate 

Experimental EDB measurements of the activity of water in rubidium nitrate solution by 

Gregson were used as reference data for the fitting of a polynomial function which is shown in 

Figure 6-38.347 A parameterisation of the density of rubidium nitrate solution is also shown in 

Figure 6-38 and the polynomial coefficients of both fits are given in Table 6-16. 
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Figure 6-38. (a) Water activity calculated by Gregson and (b) solution density data over MFS from Roland for 

rubidium nitrate solution.347,389 Blue datapoints are reference data and fitted functions are represented by a red 

line. 

 C0 C1 C2 C3 C4 C5 

aw 1.000 -0.181 0.234 -2.080 5.418 -4.390 

Density 995.494 85.499 81.331 991.791 - - 

Table 6-16. Polynomial coefficients used to describe the activity of water in aqueous rubidium nitrate solution 

with respect to MFS and the solution density with respect to MFS1/2. 

FDC measurements of the temporal evolution of the geometric radius and evaporation rate of 

rubidium nitrate solution droplets are presented in Figure 6-1 alongside simulations of the same 

process, using the parameterisations above and the initial parameters given below, in Table 6-

17. 

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

18.1 2.454 -0.082 0.007 2.5 295 

Table 6-17. Initial values extracted from the FDC used for the simulation of the evaporation of rubidium nitrate 

droplets. 

The evaporative behaviour of rubidium nitrate droplets is shown to be well represented by the 

simulation, when considering the large amount of noise in the FDC measurements. The 

simulated evolution of aerodynamic size and particle density is also in close agreement with 

FDC measurements as shown in Figure 6-40. Particle solidification is indicated by the 

deviation in measured effective density from the simulated solution density at 0.003 s.µm-2. 
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After solidification the effective density of particles reduces, due to continued water 

evaporation. 

 

 

Figure 6-39. (a) The evolution of geometric radius and (b) evaporation rate of evaporating rubidium nitrate 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 

 

Figure 6-40. (a) The evolution of aerodynamic radius and (b) particle density of evaporating rubidium nitrate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

The reduction in effective density is entirely due to water loss as final particle morphologies 

are shown to be reproducibly spherical, as in Figure 6-41, with dynamic shape factors 

extremely close to 1. Particles present surfaces which are generally smooth, but with a varying 
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amount of gaps, sometimes appearing as porous shell with regular holes and sometimes as a 

smooth outer crust with large gaps only between sections of the surface. 

 

Figure 6-41. SEM images of rubidium nitrate particles formed from aqueous solution droplets drying in ~ 0 % 

RH at 295 K. 

Final particle morphology is confirmed to be both spherical and reproducible through analysis 

of images collected using the FDC; after solidification, particles show a relatively high average 

sphericity value of 0.9 or more with a narrow distribution (small standard deviation). An 

increase in the average image density is indicative of the time of solidification and solvent loss 

from the surface of the droplet. 
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Figure 6-42. Image properties of rubidium nitrate droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 

6.2.4. Alkali Metal Sulphates 

Further experiments were performed using sulphate salts of alkali metals, offering another set 

of solution properties, such as density, and solid properties, such as crystal structure.385 

6.2.4.1. Sodium Sulphate 

Reference data for the activity of water in solution with sodium nitrate and the solution density 

was calculated using the E-AIM model.211,374 Polynomial functions were fitted to the reference 

data and are shown in Figure 6-43 with the coefficients of the fits given in Table 6-18. 
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Figure 6-43. (a) Water activity and (b) solution density data over MFS calculated using the E-AIM model for 

sodium sulphate solution.211,374 Blue datapoints are reference data and fitted functions are represented by a red 

line. 
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Table 6-18. Polynomial coefficients used to describe the activity of water in aqueous sodium sulphate solution 

with respect to MFS and the solution density with respect to MFS1/2. 

Table 6-19 reports the initial parameters used for the simulation of sodium sulphate droplets 

which were extracted from FDC measurements. 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

16.0 2.406 -0.127 0.011 2.5 295 

Table 6-19. Initial values extracted from the FDC used for the simulation of the evaporation of sodium sulphate 

droplets. 

Figure 6-44. presents the evolution of geometric radius from both simulation and FDC 

measurements as well as the calculated evaporation rate. The evaporation of droplets is well 

represented by the simulation, with the average droplet evaporation value aligning with the 

measured value (after accounting for noise in FDC data). At approximately 0.002 s.µm-2 the 

simulated and measured evaporation rates diverge. This divergence is more marked that 
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observed for solutions in previous sections and is gradual. The nature of the reduction in 

measured evaporation rate may be an indication of surface enrichment reducing the vapour 

pressure of water at the droplet surface.  

 

It may be possible that a skin formation leads to reduced evaporation. The temporal evolution 

of aerodynamic size and density of evaporation sodium sulphate droplets is presented in Figure 

6-45.. At approximately 0.0025 s µm-2 the effective density peaks as the geometric size is 

constant and the aerodynamic size continues to reduce. The delay between the reduction in 

evaporation rate and the peak of particle density is indicative of a period where skin formation 

occurs. Prior to 0.002 s.µm-2 the droplet evaporates as a pure liquid droplet. After 0.0025 s.µm-

2 the effective density reduces, either due to a deformation of particle shape or a loss of water 

from within a locked exterior, both of which require a crust to be formed. Therefore, crust 

formation must occur between these two points. 

 

Figure 6-44. (a) The evolution of geometric radius and (b) evaporation rate of evaporating sodium sulphate 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 
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Figure 6-45. (a) The evolution of aerodynamic radius and (b) particle density of evaporating sodium sulphate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

SEM images of particles collected from the drying of sodium sulphate droplets in the 

measurements above are presented in Figure 6-46.. Particles formed have a very reproducible 

morphology. Particles are generally spherical with a slightly rough surface and a single concave 

section. It is noted that the concave section does not include a hole, the presence of which 

would suggest either a mass expulsion of solvent or intake of air, relieving a pressure difference 

caused by solvent loss. Vehring et al. describe how solvent loss can lead to particle buckling 

after crust formation with deformation initiated at the weakest point of the particle crust.390 As 

the temperature of the experiments performed was well below the boiling point of water, the 

formation of water vapour is not expected. Furthermore, as final particle morphologies exhibit 

concave deformations it is understood that the loss of solvent from within the crust leads to a 

pressure gradient from the particle exterior to interior and particle buckling. 
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Figure 6-46. SEM images of sodium sulphate particles formed from aqueous solution droplets drying in ~ 0 % 

RH at 295 K. 

Analysis of the images acquired in the FDC, shown in Figure 6-47, provides further insight 

into the evolution of particle morphology. Particles begin to lose their spherical appearance 

from 0.0025 s.µm-2 onwards, but they do not change their optical properties greatly at this 

stage, continuing to exhibit Poisson spots (bright spots in the centre of particle outlines – as 

seen for all droplets prior to solidification). The transmission and scattering of light are 

characterised using the image density, shown in Figure 6-48, higher image density 

corresponding to particles scattering more light, resulting in darker images. Poisson spots 

indicate that the surface of particles includes liquid and suggest that water is migrating across 

the particle crust and subsequently evaporating.391 Measurement and detailed analysis of the 

light scattering of aqueous sodium sulphate particles would provide more insight into the 

construction of these particles throughout the transition period.182 
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Figure 6-47. Sample images from the FDC of evaporating sodium sulphate droplets at various times throughout 

drying. All images are at the same scale, indicated with the initial image. 

 

Figure 6-48. Image properties of sodium sulphate droplets throughout drying and particle formation. A five-point 

rolling average of mean values is marked with a line and shaded region indicated standard deviation in the mean. 
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To summarise, a number of key transitions in particle properties provide a picture of a 

mechanism for the formation and morphological evolution of the particles shown in Figure 6-

46.. 

1. (0.0020 s.µm-2) Evaporation rate reduces – indicating enriched surface. 

2. (0.0025 s.µm-2) Density reaches maximum value – indicating locking of surface 

(geometric radius) and continued loss of solvent. 

3. (0.0028 s.µm-2) Particles begin to lose spherical nature but remain transparent in images 

– indicating crust is formed but liquid remains at particle surface. 

4. (0.0032 s.µm-2) Particles exhibit buckling, interrupting some (but not all) light 

scattering – indicating internal solvent loss has produced a pressure gradient, but some 

liquid remains within particle. 

5. (0.0039s.µm-2 onwards) Particles exhibit significant buckling and no longer exhibit any 

Poisson spots – indicating solvent loss or strong interruptions to light scattering by 

deformed particle shape. It is possible that both of these events occur, and it is not 

possible to resolve between them in the data acquired. 

 

Further analysis of the final microscopic structure of particles is required to understand the 

means by which water transfers from the inside of the particle to the exterior, during 

evaporation. Solvent diffusion is one possibility. However, if it is possible for water to diffuse 

thought a crust in one direction, it is expected that air will diffuse through the crust in the 

opposite direction at a similar rate. In such a case a pressure difference across the crust would 

not be expected as the diffusion of air into the particle could relieve the drop in pressure caused 

by diffusion of water out of the particle. Therefore, it is proposed that the crust formed is porous 

and that water saturates the crust, evaporating from the external surface and drawing water 

from the interior of the particle until there is no water left. Such a mechanism could enable 

water loss more quickly than air could enter the particle, as there would be a net flow of water 

out through the crust. Consequently, a pressure difference would occur. Buckling of the particle 

crust would relieve the pressure difference. In the case of only a small pressure difference, the 

reduction in internal volume by the first buckling event may be sufficient to allow equilibration. 

Thus, the likelihood of further deformations is reduced. In the case of a larger pressure 

difference either a larger single deformation or multiple buckling events would be expected. 
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6.2.4.2. Potassium Sulphate 

The activity of water with potassium sulphate solution and the solution density were 

parameterised with respect to the MFS according to reference data calculated using the 

AIOMFAC model and sourced from the CRC Handbook of Chemistry and Physics, 

respectively. The polynomial fits acquired are presented in Figure 6-49 with coefficients 

reported in Table 6-20. 

 

 

Figure 6-49. (a) Water activity calculated using the AIOMFAC model and (b) solution density data over MFS 

from the CRC Handbook of Chemistry and Physics for potassium sulphate solution.202,204,375 Blue datapoints are 

reference data and fitted functions are represented by a red line. 
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Table 6-20. Polynomial coefficients used to describe the activity of water in aqueous potassium sulphate solution 

with respect to MFS and the solution density with respect to MFS1/2. 

The initial parameters extracted from FDC measurements and used for the simulation of 

potassium sulphate droplets are given in Table 6-21. 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 
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18.1 3.289 0.365 0.006 2.5 295 

Table 6-21. Initial values extracted from the FDC used for the simulation of the evaporation of potassium sulphate 

droplets. 

A smaller proportion of the evaporative lifetime of potassium sulphate droplets was captured 

using the FDC. Experimental difficulties such as crystallisation at the orifice of the DoD 

dispenser can limit the amount of data captured, but in this case, the large increase in statistical 

error indicates that droplets began to lose their similar nature and thus invalidate the central 

assumption of stroboscopic imaging. Further discussion of this wide distribution in particle 

properties is given later in this section. 

The evaporative behaviour of potassium sulphate solution droplets is presented in Figure 6-51. 

The simulated and measured evaporation rates are shown to agree within the resolution of the 

measurement and the beginning of the reduction of evaporation rate as the droplet becomes 

extremely supersaturated (or solidifies) is also represented. The evolution in aerodynamic size 

and density of evaporating potassium sulphate droplets are shown in Figure 6-51. The 

simulated density compares well with the measured effective density, rising as droplets 

evaporate. The measured density exhibits a very large error at the end of the measurement due 

to the larger variation in measured particle position at these measurement points.  

 

 

Figure 6-50. (a) The evolution of geometric radius and (b) evaporation rate of evaporating potassium sulphate 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 
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Figure 6-51. (a) The evolution of aerodynamic radius and (b) particle density of evaporating potassium sulphate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

Inspection of the SEM images of solid potassium sulphate particles formed through droplet 

drying, shown in Figure 6-52, reveals a large variety of morphologies. Particles generally 

appear to be of a crystalline nature, rather than amorphous. Oblong particles with a rounded 

outer edge and crystalline face that is relatively flat appear multiple times. Another morphology 

that is reproduced has the appearance of two distorted hemispheres press together, with flat 

sides facing. It is possible that the oblong particles are simply half of the other morphology, 

perhaps formed through a single nucleation event rather than multiple, but further experiments 

would be required to confirm this. 
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Figure 6-52. SEM images of potassium sulphate particles formed from aqueous solution droplets drying in ~ 0 % 

RH at 295 K. 

The two morphologies described are not the only ones present and is the variety of 

morphologies formed that is likely to have caused such an increase in the uncertainty in the 

FDC measurements. Indeed, the image analysis shown in Figure 6-53 confirms that 

solidification had initiated by the end of the FDC measurement. Particles are shown to lose 

their sphericity and their image density increases corresponding to an interruption in light 

transmission. 
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Figure 6-53. Image properties of potassium sulphate droplets throughout drying and particle formation. A five-

point rolling average of mean values is marked with a line and shaded region indicated standard deviation in the 

mean. 

