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ABSTRACT

The study of respiratory droplet evaporation aispersiornas become increasingly important with the
spread of respiratory diseases such as COIADAs they evaporate, respiratory drop|etsmposeaf

salts, proteins and surfactarglrink into droplet nuclei that can remain suspended in the air for extended
periods. The researaims to develop firsprinciplemathematicaiodels to predict thevaporationsolid

formation and dispersion of respirateliige droplets, usingaline and mucin solutions as surrogates

A distributed parameter model describthg internal solute diffusion and heat conduction within an
evaporating saline droplstmathematically formulateaind solvedising the finite volume method (FJM

To account for the receding boundary of the drying droplet, a normalisation of time and spatial coordinates
is introducedThe population balance equation (PBE)ienincorporated into the FVM to predict the
crystal size distribution (CSD) of saline droplets at the onset of crust formation. Different approaches to
solvingthe PBE are examined, including complete discretisation of the PBE and the methods of moments
(MoM), which reduces the number of equation®tosolved. The impact of crystal diffusionmothe

predicted CSD at crust formation is also evaluated.

Mucin, a protein present in respiratory droplets, is added to both water and saline droptatsrand
evaporation istudiedusingelectrodynamic levitation. This technique allodve study ohygroscopicity

of watermucin and salingnucin dropletshusprovidng aparameterisatioaf the water activity of these
multicomponent droplets. Thsalinemucinevaporation model ihenimplemented in computational fluid
dynamics simulations of sprayed droplets through-deéined functions. Predictions of droplet size and
velocity are compared with phase Doppler anemometry measurements of droplets generated by a
commercially availableaft mist inhaler (SMI). Additionally, the performance of this SMI is assessed
experimentally by examining the influence of viscosity and surface tension on drop|eesatyand

plume characteristics

The study validated thealine dropleevaporation modéhcluding internal temperature and concentration
gradientsagainst published experimental datambient temperature aredative humidity (RH)While

theconcentration profiles shagla surface enrichment of the solytarticularly at lowRH, the temperature



remained uniform in the cases considekltien incorporating the PBiEto the FVM extensive sensitivity
analyseon mesh size and model input paramevtegse carried outo ensure numerical accuracy.
PredictionsincludingPBEwerecompared with measurements obtained from a saline droplet in an acoustic
levitator and scanning electron microscopy images of the dried residue to estimate the number of crystals
formed Furthermore, the watenucin evaporation mod&asused to infethe droplet glass transition
temperatureand the salingnucin droplet model evaluat¢he salt supersaturation reached at the end of
evaporation. CFD simulationssing the salinenucin evaporation modshowed good agreement with
experimental measurements, particularly for droplet velocity. SMI experiments revealed that viscosity plays

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

Overall, this work providesmathematicallyigorous andralidated modelling framework for predicting
theevaporation and crystallisation eélinedroplets Extending the evaporation modtl salinemucin
droplesand incorporating it into CFDfferskey insightdnto the kehaviour of respiratorike droplets
after being released into the atmosph&sgerimental results on the SMI could alléne-tuning of the
size and velocity of droplets emitted by the Sidt desired applications such as matching the size and

velocity of droplets emitted during expiratory activit@soptimising pharmaceutical sprays

Vi
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CHAPTER 1 INTRODUCTION

1.1 Context of Research

The COVID-19 pandemic has sparked a lot of interest in understatidimge chanismef respiratorydisease
transmissionRe s pi ratory viruses such as SARS CoV 2 or
pathwaysThe f irst is the droplet route, in which 1| ar
individual make directcontactwith s usceptible personbds mucosae ( ma
The second pathway is contact transmission, which may occur either through direct physical contact (e.g.,
handshakes) or indirectly via contaminated surfaces, known as fofftesthird pathway is airbome
transmissionwhere the droplet nuclei, the solid residues from exhaled droplets after evapatiaperse in

the air and are subsequently inhaled by a susceptible individual.

Amongstthe three primary routes, airborne transmission has emerged as the predominant mode for the spread
of SARSCoV-2 (Anderson et al., 2020; Asadi et al., 2020; MorawaskdCao, 2020)although thisvas not

the consensus at the beginning of the COYfpandemidn this mode of transmission, tiretial droplet size

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

to the Wells evaporation cung@/ells, 1934)r its revised versiofXie et al., 2007)large droplets (>100 pum)

settle rapidly onto surfaces, while smaller droplets-@@Jm) fully evaporate before hitting the ground and
canremain in the air for extended peridisplets smaller than5 pum are produced in high concentitiang

breathng, talking or cougling (Morawska et al., 2009 particle size which tendssbow high depositiom

the respiratory traqlL.arsonandLiverman, 2011)A schematic representation of the airborne transmission

routesis providedin Figure1.1.

Once exhaled into the atmosphere, respiratory droplets undergo heat and mass transfer with the surrounding ai
and shrink talroplet nucleithesolid residusthat containghe viral clusterThese droplet nuclei are carried by
ambient airflows andause the airborne transmission. The formation of solid residue following the evaporation

of respiratory droplets plays a significant role in the dispersion of aerosols and subsequent disease transmission
and is greatly affected by the presence of solsuiebas salts, proteins, surfactants or pathogens within the

droplet(VejeranandMarr, 2018) Accurate predictions of respiratory droplets evaporation and solid formation



could help understarttbw these droplets dry afldw with air currentsHowever, he complex composition of
respiratory droplets makes it challenging to predict their evaporatieand the characteristics of the resulting
solid residues Research in this field could improve our comprehension of the airborne transmission of

respiratory diseases such@9VID-19.

¢ ., Infected person Potential host
Aerosols -
Within and beyond
I meter

Can float in air for hours
Can be inhaled

«<5pum

® 5-100 pm

Droplets

Cantravel less
than 1 meter

Fall to the ground in
under 5 seconds

Cannot be inhaled 7 #— Fomites: contaminated surfaces
O>100 pm <Ilm'  >Ilm

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

Beyond the context of respiratory disease transmissimmdamental understanding of droplet evaporation and
solid formation is relevant to a wide range of applications, including spray drying and the behaviour of
atmospheric or marine aeros@gpray dryingis a widely used industrial process for converting liquid feeds into
dry powders, with applicationgor examplein food processing, pharmaceuticals and cerariridhis process,

a liquid/slurrysolution or suspension is atamd into fine dropletandexposed to a hot gas strearsually air,
resulting inintenseheatand masstransferto thesedroplets As the solvent evaporatesemperature and
concentration gradientkevelop withinthe droplgieading taasurface enrichment dtiesolutesThesedroplets
eventually form solid particles whose size, morphology, porosityystallinity influencethe performancef

thefinal product

Atmosphericor marineaerosolsin contrastpftenconsist of liquiddropletssuspended in giformed through
natural or anthropogenic processes such as sea spray, combustictogpgdisle conversiorEvaporation

and subsequent solidificatio these dropletaffect aerosol size distribution, optical propertieability to act



as cloud condensation or ice nucIdespite the differences in scale and purpose,d#hydryingsystems and
atmospheric aerosolge governed by similar dropistale processes, which solvent evaporation drives
changes in compositioaplid phase statée.g.amorphous/crystallineand internal structure of the particlés.
detaileddescriptionof droplet evaporation and solid formatisntherefore essential both for optsing

engineered processes dndunderstandingerosol behaviour relevantdtimate, air quality and human heatth.

Theliterature review conducted @HAPTER 2revealed thainoststudies that modkdthe evaporation of
respiratory droplets use saline solutions as surrogates for respiratoryidwidver,afew consideedintemnal
concentration and temperature gradients during evaparaiieseworks mainly focused ommacroscopic
outcomesuch as the drying time or final residue sizéh little attention paid to the structure of the dried
residue Population balance modelling (PBM) has been applied in some studies to predict crystal nucleation and
growth in evaporating droplets, but numerical accuisopt consistently demonstratén studies considering

more complex, respiratoryke formulations, the individual contributions of droplet constituents to evaporation
ratesand residue formation are often not systematically assdssedly, while many CFD investigations
examine thalispersion of respiratory aerosols, they frequently rely on simplified evaporation models, and
droplet size/velocity inputs and validation datasets are often drawn from different sources, limiting the

consistency and interpretability of model validation

1.2 Research Questiongand Objectives

This researchaims toadvance thainderstanding oflroplet evaporation and solid formatitrough the
development ofirst-principles based mathematicabdels validated against experimental dai#iectedat
ambient temperature and RAhe modelling of the evaporatipavolution ofinternal gradientef solute
concentration and temperatuagd solid formation of respiratory droplétscarried outn multiple steps.
Respiratorydropletsare composed of water, salts, proteins and surfactaitiiseachcomponent added
progressively tahe model talescribe surrogates fogspiratory dropletdhe main research questions that this

thesisaims to answer are:

1 How can the evaporatipmternalconcentratiorandtemperaturgradientsand solid formatiorof

solutecontainingdropletsbe predicte@



1 How does the composition eéspiratory dropletaffectthe evaporation and solid formation?

1 How dosurrogate respiratory dropledsspere whensprayednto the atmosphefe
To addresghe research questions, the following objectigesproposed

1. Single droplet evaporationmodet Devel op first principles mod:«
evaporation, including internal temperature and solute concentgatidientsbased on mathematical
descriptions of heat and mass transfer at the diicgitenterface and within the dropléhcorporate
n on Isolutienaffects to accurately predict evaporation rates, solute surface enrichment and
temperature distributions as functionsaibientair temperaturandrelative humidity, and air velocity

2. Prediction of solid formation: Apply population balance modelling (PBMb predictcrystal
nucleation, growth and the resulting crystalline strucaiitbe end othe evapation of a salt solution
(saline)droplet

3. Extend evaporation model to multicomponent dropletsAdd mucin, a protein present in respiratory
dropletsinto the evaporation modéaVhenevaporatig, the dropletsontaining organic materiatay
undergophase transitiomndhighersupersattation thansalt solutiondroplets.

4. Measurementofsingle droplet evaporationExperimental investigation of singlieoplet evaporation
and solid formation using contactless techniques such as acanddie ctrodynamic levitatiarThe
measuredevaporationrates and evolution of microstructure of single droptetdined with published
literature datare usedo validate thelevelopednodels.The experimental dataanalsoprovide inpus
for the modelling such as the hygroscopicity of memtaining dropletsr information on the crystal
size distribution of the dried particle residue

5. CFD modelling of aerosol dispersionDevelopan EulerianLagrangiammultiphase CFD model
incorporating the evaporation modekimulateexpiratory events such as coughamgisneezingThe
CFD modelis validaed andrefinedusingcorrespondingxperimental data

6. Characterisation ofdroplet spray: Atomise fluids with compositions consistent with those used in
the evaporation modelling to replicate droplets produced during expiratory actMigiasurealroplet
sizes and velocitiesownstream of the sprageneration device torovide reliable dathoth for the

initial conditions and allow comparison with CFD model predictionddditionally, the



physico chemical pr o meexaninedsto detérminelheir indluercan speyd  f

characteristics

1.3 Thesis Structure

The description of the chaptdrsthis thesigs as follows

1. Chapter lintroduces thethesis asitluates the research withinthe broader field of droplet evaporation
The research objectives are defined, and an overview of the trgaisisations provided

2. Chapter 2 presents the theoretical backgrowidhis work, focusing on the fundamentals of droplet
evaporation modelling and igplicatiornto respiratory droplets. This chapter reviews existing models
of evaporation and solid formation, experimental techniques for singidet measurements and CFD
studies investigating the dispersion of respiratory droplets

3. Chapter 3describes the methodologythe work carried odbrthis thesisThis includes the governing
equations used in the evaporation and crystallisation models, the CFD formulation for sprayed droplets
and the experimental techniques for single levitated droplets and spray characterisation

4. Chapter 4 presentevaporation modsifor water andNaCl dropletswhich arevalidated against
published experimental daté&or NaCl droplets, the model predicts the temporal evolution of
temperature and concentration gradients within the droplet during evaporation

5. Chapter 5extendsthe NaCldroplet model by incorporating PBMto predictthe crystal size distribution
at the onset of crust formatioA.comparative study of evaporation measurements obtained using
acoustic and electrodynamic levitation is conducted to assess the influence of acoustic streaming on
evaporation rates-ray diffraction measurements anacoustically levitating dropleire used to
determine the concentration at which crystallisation begins. Model predictions are validated using
evaporation gperiments on saline droplets in an acoustic levitatoaddition,scanning electron
microscopymagesof the dried residues provide insight into the numbersanebf crystals formed
after evaporatioto be used for comparison with the predictions

6. Chapter 6investigates the effect of mucin inclusion on the evaporation behaviour of both water and
saline droplets, building upon the models developed and validated in Chapter 4. Electrodynamic

levitation measurements of watenucin and saliriemucin droplets at vging ambient humidities are



subsequently used to validate the modEtfse evaporation model for salkmeucin droplets is then
incorporated into CFBimulationsof sprayed dropletand compared withhaséDoppler anemometry
measurements of droplet size and velacity

7. Chapter 7 examines the influence of viscosity and surface tension on the performamciabélar
device, with direct relevance titne pharmaceuticahdustry. This work was conducted during a
placement at Nanopharm and provides insight into how droplet size and velocity in sprays may be
controlled for specific applications, includisgnulatingexpiratory respiratory activities

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

encountered during the research and outlining directions for future. work

A schematic route npaofthe research carried quicludingthe interactions between each phase of the,work

is presented ifrigure 1.2.

Application of PBM to |:> Measurements of
predict crystal formation acoustically levitating

in saline droplets : droplets and SEM image

of the residue

Development of an
evaporation model for
saline droplets

$ Implementation of the

Extension of the model to

. L saline-mucin model into
mucin containing water . .
) CFD simulations of
and saline droplets

aerosol dispersion

IRy IRy

Measurements of Measurements of sprayed
electrodynamically droplets sizes and
levitating droplets velocities

Figure 1.2: Schematic route map of trethesis



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

This chapter providabetheoretical background and literatuexiewunderpinning the work presented in this
thesis. Itfirspresentshe fundamental physical principles governing droplet evaporation andthe characteristics
of expiratory activities, including droplet generation, size/velocity distributions and fate in air (S2d}idn
thenreviewsexisting modelling approaches for respiratiikg droplet evaporation and solid formation,
highlightingcertainlimitationsfrom these studigSectior?.2). Next, it summarises experimental methods used

to study singledroplet drying particularly electrodynamic and acoustic levitatiamd discusses how
composition (e.g., salts and proteins) influerepletevaporatiomatesand residue morphology (Secti®f).

Finally, it reviews computational fluid dynamics (CFD) studies of airborne disease transmission, contrasting
simplified and multiphase approaches and outlining current gaps in cotgsipigatorydroplet evaporation
models with dispersion simulations (Sectibd), thus bridging the research objectives introduc€&2HAPTER

1 with the methodological framework detailled@HAPTER 3
2.1 Fundamentals of Droplet Evaporationand Expiratory Activities

2.1.1 Evaporative Flux

In this section, ainglehomogeneouwaterdropletlevitating in the aiat ambient temperature and humidity
i.e. notin contact with any surfade consideredirst. Thedropletevaporatiortorresponds to phase change

in which liquid water withinthe droplet transitions to water vapourin the surroundif@iga&t the molecular
level, this process involves the escape of water molecules from the liquid phase into the gas phase at the drople
surfaceThe water vapour produced at the interface then diffuses into the ambipreéenting local saturation
near the interfageherebyallowing additional liquid molecules to evapordtethis thesis, only the diffusive
transport of water vapour is considagréhe convective transport of vapour away from the droplet surface,
known as Stefan flow, is neglectead itonly concernsapidlyevaporating dropletSeinfeld & Pandis, 2016)
Evaporation continues as longas the vapour in the gas phase remains undersaturated, corresye ladive to
humidity (RH) below 100%A schematic representation of tthepletevaporation process is showrFigure

2.1.



Water molecules

Ambient air (gas phase) S
Unsaturated (RH < 100%) ® l
]

Figure 2.1: A schematicillustration of the evaporation of a levitatingwater droplet into the air.

2.1.2 D?Law of Evaporation

The first theoretical description of a spherical droplet evaporating into an inert gas was devepzdily

(1877) who formulated the problem using an analogy with electrostdtits work was later complemented

by Langmuir(1918) who usedan analogy with heat conduction. Stef@881)demonstrated thatrong
evaporation induces a gas p has erefériedionathdStefaeflowdeed a wa
to thesurroundingvater vapour beindisplaced by the continuous flux of vapour emerging from the interface

This flow arises when the evaporationrate is high enough to generate bulk motion of air surrounding the droplet
and adds a new term to the total mass flux at the droplet surface. These equations were summarised anc

developed in a textbook by Fuc(i959)

On a macroscopic scakyaporations described as a mass flux crossing the lifuaghar interface whichcan
be modelledy the diffusion of molecules atthent er f ace. Usi ng Fi c k gdenoteda w, t

by Qat any point on the interface is given:by

Q 00 24Pt 2.1)



In Equation(2.1), O is the diffusion coefficient of water vapour in the &ir, is the molar mass of wateb,
is the molar concentratioand®the normal vectoiThe total evaporation rate is obtained by integrating the

local mass fluXCover thedroplet surfacaread :

”
A - 2.2
) @ 3
For a spherical droplet ahdiusi , Equation(2.2) reduces to
A 2.3)

A1 O0 ——
A

Becausdhe evaporative flux does not depend on the radial positiarspherical coordinateassuming

spherical symmetry at the droplet surfaBguation(2.3) can be integratettomi i toi Hi

Aa o - (2.4)
—_— A ~ ~
- At O W W5

where® j; and® , arethe molarconcentration of water vapour in the ambient air and at droplet suffece

evaporative flux can also be expresgetermsof therate of change odiroplet radius:

Al (2.5)

Assuming a constant droplet temperatiegiationg2.4) and(2.5) can be combined and integrated in time to

obtain:

¢oo . . (2.6)

Equation(2.6) is known as th& -law of evaporationt shows that the square of the droplet radius decreases

linearly with time. Equivalently, the droplet surface area evolves linearly during evaporation



2.1.3 Drying Stages for a Droplet Containing Dissolved Salts

The drying and crystallisation of droplets containing dissobadtsis more complethana pure water droplet

andis discussed in great detail Section3.1.50f CHAPTER 3 The proces#volves multiple stages, as
illustrated inFigure2.2: surface evaporation at the wet bulb temperature, crystal nucleation and et

droplet surface and eventually aggregation of crystals until reaching crust formation. The crust, or shell,
formation entails the development of a porous solid outer layer, with the "locking point” marking the stage at
which this shell becomes rigid diprevents further shrinking of the droplet. The final shape and inner structure
of the particles are significantly influenced by the drying conditions. For instance, depending on the evaporation
rate and Peclet numbgtefined as the ratio dheevaporation rate of the solvent to the diffusion rate of the
solutd, the final particle produced by a soksi@vent system may range fr@n amorphous or crystallirsate

to a hollow sphere or doughnut shgp&andiyantoand Okuyama, 2011)

a e ® a ®
o s 8 . ) L)
a " ] [ | Y 'Y ]
a L ‘ .
| .. - g ... ‘
.. Surface Crystal Crystal Crust Final
Initial droplet evaporation nucleation growth formation particle