Given the marked differences between the particles formed by sodium sulphate and potassium 

sulphate solution droplets given the same environmental conditions, it is interesting to identify 

what property of each compound influenced the change. Sodium sulphate-based morphologies 

appear to be amorphous in structure and determined by surface enrichment while potassium 

sulphate-based morphologies appear to be crystalline and less surface enriched. Consequently, 

the rate of diffusion of the ions may be the distinguishing factor. The diffusion coefficient of 

K+ ions is 1.957 × 10-9 m2s-2 and the diffusion coefficient of Na+ ions is 1.334 × 10-9 m2s-2. A 

lower diffusion rate of cations leading to more amorphous, crust like particles through surface 

enrichment may describe the difference between sodium sulphate and potassium sulphate 

particles. However, it is not a general factor as the morphologies exhibited by sodium chloride 

were closer to ideal crystalline behaviour than those exhibited by potassium chloride which has 

a less regular structure, more constrained by the droplet boundary. Thus, the diffusion rate of 

droplet components alone is not considered to be the distinguishing factor of particle 

morphology for a given set of environmental conditions. 

 



Evaporation and Crystallisation in Aqueous Inorganic 

Salt Solution Droplets  

213 

6.2.5. Alkali Earth Metal Sulphates 

In addition to the experiments upon alkali metal compounds described in previous sections, 

measurement of the drying kinetics of an alkali earth compound, magnesium sulphate. This 

enables yet another combination of solution and solid properties to be sampled. 

6.2.5.1. Magnesium Sulphate 

Parameterisation of the density of magnesium sulphate solution as a polynomial function of 

MFS was performed using data from the CRC Handbook of Chemistry and Physics.375 

Similarly, the activity of water in magnesium sulphate solution was parameterised with respect 

to MFS with data calculated using the AIOMFAC model.202,204 The data and polynomial fits 

are presented in Figure 6-54. The coefficients of the polynomial fit functions are given in Table 

6-22. 

 

Figure 6-54. (a) Water activity calculated using the AIOMFAC model and (b) solution density data over MFS 

from the CRC Handbook of Chemistry and Physics for magnesium sulphate solution.202,204,375 Blue datapoints are 

reference data and fitted functions are represented by a red line. 
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Table 6-22. Polynomial coefficients used to describe the activity of water in aqueous magnesium sulphate solution 

with respect to MFS and the solution density with respect to MFS1/2. 

Measurement of the evaporation of magnesium sulphate solution droplets was made using the 

FDC. Table 6-23 provides the initial parameters that were extracted from the measurements 

and used for the simulation of the same system. 

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

20.2 2.248 0.132 0.009 2.5 295 

Table 6-23. Initial values extracted from the FDC used for the simulation of the evaporation of magnesium 

sulphate droplets. 

The evolution in geometric radius and evaporation rate of evaporating magnesium sulphate 

droplets are presented in Figure 6-55. Simulations are seen to overestimate the evaporation rate 

slightly but remain within the level of experimental noise. The reduction in evaporation rate in 

simulations is consistent in nature with measurements but occurs slightly later. The 

combination of higher evaporation rate and delayed equilibration mean that the final size of 

simulated droplets is smaller than the measured final size in experiments.  

 

Figure 6-55. (a) The evolution of geometric radius and (b) evaporation rate of evaporating magnesium sulphate 

droplets. Measurements from the FDC marked with black dots (black dashed line is five-point rolling average) 

and simulations are marked with a red line. 
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Figure 6-56 presents the change in aerodynamic size and density of evaporating magnesium 

sulphate droplets. Aerodynamic size measurements exhibit a large statistical uncertainty 

throughout the measurement, this is attributed to inconsistencies in the performance of the DoD 

dispenser. The fact that the error becomes large relatively early in the evaporation period 

indicates that it is not due to some form of solidification. Furthermore, perturbations in the 

aerodynamic properties of particles would result in a larger variance in both the horizontal and 

vertical position measurements. As described in Chapter 3, uncertainty in the vertical position 

corresponds to uncertainty in the calculated aerodynamic size and uncertainty in the horizontal 

direction translates into uncertainty in the geometric size. As the uncertainty in the geometric 

size is small, it is concluded that the large error in aerodynamic size measurements is not due 

to unique particle morphologies.  

 

The measured and simulated density exhibit different trends, though both do share a slight 

increase between 0 and 0.002. Droplets did not exhibit a clear solidification event in the FDC 

measurements, an observation discussed in more detail below. Therefore, the reduction in 

density is unexpected. If particles indeed remain in a droplet state, then their density would be 

expected to align with the simulated droplet density, which assumes no crystallisation occurs. 

The evolving state of evaporating magnesium sulphate droplets requires further investigation 

and detailed observation of the period over which the particle density transitions from 

increasing to decreasing to identify if any change of state occurs. 
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Figure 6-56. (a) The evolution of aerodynamic radius and (b) particle density of evaporating magnesium sulphate 

droplets. Measurements from the FDC marked with blue crosses (blue dotted line is five-point rolling average) 

and simulations are marked with a red line. 

A confirmation that solid particles were not formed is found the SEM images of the collection 

slide from the FDC, shown in Figure 6-57. A dried residue is visible, with some sections of a 

size corresponding to the final size of droplets from the experiments (~ 10 µm) but others are 

seen to be much larger. It is proposed that particles landed in a wet state, coalescing upon 

impact and only dried upon completely after deposition. Samples were stored in a dryer (~ 0 

% RH, ~ 70 ºC) and sputtered with a conductive material (silver, platinum, or graphite) in a 

vacuum prior to SEM. Both stages enabled further drying. 

 

The image analysis presented in Figure 6-58 confirms that no sudden transition in droplet state 

was observed. Droplets exhibit only a slight change in image density, associated with their 

reduction in size and the sphericity of droplets remains high but exhibits a larger variance at 

smaller sizes. 
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Figure 6-57. SEM images of magnesium deposits formed from aqueous solution droplets drying in ~ 0 % RH at 

295 K. 

 

Figure 6-58. Image properties of magnesium sulphate droplets throughout drying. A five-point rolling average of 

mean values is marked with a line and shaded region indicated standard deviation in the mean. 

Aqueous magnesium sulphate droplets have been shown to form a gel structure in the 

literature.392,393 Furthermore, magnesium sulphate does not have an ERH reported in the 

literature and is known to exist in a hydrated state.388 The formation of a gel particle is 

consistent with the retention of water inferred from the results obtained using the FDC. A 
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transition from a droplet to semisolid particle is not evident in the images of droplets. However, 

this may account for the discrepancy between the simulated solution droplet density and the 

measured particle density from the FDC. In Figure 6-55(a) the geometric size of particles is 

seen to equilibrate at approximately 0.0025 s.µm-2 while in Figure 6-56(a) the aerodynamic 

size continues to reduce until approximately 0.003 s.µm-2 whereupon it transitions what 

appears to be an equilibrium, but is in fact a period of very gradual reduction. This difference 

in the size measurements causes the reduction in measured density and may be caused by the 

surface enriched region of evaporating droplets forming a gel. The gel section would then 

increase in thickness as water continues to evaporate, causing the concentration of ions inside 

the droplet to increase. At a certain point it is possible that the composition of the droplet 

reaches an equilibrium or that the shell sufficiently limits diffusion so that water loss is almost 

completely lost.  

 

It is proposed that during the period between 0.0025 s.µm-2 and 0.003 s.µm-2 a gel exterior has 

formed, locking the particle shape, and reducing the evaporation rate measured via the 

geometric size, but has not limited diffusion of water sufficiently to reduce evaporation from 

the droplet. That is to say, mass transfer continues uninterrupted for a short period after the 

initial formation of a gel layer. Only when the droplet composition becomes more saturated or 

water diffusion to the surface is sufficiently hindered does the rate of mass transfer reduce. 

 

The slight reduction in density 0.0025 s.µm-2 is understood to be loss of residual water. Further 

measurements would be required to reduce the high level of uncertainty on this measurement 

and extended measurements may identify an end point. Magnesium sulphate gels have been 

shown to change composition in timescales greater than the range accessible with the FDC (< 

10 s). The extent of continued water loss may be an indicator as to whether water loss is limited 

by increased droplet composition or mass transport. The simulated results predict a solution to 

equilibrate at approximately 0.003 s.µm-2, but this does not account for the composition of a 

gel and may not be a good predictor of an expected equilibrium composition in this state.  
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6.2.6. Comparison of Inorganic Salts Solutions 

The results in the previous sections demonstrate a range of factors that can influence the 

evaporation and solidification behaviour of drying droplets: solute diffusion, solution and 

solute surface energy, crystal structure, solute saturation limit. No single factor has been 

resolved as a clear predictor of morphology, based upon composition alone, but dominant 

factors have been identified in individual cases. For example, the propensity of magnesium 

sulphate to remain hydrated in a gel form precluded solid morphologies, or the amorphous 

nature of a sodium sulphate crust leads to a buckled particle. 

 

As all the experiments were performed in the same conditions, the differences in evaporative 

behaviour prior to solidification are attributed to the different hygroscopicity of each solution. 

A comparison of all the parameterisations of water activity with respect to the solute mass 

fraction is presented in Figure 6-59 alongside a similar comparison of the solution densities. 

Sodium chloride exhibits the most rapid reduction in water activity with increasing MFS, 

indicating that the vapour pressure of water is most supressed by sodium chloride at a given 

MFS. Rubidium nitrate induces little reduction in water activity until a high MFS (~ 0.7). The 

vapour pressure, and consequently, the evaporation rate, of water in rubidium nitrate solution 

droplets would therefore be expected to be the highest, remaining unsuppressed with increasing 

MFS. Consequently, sodium chloride may be considered the most hygroscopic solute samples 

and rubidium nitrate as the least, though this simple terminology does not capture the nuanced 

and unique nature of curves in Figure 6-59(a). 

 

It is noted that for compounds with the same anion, a decrease in hygroscopicity occurs 

associated with consecutive cations from the alkali metals group (for example, lithium nitrate 

→ rubidium nitrate). This is most evident in the series of alkali nitrate compounds tested; 

lithium nitrate is the most hygroscopic, followed by sodium nitrate, potassium nitrate and 

finally rubidium nitrate. The sulphate salts tested exhibit the opposite of this trend, further 

sampling of other compounds would be required to identify if this is a general trend and the 

sulphate salts are indeed an outlier. 
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In Figure 6-59(b) sodium sulphate can be seen to exhibit delayed, but more steep increase in 

density with MFS compared to all other compounds. The data is used to produce the density 

parameterisations was generally consisted and as the fits are of a low polynomial order these 

fits are considered reliable for the MFS range accessible in aerosol droplets (MFS = 1 is not 

achieved in experiments). However, these fits may be improved if a melt density was identified 

for each compound and used as a constraint at MFS = 1. 

 

Figure 6-59. Collated parameterisations of solutions properties used in the previous sections: (a) Water activity 

and (b) solution density of various aqueous inorganic salt solutions. Lines are coloured by the metallic cation and 

the line stroke (e.g., dashed) indicates the anion. 

A further consideration of the solution hygroscopicity may be made by considering the growth 

factor of droplets as a function of the water activity. The radial and mass growth factors of the 

solutions used in experiments are presented in Figure 6-60. These growth factors are calculated 

assuming that droplets remain as a solution for all MFS and will therefore differ from empirical 
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measurements that are calculated using a dry particle size. The radial growth factor is calculated 

using the density of the solution which, so the mass growth factor is also presented as a more 

direct representation of the amount of water that is retained by a solute at a given water activity, 

 

Sodium chloride and rubidium nitrate are more clearly seen to be the most and least 

hygroscopic compounds, respectively, in this representation. It is noted that lithium nitrate is 

also a hygroscopic compound, its retention of water resulting in a lack of crystallisation in FDC 

measurements. Even so, it is less hygroscopic than sodium chloride, which did form a solid 

compound. Therefore, it is concluded that the propensity of a solute to form a solid particle 

does not depend upon its hygroscopicity alone and that nucleation phenomena must also play 

a role.  

 

Figure 6-60. Collated (a) radial and (b) mass growth factors of various aqueous inorganic salt solutions, based on 

the parameterisations of water activity used in this chapter. Aerosol solidification is not considered in these 

representations. Lines are coloured by the metallic cation and the line stroke (e.g., dashed) indicates the anion. 
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6.2.6.1. Comparing Inorganic Salts at Equal Mole Fraction  

In the work presented so far, solution concentrations have been measured as a mass fraction, 

and the evaporative and solidification behaviour characterised. To probe if solutions with the 

same molecular ratios exhibit similar more similar behaviour, two addition experiments were 

performed using potassium sale solutions with mole fractions matched to that of the sodium 

salt solutions presented above (MFS0 = 0.05). This was performed using potassium chloride 

solution of 0.0635 MFS and potassium nitrate solution of 0.0595 MFS. 

 

FDC measurement of the second potassium chloride solution was made and initial parameters 

were extracted from the measurement to use as initial condition for simulation of the same 

scenario. The initial parameters are presented in Table 6-24. 

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

17.3 2.291 0.037 0.008 2.5 295 

Table 6-24. Initial values extracted from the FDC used for the simulation of the evaporation of potassium chloride 

droplets of 0.0595 initial MFS. 

Figure 6-61 presents a comparison between the evaporation of three solutions, two of which 

are presented in detail in previous sections: sodium chloride (MFS0 = 0.005, x0 = 0.016), 

potassium chloride (MFS0 = 0.005, x0 = 0.013), and potassium chloride (MFS0 = 0.00635, x0 = 

0.016).  
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Figure 6-61. Comparison of the evaporative behaviour of aqueous alkali chloride droplets. One sodium chloride 

measurement (the same as in section 6.2.1.1) is shown alongside two potassium chloride samples: one with a 

matching initial mass fraction of solute (data from section 6.2.1.2) and one with matching initial mole fraction. 

The more concentrated potassium chloride solution shown to produce a larger final solid size 

(FDC measurement) and solution equilibrium size (simulation) in Figure 6-61(a) as would be 

expected for a solution with more solute. In Figure 6-61(b), the evaporation rate of the 0.0635 

MFS potassium chloride solution is seen to decrease sooner than that of the 0.013 mole fraction 

potassium chloride solution it reaches high saturations more rapidly. However, the reduction 

in simulated evaporation rate is more sudden for the less saturate solution. Comparison of the 

evaporation rate extracted from FDC measurement with the simulation is difficult due to the 

level of experimental noise, but the results for the less saturate solution (X0,KCl = 0.013) appear to 
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align more closely than for the more saturated solution, for which the measured evaporation 

rate decreases consistently more rapidly. 

 

The morphologies formed from the 0.0635 MFS potassium chloride solution may provide 

insight into this difference. SEM images of particles formed from this solution presented in 

Figure 6-62. Particles are shown to exhibit similar crystalline nature to those formed from the 

0.05 MFS solution, but are generally more spherical in nature with no clear single large crystal 

section (though Figure 6-62(b) presents an example of a similar but less common morphology). 

The crystal growth appears to have propagated throughout the droplets rapidly and isotropically 

and, in doing so, preserved the droplet shape at the time of solidification. It is suggested, 

therefore, that the rapid decrease in measured evaporation rate for the 0.0635 MFS solution is 

a result of the geometric size being locked upon crystallisation. However, in the case of the 

0.05 MFS solution smaller crystalline particles are formed which do not lock the geometric 

size of particles but allow further evaporation of solvent form the exterior to continue. In the 

latter case, the extended evaporation period will cause the measured evaporation rate to align 

more closely with the simulated evaporation rate which does not account for crystallisation. 

 

 

Figure 6-62. SEM images of potassium chloride particles formed from a solution of 0.00635 MFS initial mass 

fraction at ~ 0 % RH and 295 K. 

It is shown that both potassium-based solutions exhibit different behaviour to the sodium-based 

solution despite the mole fraction being matched in one case. The difference in evaporative 

behaviour is attributed to the unique hygroscopic behaviour of each salt. The difference in 

crystallisation behaviour is not fully understood. Calculation of the radial concentration profile 
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at the time of crystallisation may provide more insight into the nature of nucleation rates and 

crystal growth. 

 

Similar experiments were performed upon three alkali nitrate solutions: sodium nitrate (MFS0 

= 0.005, x0 = 0.011), potassium nitrate (MFS0 = 0.005, x0 = 0.009), and potassium nitrate (MFS0 

= 0.00595, x0 = 0.011). The initial parameters used for the simulation of potassium nitrate 

droplets are presented in Table 6-25. 

 

R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 RH / % T / K 

20.5 1.242 0.054 0.008 2.5 295 

Table 6-25. Initial values extracted from the FDC used for the simulation of the evaporation of potassium nitrate 

droplets of 0.0595 initial MFS. 

The temporal evolution in the geometric size and evaporation rate of evaporating solutions 

droplets of the three solutions are presented in Figure 6-63. The same trends are seen in the 

final particle sizes as with the alkali chloride salts. However, in the case of potassium nitrate 

the more concentrated solution exhibits the latest reduction evaporation rate, the opposite of 

the trend in potassium chloride solutions.  

 

As with the alkali chloride experiments, each alkali nitrate solution exhibits unique evaporation 

behaviour despite comparative mole fractions. This is to be expected given the analysis of 

hygroscopicity in the previous section. 



Evaporation and Crystallisation in Aqueous Inorganic 

Salt Solution Droplets  

226 

 

Figure 6-63. Comparison of the evaporative behaviour of aqueous alkali nitrate droplets. One sodium nitrate 

measurement (the same as in section 6.2.3.2) is shown alongside two potassium nitrate samples: one with a 

matching initial mass fraction of solute (data from section 6.2.3.3) and one with matching initial mole fraction. 

Figure 6-64 shows SEM images of the particles formed from the evaporation of 0.0595 MFS 

potassium nitrate solution droplets. Particles exhibit a variety of morphologies, some appearing 

crystalline in nature and some appearing more amorphous. Some particles exhibit a tetrahedral 

morphology (Figure 6-64d), but the formation mechanism -crystal growth or particle buckling 

– is not clear. The branched crystalline structures present in particles formed from 0.05 MFS 

potassium nitrate are less common in particles formed from the 0.0595 MFS solution. The 

prevalence of the more amorphous particles may be indicative of a more rapid solidification 

process, where there is less time for ions to arrange into thermodynamically preferred crystal 

structures. Such a scenario would be consistent with the rate of reduction in evaporation rate 
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extracted from the geometric size of particles; slower crystallisation allowing more time for 

continued solvent evaporation. 

 

Figure 6-64. SEM images of potassium nitrate particles formed from a solution of 0.00635 MFS initial mass 

fraction at ~ 0 % RH and 295 K. 

6.3. Controlling the Morphology of Sodium Chloride 

Particles 

Having sampled a range of solution compositions and drying conditions in previous chapters 

and sections, experiments were performed to try and control the morphology of sodium 

chloride particles in conditions where a known morphology would be expected. This was 

performed by the addition of other components to the initial solution (doping) to modify the 

evaporation or solidification behaviour. Three main routes of modification were considered 

with an intended influence. 

• Addition of a more volatile cosolvent, ethanol, to increase evaporation rate and surface 

enrichment. 

o Three solutions were prepared with the following composition: 

▪ Water (0.85 MFS), Ethanol (0.1 MFS), NaCl (0.05 MFS) 

▪ Water (0.75 MFS), Ethanol (0.2 MFS), NaCl (0.05 MFS) 

▪ Water (0.475 MFS), Ethanol (0.475 MFS), NaCl (0.05 MFS) 

• Addition of a surface-active compound, tetradecanol, to limit the rate mass transport 

from the surface, reduce the evaporation rate and reduce surface enrichment. 

o Tetradecanol is not soluble in water alone, so ethanol was required as a 

cosolvent. Two solutions were prepared with the following composition: 
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▪ Water (0.475 MFS), Ethanol (0.475 MFS), NaCl (0.05 MFS) 

Tetradecanol (30 mM) 

▪ Water (0.475 MFS), Ethanol (0.475 MFS), NaCl (0.05 MFS) 

Tetradecanol (30 mM) 

o The mass fraction of tetradecanol was not quantified as it is extremely small. 

• Addition of heterogeneous nucleation sites in the form of colloidal particles. 

o Silica nanoparticles (Hydrophilic pyrogenic silica (HDK H20), 12nm diameter, 

Wacker Chemie AG) were used as colloidal particles. Two solutions were 

prepared with the following composition: 

▪ Water (0.94 MFS), NaCl (0.05 MFS), Silica (0.001 MFS) 

▪ Water (0.93 MFS), NaCl (0.05 MFS), Silica (0.002 MFS) 

 

The evaporation of solutions was measured using an EDB as this enable longer time periods to 

be studied than possible in the FDC, a requirement for the timescales involved in some 

experiments. Furthermore, the volatile nature and variable surface tension of some of the 

solutions involved results in inconsistent droplet generation from DoD dispensers, meaning 

that stroboscopic techniques are not applicable. The EDB enables the measurement of the 

evaporation of an individual droplet, requiring fewer droplets to be generated and also allowing 

for inconsistencies in droplet properties (e.g. size or speed).  

 

In an EDB, the size of droplets is retrieved from light scattering patterns, known as phase 

functions. With advanced analysis of the phase function the state of a particle may be 

identified.182 In the experiments performed, advanced phase function analysis was not 

performed. As a means of identifying crystallisation a peaks finding algorithm was applied to 

the measurement of droplet size. Upon crystallisation, the retrieved size exhibits a large amount 

of noise, resulting in numerous peaks. Crystallisation was assumed to occur at the time of the 

first peak detected by the algorithm. The state of the particle may then be resolved between 

liquid droplet and crystalline particle and proportion of particles in either state a given time or 

radius may then be extracted. 

 

In addition to evaporation kinetics measurements, deposition experiments were performed in 

the FDC, where droplets are generated at the top of the column, exposed to the desired 
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conditions, and allowed to fall and deposited on a collection slide. No measurement of droplet 

properties is made during such an experiment, simply an off-line microscopy analysis is 

performed. 

6.3.1. Ethanol Doped Aqueous Sodium Chloride 

The evaporative of the three solutions doped with ethanol is presented in Figure 6-65(a). The 

number of droplets of each sample measured and the initial sizes are presented in Table 6-26. 

It can be seen that an increased mass fraction of ethanol relates to a higher evaporation rate, 

particularly the initial evaporation rate. All samples exhibit a decrease in evaporation rate 

throughout evaporation, while this is expected for solutions as they become more saturated 

with solute, in this case, it is amplified due to the loss of ethanol. As ethanol has a higher vapour 

pressure than water, it evaporates more rapidly, leaving a droplet of water and salt only.  

 

The solutions with 0.1 MFS and 0.2 MFS ethanol can be seen to evaporate and crystallise 

reproducibly. However, the solution consisting of 0.475 MFS ethanol exhibits distinct 

behaviour, evaporating very rapidly initially but then reducing to a much slower evaporation 

rate. In this case, crystallisation appears much more randomly distributed. 

 

Sample Number of Droplets Mean R0 / µm Mean R0 Std. Dev. / µm 

0.1 MFSEth 41 24.4 3.6 

0.2 MFSEth 38 24.4 2.6 

0.475 MFSEth 37 22.5 5.8 

Table 6-26. The number of droplets of each sample shown in Figure 6-65 measured, the mean initial size and the 

standard deviation in the mean. 
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Figure 6-65. (a) The radial evolution of droplets with 0.05 initial MFS sodium chloride. The mass fraction of 

ethanol was varied from 0.1 to 0.475 and water made the remaining mass fraction of the solution. (b) The 

proportion of droplets in panel (a) that remain in a liquid state over time, resolved using the algorithm described 

in the text. 

A comparison of the number of particles in either a droplet or crystalline state over time, based 

on the peak finding algorithm, or each solution is presented in Figure 6-65(b). Increasing the 

ethanol mass fraction from 0.1 to 0.2 is shown to decrease to time of crystallisation. This is 

expected due to multiple factors: a droplet with lower mass fraction ethanol must remove more 

water to reach the same sodium chloride concentration, droplets with higher levels of ethanol 

evaporate more rapidly, and more rapidly evaporating droplets experience greater surface 

enrichment – reaching saturations high enough to induce homogenous nucleation sooner. 

Contrastingly, increasing the ethanol mass fraction from 0.2 to 0.475 not only delays the 
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average time of crystallisation but also significantly disrupts the reproducibility of the time of 

crystallisation and widening the period of crystallisation. 

 

The unique evaporative behaviour of the 0.475 MFS ethanol solution may be due to significant 

evaporative cooling induced by the large evaporative flux of ethanol. If ethanol evaporation 

reduces the droplet temperature sufficiently then water evaporation would be limited. The 

droplet temperature would return to a new, warmer equilibrium temperature after all ethanol 

has evaporated. A transition of evaporation rates is observed for systems containing only two 

volatile components, but the inclusion of an involatile solute may make this less clear.295 

Although a full description of the evaporative behaviour is not possible from this data it is 

noted that a period of slow evaporation is expected to reduced surface enrichment for the 

highest ethanol MFS solution and have a corresponding effect upon the morphology.  

 

By extracting the radius of each droplet at the time of crystallisations the distribution of 

crystallisation sizes may be extracted. It is important to note that this is not necessarily a 

representation of the final size of a crystal particle, but the size of a droplet at the point when 

crystallisation occurs. The results of this analysis for the three water-ethanol-based solutions 

are shown in Figure 6-66. Increased ethanol content is shown to consistently increase the size 

of a droplet at crystallisation compared to its initial size. Additionally, the total width of 

distribution is consistent, showing a skew to larger crystallisation sizes for the highest ethanol 

concentration. 
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Figure 6-66. The proportion of droplets in Figure 6-65(a) that remain in a liquid state as a function of radius 

compared to the initial radius. 

The increased crystallisation size with higher mass fraction is consistent with an understanding 

of surface enrichment induced nucleation. However, the reduced final evaporation rate of the 

0.475 MFS ethanol solution is not accounted for in this framework, indeed, reproducibility of 

this effect would need to be tested to insure it is not induced by sample impurities. Further 

experiments are required to identify a transition in behaviour - from ethanol content increasing 

evaporation rate to ethanol lengthening total evaporation time. Additionally, further analysis 

of the state and composition of the evaporating droplets, to resolve the mechanism which limits 

evaporation. 

6.3.2. Tetradecanol Doped Aqueous Sodium Chloride 

Having investigated the effect of a cosolvent that is expected to increase the evaporation rate, 

tetradecanol was used as a surface-active compound to limit the evaporation rate of droplets. 

Apart from the added tetradecanol, the two solutions doped with tetradecanol are of the same 

composition at the 0.475 MFS ethanol solution in the section above. Therefore, the solution 

included as a reference sample for the comparison of behaviour but will not be analysed in 

detail again. 
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The evaporation profiles of three solutions, each with a different tetradecanol concentration, 

are presented in Figure 6-67(a). The effect of the tetradecanol is clearly visible, with an initial 

period of rapid evaporation, attributed to uninhibited solvent evaporation, followed by an 

extended period of slow evaporation, linked to evaporation that is impeded by a surface layer 

of tetradecanol. The period of slow evaporation is expected to reduce the Péclet number very 

much, allowing crystallisation to occur within a homogeneous environment– with no surface 

enrichment. 