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

In the context of levitating droplets (contdiete),crystalnucleationcan beclassified into primary (occurring

in a system without prexisting crystals) and secondary (induced by the presence of existing crystals).
Furthermore, primary nucleation can be homogeneous (occurring spontaneously in the bulk liquid) or
heterogeneous (induced by foreign surfaces or impurities). For levitating droplets free of foreign surfaces,
nucleation mayccurwithin the bulknear the droplet surfagehere the solute cono&ation is the highest,
throughprimary homogeneous nucleatjanatthe interfacéetween the liquid droplet and the surrounding air
Following nucleation, crystals grow by deposition of solute from the supersaturated liquid onto the surfaces of
stablenucleiCr y st al growth is driven by supersaturati on
comprising mass transfer of solute to the crydimlid interface and subsequent surface integration into the

lattice; depending on conditions, either step may br a t e (Mulinn20G1) n g
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2.1.4 Deliguescenceand Efflorescence RH of NaCl Droplets

The equilibrium liquid water content of a levitating saline particle or droplet depends not only on the ambient
relative humidity (RH) but also on the phase history of the particle, i.e. whether it approaches a given RH from
a dry crystalline state or froenwet solutiordroplet state. At low RH, NaCl particles are typically sohsiRH
increases, the particle remasolid until theRH reaches apecificthresholdat which point it undergoes a
phase transition by spontaneously absorbing water and fomngagurated aqueous solution dropléts
threshold is the deliquescerieél (DRH), which for NaCl at room temperaturai®und7 5% RH(Seinfeld &

Pandis, 2016)AbovetheDRH, further increase ithe RH leadto additional wateuptake and continuous
growth of the solution droplet to maintain thermodynamic equilibrium with the surroua@inguring
dehumidification, water evaporates from the solution droplet, but the reverse phase change does not usually
occur atheDRH.Instead, thedroplet can persistas a metastable, supersaturated solution becausatiorystalli
requires nucleatiarfConsequentlygrystallisations delayed until a lower threshold RH is reachzadledthe
efflorescencé&kH (ERH), which for NaCl is observed around 43% R&einfeld & Pandis, 2016Yhis
difference betweenthe DRH andthe E&tEs rise to humidity hysteresisand s illustratefigure2.3, where

the growth factor is plotted as a function of the RH, for botlintimeidificationand dehumidification casefhe

growthfactoris defined by:

QN0
"0Or'O Q ’A o) 2.7)
Qou

whereQ s the diameter of the droplet at equilibrium atterentRH andQ  the diameter at RH = 0%

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

2.1.5 Respiratory Droplet Generation and Fate

Respiratorydroplets are generated in the humanrespiratory tract by wind shear forces: thpdedlair stream

through narrow passages over the surface of a liquid creates droplets by atomisation. Depending on the type of
expiratory activitysuch adreathing, talking, coughing or sneezing, these droplets can originate either from the
bronchioles, larynx or the mouthjth each site producing droplets of distinct size distributjMmawskaand
Buonanno, 2021)hese regions of the respiratory tract are charaetéby high humiditywith RH levels

close to 100%Morawska et al., 2009)

Thesedroplets have a more complex composition thasimple aqueous salt solutiotWhile specific
proportions vary across individuals, these droplets typicallysist predominantly ofrater(>99.5%w/w),
inorganic salts such as NaCl or KED.86%w/w),and various organic constituentscludingproteirs (mucin),

lipids (surfactant) and pathogens (e.g. SAB&V-2, bacteriaVejeranoand Marr, 2018) The rate of

12



evaporation angize of the residugepend on environmental factors such as temperature, Riramdbcity.

At low RH, the droplet dries completely and forms a solid resfduaed bythe salt crystallisation and skin
formationof the organic compoungsalled droplet nucleugt higher RH however, the droplet remains in a
liquid state A schematic representation of this process is provié&jure2.4. The RH cutoff between the
liquid droplet and solid particle formation was found to be around 40 to 45% for respiiiédyoples

(Walker et al., 2021)

Respiratory droplet Evaporation Droplet residue
50% RH
30% RH
Figure 2.4: Drying process of a respiratory droplet( Bo gndkand u | , 2021)

Previous studies have estimated the ratio of the drapldeus diameter to the initial droplet diameter, with
reported valuesf approximately 0.8Nicas et al., 2008p 0.3(Mao et al., 2020)However, these may depend

on ambient conditions such as temperature and Ri¢se droplet nuclaontaining theviral cluster are
therefore very smaltypicallyin the micrometre rangandcantravelfarwith anyaircurrentT h e hi gh vel
jets generated during coughing or sneezing further enhance their dispeosiginingcan reach velocities of
around10 m/s(Gupta et al., 2009While sneeing velocities may approact00 m/s(Wells, 1955) Once
airborne, any source of air current, such as natural conveetigh¢ating) humanmovement, or natural or

mechanical ventilationcan substantially influence the transport of these solid residues

13



2.1.6 Velocity and Size Distribution of Exhaled Droplets

Humans continuously generate respiratory aerdodaigh various expiratory activities, including breathing,
talking, coughing and sneezirguring normal breathing, the expelled air haslativelylow velocity, typically
around 11.5m/s(Tang et al., 201 3pndcarriesrespiratory droplets, small liquhrticles originating from the
airway lining and generally smaller than those produced during more forceful activiiksg involves the
vibration of the vocal cords, leading to the release of air and the formatenaxolsn themicrometrerange

(0.5-20 um), with voice loudness strongly increagthe emission ratéAsadi et al., 2019)

Coughing and sneezing are more forceful expiratory activities than breathing or.t@l&inghing produces a

burst of air from the lungs, whereas sneezing involves a reflex response triggered by irritation in the nasal
passages. Both actions propel respiratory droplets and potentially infectious particles at higher \(&@cities

100 m/s)compared to breathing or talking. A study on airflow emitted during these expiratory actisties ha
shown that the peak flow rate for breathingis 0.7 L/s, talking 1.6 L/s and coughinf@@upts et al., 2010)

It is important to note that the velocity of droplets andaaid size of dropletemitted during these activities

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

respiratory infections.

As mentioned in Sectioh. 1, the size of exhaled droplets plays a critical role in the transmission of airborne
diseases. Early studies have suggested that exhaled droplets were in the micrometre range, with the majority
falling between 4 to 8 uniWells, 1934; Duguid, 1945, 1946; LoudandRoberts, 1967)However, these

studies used collection media such as glass or filters exposed in front of the mouth, followed by microscopic
analysis. Consequently, smaller droptatst evaporate quickBnd have low inertiawere nottaken into account

using these techniques. Later studies using optical counters have found that exhaledcdio pleits the
submicron size range, between 0.3 and 1QRapinenandRosenthal, 1997; Yang et al., 200%jill, these

studies presented potential flaws such as not measuring the droplets directly at the mouth or nose exit, allowing
droplets to evaporate fully or partially before being measured, underestimating the size of exhaled droplets.
Such issues wenesolved by interferometric Mie imaging techniques in the proximity of the mouth which
found geometric mean diameters of (CHhoeéebal. 2009hiler c o

most emitted droplets when breathing are below 0.§Morawska et al., 2009However Xie et al. (2009)
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measured droplet sizes between 60 and 90 um for speaking and colipleinkfferences could be explained
by the instruments used for the measurements as well as the experimental setup, but also by the natural diversit

between individuals.

A summary of the properties of expelled droplets from human respiratory activities measured at the mouth is
given inTable2.1. The velocities were calculated from the peak flow rate assuming a mouth opening area of 4
cm? (Gupta et al., 2009A Rosiri Rammiler distributions commonly usetb represent thimitial dropletsize

(Rayegan et al., 2023)

& AgD ?1_ (2.8)

In Equation(2.8), & is the fraction of particles of diamet@r¢ is the spread parameter aflthe mean

diameter.

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

al. (2022)
Respiratory . . . .
activity Breathing Speaking Coughing Sneezing
0.7 (Gupta et al., 6 (Gupta et al.,
Flow (L/s) 2010) 1.6 (Gupta et al., 2010) 2010)
. 100(Wells,
Velocity (m/s) 1.75 4 15 1955)
Geometric 0.1-10
mean - 13.5(Chao et | 1.0-125(Milton
diameter (Morawska et al. 16 (Chao etfal., 2009) al., 2009) etal, 2013)
(um) 2009)

2.2 Review ofDroplet Evaporation and Solid Formation Modelling

2.2.1 Respiratory Droplets Evaporation Models

Mathematical models of various complexities have been developed to study the evaporation of respiratory
droplets with different compositiorfsee reviews by Mao et al., 2020; Pourfattah et al., 2@&2lihe droplets

have frequently been used as surrogifdea respiratory droplet in evaporation modellfXge et al., 2007;

Hardy et al., 2023)xtending a model initially developed for atmospheric aerq&al&konen et al., 1989)
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whered andi are the droplet mass and radius, the molar masof vapour,O the binary diffusion
coefficient far from the droplgt the universal gas constafi, the tempeature of the ain) the total pressure,

n the vapour pressure and the subscrsdHrefer to the droplet surface aimdthe far field respectively.
Thelogarithmicterm inEquation(2.9) reveal thathe modelncludes the Stefan flofgee Section.1.1and

2.1.2, whichis often negligibléor droplets notexposed to a hot §8azhin, 2006More sophisticated models

have included multiple dissolved solutes to take into account the complexity of respiratory droplets composition
(Redrow etal., 2011; De Oliveira et al., 20R¢cently, Hardy et a(2023)extensively validated predictions

from their model for the evaporation of binary droplets against data obtained from accurate measurements
droplet dryingusing a comparativ&inetics electrodynamic balance (€&#DB) and a falling droplet column.

These included both levitating and fridling droplet experiments, particularly focusing on aqueous solutions

of sodium chloride. However, this model assumed umfsolute concentration and temperature distributions
inside the droplet and neglected the potential surface enrichment of the solute due to the shrinking of the droplet
size. Inclusion of such phenomena greatly incretéemathematical complexity of tmeodellingdue tothe

moving boundary. Consequently, these models cannot account for the onset of solid residue fi@rolatsn
crystak) in a supersaturated solution with solute concentration greater than the saturation conceegréten

surface of the droplet.

2.2.2 Solute Concentration Distribution in a Drying Droplet

To address neaniform solute concentration distributeimside the droplet, previous studies have either used

a multishell approachwhere the internal droplet domain was ded into concentric shelts account for

internal heat and mass transfiearienta et al., 201 1applied a finite difference scheme in conjunction with
measured variation in droplet size as a function of time to solve the diffusion eqGaégson et al., 2019)

or used an analytical method stating that the change in droplet radius is slow enough to consider the solute
concentration profile inside the droplet as the stationary solution of the solute diffusion e(frResaeand

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

due to the use of a small number of computational shelis {®e study, the assumption of constant
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thermophysical properties of the solvent, solutes and #ireydid not provide the necessary information on

the diffusivity of the solute or the vapour pressure at the droplet surface. Additionally, solving the diffusion and
heat conduction equations analytically means that coupling between the heat and masistrani gfessible,
because the solute diffusivity is dependent on the temperature according to theEststesn equationthe

study fromGregson et al(2019)combinedthe change in droplet size over tinieom experimental
measurements withumerical nodellingof the internal diffusion of the solute (Na®y o | vi ng Fi ck 6
(see Equatioii3.13)) using finite differenced he resultindNaCl concentration profiles are showrFigure

2.5. A correlationwasdeveloped for the diffusion coefficient of salt as a function of its mass fraction using
dynamic viscosity measuremenigweverthe change in temperature within the droplet due to evaporative

cooling was neglected in the modellialjhoughit affects this diffusion coefficient.
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Figure 2.5: NaCl concentration profiles until efflorescenceof a drying droplet at T = 293K and RH = 0% from the combined
experimentall modelling study by Gregson et a[2019)
In the field of spray drying, more emphasis has been ptattdok numerical modelling of solute concentration
and temperature distributions in an evaporating droplet. The numerical solution of the diffusion equation in
spherical coordinates has been facilitasedmbyby hy

der Lijn (1976)and this approach has been implemented by ofAelisikari et al., 2007; Ali et al., 2017,
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Faridatul Ain et al., 2025}t deals with the receding boundary problem bysw atransformed version of

Fickods | aw of di ffusi on
T—? T—,’OéiT—c,) (2.10)
T o't a T a

whereo is the moisture fractionon adry basis . 6 i Al is the solutefixed coordinate systen is the

soluteconcentration is the diffusivity of solventin solut@ndi is the radiatlistanceHowever, this method

does not account for the temperature variation inside the droplet and cannot be extended to multicomponents
droplets as the solutéixed coordinates is designed for one solute oBpdafi et al(2014)solved the heat
conduction equation inside an aqueous sodium chloride solution droplet as it evaporates, but did not consider
the nonuniform solute concentration distribution. Moreover, the temperature profiles within the droplet were

not shown in the ults, despite being the mdiacusof the modelling.

2.2.3 Crust Formation Modelling without Population Balances

Crust formation during the drying of droplets is a complex phenomenon that has been studied using various
deterministic approaches. The simplest technique is to disregard explicit modelling of crust formation and
consider the dropled befully dried once it reaches a critical solute concentrgtBnegson et al., 2019; Hardy

et al., 2023)This approach is suitable when only the size of the solid particle is of interest. Similar models
suggest that therustforms once the droplet reaches a critical saturation yalaieh depends on the system
consideregwhile still considering the droplet drying past the locking point to obtain information on the final

crust thicknesg¢Mezhericher et al., 2007; Ali et al., 2014; Shamaei et al., 2017)

Mezhericher eta{2011)considerethatthe crustin a dryingdroplet containing suspended nanoparticles form
once the solid volume fraction reaches a certain value, based on the maximum theoretical packing fraction of
monodispersspheres. It was observed that the shell consisting of nanopatrticles stayed submerged in water
throughout the transition period, or second drying stage, and further crust thickening was modelled by the
calculation of the stresses applied to the crust. Ottethods to model crust formation include camirly the

glass transition temperature and the rate of crystttin to predict the transformation from the amorphous to
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crystalline state of sugafgvoo et al., 2012; Grasmeijer et al., 2016; Ali et al., 201r¥}hese studies, the

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

Sadafi et al(2014, 2015used a weighting factor to blend the equations of evaporation at different drying
stages, rather than modelling each stage sequentially. This factor, starting at the value of unity at the beginning
of thetransient stage and decreasingto zero once the crustis formed, allovaetfooth transition from

surface evaporation to crystallisation. While these deterministic approaches provide insights into the
mechanisms of crustformation for a drying droplet, they may notaccurately predict the morphtiiegyriet

particle.

2.2.4 Population Balance Modeing of Crust Formation

Seydel et al(2006)were the first tmpply population balance modelling (PBNYr thepredicton of crystal
formation in evaporatingodium chloridelaCl) solutiondroplets. Their objective was to provide qualitative
results and visual representations of the influence of gas temperature on the CSD. Crystal, didfussdrby
Brownianmotion was neglected, considering only nucleation and growth. While their study discretised crystal
sizes into a finite number of bins, known as the discrete method, Handscon{@@d@jused the method of
moments (MoM) to solve the population balance equation (PBE). Instead of describing the entire CSD, the
MoM converts the PBE into moments equations that relate to global properties of the distribution, such as the
total number, surfacerea or volume of crystals per unit volume of the droplet. By incorporating solid particle
and crystal diffusion, this study applied the MoM to droplets containing colloidal silica and sodium sulphate to
predict the time to reach the onset of crust foromitomparing the results with published experimental data

( N e gndVodnik, 1991)

Bick et al.(2012)included both particle diffusion and agglomeration terms in the PBE to investigate their
influence on the drying process of droplets containing suspended nanopditielefound that a larger kemnel

value in the aggregation kinetics reduces the time to reach crust formation, as does neglecting particle diffusion.
This model was further used and compared with the continuous species transport (CST) approach for droplets
containing spherical silica particlé8lezhericher et al., 20012 ST modelling is based on the species transport
equation for intradroplet mass transfer of nanoparticles. The PBM approach predicted a shorter initial drying
stage compared to CST, as shell thickening past the lockingyemsntot accounted forin the PBM formulation.
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Abdullahi et al(2020)applied PBMo ternary mixtures of solvents, polymers and solutes to predict the final
CSDandtiméoreackcrustt or mati on. Whil e previous studies used
at the droplet surface, Abdullahi et §2020)used activity coefficients to model nadeal vapouwiliquid

equilibria. Thecrustwas deemed to be formed when a combination of the solid volume fratefored by the
volumeof particles per unitolume of the dropleand the geometric standard deviation of the CSD reached a
critical value A recent PBM study by Poozesh e{aD22)predicted the onset ofustformation by considering

particle deagglomeration and convection in the PBE. When the latter approached zeusfiwes considered

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

(Gregson et al., 201%Yyere used to validate the model.

The birth(crystal nucleationand growth models used in these PBM studies, except those focusing solely on
suspended nanoparticles, varied significantly. Seydel €@06)used a quadratic power law model for the
crystal nucleationd AT T O® 6 , whered andd  arethe soluteconcentration and saturation
concentrationrespectivelyOther researchers opted for an exponential law based on the stentardal
functional form (Handscomb et al.,, 2009; Abdullahi et al., 2020; Poozesh et al., 20622)

AT OOAZAT ©OI 17Y , whereis the supersaturation ratiall growth models applied a power law

0 AT 10O 6 , driven by solution supersaturation with exponents ranging fr¢®egdel et al.,

2006) 1.1(Poozeshetal., 2022).2(Abdullahi et al., 2020 1.5(Handscomb et al., 2009)\lthough the
coefficients for the birth and growth models are sourced from existing literature, they were not validated against

experimental data for the resulting CSD.

The use of Raoultdés | aw for the water v alpbdulahi pr e s
et al., 2020; Poozesh et al., 2022)n lead to inaccuracies in the calculation of drying rate, as itis only valid
when the mass fraction of solute near the surface is belo(®8idfeldandPandis, 2016)Additionally, no

studies have accounted for the need to overcome the energy barrier for crystallisation, assuming that crystal
nucleation begins as soon as the solute concentration becomes saturated, thereby ignoring the existence of .
metastable zone tin the supersaturated solution. This assumption is incorrect for levitating droplets, i.e. not

in contact with any surface, where only primagmogeneousucleation takes place in the droplet, as the

barrier forheterogeneousucleation is less than fbiomogeneousucleationAs mentioned in Sectioa1.4
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the ERH of a NaCl solution droplet is 43%einfeldandPandis, 2016)ndicating high supersaturation. Saline
droplets have been the primary focus or used for validation in previous gtelerl et al., 2006; Poozesh et

al., 2022) without accounting for this high supersaturation. Finally, the crystal birth and growth models and
associated parameters used in PBM studies on evaporating droplets, although based on literature data, were i
general not validated against experimentsiiis due to a lack of direct comparisons between the predicted and
measured CSDs. Indeed, most of these studies considered the measured drying rate or the time to reach she
formation to validate the PBMredictions despiteahe factthatsuch predictioacan be obtainettom less

complexmodels(see Sectior2.2.3).