 

Sample Number of Droplets Mean R0 / µm Mean R0 Std. Dev. / µm 

30 mM Tetradecanol 20 23.2 6.2 

60 mM Tetradecanol 20 22.6 11.9 

Table 6-27. The number of droplets of tetradecanol-containing samples shown in Figure 6-67 measured, the mean 

initial size and the standard deviation in the mean. The sample containing 0 mM tetradecanol is described in Table 

6-26. 

Each droplet exhibits slightly different evaporative behaviour, but the time of transition 

between the two evaporation regimes is relatively well defined. Similarly, the average relative 

size of droplets at the transition, RT
2/R0

2, can be resolved from Figure 6-67(a). This relative size 

and the measured initial size may be combined to find the volume of droplets at the time of 

transition. By considering the initial volume of droplets, V0, the starting tetradecanol 

concentration C0, and the volume at the time of transition, VT, the concentration of tetradecanol 

at the transition, CT, may be calculated. The values used and results calculated are presented in 

Table 6-28. The calculated concentrations are close and correspond well when considering the 

use of approximate, average values for RT
2/R0

2.  

 

C0 / mM RT
2/R0

2 RT/R0 R0 / m V0 / m3 VT / m3 CT / mM Cs,T / mmolm-2
 

30 0.40 0.63 22.7 × 10-6 49.0 × 10-15 12.4 × 10-15 119 420 × 10-6 

60 0.65 0.81 23.2 × 10-6 52.3 × 10-15 27.4 × 10-15 115 340 × 10-6 

Table 6-28. Relative sizes of droplets at the transition between rapid evaporation and surface inhibited evaporation 

and corresponding concentrations of tetradecanol calculated from the data shown in Figure 6-67. 

As a large molecule tetradecanol diffuses slowly compared to the cosolvents and also the rate 

of surface recession. Assuming that all of the tetradecanol in the volume that is swept by the 

receding surface, the surface concentration, Cs,T, may at the transition point may calculated. 
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These values are shown to be similar, but not identical. Further consideration of the internal 

diffusion of tetradecanol and the evaporation limiting mechanism to validate this calculation 

and describe the evaporation in more detail. 

 

Figure 6-67. (a) The radial evolution of droplets with 0.05 initial MFS sodium chloride, 0.475 initial MFS ethanol 

and 0.475 mass fraction water. Solutions were doped with 0, 30, and 60 mM amounts of tetradecanol. (b) The 

proportion of droplets in panel (a) that remain in a liquid state over time, resolved using the algorithm described 

in the text. 

The time resolved population analysis of droplet states is shown in Figure 6-67(b). The total 

time taken for crystallisation to occur increases as expected, but the nature width of the 

distribution in crystallisation time remains relatively consistent between the two tetradecanol 

doped samples. The distribution of droplet size at crystallisation for each sample is presented 

in Figure 6-68. Increased initial tetradecanol concentration is shown to reduce the average size 

of droplets at crystallisation, which is consistent with a reduced level of surface enrichment 
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and reduced likelihood of nucleation occurring in an enriched surface layer. The distribution 

of is widest for the highest concentration, which also exhibited the most variable evaporation 

behaviour.  

 

Figure 6-68. The proportion of droplets in Figure 6-67(a) that remain in a liquid state as a function of radius 

compared to the initial radius. 

6.3.3. Modified Morphologies 

The morphologies particles produced in the FDC, through experiments corresponding to those 

performed in the EDB and presented in the previous sections, are shown in Figure 6-69.  

 

Low ethanol content is shown to have a negligible effect upon final particle morphology 

compared to pure aqueous sodium chloride solutions. The solution 0.475 MFS ethanol and 0 

mM tetradecanol resulted in large crystalline cuboid-shaped particles, with some smaller 

cuboids often attached to the faces. This is consistent with the large average droplet size at 

crystallisation, and the suppressed evaporation rate, reducing surface enrichment and allowing 

preferred crystal structures to form. 

 

Particles formed from tetradecanol doped solutions are also cubic or cuboid in shape, though 

the average particle appears more compact (regular, cubic), particularly for those formed from 
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the 60 mM tetradecanol solution. This corresponds the to the reduction in droplet size at 

crystallisation in Figure 6-68, crystal growth propagates with the droplet boundary, so it is 

intuitive that the particles formed from smaller droplets must be more compact. Cubic particles 

with a four-quadrant construction are seen to form from both solutions containing tetradecanol. 

Similar structures have been observed in different sodium chloride experiments and other salts 

(Figure 6-20). The formation mechanism for this morphology may be hopper growth, which is 

reported in the literature in supersaturated solution.394 Hopper growth occurs when crystal 

edges grow more quickly than the centre of the faces. This mechanism has not been probed in 

detail or found to be completely reproducible for particles formed from droplet drying.395 

Further investigations are required to understand the key parameters that induce hopper growth. 

 

Figure 6-69. SEM images of particles dried at ~ 0 % RH and 295 K in the FDC with initial compositions of (a) 

sodium chloride 0.05 MFS and water 0.95 MFS, (b) sodium chloride 0.05 MFS, ethanol 0.1 MFS and water 0.85 

MFS, (c) sodium chloride 0.05 MFS, ethanol 0.2 MFS and water 0.75 MFS, (d) sodium chloride 0.05 MFS, 

ethanol 0.475 MFS and water 0.475 MFS, (e) sodium chloride 0.05 MFS, ethanol 0.475 MFS, water 0.475 MFS, 

and tetradecanol 30 mM, (f) sodium chloride 0.05 MFS, ethanol 0.475 MFS, water 0.475 MFS, and tetradecanol 

30 mM. 

6.3.4. Silica Nanoparticle Doped Aqueous Sodium Chloride 

The introduction of heterogeneous nucleation sites to a solution droplet may enable earlier 

crystallisation, or more nucleation sites. Samples of the particles formed from the two aqueous 
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sodium chloride solutions containing silica nanoparticles were collected from the FDC. 

Evaporation kinetics were not measured using the EDB or FDC as the presence of nanoparticles 

has been shown to have a negligible influence on the evaporation rate of solvents.346 Thus, an 

analysis of the time of crystallisation and droplet size upon crystallisation is not possible. 

 

 Figure 6-70 presents SEM images of particles formed from the sample containing 0.001 MFS 

silica. Particles are seen to be comprised of smaller numbers of crystals than those of pure 

aqueous sodium chloride (Figure 6-4) but are similar to sodium chloride particles formed a low 

but nonzero RH values (10 – 20 % RH) such as those shown in Chapter 5. Deposits of silica 

particles are visible upon the faces of crystals. No clear difference in morphology due to the 

inclusion of silica nanoparticles is visible in the SEM images apart from the number of 

individual crystals included in each particle. As the FDC has only ± 5 % precision of RH 

control, further experiments are required to confirm the reproducibility of this effect and that 

is not an artifact of an elevated RH within the FDC during deposition. Confirmation of the 

conditions cannot be made without measurements of the evaporation kinetics. 

 

 Figure 6-70. SEM images of particles dried at ~ 0 % RH and 295 K in the FDC with an initial compositions of 

sodium chloride 0.05 MFS, water 0.949 MFS, and silica nanoparticles 0.001 MFS. 

SEM images of particles formed from the sample containing 0.002 MFS silica are shown in 

Figure 6-71. Particles appear to be more similar in morpholgy to particles fromed from pure 

aqueous sodium chloride than those containing 0.001 MFS silica. It is possible that this is 

caused by the RH variation in the FDC as discussed above. Silica particles can be seen to be 

heavily deposited upon and between the faces of crystals. There are no clear external surface 

deposits of silica surrounded by crystal materal that would suggest heterogeous nucleation was 
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induced. The number of silica particles visible in Figure 6-71 appears to be much more than 

twice the number visible in  Figure 6-70 which is inconsitent with the initial concentrations. 

The stock solutions produced sediment rapidly and exhibit agglomeration. Despit being kept 

constantly stirred between formulation and experiments, it is possible that unusually high or 

low levels of silica particles were included in the samples used to load the DoD dispenser for 

each experiment. 

 

 

Figure 6-71. SEM images of particles dried at ~ 0 % RH and 295 K in the FDC with an initial compositions of 

sodium chloride 0.05 MFS, water 0.948 MFS, and silica nanoparticles 0.002 MFS. 

A clear impact of the inclusion of colloidal particles has not been identified through the 

exploratory experiments above. Further experiments that include measurement of droplet 

evaporation and considered the type of colloid included would provide more insight. It is 

possible that different colloid particles with different microphysical structures may have a 

different propensity to induce nucleation. 

6.4. Summary 

This chapter has presented application of the FDC technique, and the model described in 

Chapter 5 to a number of inorganic salt solutions with an intercomparison for each solution. 

The model has been shown to predict solution behaviour well, excluding surface enrichment. 

Particle solidification, which is not considered in the model, was shown case a divergence of 

predicted and measured density. A range of morphologies was identified across the materials 

sampled in this chapter with possible routes to formation discussed. However, trends in 
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morphology and key governing parameters were not identified. The internal environment of an 

evaporating droplet undergoing solidification involves many interlinked and competing factors 

which combine to determine a final morphology. Further work is required to resolve which 

factors are most important and in why they are dominant in different cases.  

 

The evolution of particle shape and aerodynamic size has been measured and shown to 

correlate strongly. However, it is difficult to separate between shape effects and density change 

within FDC measurements and the effective density, ρeff was used to describe the combined 

effect upon evolving aerodynamic size. 

 

Finally, the morphology of sodium chloride particles was modified through the addition of 

ethanol, tetradecanol and silica nanoparticles. The surface active nature of tetradecanol reduced 

the evaporation rate of droplets significantly and resulted in the most dramatic change in 

morphology given the same environmental conditions: pure aqueous sodium chloride droplets 

produced spherical particles comprised of multiple cubic crystals, while tetradecanol doped 

droplets produced particles consisting of a single large, cuboidal crystal. 

 

Future work could extend the techniques applied in this chapter to a wider range of conditions, 

this chapter focused on samples dried at 0 % RH at ambient temperature. Industry relevant 

scenarios are often at elevated temperatures which may lead to extremely rapid evaporation 

and a range of different morphologies. Extensions to the modelling approach to describe 

solidification behaviour could be made, but first the key parameters would need to be 

identified. A primary step could be to include descriptions of surface enrichment for solution 

droplets. 
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Chapter 7  

Evaporation and Particle Formation of 

Complex Solution Droplets 

 

This chapter includes data collected for contributions to two published papers. The 

contributions to the publications were some sample images of particle morphology throughout 

drying and SEM images of particles deposited at the bottom of the Falling Droplet Column 

(FDC). The first publication is titled “The dynamics of SARS-CoV-2 infectivity with changes 

in aerosol microenvironment”, PNAS, 2022, 119, 27, e2200109119 

(DOI:10.1073/PNAS.2200109119.)64 included data pertaining to MEM solutions (section 

7.3.1). Henry Oswin is the lead author. In this chapter a more detailed analysis of the particle 

morphologies than the one included in the paper is presented in addition to the measured 

evaporation data and a quantitative image analysis, which was not included in the paper. 

Therefore, this chapter aims to provide additional insight with minimal overlap with the 

original publication. 

 

The second paper, titled “Mucin Transiently Sustains Coronavirus Infectivity through 

Heterogenous Changes in Phase Morphology of Evaporating Aerosol”, Viruses, 2022, 14, 

1856 (DOI: 10.3390/v14091856) 65 included SEM images of DMEM particles deposited in the 

FDC (section 7.3.2). Robert Alexander is the lead author of the paper. The evaporation data 

from those measurements were not included in the publication and are presented in this chapter 

with a corresponding image analysis of drying droplets and sample SEM images of the 

resultant dry particles. Again, the aim of this chapter is to extend the understanding of the 

physical properties of droplets and particles studied in the original publication. Measurements 

for this paper were performed in collaboration with Edward Neal, who performed half the 

experiments in section 7.3.2 (those performed at 20 % RH). The data is included in this chapter 

to provide a comprehensive comparison, but full acknowledgement for his contribution and 

collaboration is indicated. 
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7.1. Chapter Context 

Previous chapters have presented experimental and modelling methodologies, the 

benchmarking of such methodologies using aqueous-sodium chloride solution droplets, and 

application to other binary solutions of inorganic salts. In this chapter, the same methodologies 

are applied to some solutions which are directly relevant to real-world scenarios. Firstly, the 

drying kinetics and particle formation of  sodium fluorescein, a fluorescent dye that is 

commonly used as a tracer, is studied. It is here described using parameterisations of its 

aqueous solution properties similar to those given for inorganic salt solutions in Chapter 7 to 

enable simulations of the evaporation kinetics. Measurements and simulation of evaporating 

sodium fluorescein droplets are then compared. 

 

Secondly, the drying kinetics of droplets containing components with biological relevance are 

presented. The advent of the COVID-19 pandemic occurred during the period of work leading 

to this thesis. Consequently, public awareness of respiratory aerosols increased.396 The 

scientific community also responded with research to understand aerosol behaviour and 

quantify the risks posed by airborne pathogens. The need for a deep understanding of aerosol 

dynamics was made clear, both for managing the COVID-19 pandemic, but also mitigating the 

risks posed by new airborne infectious diseases in the future.397 Due to the global context, the 

methodologies developed as part of this thesis were applied to solutions used in the study of 

the airborne viability of microorganisms. 

7.2. Sodium Fluorescein 

This project has been funded by the Institut de Radioprotection et de Sûreté Nucléaire (IRSN), 

a nuclear safety organisation. Much of the work presented in this thesis has been devoted to 

understanding the properties of solutions with well-known properties with the aim of 

developing an understanding that may be extended to more complex solutions of more direct 

relevance to IRSN interests. One such solution is aqueous sodium fluorescein solution. Sodium 

fluorescein is used as a tracer material to quantify aerosol release and exposure in various 

industries, including the nuclear industry, healthcare industry, and manufacturing.398–402 

Sodium fluorescein’s characteristic fluorescence, strong colour, low toxicity, and high aqueous 
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solubility make it an ideal compound for multiple applications. The work of the IRSN includes 

the quantification and mitigation of risks posed by the release of radioactive aerosol. Testing, 

designing, and optimising ventilation and filtration systems is a part of this work. Such work 

commonly uses sodium fluorescein tracer aerosol.399,403 Therefore, it is beneficial for the IRSN 

to have an accurate understanding of the properties of aqueous sodium fluorescein aerosol 

throughout drying.  

 

The hygroscopic growth of sodium fluorescein aerosol was reported by Quérel et al. as a radial 

growth factor, GFr. Dépée et al. used kappa theory to parameterise the measured GFr, reporting 

a best fit kappa value, κ, of 0.23 with upper and lower uncertainty limits of 0.20 and 0.27, 

respectively.404,405 The kappa value allows the hygroscopic response of aerosol particles to RH 

change to be parameterised using a single value. The relationship between GFr and κ is shown 

in Equation 7-1 

 

 

𝐺𝐹𝑟 = (1 + 𝜅
𝑅𝐻

1 − 𝑅𝐻
)

1
3
 

(7-1) 

 

Dépée et al. also presented a parameterisation of aerosol density as a function of GFr. Water 

activity, aw, and density were parameterised with respect to MFS sodium fluorescein based 

upon the reported value of κ and the description of solution density. The parameterisation 

method used is consistent with that presented in Chapter 5; a polynomial fit of the data is 

performed in the MFS1/2 domain. The calculated values of density may then be related directly 

to MFS. The density parameterisation calculated is shown in Figure 7-1(a) with bulk 

measurements of solution density for comparison. Figure 7-1(b) presents aw as a function of 

MFS. The bulk measurements of density and fit to the data from Dépée et al. are shown to 

correspond well. Table 7-1 reports the coefficients of the polynomial fits uses in the 

parameterisation of the solution density and activity of water. 
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Figure 7-1. (a) The density of sodium fluorescein solution plotted over MFS. Bulk measurements and values 

calculated from the work of Dépée et al. (b) The activity of water in solution with sodium fluorescein as a function 

of MFS, calculated using the values of κ presented by Dépée et al.404 
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Table 7-1. Polynomial coefficients of the activity of water as a function of MFS as presented in Figure 7-1 for a 

κ value of 0.23 and of the density of sodium fluorescein solution with respect to MFS1/2. 

The evaporation of 0.01 MFS aqueous sodium fluorescein solution droplets was measured in 

the FDC at 296 K and at various RHs, ranging from ~ 0 % to 40 % RH. The solution 
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concentration corresponds to the industrially relevant concentration of 10 g L-1 (pers. commun, 

IRSN [ISO 16170:2016(en), Annex C]).  The initial conditions of each experiment were 

extracted from the results in using the same means described in Chapters 5 and 6 with the 

resulting key parameters given in Table 7- 2.  

 

RH / % R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 T / K 

2.5 18.4 2.719 0.139 0.001 296 

5 18.4 3.342 0.493 0.006 296 

10 18.9 1.061 0.068 0.008 296 

15 18.9 1.146 0.145 0.006 296 

20 19.3 1.231 0.208 0.006 296 

30 19.1 1.310 0.141 0.005 296 

40 19.2 0.317 0.337 0.004 296 

Table 7- 2. Parameters describing the initial conditions of experiments upon sodium fluorescein performed in the 

FDC. 

The evaporation of aqueous sodium fluorescein droplets was simulated using the SADKAT 

implementation of the model presented in Chapter 5. The initial conditions and 

parameterisation of solution properties described above were used as inputs for the simulations. 

The simulated and measured evolution of geometric radius of droplets at each RH value is 

presented in Figure 7-2(a).  The corresponding evaporation rates are shown in Figure 7-2(b).  
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Figure 7-2. (a) The evolution of geometric radius and (b) evaporation rate of evaporating sodium fluorescein 

droplets at RH values between 0 and 40 % and at 296 K. Measurements from the FDC marked with dots (dashed 

line is five-point rolling average) and simulations are marked with a solid line. 

The measured final size of particles is seen to be similar, within the noise of the measurements. 

The similarity in final sizes may be attributed to the low initial MFS  and the size-resolving 

limit of the FDC sizing method. The GFr reported by Quérel et al. varies only from 1 to ~ 1.1 

for RH values of 0 % and 40 %, respectively. The final geometric radius of particles in 

measurements presented is ~ 5 µm. Consequently, the expected difference in final radius 

between measurements at 0 % RH and 40 % RH is ~ 0.5 µm. The resolution of images acquired 

by the FDC is typically 0.75 µm/pixel, insufficient to resolve the difference between the final 

sizes of particles in these experiments. 
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The evaporation rate of particles is shown to be overestimated for all sets of conditions. 

However, the difference between evaporation rates at 0 % RH and 40 % RH is similar (~ 750 

µm2.s-1) in both simulations and measuremnets. Simulations were performed using 

parameterisations of water activity based upon the limiting values of κ reported by Dépée et al. 

to test the sensitivity of evaporation behaviour to the κ value. The difference in evaporative 

behaviour between simulations were κ = 0.2 and κ = 0.27 was negligible (within the width of 

the line in Figure 7-1(b)). The overestimation of evaporation rate in simulations may be due to 

the role of surface enrichment, not currently included in the SADKAT. In Chapter 5, surface 

enrichment was predicted to occur for sodium chloride under similar conditions. As the average 

ionic radius of sodium fluorescein is larger than that of sodium chloride, diffusion rates are 

expected to be lower. Consequently, a significant surface enrichment is expected in evaporating 

sodium fluorescein droplets. Increased surface saturation reduces the activity of water at the 

surface, and thus the evaporation rate. To validate this hypothesis, the expected surface 

saturation of droplets would need to be calculated. Measurements with a lower amount of noise 

in evaporation rate measurements would also allow the change in evaporation rate to be 

resolved as the surface saturation increases. 

 

The final aerodynamic size predicted by the simulations is significantly larger than the 

measured values. The discrepancies are inconsistent between separate experiments and are 

attributed to uncertainty in the FDC measurements relating the speed of the gas flow, which 

has been described in previous chapters. Additionally, it is noted that the measurements 

performed are some the longest in this thesis (> 3 s), corresponding the furthest distance 

travelled though the FDC. As the gas flow passes through the column, it is expected to develop, 

from a laminar plug flow to flow with a parabolic velocity profile. This has not been quantified 

but is expected to have the most effect on measurements over longer vertical distances. Further 

work is required to quantify this error and calibrate measurements. Consequently, the 

aerodynamic measurements are not presented here, though it was noted that despite the 

absolute values of simulated and measured aerodynamic sizes lacking agreement, the rate of 

change is consistent.  The calculated final effective density values based on the FDC 

measurements are unreasonably low (~ 0 kg m-3) and exhibited a large amount of noise. This 

is attributed to a combination of the uncertainty in the gas flow and the small particle size 

increasing the relative error in geometric radius measurements (resolution [µm] / geometric 
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radius [µm] ≈ 0.75 / 5 = 15 %). Furthermore, the small particle sizes result in a ratio of da
2 to 

dv
2 that is very sensitive to small changes in either value. Experiments on droplets with larger 

initial sizes would be expected to result in lower uncertainty. 

 

It is noted that the final geometric size of particles calculated by the simulation is close to the 

measured final size (Figure 7-2a). The similarity of these values may be physically meaningful 

for systems that retain sufficient water to remain as a solution. However, as model does not 

account for particle solidification, experiments where a solid particle is formed are not directly 

comparable to the model after the point of solidification. No solid particles were collected from 

droplets dried at an RH greater than 2.5 %. Consequently, it is not known for which 

experiments the simulations may be considered completely valid.  

 

SEM images of particles formed during the experiment performed at 2.5 % RH are shown in 

Figure 7-3. Particles morphologies are shown be extremely reproducible with particles 

appearing spherical with a smooth surface. Some particles exhibit a hole in the visible face and 

slight cracking on the surface. It is possible that cracks in the surface are formed during the 

SEM imaging process. Bombardment with electrons can cause changes in surface structure 

(pers. commun, University of Bristol, Chemical Imaging Facility). 

 

 

Figure 7-3.  SEM images of particles formed from the drying of 0.01 MFS sodium fluorescein solution at 296 K 

and 2.5 % RH. 

The formation process of the hole was not observed during FDC measurements. Crust 

formation is expected due to surface enrichment during rapid drying. As particle deformation 

is not observed, it is deduced that the strength of the crust is sufficient to withstand any pressure 

differences that occur during drying. Nonetheless, a pressure difference may occur, either a 

reduced internal pressure due to solvent loss or an increased internal pressure due to internal 
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solvent evaporation. As the experiments were performed at ambient temperature, internal 

solvent boiling is not expected. It is possible, therefore, that the holes form when a weak part 

of the crust breaks, allowing the admission of air into the particle. Further analysis would be 

required to confirm such a mechanism. In the current situation, where direct observation is not 

possible and modelling is not sufficiently advanced to describe the system, cutting or crushing 

particles may reveal the internal structure. This would allow the deduction of a mechanism of 

hole formation and a more accurate evaluation of particle density. Based on an understanding 

of surface enrichment and crust formation, it is expected that particles are hollow. This is 

validated by calculating the radius of a sphere of solid fluorescein of mass corresponding of 

the mass in an initial solution droplet. A droplet of initial radius of 18.4 µm and initial 

concentration 10 gL-1, like those produced in the experiment performed at ~ 0 % RH, contains 

2.61 × 10-13 kg of sodium fluorescein. Given a solid density of 1602 kgm-3, a solid sphere of 

sodium fluorescein of this mass would have a radius of 1.3 µm. The particle in Figure 7-3c has 

an external diameter of 7.9 µm. Assuming that the crust is solid sodium fluorescein with no 

gaps and using the volume of a sphere of radius 1.3 µm the internal diameter is calculated to 

be 7.8 µm. Consequently, a crust thickness of 0.1 µm is calculated. SEM imaging of crushed 

or cut particles would reveal the accuracy of this calculation and the validity of the assumptions 

made. 

 

Particles formed through evaporation at RH values higher than zero were not observed. Sodium 

fluorescein does not exhibit an efflorescence/deliquescence cycle and absorbs and loses water 

continuously, in line with the radial growth factor discussed above. Consequently, particles 

formed at RH ≥ 0 % will have a higher water content and undergo a secondary drying process 

when subject to a vacuum during sputtering and SEM imaging. It is expected water retention 

would allow the internal composition of particles to homogenise, albeit slowly, in a viscous 

and highly saturated environment. 

7.3. Biologically Relevant Solutions 

The composition of fluids that may be present in exhaled aerosol is complex. Exhaled aerosol 

particle size distributions are often represented as trimodal. Droplets in the smallest mode are 

produced in the lower part of the respiratory tract (bronchiolar mode), a larger mode consists 
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of droplets produced higher up the respiratory tract (laryngeal mode), and the largest droplets 

may be entrained from the mouth when articulating (oral mode).406,407 Fluids in different parts 

of the body have different compositions and the same kind of fluid may vary over time and 

between individuals.61,408,409 Consequently, the composition and physicochemical properties of 

exhaled aerosol droplets are poorly defined. In general, the fluids contain a mixture of 

electrolytes and organic compounds, including proteins.408 

 

In this work, experiments are reported on droplets of minimal essential medium (MEM) and 

Dulbeco’s modified Eagle medium (DMEM). These solutions are used as cell culture media, 

but also have compositions relevant to the fluids that may comprise exhaled aerosol.64,65,410,411 

The MEM solution used was supplemented with foetal bovine serum (FBS) (2 % v/v), which 

is a poorly defined mixture of proteins, and a non-essential amino acid (NEAA) (1% v/v) 

solution.64,412 The DMEM solution used was also supplemented with FBS (10 % v/v). For 

convenience, these solutions will be referred two by the main components; simply as MEM 

and DMEM solutions. 

 

The multicomponent nature of the solutions used in this work result in particles that exhibit 

some level of phase separation upon solidification. Therefore, the SEM images of particles 

presented in the subsequent sections of this chapter are different to those reported so far, the 

method of image generation is as follows. SEM imaging produces images of different quality 

depending upon the method of imaging used: either collecting electrons with the backscattered 

electron detector (BED) or the secondary electron detector (SED). Images produced using the 

SED tend to reveal the surface structure of particles in most detail with low-noise images. 

Images produced using the BED typically reveal more subsurface structure but tend to have a 

higher level of noise, with a poorer resolution of particle edges against the deposition surface. 