Another significant gam previous modelling studias the lack of comprehensive details on the numerical
implementation of the governing equations employed in these models, making it challenging to replicate or
build uponthe existingwork. Notably, none of the studies mentionthe use of flux limitersrioal techniques

used in highresolution schemes to solve problepusedoy partial differential equations (PDES) in regions

with sharp wave fronts or discontinuities. These are essential for soham@BE when it includes crystal
nucleation and growth, due to the steep gradients of the crystal number density generated at the droplet surface
as shown by twoxamples ofolid volume fraction profiles fronme literaturen Figure2.6 (Handscomb et al.,

2009; Abdullahi et al., 2020nformation on the discretisation of the crystal size coordinate in the discrete
method is often missing, and while scaling of the variables by making them dimensionless is usually mentioned
to improve speed and convergence of the numerical solutiordethits are often omitted. Justification for
spatial boundary conditions and their numerical implementation is either scant or absent. Furthermore, there
have beemo direct comparisonsf the numerical solutions obtained with the discrete method andbiefor

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

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

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

2.3 Measurements ofSingle DropletEvaporation

In addition to numerical modellingeveralexperimental techniquesistto investigate droplet dryin@ee
reviewsby Sadek et ak2015)andBoel et al(2020). These can beithercontactlesstfiroughlevitation)or
contactbasedLevitation methods include aerodynamic, electrodynamic, optical or acoustic levitation, while
contact methods include droplets suspended on a filaorexapillary or sessile droplets on hydrophobic
surfaces to minimise wetting effect$ie selection of the technigue can affect the measured evaporation rate
andthe solid formation or crystallisation of the dropletparticular, contact methods can introduce thermal
and wetting constrainsnd provide a solid interface that can promote heterogeneous nuclediemas
levitation avoids wall effects but may add forced convection thraaegbdynamicor acoustic fields
Aerodynamidevitationis less commonly used to study respiratory droplets because airflow levitation makes
stable, motionless trapping challenging and imposes strong forced conv8atidarly, airborne optical

trapping experiments can be technically demandingdandot allowthe study of the residue morphology

(Hardy et al., 2021)

2.3.1 Effect of Respiratory Droplet Composition on Evaporation Rate
VejeranocandMarr (2018)investigated the influence afucin anddipalmitoylphosphatidylcholine (DPB&

surfactant present in respiratdéhyids, on the evaporatiorate of respiratorjike droplets at different RHhe
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dropletscompriseckitherof three components, wat&aCl(9 g/L), mucintype III (3 g/L) or four components
by adding DPPC (0.5 g/l.)andwere aerosolisednd deposited oa superhydrophobic surfadeside a
controlledhumidity chamberEvaporation rate increasedat lower RH and the droplets withsurfactant
evaporated more slowly than those witholihe authors attributethis to the surfactant formingn
encapsulating surfadayeracing as a barrier to water mass transfduorescence images of droplets exposed
to decreasing RH showedystallisation okalt and mucin droplets at 60% RH and bela®RH higher thathe
43% for levitatngdroplets(Seinfeld & Pandis, 2016%eyfert et al(2022)studied the evaporatiaf similar
respiratory droplesurrogatesvith increasing complexity of the compositiddaline droplets (9 g/Lyvere
compared with salin g/L) and mucin(3 g/L) droplet and salin€¢9 g/L), mucin(3 g/L)and DPPC (0.5glL)
droplets All droplets were deposited ongosuperhydrophobic substrate inside a humidity chantbheas
observed that mucin and DPPC did not significantly affect evaporation rate but infltleeftied structureof
the particleAbove 75%RH, the droplets/ould remain liquid and belothis RH thedroplets would crystallise
with different structures depending on the compositamshowiy scanningelectronmicroscopy (SEMpf
the dried residueis Figure2.7. As thesewere sessiléroplets, nucleation on &surfaceoccurredwhich in

turninfluencesthe shape of théried particleesidueas compared witkevitatingor freefalling techniques

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

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

Instead otlepositing dropletson a surfaB@irai et al (2024 )generated droplets via nebulisataomlintroduced
theminto a flow tube These droplets also exhibited increasing complexity in toarposition, NaCl only (1
g/L), NaCl + mucin (3 g/L) antNaCl + mucin + DPPC (0.5 g/L)While saline droplets showed strong
dependency of RH osize at the end of the tube, the addition of muecithese droplets showed a weak

dependencyA similar low sensitivityonRH was observed for droplets containing both mucin and DR#C.
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authors inferred thahucin may form a shell at the ghguid interface, limiting water evaporatipand that

DPPCmay stabilse mucin layers, further reducing evaporation.

These studigsave primarily examined the behaviour of atomised droplets, either by analysing their evaporation
after deposition on a surface or by tracking their evolution within a flow. Mlieen a droplet containing
dissolved salts comes into contact with a surface, the substrate provides nucleation sites that reduce the
maximum supersaturation attainable levitating droplets with no heterogeneous nucleation pathway
Moreover to the bestofhea ut h o r 6 s nk studiesepertediethe literaturattempted to model the
evaporation of droplets containing salt, mucin or DPPC. Such models could offer additional information no
obtainableexperimentally, including the interni@mperatur@r concentration gradientsalt supersaturation

or pH evolution of the droplet

2.3.2 Electrodynamic Levitation

The Comparative Kinetic Electrodynamic Balance (EEBB, see schematic ihigure2.8) works by levitating
micronsized aerosol dropletssing arelectromagnetic fieldCombinedwith light scattering techniquecan

be usedo determine the droplet size as a function of time and record droplet evaporation kinetics. This
instrumenhas beensedat the University of Bristaio studya wide range of droplet systerbgginning with
waterglycerol dropletgDavies et al., 2012p demonstrathecapabilitiesof the EDB.Subsequent studies
investigatedaqueous sodium chloride solutiofGregson et al., 2019%odium nitrate solution droplets
(Robinson et al., 2020and multisolventsystemsontaining water and ethanol apkdarmaceuticag xcipients
(Ordoubadietal., 2019)hese studiesrevealed tlagiueous sodium chloride dro@begin to crystallise when

the supersaturatioaefined as the ratio between the concentration of sodium chloride and the equilibrium
solubility, reaches a level of 2.0 contrastaqueous nitratdropletsdo not necessarily crystallise even after
losing all water contentFurthermorethe morphology of particles obtained ldrying droplets of

multicomponensolvens was found to be&ery sensitive to theolvent composition
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Figure 2.8: Schematicof (a) the EDB construction, (b) the dectrical connectivity to the EDBand (c) Top-down view of bottom
pair of electrodes (Davies et al., 2012)
Walker etal(2021)investigated the hygroscopicity and evaporation ratdsopletsromtwo respiratoryluid
surrogatesartificial saliva (ASYWoo et al., 2010and surrogate deep lung fluid (DLfHassoun et al., 2018)
Both fluids showed similar hygroscopicity butere considerably lessygroscopic than sodium chloride
solution. AlthoughAS and DLF contain substantial quantities of dissolved ,ghk& high content of organic
components reduces their ability to retain waf®rmation of a solid residue occurred when the amBidnt

was 45% or lower for DLF and 40% or lower for AS. SEM images of dried particles are shéiguiia2.9.

Art. Saliva

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

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

Beyond the work conducted at the University of Bristol, other research groups have employed electrodynamic
balances to levitate droplets and study their evaporation behaviopmh et al(2022)u s ed a dual

guadrupole electrodynamic balarl@BQ-EDB) capable of levitating two oppositely charged particles that
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attract each other and undergo coalescaByearying the relative humidity, the authors observed that aerosols

did not always coalesce completgarticularlyatlowRKHi ndi cating the presence o
The DBQ EDB can therefore be used t o.Thkiestudyrshowed e a €
that for droplets composed of salt (NaCl) and protein (albumin), increasing the protein concentration caused
particles to r e maverma widaerrarge ®&HcorditiossoThis stiggests that the organic
composition and therefoteh e d ror@ip Within tkedespiratory tract of carrier respiratory droplets play a

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

2.3.3 Falling Droplet Column

Although it is not a levitation technique, the falling droplet colFIDC) allowsfor the measurement of single
droplet evaporation rates under fifia#l conditions Droplets are continuously injected from the top of the
column using a droplein-demand (DoD) dispenser, and a camera captures images of the droplets at different
heights within the columrWith the droplet injection frequency and initial droplet size known, the settling
velocity can be estimated, allowing the camera position and image éioguigquency to be adjusted so that

the droplet evolution can be tracked from the top to the bottom of the cofugas flow is introduced to
control the B inside the columnin addition, the dried particle residue remaining after evaporation can be

collected for further analysis such as SEMschematiof the FDCis shown inFigure2.10.
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Figure 2.10: Falling droplet column schematic(Hardy et al., 2023)

Hardy et al.(2023)used the FDC to study the evaporation and solid residue formation of saline droplets at
ambient temperature (25 °C) under varying RH conditidhe. RH ranged from 0% to 40% and therefore
remained belowthERH of NaCl (se&ectior2.1.4. Theyfoundthatthe number of crystalsin the dried residue
increased as RH decreasktbreover, the resulting residues exhibited a hollow structure, consistent with the

schematic shown ifigure2.2.
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Figure 2.11: Crystalline residue formed after the evaporation of freefalling saline droplet in the FDC at RH = (a) 0%, (b) 5%,

(c) 10%, (d) 20%, (e) 30% and (f) 40%Hardy et al., 2023)
2.3.4 Acoustic Levitation
Acoustic levitatior(seeschematidén Figure2.12) is acontactlessechnique for studying droplet/aporation
butintroduces significant acoustic streaming effetkssis asecondary flow generated when a dropletis placed
within acoustic standing wasggproducing recirculatingirflow vortices around the levitated sample. These
vortices alter the heat and mass transfer boundary |layels trapping vapour near théroplet surface
Therefore,m strong acoustic fields, evaporation is no longer governed primanhapgurdiffusioninto the
surrounding aibut is dominated by acoustic streamiiarin et al., 1999)Ali Al Zaitone andTropea(2011)
compared the evaporation of droplets levitated acoustically with those suspended on a glassAdauomtiot
levitation was obtainedsing an ultrasonic standing wave (58 kHz) between a transducer and reflbiaa

controlled airflow was introducetd mitigate the influence adcoustic streamingn the droplet evaporatiofo

obtain comparable evaporation rates in boof¥0the
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L/min wasrequiredcausinghe evaporatioto bedriven by forced convectioatherthanthe effects of acoustic

streaming.

Adjustment of transducer/reflector

Levitator I::;I ( distance

CCD Camera Light Source
./’ L~ Droplets
e

[ ]

Bellows

Reflector
Macrolens Box

Ventilation

Figure 2.12: Schematicof an acoustic levitation setupYarin et al., 1999)

Instead of using a transducer and reflecobstic levitationof dropletscan be donwithout a reflectoby
arrangindayers oftransducersm a convex shap&larzo et al(2017)developed a singlaxis, noAresonant
acoustidevitator, called the TinyLexandshown inFigure2.13, using72 low-cost ultrasonic transducers (36
per array) operating at 40 kHEhis inexpensive and easily assembled devacesince been widely adopted for
dropletevaporation studigBunio et al., 2022; Macklin, 2024; Winder et al., 2028 et al(2024)used this
designand compared the evaporation afoustically levitatedNaCl dropletswith sessile droplets on a
hydrophobic substrateThey reported that acoustically levitated droplets exhibited evaporation rates
approximately 30% higher than those of #gessile droplet$-urthermore, therystals formedit the end of
evaporationn the acoustic levitatwhowedrregular aggregatesith edges not clearly defineds shown in
Figure2.14. Theseobservationsan bettributedo the acoustic pressuiield creating a vortex flow enhancing

evaporatiorand exerting forces on the droplet
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Figure 2.13: (a) TinyLev systemwith polystyrene patrticles trapped at its nodesnd (b) simulated acoustic field showing the

locations of the nodegMarzo et al., 2017)

Figure 2.14: Images of NaCl crystals produced bya) acousticlevitation and (b) sessileroplet (He et al., 2024)

UddinandAl-Jumaily(2024)generated water droplets using an ultrasonic nebuliser and introduced them into
aflowtube equipped with a TinyLev acousticlevitator positioned at the tube Butptet sizes were measured
using a Malvern Spraytec systéseeFigure3.21) and compared with measurements obtained in the absence
of the acoustic levitatoiThe presence of the acoustic field led to a substantial reduction in droplet size:
approximately a 45% decrease for 90% of the drapeid up to a 55% decrease for the smallest drojpless

reduction was attributed to accelerated evaporation induced by the acoustic field, an effect that becomes
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increasingly pronounced for small er drWhideachaf due
these studies showed the effects of acoustic levitation on the evaporatiorcaystallisation of dropletsio
direct comparisonhas been madwith other type of single dropletevitation technigussuch as the

electrodynamic balance.

In acoustic levitatiorxperimentsthe composition of respiratory droplets primarily governs thedtdge
evaporation behaviour and the size/morphology of the final residue, whereas thetagelgvaporation often
follows thed?-law and can resemble pure waieieber et al., 2021)As the droplet evaporatesolutes like

mucin and lipids can lead to the formation of gels and glassy matrices within the thraiple¢reasingly limits

mass transfer and slows the final stages of driAgharkar et al., 2025Thisalsoprevents the droplet from

drying out completelfleading to alroplet nucleus that is approximately 20% of its initial diamistesaliva

droplets Lastly,in surrogate respiratory droplets containing Na@icinandDPPC, the residue morphology

is not a single sattrystalbuta heterogeneouysarticlewith distinct structures at the centre verfusedge
Moreover, eyond changing the drying time, Riso affects the dried residygoducing more jagged/fine

mi crostructure residues at | ower RH andSHEMamages c on s

of dried particles are shown Kigure?2.15.

(@)

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

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

maximume-intensity projection showing the spatial distribution within the dried residue

2.4 Modelling of Airborne Disease Transmission

In previous studigshe modelling of aerosol dispersiamsapproached either by treating the dispersed phase

as a massless tracer @A et al., 2007; WeandLi, 2015; L. Liu et al., 2017)which simplifies the problem,

or by formulating it as a multiphase flow systéitiabadi et al., 2010; Li et al., 2018; Coldrick et al., 202R)

indoor airborne transmission studies, CFD is the dominant numerical tool, most often relying on RANS for the
airflow field and themepresenting the dispersed phase either as an Eulerian scalar (species transport) for fine
aerosols or with an Euleriahagrangian discrete phase mo(ste reviews byourfattah et a2021)and
Rayegan et a(2023). While consideingthe aerosols as an Eulerian phase reduces computational costs, this
method was shown to be less effective in accurately tracking the trajectories under unsteady c@haitigns

and Chen, 2007)In contrast EulerianLagrangiansimulationsrequire setting up the discrete phase
(dropletgdried patrticlesand the continuous phase (air) equations coupled with a model for droplet evaporation

and solidparticle formationThisallows for the evaluation of the residence time and deposition on surfaces.

2.4.1 Turbulence Modelling

Due to the high ratio of inertial to viscous forces, airflow generated during expiratory events such as coughing
or sneezing is turbuleBourouiba, 2021)Three principal computational approaches are commonly used to
mod el such turbulent air fl ows: direct numer i c a
Reynol ds a viesokeg(BANS)NwodellirgMfersteeg & Malalasekra, 2007PNS resolves all

spatial and temporal scales of turbulence and therefore does not require any turbulence model. However, DNS
is often impractical because it is computationally expensive, particularly for high Reynolds number (Re) flows
andlarge3Dmeske. LES adopts a hybrid approach in which
resolved, while the small eddies require a subggiale (SGS) model. Finally, RANS models use the Reynolds
decomposition of velocity components into mean and @luett i ng components, sol vi

Naviefi Stokes equations in conjunction with an appropriate turbulence closure model.

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

which in turn resolves more turbulent fluctuations and detached vortices than RANS models. This is because
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the dispersion of an aerosol cloud is more strongly influenced by turbulent fluctuations than by the mean flow
field (Norvihoho et al., 2023)However, due to the high computational requirements for accurate LES
simulations along with the difficulty in performing mesh and tigtep sensitivity analyses, few studies have

applied LES to model aerosol dispersion in the context of respiratorjtransnissiorfRayegan et al., 2023)

Amongst the RANS turbulence models, e rRmodel has been widely used in aerosol dispersion modeling
because of its compromise between computational cost and accuracy. However, the ¥arsiaatiel

typically relies on wall functions for neavall turbulence and can be less reliable in flows with strong
recirculation/separation, curvature/rotation and some jet dagarbehaviours, which can influence predicted
dispersion patterns. The Réormalisation Group (RNG) method renormalises the NaS8iekes equations

which allows to account for the effects of smaller scales of motion. This results in better accuracy and stability
at low Re and neawall flows, making the RNG&Q R model appropriate for predicting indoor airflow
(Sheikhnejad et al., 2022Jhe Realizabl) rmodel represents the most advanced variant withi@the
family. The term fARealizabilityo refers to its a
predictions in complex flows. It can better capture the behaviour of jets and their spreading rates and may

therefore be preferred for the modedjiof strong expiratory activities.

2.4.2 Steady Jet Simulations

In conjunction with theespiratory dropleévaporation modeldescribedn Section2.2.], several of these
studies also incorporated numerical simulations to analyse droplet disp&isiehal.(2007)modelled the
exhaled aicontaining dropletseleased duringoughing as a steady jet, using empirical formulations available

in the literaturéBaturin, 1972)Theequations foevaporation and trajeciesof expelled saline dropletgthin

this jetwere solvedhumerically Theaim of this study was to revisit the Wells evaporatfaiting curve by
considering the effects of relative humidity, air speed and respiratory jets. This curve compares the time for a
droplet to fall from a height of th to the time for the same dropletto fully evaporate. Ata RH of 0% and
ambienttemperature of 18°C, Well®34)found thatthe largestdroplet size that fully evaporates before hitting

the ground was around 160 um, while Xie et(2D07)evaluated this size to be around 120 pum.
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Weiand Li(2015)and Liu etal(2017)adopted a similar approach by coupling a respiratory droplet evaporation
modelin a steady jeandincluded turbulettrajectories of thdropletso modebherosol dispersion from a cough
(seeFigure2.16). The airflow wasformulated bys € mi empirical round jet, mean
estimatingQand- fromthestandard® - RANSturbulencemodel(see Sectiod.4.]) to set discrete random

walk scheméor particle tracking. These studiesfound that meeimad dropletsg0-60 um) are more affected

by RHthan smaller or larger droplets, and that large droplets (>100 um) quickly settle out of Afiegegh
representing a cough as a steady jet with a constant injection velocity can simplify the numerical solution of the
governing equations cough isnore accurately characterised as an unsteady turbulefdlpudi{Bourouiba

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

multiphasemodelsis therefore preferred.