Consequently, the SEM images presented in this section are composite images of the two types 

of images (BED and SED collector images). The composite images are produced by layering 

the SED produced image with 50 % transparency on top of the BED produced image. Such an 

approach enables a qualitative assessment of all the phases and components to be easily made, 

with both the surface and subsurface structure and ale to be resolved. A demonstration of the 

composite images is made in Figure 7-4. 
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Figure 7-4. Composite images showing images formed from 100 % SED, 50 % SED and 50 % BED, and 100 % 

BED images (left to right). The samples used are MEM solution droplets dried at ambient temperature and (a) 0 

% and (b) 40 % RH. The morphologies are discussed in detail in the following sections. It is possible to resolve 

sections of crystalline salts (white material) and organic amorphous solids (dark grey material). 

7.3.1. The Drying and Phase Behaviour of MEM Droplets 

The evaporation of MEM solution droplets was measured in the FDC at 296 K and RH values 

between 0 % and 60 %. As with other experiments, the exact RH inside the column has an 

uncertainty of ± 5 % RH from the nominal RH and 0 % RH is likely never achieved, instead 

the actual RH in this case is likely to be ~ 2.5 %. The initial conditions of each measurement 

are shown in Table 7-3. The resulting evaporation profiles are presented in Figure 7-5(a). The 

final geometric size of particles formed at RH values of RH values of 30 % and below are seen 

to be the same, within the resolution of the FDC measurement. However, the final size of 

particles at higher RH values is shown to increase with RH. 

 

RH / % R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 Gas Flow / ms-1 T / K 

2.5 21.3 1.179 0.105 0.009 296 

10 21.7 1.074 0.121 0.009 296 

20 18.8 2.031 0.114 0.005 296 

30 21.7 0.546 0.332 0.007 296 

40 19.1 1.778 0.082 0.009 296 

50 18.6 1.860 0.108 0.007 296 

60 18.9 2.001 0.210 0.007 296 

Table 7-3. Parameters describing the initial conditions of experiments upon MEM solution droplets performed in 

the FDC. 
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The evaporation rate, extracted from the change in geometric radius over time, is presented in 

Figure 7-5(b). It is noted that droplets dried at the lower RH values exhibit a sharper transition 

from the initial evaporation rate to zero, compared with those dried at higher RH values, which 

equilibrate more gradually. This may be indicative of droplets solidifying during drying at low 

RH and equilibrating, but remaining as a solution, at higher RH values. 

 

Parameterisations of the properties of MEM solutions are not available, so simulations of the 

experiments were not made. As with the fluorescein measurements, the aerodynamic diameter 

measurements achieved were of relatively poor quality. The dilute solutions resulted in small 

particle sizes, resulting in a large amount of noise in extracted density values.  

 

 

Figure 7-5. (a) The evolution of geometric radius and (b) evaporation rate of evaporating MEM droplets at RH 

values between 0 and 60 % and at 296 K. Dashed line indicates a five-point rolling average 
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An analysis was performed on the images of evaporating droplets of MEM solution using the 

methods described in Chapter 3 and implemented in Chapter 6, the Feret aspect ratio is not 

presented in this analysis as the sphericity demonstrated all key trends observed. The results of 

the image analysis are shown in Figure 7-6. The calculated values of image sphericity (Figure 

7-6(a)) show that the particle shape tends to deviate from spherical, about 0.001 s.µm-2 before 

the evaporation rate exhibits a marked reduction. Particles dried in near-dry conditions (0 % - 

10 % RH) exhibit a rapid transition to a sphericity value of approximately 0.75. Particles dried 

at 20 % RH have a more gradual transition and equilibrate at a sphericity value of 

approximately 0.85. The experiment performed at 30 % appears unique, showing a sudden 

change in measured sphericity from 1 to approximately 0.5. The transition initiates between 

the start of the transitions observed at 20 % RH and 40 % RH, so the time of the change in 

particle shape is consistent with expectations. An inspection of images from the experiment 

revealed that particles formed at 30 % tended to have a cross section similar to a spherical cap 

and consistently self-orientate to have the convex face pointing downwards. Other experiments 

did not produce such consistent behaviour. While a mechanism for the formation of such 

morphologies under these conditions only is not known, the observations does explain the 

trends seen in sphericity. The profile of the morphology formed at 30 % RH in the orientation 

observed has an elongated shape with a low sphericity value and the alignment will cause such 

an orientation to be frequently observed. Particles of such a shape orientated with the convex 

face at the bottom will be in the most stable orientation as the centre of mass will be at the 

lowest possible point; other orientations are likely to be unstable. Experiments performed at 40 

% RH or higher exhibited a much less marked transition and retained relatively high sphericity 

values. 

 

A change in sphericity is indicative of particle solidification such as crystallisation or particle 

buckling. It is there understood that particles formed at 30 % RH or lower produce solid 

particles that are likely to have buckled morphologies. This is because surface enrichment and 

crust formation is likely in MEM solutions as the organic components will become increasing 

viscous at elevated saturations. At lower evaporation rates, crust formation, and therefore 

particle deformation, is less likely, allowing particles to retain a spherical morphology. 
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Figure 7-6. (a) The temporal evolution of image sphericity and (b) image density of evaporating MEM solution 

droplets at RH values between 0 % 60 % and at 295 K. Lines indicate five-point rolling average and shaded 

regions indicate corresponding standard deviations. 

Image density of particles throughout evaporation is shown in Figure 7-6(b). Significant 

increases in image density are observed for two experiments carried out at 20 % RH and 40 % 

RH. An interrogation of individual experimental images revealed that these increases are due 

to a large number of out-of-focus images and is not a physical change in the droplet state. At 

the points where the sphericity of particles exhibits a change, marked transitions are observed 

in the image density, corresponding to a change of state. As MEM contains a mixture of 

inorganic salts and organic compounds, it is not possible to resolve if this is a crystallisation 

process or a transition to an amorphous state from these measurements. To understand the 

nature of the particles formed, SEM images of the deposited samples were collected. 
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Figure 7-7 displays images obtained from with the FDC and sampled from the end of each 

measurement made upon MEM solution droplets. The images show the final morphology 

observed, but further drying and morphological change may occur after final measurement or 

even after particle deposition. Morphologies formed at low RH values (0 % and 10 % RH) are 

buckled and particles appear dark, indicating a significant amount of crystallisation. At 

increasing RH values final morphologies show a trend from this morphology towards a wet 

and rounded appearance, with particles dried at 60 % RH barely resolvable from a liquid 

droplet. Particles formed at 30 % RH exhibit unique behaviour, often forming elongated 

particles that appear to exhibit a common alignment. Future work and image analyses could 

quantify the propensity of particles to align. The fine detail of particles is not visible in images 

obtained with the FDC and so SEM images of deposited samples were collected. 

 

Figure 7-7. Sample images from the FDC of MEM solution droplets dried at a range of RH values. The images 

represent the final morphologies observed in the FDC before particle deposition. 

Figure 7-8 presents SEM images of the particle morphologies formed from MEM solution 

droplets evaporation at RH values between 0 % and 60 %. Particles formed at 30 % RH and 

below can be seen to all have a similar appearance, comprised of a body of organic material 

(dark) with internal small salt crystals (light). Such particles appear to have a surface made of 

smooth organic material, even if it is stretched around crystalline material in places. Particles 

formed at 20 % RH exhibit the least buckling and many appear to have coalesced. Repeat 
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experiments are needed to confirm if this is an artifact of any moisture uptake between 

deposition and SEM image. Coalescences is not observed during FDC measurements and must 

occur on the collection slide. The elongated shape of many particles formed at 30 % RH 

corresponds to the low sphericity measurements. Such particles typically exhibit a single 

concave section, characteristic of the location of initial buckling. It is hypothesised that as 

particles that buckle at multiple locations rather than as single point retain a higher sphericity, 

those dried most rapidly (at low RH values) are likely to produce a morphology with a higher 

sphericity that those dried at an intermediate rate. Intermediate drying rates may produce just 

enough crust formation and solvent loss that buckling occurs, but not so much that multiple 

buckling events occur. Further experiments are required to test this hypothesis, which offers 

no explanation of the lack of buckling observed in particles formed at 20 % RH. 

 

For all the particles formed at different RH values, there is a trend in the size of crystal 

inclusions within the particle. The most rapidly dried particles show a large number of very 

small crystals and particles dried at increasing RH values exhibit lower numbers of larger 

crystals. This observation is consistent with the trends seen in aqueous sodium chloride 

solutions, that rapid drying results in higher numbers of nucleation events due to elevated 

surface concentrations and correspondingly high nucleation rates. How this mechanism is 

modified in a multicomponent solution in which only some components will crystalise. It is 

expected that the organic components of the solution will form an extremely viscous solutions 

which will limit solute diffusion and, consequently, impact upon the crystal growth and particle 

morphology.  

 

Samples collected at 40 % RH contain particles with two types of morphology: a slightly spread 

morphology with large protruding salt crystals or rounded particles with subsurface crystals 

visible. Particles with salt protrusions are understood to have contained sufficient water upon 

deposition to spread and for the salts to be carried out from the particle in solution during 

subsequent evaporation, crystalising as water is lost. The rounded morphology is understood 

to be due to particles losing sufficient water that their exterior became solid and did not spread. 

In such a case, crystallisation is expected to occur internally. 
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Figure 7-8. SEM images of particles formed from MEM solution droplets drying at 295 K and at (a) 0 %, (b) 10 

%, (c) 20 %, (d) 30 %, (e) 40 %, (f) 50 %, (g) 60 % RH. 

Samples collected at 50 % and 60 % RH exhibit dramatic spreading of crystalline structures 

across the deposition surface. In some cases, the organic residue is visible as a dark blob, free 

from any resolvable salt content. The crystal growth is understood to occur as water leaves 
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particles, carrying salts with it, and then evaporates, leaving a salt residue. Comparison of 

samples collected at 40 % - 60 % RH reveal that larger surface crystals are formed from 

particles which dried most slowly and hence contained the most water upon deposition. 

 

The impact of phase separation, particle morphology, and particle composition upon the 

viability of microorganisms is not fully known. However, efflorescence is shown to impact 

upon viral viability, and it is possible that the microenvironment that organisms are exposed to 

acts to either sustain or reduce viability.64 Future measurements of the viability of 

microorganisms within particles of controlled morphologies (controlled either by drying 

conditions or initial composition) may provide a route to understanding the key factors 

influencing the propagation of diseases though aerosol particles.  

7.3.2. The Drying and Phase Behaviour of DMEM Droplets 

FDC measurements of DMEM solutions with varying quantities of added mucins investigated 

the effect of gel-forming mucins on the evaporation and particle formation of respiratory 

aerosol.65 These measurements supported other studies at the University of Bristol to 

understand coronavirus infectivity in respiratory aerosol. Type II porcine gastric mucin was 

used as a source of mucins and contains three different mucin proteins. The details of the 

biological relevance of the DMEM solutions and mucins used are described in the publication 

for which these measurements were taken.65 This chapter focusses upon the FDC 

measurements, particularly the evolution in morphology and the final structure of particles. 

Measurements were made at 295K and two RH values of 20 % and 40 % on solutions with a 

mucin concentration of 0 %, 0.1 %, 0.3 % and 0.5 % v/v. 

 

Mucin Content 

/ v/v % RH / % R0 / µm Vx,0 / ms-1 Vz,0 / ms-1 
Gas Flow / 

ms-1 
T / K 

0.0 20 21.1 1.293 0.007 0.005 295 

0.1 20 19.4 2.110 0.306 0.006 295 

0.3 20 20.2 1.637 0.515 0.007 295 

0.5 20 20.6 1.089 0.207 0.007 295 

0.0 40 19.4 2.059 0.022 0.004 295 

0.1 40 20.4 1.212 0.037 0.005 295 

0.3 40 19.3 1.832 0.156 0.005 295 
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0.5 40 21.3 0.834 0.297 0.003 295 

Table 7-4. Initial conditions of FDC measurements upon evaporating DMEM solution droplets with varying levels 

of mucin content at RH values of 20 % and 40 % and at 295 K. 

The evaporation of the DMEM solution droplets with four different concentrations of mucin 

content at both 20 % RH and 40 % RH are presented in Figure 7-9. Droplets dried at 20 % RH 

can be seen to evaporate more rapidly than those dried at 40 % RH but form particles of the 

same size, within the noise of the measurements. The corresponding evaporation rates are 

shown in Figure 7-9(b). Droplets with zero mucin content evaporate most rapidly at each RH. 

Droplets with a mucin content greater than zero exhibited similar evaporation rates to each 

other, in some cases, indistinguishable within the resolution of the measurements. As mucins 

are gel-forming, they are expected to limit water evaporation though bulk diffusion when they 

become surface enriched. Indeed, this expectation is fulfilled by the FDC measurements, with 

droplets containing mucin evaporating more slowly than those free from mucin. However, it is 

not possible to evaluate how the evaporation rate scales with mucin concentration for mucin-

containing droplets based on the measurements taken. 
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Figure 7-9. FDC measurements of (a) the evolution of geometric radius and (b) evaporation rate of evaporating 

DMEM solution droplets with varying levels of mucin content at RH values of 20 % and 40 % and at 295 K. 

Measurements made at 20 % RH are marked with a round point and measurements made at 40 % RH are marked 

with a horizontal line. A five-point rolling average is used to smooth the evaporation rate measurements (20 % 

RH with dashed and 40 % RH with dotted). 