Small particles
or droplets

Large particles @
or droplets ®

Medium particles or droplets

Figure 2.16: lllustration of the cough scenario modelled in the study byVeiandLi (2015)
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2.4.3 CFD Multi -phase Moddling Studies

Aliabadi et al.(2010)modeledthe behaviour of droplets expelled during coughs and sneezesin a quiescent
(still air) environmentisingANSYS Fluent The RNGQ - turbulence model washosen for its ability to
handle both high and low Reynolds number flovgagrangian approach tracked a large ensemble of 5000
droplets with two-way coupling between the particles and the flowccountor the exchange of momentum,
heat and mass between the droplets and the surroundiDgaptetswereassumed to consist 8#% volatile
material(water) and 6% no#wolatile content(representing mucus solids). Their initial sizes followed a
Rosiri Rammlerdistribution ranging from 1 to 500m, grouped into 1®in sizes for analysisThe results
showed that tbplet evaporation to a newolatile core is strongly dependent on the initial droplet size and
ambient relative humidity; high humidity delays this procesvever, vhile theheat and mass transfer to the
dropletswasaccounted foin this study, thevaporation was not basedamodel forespiratory droplat The
validation of the droplet evaporation was done by compahna@redictions witlpublished results on water

droplets(Morawska, 2006)

Smilar multi-phaseapproachs wergaken byother researchers to study the dispersion of cough droplets in a
room.Li et al. (2018)found that coughing creates a temporary vapour plume of supersaturated air in front of
the mouth, formed by exhaled vapand rapid droplet evaporatiolthough this plume dissipates within
seconds, it significantly impedes the evaporation of dropletisiinednsideit. Thedropletsvereassumed to

consist 0f98.2%water and 1.8% nowolatile solids by weight Foat et al(2022)considereénon-volatile

coreof 1.25%andinvestigatedhow indoor temperature amelative humidity (RH) affect airborne exposure to
SARS CoV 2 from a coughi ng p e Teywsmnowedhatdsropleteapomatwom i ¢ a |
strongly controls exposure, especially for rsided droplets (20100 um).Thesedroplets are particularly
important because they can shrink to respirable aerosols while still carrying substantial virdhltaeke
studiesRaoul t 6s |l aw and the Antoine equat i.bhisappreache u s
is inaccuratewhenthe saéumass fractiois above 0.1, whichlways eventuallpccurs in dryingiropletseven

with a very lowinitial mass fraction of solute.

A comparativestudybetween a CFD model and experimental data obtained from human volumsers

performedby Coldrick et al(2022) The goal was to validate the use of CFD in predicting the dispersion and
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deposition of respiratory droplets and aerosols, specifically to informrisk assessments for pathogensdike SARS
CoV-2.The droplets wereonsidered asiscrete Lagrangiaparticlesvi t h t wo component co
+ non v ol.ahewaltereactigitgpdrametsrisatioaf Walker et al(2021)was implementeds a lookup

table INANSY SFluent based on the mass fraction of sqlaflewingto account for nofideal solution effects

on the surface evaporatianstead of relyingoiR a o u | t Thesresults showedthdtm s e r ange e X
(<1 m) is domi nat eniilefing aemsols damrenasain sueppruled iartd spoead throughout a
poorly ventil at ed Althaughthis CFED wynedel whsaligatedogd an 2xpenimental study

with ten healthy volunteersoughing, speaking and singing in a small unventilated chamhie@nitial droplet

sizeof the simulations came from the literatared thanitial velocitieswereset agqual tatheexhaledirflow

as a simplifying assumptio@verall,based orthe review byRayegan et ali2023) no studies have used
unsteadynulti-phase CFD modelling in conjunction wigikperiments providing both input datad validation

of the simulatiorresultswhile using a respiratory droplet evaporation model.

2.5 Conclusions

In summary, this chapter has establishedtberetical, numerical arekperimental context required to model
and validate the evaporatiosolid formationand dispersionf respiratorylike droplets.While pure water
dropletsfollow the d?-law of evaporatiorthe dryingandcrystallisation of saline droplet€curs over multiple
stages including crystal nucleation and growtmongst the respiratory droplet evaporation models, many
studies have used sals@ution agsurrogate for respiratory fluidihilefewaccountfor interal concentration
and temperature gradientsrohg the evaporatioiPBM can be used to predmtystal formation and growih
dryingdroples, however such complex motiety requirescarefulapplication in order to ensure numerical
accuracy, which may be lacking in previous studiegerimental studies have investigateditifeience of
respiratoryfluid compositioron thedropletevaporation rate and residigemation butthese either used sessile
droplets omtomised droplets on a substrate, which has a strong influence on the formation afsihlisl r
compared to levitation techniques, such as electrodynamic or acoustic levifghide.acoustidevitation
generatekigher evaporation ratesidsdechnigues have not bedmectly comparegvith each otherFinally,
the CFD studiesf aerosol dispersion mainly used e - turbulence modeind while some usedspiratory

droplet specific evaporation model, inputs for droplet size and velasityell as the validation data for the
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CFD came from different source$hese insights motivate the figtinciples modelling, numerical

implementation and experimentioicesintroduced inCHAPTER 3and applied in subsequent chapters.
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CHAPTER 3 METHODOLOGY

This chapter presents the methodological frameWmrthe modelling and experimentabrk in this projed. It

first introduces the governing equations useshtmleltheevaporation andrystallisatiorof saline droplefs
covering heat and masansferto the dropletinternal solute and temperature gradients and population balance
modelling for crystal nucleation and growthhe models are then extendedrtalticomponent droplets
containing mucino form a closer surrogafer respiratory dropletsThe formulation of Computational Fluid
Dynamics (CFD) simulations usedto study the dispersion of sprayed droplets is subsequently déetijped

this chaptedetails the experimental techniques used to generate input parafoetarth the evagpration

models and the CFD as well aspmvide validation data
3.1 Single DropletEvaporation and Crystallisation Models Formulation

3.1.1 Model Assumptions

The assumptions used in thimgle droplet evaporatiomodellingof this sectiorare listed below:

1 The dropletis considered spherical throughout the evaporation process.

1 The evaporation of solvent (water) only causes diffusive motion of water vapour at the surface of the
droplet,but no convective motion of water vapour in the air surrounding the droplet (Stefangdow
Section2.1.1and2.1.2.

There is no internal flow of liquid within the droplet.

The Kelvin effect due to the curvature of the drojdeteglected.

The water vapour behaves as an ideal gas.

= = =2 =2

The radiative heat flux on the droplet is neglectaslithedroplet is not exposed to high external

temperature¢Sazhin, 2006)

1 The timederivative term of the droplet density is neglected when expressing the time derivative of the
droplet mass as a function of the droplet size.

1 The solute (NaCand/or mucin concentration depends only on the distance from the droplet centre

(radial position).
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The assumptionsusedin the modelling of crystal formatnmhgrowthn a dryingsalinedroplet(Section3.1.9

are listed below:

=A =2 = =2

3.1.2

The

Crystal nucleation is regarded as continuous once the critical concentration value of NaCl is reached.
Only primary nucleation is considered, valid for supersaturation belfidaBdscomb et al., 2009)
Aggregation and breakage of crystals arecustsidered.

Crystal growth rate is independent of crystal size, valid for particles smaller than6@®uan G dryl g a
Orciuch, 1997)

Diffusion of crystals within the droplet is based on the StdkiasteirSutherland equation (Equation
(3.36)).

Power law models are used for the bigh#&drati¢ and growthl{near rates of crystalSeydel et al.,

2006)

The particle crust is deemed to be formed when the solid volume fraction at the surface of the droplet
reaches 0.74{Seydel et al., 2006)

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

andmonodisperseubic crystals with a packinigaction of 0.74.

Equations of Droplet Motion

eqguations for droplet motion are governed by

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

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

droplet velocity (Equatio3.1)) and two for the droplet position (Equatit8i2)). Equation(3.1) is derived

fromrNewt onbés withtebeddrayw force modelled using Stok
Ap op 0R . 3.1)
B 1 P ®
A
302 3.2
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In Equationg3.1) and(3.2), z is the droplet relaxation time whicdepends on the droplet Reynolds number
24, the Cunningham sliporrection facto , theKnudsen numbas and the drag coefficierit , which is

based on an empirical correlati¢®chiller and Naumann, 1935)hese argiven by:

i —— 2A —2 2 8 p U pRuUxTEADB

I w2 A (33)
174 $ by 113 8
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3.1.3 Water Droplet Evaporation Model

3.1.3.1 Heat and Mass Transfer to tiroplet

The firstdropletevaporation modebasdeveloped by Maxwell in 187Fuchs, 1959 ndserves athebasis
for the development of each single droplet evaporation modtiss thesisDroplet evaporation is govemed
by theconcentration gradientff water vapoubetween theropletsurfaceand the surrounding air. The molar
flux of water vapoud from the droplet surface to the ag represented b¥quation(3.4), where
representthe mass transfer coefficient acd, ando® ; the molar concentration of water vapour in the
ambienfair and atlroplet surfacerespectivelyThe change in droplet maas afunction of time is defined in
Equation(3.5), wherei is the droplet mass, theradius® the droplesurface area) the molar mass of
water,O the diffusivity of water vapour in airand Sh the Sherwood number. The molar concestrtiater
vapour at the surface of the droplet and in the air can be derived by the ideal gas law and using the definition of
the relative humidity (RH), as shown Equation(3.6), with"Y and”Y the droplet and air temperatgre
respectively. For a pure water droplethe continuum regimehe water vapour pressure at the vicinity of the

droplet can be assumed to be saturated.
o ox (3.4)
(3.5

& — 600 TU071 ®f Of CND OBEA;ZA,s
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Combiningequationg3.5) and(3.6), the change in droplet radias afunction of time is given b¥quation

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

A 0 OBE2® Y 1§ Y (3.7)

B cim YUY YUY

In Equation(3.7), the derivative of the droplet density with respect to time has been negle ¢tk Equation
(3.8)). Indeed, considering that both the droplet radiuand the droplet density vary with time, the

derivative of the droplet mags with respect to time should be:as

A‘; N a ™ A—l (38)

A o yi%s) Ao

Thefirstterm in Equatiori3.8) is neglected in the derivation of Equati@:7) because including both terms
would considerably increase the complexity of the maddelarticular, it would introduce an additional variable
into the system without providingreew equationThis assumption does not imply that the droplet density
remains constant oveéime, however Rather, the density is updated at each time step from the NaCl

concentration, in a pseudtbeadystate manneihe validity of this assumption is discusseCiHAPTER 4

(Section4.2.7).

The change in the droplet temperature can be determined by performing an energy balance on the droplet. Two
heat fluxes are applied on the droplet, the heat transfer due to convection and the heat loss due to gvaporation
with radiative heating neglected (see Sec8ah 1. The change in enthalpy of the droplet is described by

Equation(3.9), wheret is the droplet heat capacity the heat transfer coefficierl the latent heat of

vaporisation of watel, the thermal conductivity of air and Nu the Nusselt number.

A'O , o A"Y n o o »” ’ i A », ,
E a Q)Kj ™n| "y Y Qa ¢c‘n_ il O4/.bZ49 Q a (39)
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Theequation for the droplet temperatusethen given by:

AY ° 1 oy vy Q6
A cd mo ! o (3.10)

3.1.3.2 Numerical Solution Method

Thetwo ordinary differential equations (ODEeh droplet size (EquatiofB.7)) andtemperature (Equation

(3.10)) aresolvedin MATLAB (MathWorks Inc, USAlsing an adaptative timetepexplicit RungeKutta

(RK) method(DormandandPrince, 1980)described iRPPENDIX A. The numericalkolutionis evaluated

using both a foustage and fivestage RK algorithrm order to computthe local truncation errdxy takingthe
difference between the solutions from these evaluations. This estimation of the error is then compared to a
predefined tolerance threshold and determines whether the time step is valid or reegndgaton of the
numerical solution, depending a@me error being below or above the threshold. The time step size is then

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

The program requires the initial droplet radius, the initial droplet temperatuf&’ , the ambient air

temperatur@Y and the relative humidity RH and outputs arrays of time, droplet radius, droplet temperature as

well as the numerical error at each tistep.

3.1.3.3 Evaporative timescale

An evaporative timescale for a water dropdedefined by estimating the time that would be required for the
water droplet to evaporate shoalllproperties asidBomthe droplesize remained constantisttherefore

derived by considering that the droplet temperature does not change throughout the evaporation. By integrating
Equation(3.7) from the initial droplet size until all water has evaporated from the drdpkegvaporative

timescalet 4 s 4ip defined byEquation(3.11).

0 OBE2®M 5 O Fen

¢! m YUY Y %0604
i 0 OBE2(M r &N heso

C — — —
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EmyY n g 20 j (3.11)
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3.1.4 Saline Droplet Evaporation Model without Crystal Formation

3.1.4.1 Mass Transfer to the Droplet

The change in dropleadiusas a function of time due to evaporation (Equat®t?)) is based oEquation

(3.7). However, due to the presence of solutes, the water vapour pressure at the droplet surface will be lower
than that of a pure water droplet, which is described by the water activity. Using a slightly modified version of
the Maxwell model, takingnto account the water activity of the droplet which depends on the concentration of

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

A 0 OBE2M & ON fepon (3.12

Ao i m YUY Y %60 £

In Equation(3.12),i isthe dropletradiug) its density,O is the diffusivity of water vapour in aib, is the
molarmassof water,3 Es the Sherwood numbét, (is the relative humidity’Y is the temperature of the atr,

"Y isthe temperature at the droplet surface@né the water activityvhich is defined in Sectio8.2.2

3.1.4.2 Heatand Mass Transfer Distributed Parameter Model

The solute diffusion and temperature distributic
(Equation(3.13)) and the Fourier equation (Equati@il4)), respectively. In spherical coordinates, the solute
concentration#, and solution temperaturg, profiles are assumed to depend only on the radial position and

not on the polar or azimuthal angles @t 1, both profiles are considered to be uniform (Equat{dris) and

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

Theseare derived ilPAPPENDIX C(Sectiors C.1.2andC.2.2.

% e— (3.13)
— ®i [PY 3.14)
5ik m 6 (3.15
ViR moY (3.16)
® oo (3.17)
L (3.18)
il 61 Al (3.19
F O AO
%Y QL‘.' O Y Yoo e ch (3.20)

In Equationg3.13) to (3.20), #is the concentration of solut js the temperature inside the dropfets the

diffusivity of solute in water angl is the thermal diffusivityl and! are the thermal conductivities of water
and air, respectivelyQ is the latent heat of vaporisation of water, andis therate ofchange in droplet mass

as a function of time that can be calculated using Equégi@g), assuming that thate ofchange in droplet

mass is only affected by the change in droplet radius and not bgtthefchange in droplet density:
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3.1.4.3 Spatial Discresation

Equationg3.13) and(3.14) are discretied in space using the finite volume method in spherical coordinates.
Following the mass and energy conservation on the control volume (also referred to as a cell), a normalisation
of the radial position is performed to obtain control volumes in the nei@rays coordinates that are fixed in
space (seAPPENDIX C SectionC.1.4 for detaild. This allows the transformation of the PDEs (Equations
(3.13) and(3.14)) into ODEs in time given by Equatio(3.22) and(3.23). The boundary conditions are used

to define fictitiougoints to extend the applicability of these equations for the cells closest to the droplet centre
and the droplet surface (EquatidBs24) and(3.25)). Central differences are used for the approximation of all
derivatives. Diffusivities at the cell boundaries are calculated by taking the averagelifiiugeity values at

the nodal points in two adjacent cells and the values of diffusivity, concentration or temperature at the droplet
surface are computed using a first order extrapolatioPABRENDIX C SectionC.1.5. All the details of the

derivations of Equationg3.22) to (3.25) are given inAPPENDIX C(SectionsC.1andC.2).

A5 Op 6 61 ©Ofp 6 6 i i A6 o) (3.22)
A0 S T
AY s Y “Yi Iy Y Y i i 7+ A"Y Y (3.23
RO S I
6 6and & 8 st (3.24)
Y "Yand Y Y — . ® Y Y, Q@ (3.25)

In Equationg3.22) to (3.25), Ois the normalised radial position. The droplet is dividedintwontrol volumes
with central nodal pointsrepresented by the inflaxging fromp to - , asillustrated iffigure3.1, where

¢ for illustration purposes. The mesh size used in the simukasodetermined iINCHAPTER 4 in the
sensitivity analyses presentedin Seciah2 The subscriptdandx correspond to theastandwestoundary

of each control volume, respectively. The convention adopted in this study is that the cell closest to the droplet
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centre corresponds to the most western cell and the cell closest to the droplet surface is the most eastern cel
The indice€ mandE -  preferto fictitiouspoints which are outside the domain and are only used for
the purpose of extending Equatig@<22) and(3.23to E pandE - . Details on the use of fictitious points

are given inAPPENDIX C(SectionsC.1.5andC.2.3.

(a) (b)

West flux

Figure 3.1: Representation of the control volume in spherical coordinates in a) 3D and b) 2D when M = 6.

3.1.4.4 Numerical solution method

The equation for the change in droplet radius (Equat®b2)), the - equations for both the solute
concentration (Equatiof8.22)) and the solution temperature (Equat{8r23)) distributions and the four
equations for the droplet motion (EquatidBsl) and(3.2)) form a system of- v ODEs. Due to the
difference in timescales of the processes involved (evaporation, solute diffusion, heat conduction and droplet
motion), these ODEs behave at significantly different rates and the systmreiforestiff. In general, ODE
stiffness increases with the numberefls(SchiesseandGriffiths, 2009) meaning thatinding theoptimal
numberof cellsto ensure numerical accuracy but also reducing computatioreilk crucial. Moreover, when

dealing with stiffness, a careful choice of the time step $§)dg essential for achieving stabilifiindfield

andPenny, 2018)

Because of the degree of instability caused by the stiffness of the ODEs, an implicit method is needed to solve
these equation@dairerandWanner, 1991)In this study, a foustage Rosenbrock method is used with an

automatic time step adjustment algoritflRosenbrock, 1963; Press et al., 19%hvolves solving multiple
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linear equations at each time step in order to approximate the solution of thireawequations needed for

the implicit method.

The numerical integration is terminated when the solute (sodium chloride) concentration at the surface of the
droplet reaches a supersaturation (S) ledefined as the ratio of the concentration of sodium chloride to the
equilibrium solubility(= 318 kg/ni), aboveg 8t 1{Gregson et al., 20197 his has been shown to be the point

for the onset of crystallisation in a saline droplet based on the experimental data combined with numerical
modelling of Gregson et gR019) Furthermore, the calculations are also terminated when the droplet radius
falls to 0.5 um even if the specified supersaturation level has not been reached. This way, the Knudsen number
(Kn), defined as the ratio of the molecular mean free path lengtle tirtiplet radius, remains alwayslow

the transitional value ofi®, so the droplet can be considered to be in the continuum regime.

3.1.4.5 Extensionto Multicomponent Droplest

The diffusion model presented in Sect®d.4.2can be adapted to account for two soluseslium chloride

and mucin The diffusion of sodium chloride is described by:

% iR i O A (3.26)

Similarly, the diffusion of mucin can be described by:

T
0 —= (3.27)

TO p h
— —=i
O 1 FO

The diffusion coefficient of mucinis given by the study from Znamenskaya(@0dl2)and the reduction in
the diffusivity of sodium chloride of 50% is estimated from this study. From the concentrations of salt and
mucin, the mass fractions of each solute can be calculated. However, this assumes volume additivity, as the

interactions betwen each soluteverany concentration range on the droplet density are difficult to evaluate.

The mass and volume of salt and mucin within the droplet are calculated by:

a o} ®w and —_—
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From these, the volume of water and the massater can be calculated:

0w 0w W w and a 7

The mass of the droplet is given by:

Now, the mass fraction of salt and mucin can be calculated:

The numerical solution methaslthe same as described in Secoh.4.4with an additioal 0 equations to

solve correspondintyp the PDE for thediffusion of mucin(Equation(3.27)) converted in ODEs inside each cell

of the domain

3.1.5 Saline Droplet Evaporation Modelwith Crystal Formation

3.1.5.1 Heat andMass Transfer to the Droplet
The change in droplsizeas a function of time due to evaporatisthe same as in Secti@nl.4.1(given by

Equation(3.12)). The initial condition on the droplet size is given by:

3.28)

In this droplet evaporation modebwever the temperatur@side the droplet is considered uniform. An energy
balance on the droplet consists of three terms, a convection term, the heat loss due to evaporation and the het

change due to solid formation:

O (3.29)
O w—— T1 ] Y Y a Q a oo
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Based on this, the change in droplet temperature as a function of time can be expressed as:

AY o . .

Yoy Qb 0 & 7 &0 (3:30)

3l 2

In Equationg3.29) and(3.30), "Y represents the droplet temperatuatethe droplet heat capacitythe heat
transfer coefficientft ; andd ; the change in mass of water and solute, respectigzhgnd3z0  the
enthalpy of evaporation of water and enthalpy of crystallisation of NaCl, respectivelye thermal

conductivities of air, Ghe Nusselt numbef, the density of NaCl and the total solid volume fraction.

The initial condition on the droplet temperature is given by:

(3.31)

3.1.5.2 Internal Solute Diffusion
The evolution of the concentration of solute as the droplet evaporates is influenced by diffusion and the

consumption of solute to form crystals:

3.32)

3=

In Equation(3.32),# represents the concentration of sol@téhe diffusivity of solute in watethe radial
position in the spherical coordinate system atite solid volume fraction, defined in Sect®ni..5.3.3When
crystals are formed within the droplet, the effective solute diffusion coefficient is giveéhbayullahi et al.,

2020)

' cOp cX 3.33

The initial condition on the solute concentration is given as:

5s & 3.34)
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3.1.5.3 Saline DropletCrystallisation Modelling

3.1.5.3.1 Principle

Crystallisation in the droplet begins once the concentration of NaCl reaches a critical value, which is higher
than the saturation concentration. This is due to the complex interactions between salt ions and water molecules
and the necessity to overcomecteation barriers for crysta#fation during droplet drying. By dividing the

droplet into a fixed number of control volumes, or cells, as described in Se&tioh.4.3 the solute
concentration (Equatiof3.32)) can be calculated in these cells until the concentration in one of them reaches
the critical value for the crystallisation to begin, referred i as. Then, crystal nucleation and growth occur.
Population balance modellinBBM) is used to calculate the evolution of the crystal number density in these

different cells until the crust is formed. A representation of this process is shdviguine 3.2.

Number density

Crystal size

Z

Figure 3.2: Representation of the crystallisation modelling process in the droplet and the crystal size distribution.

3.1.5.3.2 Population BalancEquation for Crystal Formation and Growth
The population balance equation (PBE) considered in this stutipdel crystallisation until crust formation

consists of the crystal diffusion and growth terms, with no aggregation:
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P h0e (3.35)
i
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3=

In Equation(3.35), 1 represents the crystal number dengly,the diffusion coefficient of the crystals and

the growth rate of the crystals. The diffusion coefficient is given by the SteiksteinSutherland equation

(Cussler, 2009where is the characteristic crystal siZ@,is the Boltzmann constant ands the viscosity of

the liquid phase:

QY
° Y (3.36)

Equation(3.35) is a partial differential equation in time, space and crystal siteeréforaequires a boundary

condition on the smallest crystal size bin, which is given by:

EoifD o 337
The crystal birthg, and growth,Q rates are modelled using power laws, with the difference between the solute
concentration in any cell of the dropteand the equilibrium concentratidn as the driving force (Equations

(3.38) and(3.39)). These models are based on the study by Seydel(@08l6) which also investigated the
crystallisation of saline dropletusingPBM and wer e based on the oX997gi nal
Thebirth rate follows a quadratic law and the growth rate is linear. However, in this study, the coefficients

andc from the birth and growth rates are determined by parameter estimation madeisiagped in Section

3.1.5.5

(3.39
(3.39
Theexpressions given biyquationg3.38) and(3.39) are empiricapowerlaw models commonly used in the

application of PBM to describe crystal nucleation and grof@mar & Rohani, 2017)As discussedh
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CHAPTER 2 Section2.2.4 more complex laws exidtowever, the present models were selected because of

the limited availability of experimental daeee Sectior3.1.5.5.
The initial condition for the crystal number density is given as:
(3.40)

€S T

3.1.5.3.3 Method of Moments
In PBM, a momentis a statistical measure that provides infornatiglobal propertiesf the particle size
distribution Thesecan berelated to thdotal numberof all particles the total lengthtotal area or the total

volume Mathematically, the moment of ordiis defined by(OmarandRohani, 2017)

& o b & Off b AD (3.41)

Fourmoments are used in this study to obtain information on the particle size distribution:

& o & o AD: total number of particles per unit volume

PP

T 1 & _ , 1 A, :total length of particles per unit volume
& o 0¢& ol AD: totalsurface of particles per unit volume
1 X G o0& aihd AD: volume fraction of particles

By taking the integral of Equatidi3.35), the partial differential equation for the moment of ordean be

derived, consisting of a birth, growth and diffusion term(t@ndscomb et al., 2009)

]

58 e | ——LRDl L (3.42)
T 0 ‘T T

Q:

In Equation(3.42), 0 isaninputparameter related to the smallest possible crystal size, determined in this study

by a sensitivity analysis (S€8HAPTER 5 Section5.2.4.9.

A challenge in the method of momeistthe closure problem, as tresulting®BEleads to an infinite hierarchy
of moment equations. Indeed, in Equaii842) the moments of ordétdepend on the moment of order p,
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so it is necessary to define the moment of ofrtiefwo closure equationsan be usedirst is the one used

the study by Handscomb et §.009)

(3.43)

However, this closure equation is based on the assumption of a monodisperse dis{MautibisioandFox,

2013) If the crystal number densitan be considered twllow a gamma distribution, a twparameter
distribution which, depending on its parameters, may resemble a normal distribution. These two parameters of
this distribution need not be known a priori, as the closure equation for the moment el @aenot involve

these parameters, but only the moments of higher oftlerburtandKatz, 1964)

a a (3.44)

This closure equation requires however that its denominator remains strictly positive. This can be tested during
the numerical solution of the PDEs and if it is not the case additional terms should be added to the closure

equation according to the methodrtved in HulburtandKatz (1964)
The initial condition for the moment of ord®lis given as:

(3.45)

3.1.5.4 Numerical solution method

3.1.5.4.1 Change of coordinates
In order to solve Equatiorf8.32), (3.35 and(3.42), the coordinatesti are changed twft , wheret 6

and® ——, to normalise the radial position. The partial derivatives with respetfi tocan be expressed as

a function of those with respect tgho :

\

(3.46)

"Is
gl
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A
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This creates a virtual convective flux term.

as:

R
F

PR (3.47)
|

o

Equatiti32), (3.35 and(3.42) can therefore be reformulated

WA 11 oA (3.48)
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In Equationg3.48),(3.49) and(3.50),the termAA.— is kept in the original time coordinatgincethe droplet

radiusi does not depend on theernalradial position , either time coordinate may be used without requiring

any additional transformation when converting the variables back to the original coordinate. system

3.1.5.4.2 Boundary conditions

With the change of coordinates, Equati¢<l8), (3.49) and(3.50), appears advectiordiffusion PDEs,

comprising a time derivative of the state variable with a mass coefficient, a spatial derivative and a source/sink

term. The term inside the partial derivative wigspecto @represents a flux term, which is battivective due

to the receding boundary, and diffusive. Due to the symmetry of the system, this flux is zero at the centre of the

droplet (Equation$3.51), (3.52) and(3.53)). Furthermore, since neither the solute nor the crystals exit the

internal domain of the droplet, this flux is also zero at the external boundary for each variable (E(&4)pns

(3.55) and(3.56)). Consequently, the boundary conditions are derived as follows:
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However, it is not necessary to explicitly formulate these boundary conditions. Indeed, with the use of the finite
volume method, the no flux conditions at the centre and the surface of the droplet suffice to calculate the state
variable in either the fitor the last cell of the domain. Additional details are giveRRPENDIX D (Section

D.1.4).

3.1.5.4.3 Finite volume method

Equationg3.48), (3.49) and(3.50) are discretised in space andrystal size using the finite volume method.
Figure3.3is a representation of the computational domain with ¢, the number of control volumes of the
internal droplet domain, and v, the number of crystal size birfsr illustration purpose For the discrete
method, this domain is twdimensional (2D)Kigure3.3a), with one spatial coordina@&and one coordinate

for the crystal size. The spatial discretisation is ramiform, with a more refined mesh at the droplet surface,
corresponding t&@ p. The crystal size coordinate is uniform. For the MoM and the solute diffusion, the
computational domain is ordimensional (1D)Kigure3.3b), with only the spatial coordinate. Details on the

use of the finite volume method are provided\iAPENDIX D (SectionD.2.3).

To account for steep gradients in the crystal number density near the droplet surface, the computational mesh
used is lognormal, with a parametdrcontrolling the degree of refinememearthe droplet surface. The

position of thekth cell node is defined by the formula:
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p pm (3.97)

The mesh siz8 , refinement parameté thenumber of crystal bin siz@ and the smallest crystal sie for

the MoM are determined IGHAPTER 5 based on the sensitivity analyses conducted in SebtibA.

(2) E
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L
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0
i—1 i I+1
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0 i—1/2 i+1/2 1

X

Figure 3.3: Computational domain with M = 6 and P = 5 for (a) the discrete method and (b) the method of moments and the

solute diffusion.
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3.1.5.4.4 Scaling of the variables

In order to improve convergence and expedite the numerical solution to Eqatidhg3.30), (3.48), (3.49
and(3.50), the variables are scaled by making them-diomensional to minimise the differences in their orders

of magnitude. The following scaling factors are applied:

91 Dropletradiusi® —
1 Droplet temperatureY —

1 Solute concentratiod® —

z

{ Crystal number density: —06 &

1  Moment of ordek: & —6 0 &, withd o

The scaling of the number denditjs done based on the boundary condition on crystal size and the birth and
growth model (Equation.37), (3.38) and(3.39)). The scaling of the moment of ordeis designed to ensure
that the moment of order & () remains unchanged, as it is already a dimensionless quantity (the total volume

of crystals per unit volume of the droplet).

3.1.5.4.5 Flux limiters

The PBE, whether in its discrete form (Equai{@rt9)) or using the MoM (Equatio(8.50)), presents large
gradients of the crystal number density or moments at the droplet surfacectystdlitisation occurring dte
droplet surfacebut also smooth regions closer to the droplet centre. These large gradenthallenges for
obtaining numerical solutions of sualivectiondiffusion equations. Indeed, according to Godunov's theorem,
linear numerical schemes for solving hyperbolic partial differential equations (PDES) can be at nuodefirst
accurate for the scheme to be monot@edunov, 1959)If the scheme is not monotone, it will generate new

extrema in the solution, leading to nphysical oscillations.

However, since Equatiorf8.49 and(3.50) present secordrder derivative terms, secofdder (or higher)
accurate schemes are required. One solution to this problem is the use of a flux limiter, which prevents the

generation of extrema in regions with steep gradients while allowing the usendseder (orhigher) schemes
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in smooth regions. Further details on the application of flux limiters to solve the PBE are provided in

APPENDIX D (SectionsD.2.4andD.2.5).

3.1.5.4.6 Systens of ODEs

After applying the finite volume method, three sets of ordinary differential equations (ODES) are formed.
Crystals only start to appear when the solute concentrétiomaches the predefined crystallisation
concentratio® . This implies there is no need to solve the PBE until this concentration is reached, so the
ODEs are solved in two steps. Initially, only the changes in droplet size, temperature and dissolved solute
concentration profile are considered by solving Equa(i®.12), (3.30) and(3.48) only, resulting in a total of

- ¢ equations, until theoluteconcentration at the surface reacbes . Then the PBE is added. By
discretising the crystal size thbins, Equation$3.12), (3.30), (3.48) and(3.49) form a systemof - 0

¢ equations, known as the discrete method. The set of ODEs for the MoM consists of E¢BA®yr(8.30),

(3.48), and(3.50) for E  plgfoft , resultinginu 0 ¢ equations.

The calculation terminates when the solid volume fraction) feaches 0.7é&eydel et al., 2006 he stiff

ODE solver from MATLAB, ode23t, is used to solve the sets of ODEs. The calculations were performed on
Aire, part of the High Performance Computing facilities at the University of Leeds, UK. No calculations taking
longer than 96 hours are incled in the analysis. This cutoffasbitrarily set to ensure that the simulations
remain within a reasonable time frame, considering that parameter estimation matching raquoyes
simulations to run in parallét order to find the optimal set of birth and growth coefficiefhtee parameter
estimation matching simulations were run on a workstation with an Intel® X®@®R ¥ CPU at 3.90GHz

and 64 GB of RAM.

3.1.5.5 Estimation of crystal birth and growth rate coefficients

The coefficients for the crystal birth and growth models are estimated by comparing the time to reach crust
formation between the numerical simulations and the experimental measurements on a saline droplet drying in
an acoustic levitator. Additionally, tmumber of crystals predicted by the PBM is compared with those based

on estimatefrom SEM observations of the surface of the salt particle residue after evaporation. This is done

by evaluating the average crystal size with digital measurements and ¢ogpar surface area of this
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representative crystal to the total surface area of the solid particle residue, assumed to be spherical. Voidage

between the crystals is also consider@ssumingo be 0.74, similato the value used in the modelling.

The parameter estimation matching involves testing various values for the coeféicianti® , starting by
those used in Seydel et £006) whichare® ¢ p m mistkg?and® v p ™ m*stkgl. The
coefficients are adjusted by one orderof magnitude atatime and then further refined to best match experimental

observationsThe goalis to minimise the following

(3.58)

0 & 0§ F"bﬁ (o)

wherel is the total number of crystals as defined in Equa@®0) ando the time to reach crust formation.

The minimisation is performed qualitatively, with greater emphasis placed on matching the number of crystals
Moreover due to the limited availability of number of experimental data paintspnfidence intervals can be
provided for the estimated coefficientfie model results should therefore be interpreted as qualitative rather

than fully predictive.

The determination of whether the discrete method or the MoM is chosen for this analysis, with or without
accounting for the diffusion term in the PBE, is based on sensitivity analyses of mesh size and input parameters.
These parameters include the disseaibin sized for the discrete method or the smallest crystalsifer

the MoM. The sensitivity analyses are conducte@HAPTER 5(Section5.2.4).

The moments defined in Secti8rl.5.3.3& ,& ,& anda , canbe computed for the discrete method using
the definition in Equatiorn§3.41). By integrating these moments over the entire volume of the droplet, it is
possible to calculate the total number, the total length, the total area, or the total volume occupied by the crystals

to compare with the experimental observations, using thewallg formula:

(3.59)

“
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For a droplet trapped in an acoustic field, its evaporation rate is affected by local variations in the ambient

conditions such as the vibrating giarin et al., 1999)Considering that the evaporation model used in
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CHAPTER 5is based othe oneralidatedin CHAPTER 4with experiments usintiie electrodynamic balance
(Gregson etal., 2019; Hardy etal., 2Q2®)ichis a less intrusive experimental setup, adjustments are necessary
for the model to predict the evaporation of an acoustically levitated droplet. This involves modifying the heat
and mass transfer coefficients, or the Nu and Sh numbers, used itioBg(8a12) and(3.30), by comparing

the model predictions with experimental measurements. A water droplet is inserted into the acoustic levitator
underthe same conditions as the saline droplet, including ambienttemperature, relative humidity andthe voltage
used to trap theéroplet. The ratio of the evaporation rate of the model to that of the experimental measurements
is used to adjust the heat and mass transfer coefficients smtbatneris obtained. These are then used for

the modelling of the saline droplet in this study. More details are giv&PRENDIX E(SectionE.1.1).
3.2 Properties of the Solute, Solvent and Air

3.2.1 Summary

The formulae for the thermodynamic, physical and chemical properties as a function of temperature or solute
concentration employed in tleaporationomodek of this thesiare given inrfable3.1, along with references.
Therein, the temperatudeis given in K,5 is the mass fraction of solytthe total pressure in ati, and

ny are the collision diameter in angstram and collision integral in the Chapmidinskog theory,

respectively.

In the models described in Sectiohid.4and3.1.5 the simplifying assumption of volume additivity for an
aqueous solution of water and NacCl is relaxed. Instead, the density of the droplet as a function of the mass
fraction of solute is based on empiriga@lrameterisaticsto provide more accurate resu{fsang, 1996)
Similarly, the osmotic coefficient uses a seampiricalparameterisatioas a function of the mass fraction of
solute(Pitzer, 1973jo calculate the water activity of the droplet as describ&eboion 3.2.2 The diffusion
coefficient of NaCl in water is fitted based on the data from Gregson(204P)(Section3.2.3, which have

been calibrated from dynamic viscosity measurements. The Skhsein equatiofCussler, 20099ouldalso

be used to calculate the diffusion coefficient, however at high concentrations the values may be orders of

magnitudedifferentfrom the actual valugde Souza Lima et al., 2020)herefore, the empirical fit to the data
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of Gregson et al2019)is used in combination with the StokEsstein equation to calculate the diffusion

coefficient at different temperatures.