It is noted that mucin doped droplets reach their final size between 0.0005 s.µm-2 and 0.001 

s.µm-2 later than those that do not contain any mucin. For a droplet of initial radius 25 µm this 

difference is between 0.3 s and 0.6 s. The impact of the this difference in total time as an 

evaporating droplet upon microorganisms is not known. Indeed, it may not be the time spent 

in the transient, evaporating-droplet state that is that is crucial to the viability of 

microorganisms, but rather the final state that the particles achieve, which last for much longer 

periods of time. To probe this, the morphology of particles must be analysed. 
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An image analysis of images collected from experiments carried out at 20 % RH is presented 

in Figure 7-10. In Figure 7-10(a), droplets of DMEM solution free from mucin can be seen to 

lose their spherical nature earlier than those containing mucin but present a higher final value 

of sphericity. As discussed in section 7.3.1, higher sphericity values may be associated with 

increased buckling. An increase in image density is observed (Figure 7-10(b)) concurrent with 

the decrease in sphericity. Mucin-free particles exhibit a higher final image density, which is 

indicative of a particle which interrupts light transmission strongly, either through its 

composition or structure. The changes in image properties indicate solidification occurring 

within droplets and coincide with the beginning of the reduction in evaporation rate. For 

example, droplets containing 0 % v/v mucin increase in image density and decrease in 

sphericity at approximately 0.003 s.µm-2 and simultaneously show a reduced evaporation rate. 

These observations are consistent with an understanding of crust formation and solute 

solidification which locks the geometric particle size followed by the spherical morphology 

deforming with buckling upon continued evaporation.  
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Figure 7-10. (a) The temporal evolution of image sphericity and (b) image density of evaporating DMEM solution 

droplets with varying levels of mucin content at RH values of 20 % and at 295 K. Lines indicate five-point rolling 

average and shaded regions indicate corresponding standard deviations. 

Images of droplets of each sample undergoing drying, corresponding to the data shown in 

Figure 7-10 are shown in Figure 7-11. Particles containing no mucin are slightly more rounded 

than those containing mucin but that they exhibit similar morphologies with all samples 

transitioning from a spherical droplet to a buckled particle between 0.003 s.µm-2 and 0.0045 

s.µm-2. In Figure 7-11, buckling appears a lesser extent in droplets with 0.5 % v/v mucin 

compared to those with 0.1 % v/v mucin. This is qualitative assessment of the images in Figure 

7-11 and hard to resolve quantitatively from the data in Figure 7-10, but it may be related to a 

difference in the properties of crust formed at the mucin-enriched surface of drying droplets. 

Stronger or thicker crusts are expected to require a higher force to initiate buckling, resulting 

delayed occurrence of buckling for increased crust strength. 
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Figure 7-11. Examples of bright-field images captured with the FDC of DMEM solution droplets with varying 

mucin concentrations drying at 20 % RH and 295 K. Each row of images shows droplets of a different mucin 

content, and each column represents a different point in the lifetime of a droplet (normalised with respect to the 

initial size). Four images are sampled for point after the morphology deviates from spherical as this allows the 

range of morphologies to be observed. 

SEM images of the particles formed from droplets of the DMEM solution with each 

concentration of mucin are presented in Figure 7-12. The particles in the SEM images bear 

semblance to those in Figure 7-11, confirming that the state of particles observed in the FDC 

is preserved through SEM imaging. All particles formed show common traits; they are buckled, 

with a smooth surface comprised of organic material and they contain many (10s – 100s) small 

(≤ 1 µm) inorganic salt crystals near their surface. There appears to be a trend in the level of 

buckling that occurs across the levels of mucin content. Particles formed from DMEM 0 % v/v 

(Figure 7-12a) mucin solution are highly buckled, with multiple (typically 3 or more) concave 

sections creating a wrinkled appearance. In contrast, particles formed from DMEM 5 % v/v 

(Figure 7-12d) solution have a smoother, more rounded appearance, with fewer (1 to 3) 

concave sections. Intermediate levels of mucin content produce similar morphologies with the 

extent of buckling depending upon the amount of mucin in solution. The reduced evaporation 
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rate of mucin-containing is consistent with the observed lower level of buckling, based on the 

understanding that solvent loss after crust formation does creates a pressure difference across 

the particle surface. In addition to the impact upon evaporation, mucin content may also modify 

the mechanical properties of the crust formed, though this has not been quantified. 

 

 

Figure 7-12. SEM images of particles formed from DMEM solution droplets containing (a) 0 %, (b) 0.1 %, (c) 

0.3 %, and (d) 0.5 % v/v mucin at 295 K and 20 % RH. 

As with the experiments performed at 20 % RH, an image analysis was applied to DMEM 

solution droplets dried at 40 % RH. The calculated evolutions of particle sphericity and image 

density are presented in Figure 7-13. Particles formed at 40 % RH retain a higher level of 

sphericity and lower image density than those formed at 20 % RH. High sphericity values 

suggest that particles dried in these conditions do not experience large deformations and low 

image density may indicate water retention but may also be a result of more close-so-spherical 

morphologies not disrupting light transmission significantly. The transitions in particle image 
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properties and measured evaporation rates indicate particle solidification occurs later and less 

markedly in droplets of solutions that contain mucin than those that do not, a trend that is 

consistent across both RH values used in experiments. 

 

 

Figure 7-13. (a) The temporal evolution of image sphericity and (b) image density of evaporating DMEM solution 

droplets with varying levels of mucin content at RH values of 40 % and at 295 K. Lines indicate five-point rolling 

average and shaded regions indicate corresponding standard deviations. 

Images collected from the FDC are shown in Figure 7-14 and confirm the trends identified 

from Figure 7-13. The appearance of particles only changes slightly from that of a 

homogeneous droplet, with minor changes in shape and light transmission. Particles with 0 % 

v/v show the most changes in appearance, losing their symmetric circular appearance by 0.006 

s.µm-2. This occurs so a lesser extent for particles containing any level of mucin and particles 
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with 0.5 % v/v mucin present as rounded droplets in Figure 7-14, unable to be qualitatively 

resolved from homogeneous droplet. Compared to droplets of DMEM solution dried at 20 % 

RH, those dried at 40 % RH form much more rounded droplets through a slower evaporation 

process. It is not possible to confirm if drying is complete from the FDC images alone, though 

the light transmission observed in Figure 7-14 is consistent with particles that still contain 

water. 

 

 

Figure 7-14. Examples of bright-field images captured with the FDC of DMEM solution droplets drying at 40 % 

RH and 295 K. Each row of images shows droplets of a different mucin content, and each column represents a 

different point in the lifetime of a droplet (normalised with respect to the initial size). Four images are sampled 

for point after the morphology deviates from spherical as this allows the range of morphologies to be observed. 

SEM images of the particles deposited during experiments carried out at 40 % RH are shown 

in Figure 7-15. In contrast to particles formed at 20 % RH, the more slowly dried particle are 

not buckled. Particles are generally rounded (almost spherical) with a smooth surface and low 

numbers (1s – 10s) of salt crystals visible just below the particle surface. The salt crystals 

formed are 1 – 5 µm in size in particles dried at 40 % RH, larger than those in particles dried 

at 20 % RH. The morphology of particles that do not contain mucin are more irregular than 

those that contain mucin, a reflection of the observations made in the image analysis. Mucin-
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free particles appear to have experienced a greater deformation from their initial spherical 

shape during drying. 

 

 

Figure 7-15. SEM images of particles formed from DMEM solution droplets containing (a) 0 %, (b) 0.1 %, (c) 

0.3 %, and (d) 0.5 % v/v mucin at 295 K and 40 % RH. 

The SEM images in Figure 7-15 reveal a significant amount of surface crystallisation of salts 

on the deposition surface. Such crystals are understood to occur during drying after deposition, 

as discussed in section 7.3.1. It is also noted that many particles stick together, in places 

appearing to fuse together. These observations demonstrate that particles contain water at the 

point of deposition. Water retention will enable the internal structure of particles to homogenise 

and facilitates the fusing of particles. Experiments involving longer periods of time free from 

surface contact, such as levitation experiments, would make it possible to resolve if the 

equilibrium state of DMEM solutions contains water or if the particles in these experiements 

were simply deposited before drying had completed. 
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The presence of mucin in aerosol droplets sustains coronavirus infectivity in the short term 

(with 2 minutes of droplet production) but has little effect in the longer term ( ≥ 5 minutes).65 

The timescale of FDC measurements made in this work are shorter than infectivity 

measurements in the literature (100s of seconds), so a direct comparison is not possible. 

However, the increased retention of water in mucin-containing particles has been evidenced 

through the FDC measurements. Coronavirus infectivity reduces upon droplet efflorescence; 

however, it is not yet known if this due to properties of the solid phase or liquid phase in a 

mixed droplet.64 While the mechanism for the loss of coronavirus infectivity is not yet known, 

the ability to differentiate between the phase behaviour of solutions relevant to respiratory 

aerosol is important. The measurements presented here demonstrate that in addition to having 

internal environments which enable biological viability to different degrees, respiratory aerosol 

may have different morphologies depending upon subtle changes in their composition and the 

environment to which they are exposed. The morphology of particles influences their 

aerodynamic properties, surface adhesion, and their dissolution dynamics inhalation or 

deposition on wet surface.217,413 

7.4. Summary 

This chapter has presented application of the methodologies developed in earlier chapters to 

systems of relevance to industry. Sodium fluorescein evaporation has been measured and 

simulated and, despite the simulations not accounting for surface enrichment, the simulations 

predict the trends in evaporative behaviour with RH well. Simulations overestimated the 

evaporation rate of sodium fluorescein droplets, typically by 100 – 200 µm2s-1, which was 

accredited to the model used that does not including a description of surface enrichment. The 

final morphology of sodium fluorescein particles dried at 0 % RH and ambient temperature 

was spherical, with some particles having a single hole in the surface. Particles were inferred 

to be hollow due to crust formation occurring during drying, but further work is required to 

validate the internal structure and calculated the particle density. Aerodynamic radius 

measurements of particles were poor quality due to the small size of particles and 

comparatively large experimental uncertainties. 
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The evaporation of MEM and DMEM solution droplet was measured, revealing trends in 

evaporation behaviour and resultant morphology depending upon the drying conditions and 

initial conditions. Phase separation of salts and organic material was observed in dried particles. 

In MEM particles, the size of salt crystals increased while the number of salt crystals decreased 

with decreasing evaporation rate. Particle morphologies also exhibited different levels of 

buckling and deformation; rapidly dried particles were strongly deformed, compact 

morphologies, particles dried at intermediate rates had elongated morphologies dominated by 

a single buckling event, and slowly dried particles remained spherical, in some cases, retaining 

water till deposition. 

 

The results presented in this chapter demonstrate that the properties of fluorescein droplets may 

be predicted for scenarios where it is used a tracer, with the equilibrium size being 

approximated by the model used, despite the assumptions made. In the case of mid to high 

humidity environments where sodium fluorescein is likely to remain liquid, simulations are 

appropriate for direct application. If rapid drying and solidification is involved, further work to 

quantify the change in particle properties is required. 

 

It has been shown that the morphological evolution of respiratory aerosol can be strongly 

dependent upon the initial conditions that the aerosol is exposed to. The state of particles that 

induce different levels of biological decay has been analysed. Future work to identify the 

mechanisms that cause biological delay may be related to the results presented in this work, for 

example, if contact with or inclusion in a crystalline environment is found to be a factor in 

reduced viral infectivity, the different particle morphologies observed may be related to the 

reduced infectivity. 

 

Solutions used in industry and prevalent in natural processes are commonly multicomponent 

and may not easily be parameterised for modelling. This chapter demonstrates that the 

techniques applied to binary solutions of inorganic salts and the understanding gained may be 

informative when applied to more complex systems of industrial relevance. 
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Chapter 8  

Conclusions 

8.1. Thesis Summary 

The application of aerosol science to a range of contexts was presented in Chapter 1 with the 

challenges in measurement and understanding highlighted. It was stated that the same core 

processes, droplet drying and particle formation, played a key role in all applications described. 

Therefore, this thesis has included work that aimed to identify the key parameters that govern 

the evaporation of droplets and subsequent formation of solid particles. 

 

Chapter 2 described the theoretical framework that was used throughout the rest of the thesis 

for measurement data analysis, interpretation, and simulations. The core design features of the 

Falling Droplet Colum (FDC), key developments, and data analysis methodologies were 

presented in Chapter 3. Benchmarking of the FDC against an established technique, the 

electrodynamic balance, was also presented in Chapter 3. 

 

An initial application of the FDC to analyse crystallisation in drying sodium chloride solution 

droplets was shown in Chapter 4. More extensive studies of the behaviour of sodium chloride 

solution droplets were presented in Chapter 5. Chapter 5 includes a model for accurate 

descriptions of solution droplet evaporation, with experimental validation. Application of the 

model allowed calculation of a time-resolved Péclet number which was then considered in 

relation the morphology of particle formed in the FDC.  

 

Chapter 6 then presented an application of the experimental and computational techniques 

developed to a range of inorganic salt solutions, testing the relationship between initial solution 

properties and final particle morphologies for particles formed through rapid drying (drying at 

~ 0 % RH). The dual approach employed in Chapter 6 allowed insights about the evolving 

phase of droplets to be inferred from the difference between simulations and experimental data. 

Particle structure change was observed using imaging of freefalling droplets in the FDC and 
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the final morphology of particles was observed using SEM imaging. Additionally, Chapter 6 

presented exploratory experiments in which aqueous sodium chloride solutions were doped 

with additional compounds to modify the evaporative behaviour of droplets and, consequently, 

the final particle morphology. 