Table 3.1: Formulae for the thermophysical and chemical properties used in the modelling

Symbol Description Formula Unit Reference
Thermal - .
I conductivity of air @ pm 7n Parienta et al. (2011)
Thermal
conductivity of T OocMECUpTILAMEX YT 70w Perry etal. (1997)
water nNPoppm
v cc?:frﬁggﬁt Semiempirical parameterisatiofseeSection3.2.2 - Pitzer (1973)
Viscosity of water PEX T WPT Y CXO pHOPPT 0Al § Pery etal. (1997)
Density of saline -
- dr)c/)plet CMEMT CqWC oXDp XTAT 0w ECH Tang (1996)
Water activity of . ) v RobinsonandStokes
+ a saline droplet ¢ Ao E 5 5 i (2012)
1L Specific heat pvodR pplIpdITE LN X& pTIlY | |-
= capacity V& p T ITY EC + Perry et al. (1997)
Diffusion YiCwoll + O fitted from Gregson
T coefficient of salt VT i O et al. (2019)see
in water Cwaf Section3.2.3
Diffusivity of T8I p W " 4 n 8
iy | water vapourin i O Brokaw (2002)
air Bl m
Latent heat of
|.| vaporisation of CQLUTRIT (B d TBITNPYY TNV *CE Rogers and Yau (1984
water
- T A~ i Ranz and Marshall
E"l Nusselt number ¢ AN od (1952a)
Saturation vapou DLORXY ¢x$o ] Bridgeman and Aldrich
=4« | pressure of wate ¢ p&A DD Y o @ 0A (1964)
~ Ranz and Marshall
5 ¢ o RpTo -
ni Sherwoodhumber ¢ @2 A 3A (1952a)

3.2.2 Droplet Water Activity

There are multiple ways to evaluate the water activity of a saline droplet as a function of the mass fraction of

solute(Mikhailov et al., 2004) Generally, the water activity of aqueous solution ionic compounds can be

definedas afunction of the stoichiometric dissociation number of the salufequal to 2 for NaCl), the molal

or practical osmotic coefficient of the solute in aqueous solftigithe solute molality and the molar mass

of waterd asgivenbyEquation(3.60) (R. A. RobinsorandStokes, 2002)The solute molality is related to

the mass fraction of solute by Equation(3.61).
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O Agb (3.60)

L (3.61)

The osmotic coefficient describes the Adgality of the solution such as ion interactions and other effects
l eading to devi at i osngradtionapprodghahasbéeh ised td dariwe. acefpiticali o0 n
parameterisation & as afunction of the solute molality for strong electrolytes dissociating into two types of

ions (Pitzer, 1973)

o S T (3.62)

DAaS 0 ———
poRa=0 p w INO
The molalionicstrengthis ™® t & t & .InthecaseofNaClinatg U6, & & & a p,
[ T e P ™ x g P16 T8t 1 0 ¢ECS) 1115 (Mokbel et al., 1997and the

DebyeHuckel coefficiend 1@ wEQII 1197 (PitzerandMayorga, 1973)

3.2.3 Solute Diffusion Coefficient

The diffusion coefficient oNaClin water depends on the concentration (or mass fraction) of the solute and the
temperature, which creates ntmearity in the diffusion equation and a strong coupling between the heat
conductionEquation(3.14)) andsolutediffusion (Equation(3.13)) equationsGregson et a(2019)calibrated

the diffusion coefficient of salas afunction of its mass fraction in the droplet using dynamic viscosity
measurements atatemperature of 293 Bthfordepolynomial was fittedb this data (Equatiof8.63)), where

S is the mass fraction of soluf€he accuracy of the polynomial fit compared to the original data is represented

in Figure3.4.

O PpRUVLULCBELE PTH v o W wa ® wgp (3.63)
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Figure 3.4: Fitted curve of the diffusion coefficient of NaCl in water (blue line) compared with original data fromGregson et al.
(2019)(red circles).

Using the Stokeginstein relatiorfEquation(3.36)) andtaking into account the change in viscosity of wiater

with temperature, it is possible to obtain the value of the diffusion coefficient at any temperature:

Y ¢ woll

0"y
cwao" Y

(3.64)

3.2.4 Relation Between Mass Fraction of Solute and Concentration

Solving thediffusion equation(Equation(3.13)) described inSection 3.1.4.2provides values for the
concentration of solute in the droplet, however the diffusion coefficient of salt depends on the mass fraction of
solute, satis necessarip be ableto convertthe concentration into mass fraction. Based onthe relation between
the concentration, mass fraction and droplet density (Equ@i®s), and the empirical polynomial fit of the
droplet densityas afunction of the mass fraction of salt (Equat{@66)) (Tang, 1996)it is possible to seek a

direct polynomial formula for the concentratias afunction of the mass fraction.
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6 171 (3.65)

" CMPT CGOC OXTP XTPTM WK (3.66)

For any given value of concentratignthe value of the corresponding mass fraction can be obtained by solving

a polynomial equation of the fortnd  # 1t This polynomial equation was solved for value# dnging

from O to 700 g/L (corresponding to a supersaturation level just above 2.04) and a polynomial fit was applied
to it, so that values af could therefore be directly obtained fragtwithout the need to solve a polynomial

equation at each time step. The resulting polynomial fit is:

1 6 cBrwouyxmwnm 6 uvdTMYCWTTM O wBEWP ST O ofp X P UpwWT (3.67)

3.3 CFD Simulations of Sprayed Droplets

In this thesis, computational fluid dynamics (CFD) is usesirtaulatedroplets sprayed by the Respimat soft

mist inhaler(SMI), presented in SectioB.4.1.3 These simulations include the salimaicin droplets
evaporation modalescribed in Sectiod.1.4.5 with the aimof investigatinghe dispersion of respiratotige
dropletsInput parameters for the droplet injection, such as the size distribution and cone angle, are obtained
from phas@®oppler anemometrfPDA, seeSection3.4.7) and the Proveris SprayVIEW systéseeSection

3.4.9. PDA measurements are also used to comiereesults of the simulatiorrd multiple downstream

locations from thenouthpiece of th&Ml.

3.3.1 Computational Domain and Mesh

Thegeometry used ithe CFD simulations of sprayed dropletssistof atruncated8D cone with aircular
baseasillustrated irigure3.5a. Thisgeometrywas designetb captuethedropletirajectories and the vortices
producedby the momentum of thgprayediroplets The domain was discreéid usingAnsysSpaceClainin
hexahedral elements arranged in agr@d structurewhichallowsfor low skewnessf the mesh and an easy
control of the number of elements in each directomesh independent study is conducted in Seétd3.2

The rear face of the geometry has a diameter of 3 cm, while the front face has a diameter.ofHestotal
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lengthof the domains 40 cm, whichcorresponds to a corangle of 10. A representation of the mesh is

providedin Figure3.5b.

40cm
3cm I < > 15cm

10°

Figure 3.5: (a) Schematic side view of the computational domain and (b) 3D mesked in the CFD simulations.

3.3.2 Selection ofthe Turbulence Model

Amongst the turbulence models presenteGHAPTER 2 Sectiorn2.4.1, the RANS approach is commonly

used in research because of its lower computational requirements in terms of time step and mesh size compare:
with DNS or LES However, some RANS models may struggle to pretdidiulence intensity accurately,
particularly in jet simulations developing from quiescent air, such as those considered in thistshedgtart

of the simulation, the Reynolds number of the air is close to zero, but it rapidly increases as droplet injection

induces air entrainment within the domaim determine the most suitable turbulence model for the CFD
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simulations, several models are tested and the resulting particle trajectories are qualitatively compared with
plume measurements obtained using the SprayVIEW sy(stmSectio.4.9. Themodels evaluated are the
standardQ - model;Q - RNG,Q - realizableE ) shear stress transport (SST), the Reynolds stress
model (RSM) and Large Eddy Simulations (LEBased on the analysis conducte€ HAPTER § Section

6.2.3.3the’Q - realizable modeis selected for the CFD simulations in this study

3.3.3 Continuous Phase Equations
The continuouphasethe air is treatedas Eulerian in the CFD modellinBeynolds averaging is used to

decompose the velocity intime-averagedand fluctuatingcomponent:

(3.68)

Using theReynoldsAveragedNavier-Stokes(RANS) equationscontinuity and momentunequatiors are

expresse@s
T— T— 0 Tt (3-69)
ToTlTw
T— "é T— "é 0' T_r‘] T_ ‘ T_é T_é T_ nO' é (370)
1o 16 o Ted Teo Te 1o

Equationg3.69) and(3.70) use theEinstein summation conventiofll variablesarerepreserdd by theitime-

averaged quantityThe RANS equatiordiffer from the standard Navie3tokes equations by additional terms
such as th®eynolds stress€¢s” 0 6 , representing the effects of turbulenBach terms cannot be obtained

by solvingequationg3.69) and(3.70) andmusttherefordoe modelled in order to close Equat{@i70). This

is donewith the Boussinesq hypothesis to relate the Reynolds stresses to the mean velocity gradients:

16 19
To Tw

S l,l (3.71)
o Tw
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In Equation(3.71),t represents the turbulent viscositigich, in"Q 7 modeling, is computed by thteirbulent

kinetic energyQand the turbulent dissipation ratgncludingamodel parametés which is a functiorof the

mean strain and rotation rates, the angular velocity of the system rotation, and the turbulence fields

i 0 372
°T

In this thesis, th®ealizabléQ j modelis used, as as beeshownto provide appropriate trajectories of the

particles in the simulatior(see Sectio®.2.3.3. Themodeled transport equatiorisr ‘Qand are giverby

(Shih et al., 1995)

| [ r.. - ra (3.73

1o T T e © 9 i

—a

L R
To ! fe 0 fa

T_ ¢ ‘_ u [P n A2 T o T_ v (374)
5 0 'Y OTQW—TO.,.QOO

—a

In Equationg3.73) and(3.74),"0 and"O are the generation of turbulence kinetic energy due to the mean
velocity gradients and buoyancy , respectivélyandd are constantd, andA are the turbulent Prandt

numbers forQandy, respectively The modeparameters andonstants argiven by,
6 adwd &— ,s "¥,Y JYVY,Y - — —
0 p8 T,O p&, A P81, A p&

3.3.4 Discrete Phase Equations
The discrete phase in the simulation consistiroplesand ismodelled using the Lagrangian approddie
equation of motiomre similarto those described in Secti8ril.2andaregiven byEquationg3.1) and(3.2).

The dragaw used in the CFD modelling given by (Morsi andAlexander, 1972)

| &

@ (3.75)
A 2k

N
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In Equation(3.75), ®, ® and® are constants that appfigr Reynolds numberanging from 0 to 50,000.
Droplet to droplet interactions such as breakup coalescence ameaminted forA discrete random walk
(DRW) modelis usedo represent theffect of turbulent velocity fluctuations on particle mot{@osmarand
loannides, 19835ince RANS turbulence models provide only mean flow fields, the DRW model introduces
synthetic turbulent fluctuations by assigning each particle a randomly sampled velocity perturbation derived

from the local turbulent kinetic energy

Thedropletsunderconsideration consist of water, salt and muTime solutes, salt and mucin, are considered
to form a pseuddinary solution with wateiThe heat and mass transfer to the droplets are given by Equations
(3.10) and(3.12) andcoupled withCFD through usedefined functionsTheinternal diffusion of the solue

and heat conduction inside the droplaEnot accounted for, therefore the droplets are considered homogenous.

The water activityof thewatersaltmucin solutiondroplets is determined IGHAPTER 6

3.3.5 Numerical Solution Method

The CFD simulations wemmnducted usingNSY S Fluent20282(ANSY S Inc., Canonsbujgndperformed

on Aire, part of the High Performance Computing facilities at the University of Leeds[utdtnomentum
equationwasdiscretised usinglaounded central differencing scherReessurgévelocity coupling was handled

with the PISO algorithnandthe PRESTO! schemeas selectetor the pressure interpolatioA. f i r st or
upwind scheme was employed in the discretisation diuthellent kinetic energy and turbulent dissipation rate
equationso ensure numerical stabilifersteegandMalalasekra, 2007 he species and energy equations

were disabled to prevent numerical diverge@oesvergence criteria fall residuals were setf 1t , however

as shown in Sectiob.2.3.4in practicemost residuals are belgwrt except for the turbulent dissipation rate

All boundaries of the computational domain were specified as pressies conditions, considering that the
simulations represent a spray of droplets in open air rather than in a confined envirdhieintvelocity was
initialised to 0 m/s, while the temperature and RH were st #f and 32%, respectively,reesponding to the
ambient conditions of the experiments with the Respimat 8M#ach time step, ten droplet parcels of varying
diameters were injected into the domdihe initial droplet size distribution was based on a RBsimmler fit

of measurements made by PDA (see Se@idn7). The injection was sets asolid conewith adisk-shapd

68



base(see visualisatiom Figure3.6), equivalent taeleasing droplet3 mm downstream of the Respimat SMI
nozzle(seepicture of the SMion Figure 3.8). Theinitial dropletvelocitywasset to 10 m/¢Alatrash et al.,
2019) with a sprayconeangleof 10°, adetermined fCHAPTER 6 The droplet evaporation model, based on
the water, salt and mucin formulatia@escribed in Sectio®.1.4.5 was implemented through a uskefined
function (UDF. Sampling planes positioned at 7 mm, 27 mm, and 57 mm from the injsatifacegequivalent

to 1 cm, 3 cm, and 6 cawayfrom the Respimat SMhouthpiecewere usedto collectdroplet size and velocity

datafrom the CFD simulation resulf®r comparison with experimental measurements

Figure 3.6: Visualisation of the cone particle injectionin Fluent.

3.4 Experimental Techniques

Experimentsare carried out to provide both input data and validatiothe numerical models presented in
Section 3.1 and 3.3. These experimental approaches range from levitation techniguaesstic and
electrodynamic levitatiorto investigate the evaporation behaviour and hygroscopic response of individual
droplets, to measurements of droplet and plume characteristics from the Respimat soft mist inhalEnéSMI)

SMI is used to generate dr ofprlammmrisonavithphe GFD dimwafionsr e s p
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In addition, the influence of fluid viscosity and surface tension on the performance of the SMl is evaluated in

this thesisrequiring measurements tfesepropertiesusinga rheometer and bubble tensiometer.
3.4.1 Materials and Sample Preparation

3.4.1.1 SolutionsContaining Water, Salt and/or Mucin

Theingredientsusedto preparavater, saline orespiratorylike solutionsare

1 Milli -Q® grade @ionized (DI) water.
1 Laboratory grade sodium chloride (NaCl), over 99% purity (Sigxdtaich, USA; cat. no. S9888).

1 Mucin from porcine stomach type Il (Sigr#ddrich, USA; cat. no. M1778), a partially purified

powder containing 0-8.5 % bound sialic acid

To prepare galine solution with a mass fractidhamass ofl5*X g of NaClwas weighednto a vial which

was then filled with DI water until the total solution mass reached T&gsame procedure was applied to
prepare water and mucin solutiom3ue to the poor solubility of mucin in water at room temperature, the
solutionwasheated tal0°C, approximatelyphysiological temperaturaf a pig and stirred using a magnetc
stirrer at a medium setting for BBO minutesSolutions containing both NaCl and mucin, with mass fractions

X and Y, respectively, were prepared by weighing 15Y g of mucin and 15X g of NaCl, then adding DI water
until the total mass reached 15 g. The same heating and stirring procedure agétetladd mucisolution

was applied

3.4.1.2 Aqueous Solutionwith Varying Viscosity and Surface Tensio

Solutions containing MiliQ® water and Metolose 60SH)00 (Harke Pharmand Nutra, UK), a
hydroxypropyl methylcellulose (HPMC) substance, were prepared at concentrations ranging from 0% (pure
water) to 0.5% (w/w) to vary the solution viscosity, with or without the addition of Polysorbate 80 (Thermo
Scientific, USA), at a concertiion of 0.2% (w/w), a value above its critical micelle concentration (0.01%)

(Pogorzelski et al., 2012 reduce the surface tension.
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3.4.1.3 RespimatSoft Mist InhaletMechanism and Filling

The Respimat Soft Mist InhalgiSMI) (Boehringer Ingelheim, Germanw)as usedo generate droplets in

studies reported IGHAPTER 6andCHAPTER 7and filled with the solutions described in Secti@.1.1
and3.4.1.2 The RespimaBMI contains the solution in a collapsible cartridge. When the cleaidtagsted

a spring is tensionedrawingthesolutont hr ough a capill ary tube and non
Pressing the dose release button then releases tF
ami cro engineer,ewdenezitl ei stexpelled impmgingatanahge gh v
Thisproduesa f i ne aerosol c¢cloud via impinging jet ato
slow moving, | o A schematis reprasantat®roof the assensbly of the SMI, including the

uniblock, is provided irFigure3.7.

The aluminium casing surrounding the cartridge was carefully cut and removed using side cutters, ensuring that
the internal bottle containing the solution was not damageages of the SMI device witbut and withthe

cartridge openedreprovided inFigure3.8a and b, respectivelfPrior to filling with any experimental solution,

the bottle and device were thoroughly cleaned with DI wé&tilaning of the device consisted of at least ten
actuations with DI water, followed by five actuations to prime the device after filling with the test solution,

before performing any droplet size, velocity, or plume measurements
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Capillary tube
Upper housing

Figure 3.7: Schematic of the Respimat SMI assemblgDalby et al., 2004)

Figure 3.8: Photographs of (a) theRespimat SMI and (b) with the cartridge cut open.
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3.4.2 Acoustic Levitator

3.4.2.1 Building theTinyLev Levitator

The acoustic levitator used to study the evaporation ofoaay stallisationof single droplets is based on the
TinyLev designMarzo etal., 2017)tconsistso72u | t r asoni ¢ transducers oper:
arranged in concentric rings with a congapeo focusatthe centre of the levitatorhisconfigurationcreates

a standing waven whichthe nodes of the wave remain stationary over telewing forsmall objects in the
millimetre range, such as particles or droplets, to be trapped and levit#fiedenodesTwo levitators were

used for the work in this thesis, fitebuilt by Robin Winder atthe University of Leeds, showfigure

3.11, andanother one builby me Botharebased on the same kit and design.

Theacoustic levitatowaspurchased as a KRobotShophttps://uk.robotshop.com/products/acousgigtator

kit), which includes a 3Eprinted TinyLev baser6 transducersan Arduino Nano andviotor Drive Board,
jumper and copper wirs and a switch. Assembly instructions are available online

(https://www.instructables.com/Acoustievitator). In brief, each transducer is glued to the top and bottom

sections of the TinyLev baséth the polarityfacingthe same directiofFrigure3.9a) Thetransducelegs of
same polarityare soldered to concentric copper wiegure3.9b). Two additional wires are soldered to either
the positive or negative copper rings and connected tulther Drive Board The switch, Arduino Nano and
Motor Drive Boardare then connected using jumper wires according to the instructiomeanedctedo the

adjustable DC power suppl¥igure 3.10).
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Figure 3.10: Photograph of the acoustic levitator connected tan adjustable DC power supply

3.4.2.2 ExperimentalSetup

The experimental setdpr all single droplet evaporati@xperimentsising the acoustic levitatay illustrated

in Figure3.11. A camera is positioned on one side of the levitator, focusing on the centre node, while a light is
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placed on the opposite side to provide contrast between the droplet and the background. Since the dropletis
always in focus, the number of pixels per millimetre at the camera's focal point can be measured to determine
the dropletsize overtime. The ambienttemperature and relative humidity (RH) are monitored in close proximity
to the levitator using a temperature and humidity meter, accurate to £0.5°C for the temperature and 3% for the
RH. While thelow error on the temperature measurement mapawtstrongconsequencethe error on the

RH measuremeswill be noticeable when comparimgpdel predictions to experimental measurements. Indeed

a 6% RH variationvould affect the evaporation rate@dicted by the model and therefore add uncertainty to

the model prediction®roplets are dispensed into the node aligned with the camera using a 2 pL syringe and a

copper wire used to remove the droplet from the syringe and allow it to fall into the node.

The intensity of the acoustic waves is controlled by adjusting the voltage of the transducers, and while a high
voltage allows dense and heavy particles to levitate, it can cause vibrations that deforms droplets into an oval
shape, affecting evaporationo@ersely, if the voltage is too low, the droplet or particle fails to levitate. In the
experiments, the lowestvoltage6V, determined in Sectidn?2.], that can keep the droplet airborne throughout

the evaporation process is used. After evaporation in the acoustic levitator, the dried particle residue is collected

and analysed using a Hitachi TM3030Plus SEM.
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Figure 3.11: Photograph of the acoustic levitator experimental setugWinder et al., 2025)

3.4.3 Electrodynamic Balance

3.4.3.1 Principle

The Comparative Kinetic Electrodynamic Balance (EEIB) used for the work in this thesis is located at the
University of Bristolandhas been employed to study a wide range of droplet sy¢@avées et al., 2012;
Gregson etal., 2019; Robinsonetal., 2020described in Secti@3.2Thisi nstrument | evitat
aerosol droplets using atectromagnetic fieldr o pl et s ar e pr oducéispbenkegnd a dr
electrically charged via induction electrod@&bese charged droplstare placed into a trapping chamber
equipped with cylindrical electrodesheretheelectromagnetic fieldetween the electrodes trapsedroplet

in placeat a time A voltage applied to the lower electrode balances the forces acting on the droplet, allowing it
to remain stationary within the chambéhne relative humidity inside the chamber is controlledaitgoducing

dry nitrogen at a flow rate of 0.03 m/s, while th
through the electrode8 schematic of the EDB providedn Figure3.12, and gotographs of the EDB setup

and the droplet dispenser are showifrigure3.13 andFigure3.14, respectively.
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The dropletis illuminated with a 532 nm laser and a CCD cameraplacetati®g | e r el ati ve
forward direction captures the resulting scattered light patfemna uniform, spherical droplet, this pattem
consists of evenly spaced interference fringes, which are used to determine the dro@gtreizasuring the
angular gap between the light and dark fringes in the pattern, geometric optics approgmhddietheory

are used to calculate the droplet radius.

V

Positioning CCD
and lenses Sizing CCD and lenses

Transparent Windows
Collection of elastically

scattered light

532 nm Laser I

Qﬁuy reg

Laser block

channels

ulate
E——" Gas flow perpendicular to droplet

X

Induction electrodes

Dual droplet dispensers

Figure 3.12 Schematt of the EDB (Marsh, 2018)
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Figure 3.13: Photograph of theEDB setup

Figure 3.14: Droplet-on-demand dispenser

3.4.3.2 Density and Refractive Index Calibrations

Light scattering behaviour varies not only withoplet composition but also with concentration for a given
composition Consequently, it is necessary to determine the refractive index of solutions at concentrations

exceeding those of the initial bulk solutiduring evaporation, droplets can reach supersaturation levels far
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beyondthe bulk solubility limit. Forinstance, a sodiumchloride solution droplet reaches its bulk solubility limit
at a relative humidity (RH) of approximately 75%, yet efflorescence does not occur until the RH decreases to

around 43%SeinfeldandPandis, 2016)

To account for this effect, a polynomial fit is applied to measurements of density and refractive index at known
concentrations, which is then used to extrapolate the refractive index at higher concentiatignmecess
begins by preparing a solution withigh solute concentratioat room temperaturdéollowing the procedure
described irBection3.4.1.1 As previouslynoted thisconcentratiomay be limited by the bulk solubility of

the solute, the poor solubility eblutes such asucin or thephysicalvolumeoccupied bydry solutesequired

for highly concentrated solutiofgseeFigure3.15 showing how much 0.5g of mucin type Ill occupies in a 20

mL vial).

From the solutionof highest concentratiotthe refractive index and density are measured using a refractometer
and a density meter, respectivdiyiages of these instruments are showirigure 3.16, illustrating the
measurement of the refractive index of wdteigure3.16a) and the density of watefFiure 3.16b). The
concentrated solution is then diluted by adding water, followed by staendgheating if necessaignd the

refractive index and density are measured again
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Figure 3.16: (a) Refractometer and(b) density meter.



3.4.4 Reattime X-ray Diffraction onan Acoustically Levitating Droplet

To determine the NaCl concentration at which the droplet begins to crystallise, the acoustic levitator is placed
in an X-ray diffractometer, positioning the levitating droplet between tirayxbeam and the 2D detector, as
illustratedin Figure 3.17. Reailtime X-ray diffraction (XRD) patterns of the evaporating saline droplet are
produced every 10 seconds. The anodga)source operates with a rotating@hodeat a wavelength of 1.54

A. This experimental setyppcated in the School of Chemistry at the University of Leleas been described

in a previous stud@gTumer et al., 2024When crystals begin to form inside the droplet, the first two diffraction
peaks of NaCl crystals at the 27.4° and 31.7° ari@lbshad et al., 2021gppear on the 2D diffraction pattemn.

The time at which these first peaks ap@eat corresponding droplet siaee recorded-or aNaCl droplet with

knowninitial concentration, the average concentration at which the first crystals appear, referted toirms

this study, can be calculated based on the NaCl mass balance in the droplet as it evapasanitial size

[ (3.76)
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Figure 3.17: Photograph of the setup for realtime XRD on an acoustically levitating droplet(Turner et al., 2024)
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3.4.5 Kinexus Rotational Rheometer

The viscosiesof solutiorscontainingHPMC and Ps8(Qreparedis described iBection3.4.1.2 aremeasured
with a Kinexus rotational rheometer (Netzsch, Germany)°a &% shear rates ranging from 1 to 1000with
ten measurement points per decades and three replicates per solutioAla®omedels weréitted to each
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dataseto observe noiNewtonian behaviours, fadl shear rates above 50 ® avoid potential measurement

errors occurring at low shear rates.

Figure 3.18: Photograph of the Kinexus Rotational Rheometer

3.4.6 Bubble Tensiometer

The surface tensisof solutions preparefbllowing Sectiorn3.4.1.2aremeasured at lab ambient temperature
(~20°C) by a SITA t100 bubble pressure tensiometer (SITA, Germarphotograph of the tensiometer can
be foundirFigure3.19. Calibration with Mill-Q water was performed daily, before each use of the tensiometer,
and the resulting surface tension should not delajateore than 1 mN/m from its nominal value (72.3 mN/m).
An average oBix measurements were taken to reducepibentialinfluence of viscous solutions on the

formation of bubbles.
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Figure 3.19: Photograph of the SITA bubble Tensiometemeasuring the surface tension of water

3.4.7 Phase Doppler Anemometry

A onedimensional Phase Doppler Anemometry {RDA) systen{Dantec Dynamics, Denmark) was used to
measureghesize and velocitgf droplets emitteythe Respimat SMI. The system, whichincludesa FiberHow
transmitting optic and a 112 mm FiberPDA receiving optic, is mounted on a 3D traversing support, allowing
measurement at various positions within the plume. Thisinvasive technique, based ogHitscattering
interferometry, provides high spatial and temporal resolution measurements without geqalitimation.
Droplet size and velocity were measured along the plume centrelihedaandé cm from the device

mouthpiee, as well as above and below the centreline at 3 and, @vitmthree replicates pgrosition
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Figure 3.20: Photograph of the PDA setup.

3.4.8 Malvern Spraytec

The volumebased droplet size distribution was measured by the Spraytec laser diffraction system (Malvem
Instruments Ltd, UK). The SMI wdsldontothe Proveris Vereo SSx actuatming a 3DBprintedholder The
actuator was mountezhthe Nasal Spra$tand(NSS), allowing to position the SMI at specific distances from

the measurement zone of the Spraytec laser diffraction syBteee distances and three replicates were taken
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for the measurements: 1, 3 and 6 cm from the device mouthpigpémtograph of the Spraytec setup can be

found inFigure3.21.

Postprocessing on the raw data was done in the Spraytec software where an appropriate number of detectors
were removed to account for beam steering. Whilentlmaberof detectors removed varied across different
distances and concentrations of Metolose, the sarmbewasselected foreach measurement repliddike

PDA, the droplet size distribution is volume based and not number based. Moreover, the measurement volume
is much larger with the Spraytec, in the ordeceftimetresas opposed to millimetregth the PDA, so an

entire section of the plume is measured throughout its duration rather than a singla ppate

Figure 3.21: Photograph of the Spraytecsetup.

3.4.9 Proveris SprayView

The spray patterns and plume geometries aesdysedising the SprayVIEW system (Proveris Scientific,

USA). A high-speed camera captures the light reflected from a laser sheet, whichwas emitted either horizontally
(perpendicular to the plume) or vertically (along the direction of the plume) throughevit the duration of

the spray. The SMIwas actuated remotely using the Proveris Vereo SSx automated actuator (Proveris Scientific,
USA), positioned to spray vertically upwards. The resulting spray pattetiplume geometry images were

processed in the Viota software (Proveris Scientific, USA).
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Figure 3.22: Photograph of the SprayVIEW setup.

3.4.10 Statistical analysis

All data processingnd statistical analysésr CHAPTER 7were performed in MATLAB (MathWorks Inc,

USA). Linear mixed effect models were generated with the droplet size/velocity or plume parameter as the
dependentor responsevariable and the Metolose concentration as well asptlesence or absencé
polysorbate as independent variabtasixed effects. The interaction of the Metolose concentration with the
polysorbatgresenceavas also investigated. Theeparatactuations of the device (three replicates) were
included as a grouping factor. Correlations between the droplet size/velocity or plume parameter and the

concentration of Metolose are plotted, with the R squared values extracted from the mixedetfelt

3.5 Conclusions

The numerical and experimental techniques presented in this chapter are used to model the evaporation,
crystallisation and dispersion of water and saline droplets, with the inclusion of,mlecigwith refinement

and validationthrough measuremeMathematical models are formulated to describe evaporation and internal
concentration and temperature gradients in saline and -salio@ droplets, as well as crystallisation in saline

dropletsusingPBM. The internal droplet domain is discretised in spacggube finite volume method, with a
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change of coordinates applied to account for the receding boundary. Particular attention is given to mesh
refinement, variable scaling and the stiffness of the resulting system of D&y thestrong coupling and

differing timescales of the processes involv&d Euleriari Lagrangian CFD framework is developed to
simulate the dispersion of sprayed droplets produced by the Respimat soft mist inhaler, incorporating the
evaporation model for saliiienucin droplets through uséefined functiong=inally, the experimental methods

used to obtain model input parameters, such as droplet size and velocity distributions for the CFD simulations
and data for parameter estimation, as well as validation data from -dirogiéet lesitation and spray
measurements, are described. Together, these modelling and experimental methodologies provide the
foundation for the results discussed in the following chapters, where the models are assessed and applied tc

water, saline and salimaucindroplets
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CHAPTER 4 A DISTRIBUTED PARAMETER MODEL FOR THE
SOLVENT EVAPORATION FROM A SALINE DROPLET INCLUDING

INTERNAL SOLUTE DIFFUSION AND HEAT CONDUCTION

4.1 Introduction

4.1.1 Background

The COVID-19 pandemic has sparked considerable interest in the understanding of the mechanisms for the
transmission of the disease. Among the three primary routes, airborne transmission of exhaled droplets has
emerged as the predominant mode for the spp€SARSCoV-2 (Anderson et al., 2020; Asadi et al., 2020;
MorawskaandCao, 2020)The initial size of respiratory droplets is one of the determining factors affecting
dispersion, deposition and survival of the virus within the droplets. Based on the Wells evaporation curve
(Wells, 1934) large droplets (>100 um) rapidly settle onto surfaces, whilst smaller ones evaporate to leave a
solid residue (droplet nucleus) which can remain in the air for long periods of time before finally impinging and

settling onto surfaces.

Once exhaled into the atmosphere, respiratory droplets flow with the air circulation and undergo heat and mass
transfer with the air, shrink to droplet nuclei containing viral clusters, and ultimately cause the airbome
transmission. The evaporation of eafrom these droplets and the resulting formation of a solid residue play a
significant role in the dispersion of aerosols and subsequent disease transmission. This evaporation is greatly
affected by the presence of dissolved solids such as salts, prateipathogens within the dropgMejerano

andMarr, 2018)

The study of droplet evaporation/drying extends beyond the field of respiratory diseases, with applications in
spray drying, for example, in the pharmaceutical, detergent and food industries and in spray combustion. A
comprehensive understanding of theinigyprocess of droplets is therefore essential for accurate modelling and

prediction of aerosol dispersion for respiratory disease control strategies, but also for industrial applications.
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4.1.2 Present Contributions

In thischapter a first principle based distributed parameter model, which accommodates the internal transport
of heat and mass within the droplet, is proposed to simulate the solvent (water) evaporation from stationary and
free-falling salinedroplets described irBection3.1.4 serving as a surrogate for a respiratory droplet. The
transport equations are discretized using a finite volume method, with description of all the derived equations
provided inAPPENDIX C(SectionsC.1andC.2). The model is parametrised using accurate thermodynamic,
physical and chemical property data from the literature, which are crucial for the validity of the model and are
summarisediifable3.l1. Firstly, the model is benchmarked by predicpiglished experimental dai@regson

etal., 2019; Gregson, 2020; Hardy et al., 2@28) then the influence of initial droplet conditions, such as the

size and solute concentration, on the evaporation rate and final droplet size is investigated. The model is also
tested at high ambient relative humidity (RH) (60% and 100%), where thketiasguires water through the
process of condensation. The purpose of this study is to provide a validated evaporation model accounting for
the effect of surface enrichment of the solute due to the shrinking of the droplet, as well as the heat conduction,
providing a modelling framework for respiratory droplets containing multiple components. Allthe mathematical
tools, such as derivations and discretisation of transport equations, numerical solution methods, formulae for
the thermephysical properties arttie drying conditions are provided in details, along with guidelines on how

to adapt the model to relax certain assumptions (3¢8PTER 3 Section3.1.1andSectiord.2.70f this

chapte), for researchers in the field to reproduce this model and build upon it.

4.2 Results and Discussion

4.2.1 Validation of Pure Water Droplet Evaporation Model

As a first step, the evaporation model for a stationary pure water qugbetibed in Sectiadr 1.3 is validated

There, thetemperature is considered as uniform inside the droplet in this model. Under this condition, only two
ODEs are needed hesolved, assuminghatthe droplet is stationary: one for tbeoplet siz§ Equation(3.7))

andone for the droplet temperatuequation(3.10)). This system of two coupled ndimear ODEs is solved
usinganumerical adaptive tirste p explicit Rung&utta (RK) methodDormandandPrince, 198Q)described

in APPENDIX A. This methodvaluates the solution using both a fstage and fivstage RK algorithm and
considers the local truncation error to be the difference between the solutions from these evaluations. This
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estimation of the error is then compared to agetned tolerance threshold, and determines whether the time
step is valid or requiraggvaluationof the numerical solution, depending on the error being below or above the
threshold. The time step size is then reduced or increased in order to improve accuracy and/or save on

computational time.

The predictions from the model are presentdelgare 4.1 along with the experimental data from the literature
using the same initial and ambient air conditifRanzandMarshall, 1952b; Hardy et al., 2023he square of

the normalised droplet diameter follows a straight line when plotted against time, in accordance@With the
law (Langmuir, 1918)The time is made dimensionless by dividing it by an evaporation timegcajggfined

by Equation(4.1), which represents an estimate of the time only for a pure water droplet to fully evaporate
should its properties (temperature, velocity) remain unchanged during the evaparati@therefore based

on the ambient and initial conditions only. The derivatiof 0§ jssgiven iInCHAPTER 3(Section3.1.3.2.

LY n g 20 (4.1)
3O Y Y

For the comparison with the Ranz and MarsfiEd52b)experimentsQ  p8tt mm’Y ¢ Y€ I ,

Y ¢ wyig v and RH =0% (dry air), the total evaporation time is very close to the evaporation timescale
T4 6 ABquation(4.1)). This is due to the fact that the initial droplet temperatieffis very close to its wet

bulb temperaturexJ Funder the experimental conditions, so there is little change in the droplet temperature
and the evaporation can be well represented b@tHaw using the initial droplet conditions only. In the cases
whereéQ v @tli oru motli (Hardy et al., 2023he initial droplet temperature is the same as the ambient
air temperatureq @ ¥ so there is a large reduction in the droplet temperature during the initial stage of
evaporation. From comparison with each experialerdasethe model demonstrates excellent agreement with

the measured data, which validates the evaporation model for a pure water droplet.
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Figure 4.1: Change in droplet size with time for a pure water droplet under different conditions compared with experimental
data from the literature.

4.2.2 Sensitivity Analysis of the Numerical Solution of the Distributed Parameter Model
Two parameters affect the accuracy of the numerical results: the number of spatial aetishe error
threshold used in the solution of the system of coupled-imoear ODEs. Two outputs are monitored to assess
the accuracy of the numerical solution: the time to reach the supersaturation level of 2.04 and the ratio of the
final to initial mass of NaCl, which shoulze unity, as NaCl does not evaporate. At any time during the
evaporation, the mass of solute can be calculated by the numerical integration (using the trapezoidal rule) of

radial concentration profile, given by Equati@h2):

S 4.2)

The results of a sensitivity analysis are giveffable4.1 based ora levitating saline droplet with an initial
diametefQ 1 & ¢ i1, an initial NaCl concentration of 24 g/L, ambient conditions of temperature at 20°C

and a RH of 0%. Based on these results, the number oficellp 1 and the error threshdld p 1 are
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chosen for the numerical investigations. The selection of these parameters gives a ratio of final to initial mass
of solute of 0.9997 and a time to reach S = 2.04 witldinrt Qaf the results with a larger 1l p 1 Ttar

smallerxil p 1 , so they are deemed sufficiently accurate. In this case, the computational time was in the
order of one minute on a workstation with an Intel® X@2245 CPU at 3.90GHz and 64 GB of RAM. Using

an explicit RK method with adaptative time step describdRENDIX A (SectionB.1), it would take 7 to 8

hours, asthe stiffness of the system of ODEs requires a very small time step in order to remain stable throughout

the entirety of the calculation.