 

Finally, Chapter 7 reported experiments on aqueous sodium fluorescein solution droplets, 

commonly used as a tracer material, and droplets of surrogate respiratory fluids – MEM and 

DMEM. Sodium fluorescein was shown to form solid particles only during drying at very low 

RH which exhibited spherical morphologies; understood to be a thin shell formed through 

surface enrichment during drying. Sodium fluorescein’s highly hygroscopic nature is 

understood to cause water retention that scales with the relative humidity of the environment 

that droplets are exposed to, that is, sodium fluorescein does not exhibit efflorescence or 

deliquescence and particles containing any amount of water likely to tend to homogenous liquid 

compositions in limit of time. The behaviour of droplets and particles comprised of respiratory 

surrogate fluids was shown to be comprised of multiple trends: the surface enrichment of 

organic components leading to crust formation and buckling and the crystallisation of inorganic 

components within the droplet leading to internal regions with a crystalline nature. 

8.2. Review of Aims 

 The stated aims of this thesis were: 

 

• Develop the falling droplet technique to measure evaporation kinetics and 

morphological evolution of droplets and particles throughout drying. 

• Measure the evaporation of inorganic salt solution droplets to develop understanding 

of: 

o How resultant particle morphology is dependent upon the droplet composition 

and drying conditions. 

o How the aerodynamic properties of drying particles evolve. 

• Use the measurements to identify the key parameters and factors that determine the 

transport behaviour of particles formed from droplet drying. 

• Produce a model that may be applied readily to systems relevant to the nuclear industry, 

where direct measurements are not possible. 



Conclusions  

271 

 

The first aim was achieved using optimisation of the bright field imaging capability of the FDC; 

size-calibrated images allow the accurate measurement of droplet size and therefore 

evaporation kinetics and analysis methodologies were developed to quantify changes in particle 

shape. The volume of images collected in the FDC mean that manual assessment of the particle 

state is not practicable, thus numerical descriptors of particle appearance were adopted to 

resolve changes in both the outline of particles and the apparent phase. Droplets transitioning 

to solid particles subsequent particle deformation were successfully observed using the FDC. 

 

Chapter 6 contained work that was relevant to the second aim, sampling across a range of 

inorganic salt solutions. No single dominant mechanism or parameter was resolved to govern 

particle formation. Across the range of solutions tested, different factors were shown to 

dominate the morphology of particles. For example, in sodium chloride solutions, surface 

enrichment appeared to change the number of nucleation points, but crystallisation rates and 

ion mobility are sufficiently high that particles were comprised of well-formed crystals 

(representative of an ideal crystal structure). A competition between increasing nucleation rate 

and crystal growth rate for sodium chloride solution droplet solidification was identified in 

Chapter 5. It was shown that solutions of potassium chloride and sodium iodide, exhibited 

significantly different morphologies. Such morphologies appeared to be constructed of 

crystalline sections which were constrained in shape by their local environment. Other 

solutions, sodium sulphate solutions for example, did not demonstrate any clear crystallisation 

behaviour, instead forming a crust through surface enrichment which subsequently deformed 

during continued water evaporation. Sodium sulphate particles appeared to have an amorphous 

structure at the scale of the particles, the microscopic crystal structure of particles is not known. 

Despite the range of particle morphologies observed for different solutions exposed to the same 

environmental conditions, they were not related to a single parameter of solutions properties, 

such as solute or ion diffusion coefficients. Further work to modify the evaporation kinetics of 

solutions may use to further probe solidification mechanisms. For example, testing if under 

different drying conditions, sodium sulphate solution droplets form a crystalline particle with 

a morphology not determined by surface enrichment. 

 

The evolving aerodynamic size of particles was measured during drying, solidification and 

subsequent morphological changes. Aerodynamic size measurements exhibited significant 

statistical uncertainty. A multiple exposure technique was developed to measure the 



Conclusions  

272 

aerodynamic diameter of individual particles and thus the evolving distribution of particle 

aerodynamic size. The multiple exposure technique was not deployed in the analysis sections 

of this thesis as the data analysis required was complex and required more work than was 

possible within the timeframe of this project. The technique has been developed to a proof-of-

concept level and would increase the detail of results upon those presented in this work. Further 

challenges were encountered systematic errors in the aerodynamic size measurements induced 

by the introduction of a droplet dispenser into the column in the FDC; the hole required for 

dispenser insertion and the presence of the dispenser allow an unquantified escape in 

perturbation of the gas-flow inside the column. This error would not be addressed through the 

application of multiple exposure imaging as this would only reduce the statistical variance in 

measurements but not account for any systematic offset in absolute value measured. Despite 

the challenges of implementing measurements of aerodynamic size, trends in the aerodynamic 

size of droplets and particles throughout drying were identified.  

 

Changes in droplet density were shown to be consistent with theoretical predictions for solution 

droplets. Upon solidification, the effective density of particles typically begins to reduce. The 

reduction in effective density is due to two factors, which are used in the definition of effective 

density used and cannot be separated using FDC measurements alone. The first factor is a 

reduction in actual particle density as wet particles loss mass through water evaporation but, 

having formed a solid shape, undergoes little or no size reduction. The second factor is a change 

in shape away from that of a sphere which increases the dynamic shape factor and, 

consequently, reduces the effective density. Given that the dynamic shape factor of a sphere is 

1 and that of a cube is 1.1, all the particles observed in this thesis are likely to have dynamic 

shape factors close to one (1 < χparticle < 1.1). Thus, for the observations in this thesis, the 

maximum expected reduction in effective density due to dynamic shape factor alone, is ~ 10 

%. The first factor is likely dominant in the experiments within this work. Experiments that are 

able to measure the mass of a particle, such as levitation experiments that offset the mass of 

particles to constrain them would enable the particle density to be resolved separately from the 

dynamic shape factor.  

 

The third aim of this thesis, to identify the key factors that determine the transport properties 

of particles formed through droplet drying, has been systematically approached, but not 

completed. This work has tested the influence of drying rate upon particle morphologies for 

sodium chloride solution droplets and has sampled across a range of solution compositions 
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with fixed environmental conditions. As previously stated, different solutions resulted in 

different particle formation processes and detailed analyses of these was achieved, however 

determining what caused a particular formation process to dominate (for example, nucleation 

and aggregation of crystals or crust formation) was not achieved. In Chapter 5, it was discussed 

that particle morphology was a result of a competition between rapidly increasing nucleation 

rates in surface enriched droplets and the rate at which crystals grow and desaturate the solution 

around them. Similarly, surface enrichment is the result of a competition between solute 

diffusion and droplet evaporation rate and particle buckling is also the outcome of a 

competition between crust strength and pressure differentials cause through evaporation. 

Indeed, identifying that particle formation is not completely governed by a single factor, 

suggests that there are further competitions, yet to be described, which are involved in 

governing particle morphology. Continued experiments which extend the exploration of 

solution parameters and drying conditions will aid in identification of such competitions. For 

example, tests that reveal a transition between crystalline particle morphologies (such as 

sodium chloride particles) and morphologies formed from a thin crust (such as that seen with 

sodium sulphate) would provide insight into the determining parameters. As discussed in the 

Chapter 1, the morphology of particles governs their aerodynamic size and so the progress 

made in understanding morphological evolution during droplet drying is directly applicable to 

describing the transport of aerosol particles formed through droplet drying. 

 

The final aim of creating a model that may be applied to solutions relevant to the nuclear 

industry has been met on two fronts. Firstly, the model of understanding described above which 

qualitatively describes trends in particle properties, depending upon the dominant partficle 

formation process. Secondly, a numerical model the description of binary solution droplet 

evaporation been developed and benchmarked and the codebase for an implementation of the 

model (SADKAT) has been produced. While industrially relevant solutions are likely to have 

more than two components and the model does not represent particle formation, the ability of 

the model to simulate a wide range of conditions and compositions is valuable for the prediction 

droplet evaporation rates in cases where experiments are challenging. Such simulations require 

parameterisations of solvent properties and solute effects but enable studies to be conducted 

using parametric varying which can represent whole populations of droplets. 
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8.3. Implications 

Applications of the studies carried out in this thesis were presented in Chapter 1, with some of 

the core challenges described. The physical phenomena observed have been discussed in detail 

throughout each chapter. Here the consequences of results and conclusions are related to some 

of the applications of raised in Chapter 1. 

 

8.3.1. Implications for the Nuclear Industry 

The understanding the nature of particles formed from inorganic solutions is a precursor for 

direct understanding of particles relevant to the nuclear industry. This work has identified some 

possible outcomes of from particle formation and identified key trends, such as shape and 

density change, which may be used in the quantification and mitigation of risk from the release 

of contamination in aerosol form. For direct application of this work, sufficient experiments 

must be carried out on samples with the same chemical composition as industrial systems to 

identify the main type of morphology formed. After this, the trend in properties identified in 

this work may then be applied to predict a wider range of behaviour. 

 

Considerations must be given the to the behaviour of sodium fluorescein when used as a tracer 

aerosol. The propensity of sodium fluorescein particles to retain and absorb water will strongly 

affect the behaviour observed in filtration. For example, particles may deposit, spread, and 

drain from filters in liquid form, rather than collecting in solid, particulate form. Simulations 

of sodium fluorescein droplet evaporation have been shown to predict the final size of droplets 

and particles well. Such simulations may be used for the prediction of filtration properties. 

8.3.2. Implications for Industrial Spray Drying 

Industrial spray drying is often used in scenarios where control of particle morphology is 

desired. This work has advanced understanding particle formation and morphology evolution. 

It was demonstrated in Chapter 6 that particle morphology can be modified through the addition 

of compounds which change the evaporative behaviour of droplets. For industrial spray drying, 

such control mechanisms may be considered in conjunction with process parameters. As spray 
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drying has a high energy consumption, control of product properties via feedstock composition 

may offer process optimisations or cost reductions. 

8.3.3. Implications for Public Health 

The relevance of this work to understanding disease transmission has been highlighted 

poignantly over the course of the COVID-19 pandemic. For microorganisms within the 

microenvironment of an aerosol droplet, biological processes and microphysical phenomena 

are inextricably linked. This thesis has presented measurements which probe both the potential 

for transport of different types of particles and the internal structure of dried particles. Such 

measurements were applied directly to respiratory fluid surrogates and reveal complex phase 

behaviour and morphological evolutions that are sensitive to solution composition and 

environmental conditions. This thesis has focused on the physical processes that occur in 

respiratory droplets, combination with an understanding of the biological mechanisms that lead 

to biological decay will enable better assessments of risk of disease transmission to be made. 

8.4. Future Work 

A significant part of the work presented in this thesis has been method development of both 

for experimental and computational approaches. The methods developed have been 

demonstrated beyond the proof-of-concept level, benchmarked, and used to extract meaningful 

scientific results. However, there is a wide scope for future work to expand upon the insights 

gained in this work.   

8.4.1. Future Experimental Developments 

The single largest challenge in measurement and design for the FDC is achieving certainty in 

the speed of the gas-flow through the column and thus measuring the aerodynamic diameter 

without systematic error. Advances were made in this area using an offline calibration to 

calculate an actual gas-flow speed using samples of known density. However, careful redesign 

of the droplet dispenser system would reduce the perturbation to the gas-flow and allow the 

nominal gas-flow the be used reliably. 
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This work included the development of multiple exposure imaging to a proof-of-concept level 

in this work, future work that focussed on utilising this technique would enable the relationship 

between particle morphology and aerodynamic diameter to be probed to a detailed level. 

Measurements of the evolution of the particle size distribution when starting from 

monodisperse droplets would be a novel and informative kind of measurement. 

8.4.2. Future Computational Developments 

The model presented in Chapter 5 and used in subsequent chapters offers a route to accelerated 

studies, reducing the number of measurements required for wide ranging studies of evaporation 

kinetics. The codebase developed, the Single Aerosol Drying Kinetics and Trajectories 

(SADKAT) implementation, is a useful asset for experimental scientists to use, having been 

developed with accessibility in mind. However, the model does not encompass all the processes 

that occur in evaporating droplets. For example, the model assumes a homogenous thermal and 

chemical distribution, something that is rarely the case. Future work that advanced the 

SADKAT implementation to account for surface enrichment would be beneficial for simulation 

of a wide range of materials. 

 

In many real-world scenarios, droplets contain several components, some volatile and some 

not. The model presented in this work only considers binary solutions. Future work to create 

models that allow for multiple solvents and solutes will be advantageous for direct industrial 

application. Such models, however, will require a significant amount of input parameterisations 

describing the properties of solutions across a multidimensional composition space. Such data 

is unlikely to be readily available and its acquisition will be a challenge in the development 

and usage of such a model. 

 

8.5. Closing Remarks 

The work in presented in this thesis culminated in the parallel application of experimental and 

computational approaches to studying the microphysical processes occurring within 

evaporating droplets. The experimental results of this work are an improvement upon previous 

studies as they offer new kinds of experimental measurement and, being coupled with 

simulations, begin to probe the microphysical processes that occur within evaporating droplets 

to obtain a new level of detail – a time resolved Péclet number, for example. This thesis has 

been focussed on binary inorganic salt solutions due to their well parameterised properties and 

has revealed a range of novel observations such as the buckling of freely falling particles. 

Further work to apply the FDC’s unique measurement capability to materials found in real-
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world scenarios will provide results with direct value to industry, public health, and 

environmental science. 
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