Table 4.1: Sensitivity analysis on number of cells and error threshold

Number  Error Computational Time to Ratio of final to
of cells ' threshold time reach S = initial mass of solute
(hh:mm:ss) 2.04 (s)
10 103 00:00:00 1.6495 0.9931
10 10° 00:00:01 1.6444 0.9975
10 107 00:00:10 1.6421 0.9978
100 103 00:00:10 1.6535 0.9957
100 10° 00:01:04 1.6417 0.9997
100 107 00:10:05 1.6417 0.9999
1000 103 00:21:45 1.6553 0.9947
1000 10° 02:33:10 1.6424 0.9997
1000 107 23:41:00 1.6416 0.9999

4.2.3 Validation of Stationary Saline Droplet Evaporation Model

The second step of the model validation focuses on stationary saline droplets, where the model predictions are
compared with published experimental data on single levitating saline droHegsiie4.2a (Gregson et al.,
2019)andFigure4.2b (Gregson, 2020)Their experiments were carried out using a EBB, which uses an
electromagnetic fieltb levitate single droplets and the droplet size is monitored with time byslagtitering

method. This technique has a high fidefdy single droplet evaporation measurements in the micrometre range
compared to an acoustic levitator which produces waves that may affect the evaporation rate for such small
droplets(Yarin et al., 1999)The predictions of the model are closely aligned with the experiments for both the

cases at a RH of 0% and 42%.
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At the RH of 42%, the influence of the solute concentration on the evaporationis noticeable, as the drying curve
(Figure4.2b) deviates from a straight line in the later stage of evaporation. This is well represented in the model
by the influence of the droplet water activity described irCHAPTER 3(Section3.2.2. The effect is also

observed at the RH of 0%igure4.2a); however, due to the faster evaporation rate, it is less prominent.

(@ do = 45.7 pm, g = 24 g/L, Too = 203 K, R =0 % (b o =173 um, =100 g/ T =293 K. RI[ =42 %

This model dy = 45.7 pm

o Gregson et al. {2019) dy = 45.7 pm | | 09T

This model dy = 47.3 pin
o Gregson (2020) dy = 47.3 um

0 L L L 0 f L L I
0 0.5 1 1.5 2 0 1 2 3 4 5

Time (s) Time (s)

Figure 4.2: Predicted change in size with time for stationary saline droplets compared with experimental data at a) RH = 0%
and b) RH = 42%.

In combination with their experimental measurements of droplet size, Gregson-amdkens used a finite
difference discretization of an isothermal version of the solute diffusion equation (Eqyatid)s(3.15),
(3.17) and(3.19)) to model the concentration distribution inside the droplet as it evaporates. Their model
predictions along with those of this modeé plotted irFigure4.3, and correspond to the same conditions used
to generate the predictionshigure4.2. The radial profiles of solute concentration for the conditions relating
to Figure4.2a are plotted against the changing radius during the time from the beginning of the evaporation
until when the surface concentration reaches the supersaturation level of Adié4.3a. Notably, the plot
reveals noruniform concentration profiles, especially towards the end of the evaporation. The Peclet number
(Pe), which compares the evaporation rate of the solvent to the diffusion rate of the solute, has often been usec
to describevhether the droplet remains homogenous or not during evapofettming, 2008) A low Pe
means that the solute diffuses faster than the droplet shrinks, and vice versa. However, a calculation of Pe for
the situation presented Figure4.2a andrigure4.3a (RH = 0%) reveals that it remains below 0.5 throughout

the evaporation, indicating that despite a low Pe, surface enrichment of the solute can still be observed.
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The present model predictions are relatively close to those obtained from the combined experimental and
modelling approach of Gregson et(@019) The time to reach the critical supersaturation level S = 2.04 of the
present model is within 6% to that of Gregson g4119) However, the&eoncentration profiles do differ at the

time when the critical supersaturation is reached, but this may be due to the influence of the droplet temperature
on the diffusion coefficient used in these models. In their model, Gregson et al. (2019) do niot fac toel
temperature change as the droplet evaporates, which affects the diffusion coefficient following the Stokes
Einstein relation. Indeed, at 0% RH, the droplet temperature drops from 20°C to 5°C, which reduces the
diffusivity of sodium chloride by 3%. Moreover, although quite close, the change in droplet size from the
present model predictions does not match exactly the experimental valuegy(sed.2a). This affects the

rate at which the droplet surface shrinks and therefore the diffusion of solute. The surface concentration profiles
shown inFigure4.3b reveal that both predictioase very close until a certain point of time towards the end of

the evaporation. This is already noticeable in the plot of droplet size as a function of Fiigneré#.2b. It is

likely that the droplet is undergoing phase transformatiffecting the light scattering, or that the size of the

droplet becomes too small to be accurately trapped bgléatromagnetic field

(3)700 dy =45.7 pm, ¢y =24 g/L, Too = 293 K, RIT =0 % (b)700 dy =AT.3 jom, ¢y = 100 g/L, To =203 K, R = 42 %

1648

This model, . = 1.64 s 4
---—---- Gregson el al. (2019), L =154 s

Concentration at § = 2.04

)
[e2]
o
o
[=2]
<
<

[&1]
(=]
(=)
(%]
o
(=)

1.54s

N
o
(=]
B
(=)
(=]

1485

w
o
o
w
(=)
(=]

200 | s

[a*]
<o
<

Concentration of solute (g L~
Surface solute concentration (g L 1)

- 108 ) f/‘/ —— This model dy = 47.3 pmn
oo ests woE e Gregsou (2020) dy = 47.3 pm |
073555036 sg18s Concentration at S = 2.04
0.00 s
0 . . . ‘ 0 s ‘ ‘ ‘
0 5 10 15 20 25 0 1 2 3 4 5
Radial position (pm) Time (s)

Figure 4.3: a) Predicted solute concentration profiles at different times within a stationary saline droplet for RH = 0% and b)
concentration of solute at the droplet surface for RH = 42%.

4.2.4 Evaporation of Free-Falling Droplets

The final part of the model validation addresses the evaporatioeedtlling droplets, where the equations of

motion (Equation$3.1) and(3.2)) are involved and the Sherwood (Sh) and Nusselt (Nu) numbers (described in
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Table3.1) are increased due to the droplet motion. The predictions are compared with the experimental data at
two different RH inFigure4.4a, sourced from a study utilising a falling droplet colyidardy et al., 2023)n

their experimental setup, droplets were injected at regular intervals using a droplet dispenser. As the droplets
fall through the column, a higbpeed camera captures images at various vertical positions and record the

trajectory and evaporation hisyoof the droplets.

Thepredicted results at the RH of 35% indicate a better agreement with the experimental data than at RH =
10%. However, it is important to note that some measurement errors were reported in the original study. First,
the apparent RH may only be accuraté %86, which has a great influence on the evaporation rate. Other
measurements errors were associated with the droplet s (i fat RH = 10% and 1@ Ii tat RH = 35%),

initial velocities ( T& 11 @ 1) and even ambient temperaturep(1).#All combined, the differences between

the actual and nominal values of the initial and ambient conditions may result in anowederestimated

evaporation rate.

For the case of 35% RH, the temperature variationtmita at different locations along the droplet radius is
presented ifrigure4.4b. The time is represented on a-lxale in order to show the comparison between the
temperature profile at the droplet centre and the droplet surface at the first moments of the evaporation. In less
thant® @ the temperature becomes uniform along the droplet radius. Two dimensionless numbers are generally
used to ascertain the uniformity temperature profile inside a body. First the Biot number (Bi), representing the
ratio of the internal conduction to the extal convection resistances, and the Fourier number (Fo), which is the
ratio of the timelto a characteristic timescale for heat diffusion. In the case preseiftigdia4.4b, Biis in

the order of 0.1 for the entirety of the evaporation and Fo becomes larger than 10 confirming the

rapid evolution of the temperature distribution to a uniform profile.
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Figure 4.4: a) Predicted and measured changes in size of falling saline droplets as a function of time at two RHs and b)

predicted change in temperature as a “function of time at different radiapositions for RH = 35%.

4.2.5 Influence of Initial Droplet Size and Concentration
The modelis used to assess the effect of initial droplet size (1 to 100 um) and solute concentration (1 to 200
g/L) on the time to reach S = 2.04 and the ratio of final to initial diamEgdxre4.2 lists the predictions for

initial and ambient temperature corresponding to respiratory droplets in a typical indoor envirorient of

0¥0,”Y ¢@mand2( ocub

The initial diameter greatly influences the total evaporation time, showing a proportional relationship with the
square of the initial diameter. Interestingly, the ratio of the final to initial diameters does not depend on the
initial droplet size. The inial solute concentration on the other hand shows the opposite trend. The evaporation
time does not change much with the initial concentration, but the ratio of final to initial droplet sizes is greatly
affected by the initial concentration. Both of théselings reveal how important the initial conditions are in

determininghe final droplet sizes and the evaporation times. These are in agreement with the modelling results

by Liu et al.(2017)
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Table 4.2: Evaporation time and ratio of final to initial droplet size with varying initial diameters and

solute concentrations.

Initial diameter Initial solute Time to reach Ratio of final to

(pum) concentration (g/L) S =2.04 (s) initial diameter
1 1 0.0013 0.1160
10 1 0.1336 0.1161
100 1 11.27 0.1161
1 10 0.0014 0.2498
10 10 0.1406 0.2502
100 10 11.85 0.2501
1 50 0.0015 0.4272
10 50 0.1523 0.4268
100 50 12.54 0.4281
1 100 0.0016 0.5386
10 100 0.1570 0.5377
100 100 12.64 0.5394
1 200 0.0015 0.6783
10 200 0.1547 0.6775
100 200 12.04 0.6800

4.2.6 Application of the Model to the Evaporation Droplets at High Relative Humidity

The model equations presenteddRIAPTER 3(Section3.1.4) are also applicable if the droplet undergoes
condensation due to hygroscopic growth instead of evaporation. This scenario could occur if a droplet enters a
highly humid environment such as the mouth or the lungs. The changes in size of a stationadycgddine

with an initial diameter op 11l and an initial solute concentration of 10 g/L at relative humidities of 60% and
100% are depicted iFigure4.5a, focusing onthe first 5 ms. In these simulations, the initial droplet temperatures
are set to 20°C (room temperature), while the ambient temperature is set to 37°C (typical body temperature).
These two situations are similar to a previous study onviagaeation/condensation of pure wgeedrow et

al., 2011)

In contrast to the results at lower RH valuegyre4.4b), the temperature of the droplet at high RHs increases
(Figure 4.5b) until reaching the webulb temperature, which at a RH of 100% is the same as the ambient
temperature. At 60% RH, the droplet first grows due to condensation and the rise in the droplet temperature

increases the water vapour pressure at its surfacehwhentually becomes higherthan that of the ambient air.

97



The droplet size then decreases at a steady rate when the variation of the droplet temperature becomes

sufficiently small as it reaches the wmilb temperature.

At the RH of 60%, thesolute concentration at the droplet surfamgre 4.6a) first decreases due to
condensation and then increases due to evaporation, as expected following the trend of variation of droplet size
with time (Figure4.5a). However, because the diffusion of solute is not instantaneous, the concentration does
not reach a uniform profile before the droplet size begins to decrease. This leads to the formation of a wave in
the profile, particularly visible at 0.9 ms. At thel®f 100%, the solute concentration decreases and eventually
reaches a uniform profilé-(gure4.6b) due to the droplet temperature and size becoming conSigumte4.5a

and b). These cases demonstrate the capability of the model to handle both condensation and evaporation, eve

when both processes occur for the same droplet.
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Figure 4.5: a) Predicted change in droplet size at RH of 60% and 100% and b) change in droplet surface temperature.
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Figure 4.6: Predicted radial profiles of solute concentration at a) RH=60% and b) RH=100%.

4.2.7 The Effects of Model Assumptions on the Predictions

The models developéda this study are based on the assumptions outlin€EHBPTER 3(Section3.1), which

are only applicable in specific circumstances. First, the Stefan flow, an outward flow of water vapour from the
droplet surface during evaporation, is not accounted for. This means that the evaporation of the solvent at the
surface of the droplesigoverned by diffusion only, and not bgnvective motion of water vapgwhich is

valid for slowly evaporating droplets. The criterion to check whether this assumption is applicable or notis

given by Seinfeld and Pandj2g016)as:

4.3)

wherew j andw  are the mole fraction of water at the droplet surface and far from the droplet, respectively.

In the experimental cases simulatethis study, the criterion is of the ordermfrt , which is far below 1 and

therefore the Stefan flow can be neglected.

Another assumption made concerns the Kelvin effect, which has been neglected. The effect, whereby the vapour
pressure over the curved surface of adropletis greater than thatover aflatplane, is negligible for droplets larger
thant® fli (SeinfeldandPandis, 2016)Similarly, the droplet size is much larger than the mean free path of

the gas molecules. Therefore, the Knudsen number (Kn), defined as the ratio of the molecular mean free path

length to the droplet radius, is below 0.1 throughout the evaporatiorcesall investigated here, so the system
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under consideration (droplet and air) is in the continuum regime. For droplets sizes smaller than a few
micrometres, the system becomes transitional and requires a correction factor for the evaporation model with

the use of an accommodation coeffici¢@einfeldandPandis, 2016)

The circulation of liquid inside droplets is generally neglected, as it only occurs if the Bond (or E6tvds) number
(Bo or E0) is above 4, known as the Bond criteiGlift et al., 1978) This dimensionless number compares

the gravitational to the capillary forces, and for all droplets considered in this study, it is always below 0.2.

The droplet temperature distributions are obtained using the thermal properties, such as the heat capacity,
thermal conductivity and latent heat, of pure water and do not account for the influence of a dissolved solute.
Based on the results tfmperature variation with tim€&igure4.4b), this would have littlempact, because the
temperature profile becomes uniform within a very short time. Furthermore, the heat transfer due to radiation
at the droplet surfacemeglected in the boundary conditions asidonsidered to make minimal contribution

to the change in droplet temperat{&azhin, 2006)

In order not to further complicate an already complex mathematical problem, the term containing the derivative
of the density was not accounted for in the calculation of the derivative of the droplet mass shown in Equation

(3.12). The change of the droplet mass with time should actually be written as:

Ad N A‘l T oy AN\ (44)
P A{‘)

However, taking both terms into account would add a new variable to the ODESs to solve, but without adding

any new equation. A possible workaround would require expressiag a function of using formulae

described iNCHAPTER 3 (Section3.2.4), but this would generate d"drder polynomial ir. Then the

derivative ofw would needto be expressed as a functigharid its derivatives. While this could theoretically
be feasible, the added complexity may have limited benefits. To test the validity of this simplification, the ratio

between bothterms in Equati@h4) was plotted as a function of timekigure4.7. For most of the evaporation

. . . A . . A . . .. e
time, the term withlt m i — ismore than 10 times larger thami b= which validates this simplification,

except at the very end of evaporation when it is still at least 4 times larger.
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Figure 4.7: Ratio of the first to second termin the derivative of the droplet mass inEquation (4.4).

Some of these assumptions can be relaxed by making certain adjustments to the model to extend its applicability
to other fields involving evaporation such as atmospheric aerosols, spray combustion or spray drying. For
droplets undergoing rapid evaporatmnwith a size smaller thamili , the evaporation model presented in
Equation(3.12) can be adapted to incorporate the Stefan flow or the Kelvin effect. The Spalding number, which
relates the sensible heat and latent heat of the evaporated material, can be incorporated in the evaporatior
equation and in the correlations for the Nusselt 8herwood numbers to give a more appropriate description

of rapidly evaporating droplet@®bramzorandSirignano, 1989)Similarly, for small droplets, other models
thatinclude the Kelvin effect or an empirical accommodation coefficient such as proposed by Fuchsand Sutugin
(1971)may be more relevant when the system (droplet and air) is in the transition (Egikk®nen et al.,

1989; Hardy et al., 2023)

In comparisonto the solute concentration, the temperature variationinside the droplet rapidly reaches a uniform
distribution. This signifies that there is fast heat conduction compared to the heat transfer due to convection or

phase change. This was atsxiced in a studyin the field of spray drying, where the relative difference between
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the initial droplet temperature and the gas phase temperature was vei§edigel et al., 2006Y his suggests
that the assumption of a uniform temperature in the droplet is generally valid for the droplet sizes investigates
in this study. In this case, Equatid@sl4), (3.18) and(3.20) are combined into a single ODE to represent the

average temperature of the droplet.

4.3 Conclusions

The evaporation of saline droplets has been analysed by numerical solutions of nhasd tadsfer equations

for stationary and freéalling droplets. This study presents a predictive capability based on rigorous modelling
and contributesto our understanding of the temperature and concentration gradients that occurin an evaporating
salire droplet. The first principle model presented here, which combines the solvent evaporation from a saline
droplet and the solute enrichment at its surface while it evaporates, has been validated against experimental an
numerical results reported in litéuasie for multiple scenarios. Details on the discretization of the equations,
formulae for the therm@hysical properties, numerical solution methods have all been provided, along with
guidance on how to relax certain limitations of the model, for this frtodee reproduced and built upon by

other researchers.

Good agreement is achieved for the rate of change of droplet size with time between the numerical results and
the experimental data obtained from the literature for stationary droplets. The same appliedafinfree
droplets, despite the model prediatsonot always exactly matching the experimental data. Considering some

of the measurement errors listed in the original studies, particularly on the ambient conditions, the agreement is
relatively good. Although minor differences exist between the soluteantration profiles obtained by the
present model and with the seempirical modelling study reported in the literature, these may be attributed to

the way the droplet temperature is incorporated in the calculation of the diffusion coefficient diiteTse
application of the model highlights the importance of accurate measurements of initial droplet conditions such

as its size and solute concentration, as they have significant effects on the fate of the droplet.
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CHAPTER 5 MODELLING AND EXPERIMENTAL VALIDATION OF
THE EVAPORATION AND CRYSTALLISATION OF A SALINE

DROPLET

5.1 Introduction

5.1.1 Background

The production of solid particles has diverse applications, spanning from chemical and agricultural processes
to the study of respiratory droplets or atmospheric aerosols. These unit operations are integral to various
industries, including food, detergeaisd pharmaceuticals to name a few, where the drying and crystallisation
kinetics and morphology of the dried crystalline particles significantly impact the quality of the final product.

A comprehensive numerical model capable of predicting crystal famatd the crystal size distribution

(CSD) of the dried particle residue is essential to optimise the morphology of such particles and thus reduce the

degree of experimental development work.

Population balance modelling (PBM) can be used to predict the formation of solid crystalline particles during
the drying process of a droplet. This approach requires kernels for the birth, growth, aggregation, breakage and
transport of solid particles. Wiin an evaporating droplet, transport of namomicro-metre sized particles or
crystals may occur through diffusion, driven by Brownian mao(itumter, 2001)In the case where aggregation

and breakage are not involved, the PBM predictions rely on a precise determination of parameters for the birth
and growth rate models. By fitting such parameters with experimental data, the resulting PBM can provide
accuratensights into the final particle shape. Such insights can provide better fundamental understanding on
the evaporation and crystallisation of droplets allowing for the investigation of the influence of drying
conditions on the morphology of the final pal# ultimately leading to better control and optimisation of the

solid particle formation process.

5.1.2 Present Contributions
This work builds uporthe model of an evaporating saline droplet under ambient conditimmsented in

CHAPTER 4andMignot et al(2024) by incorporating onglimensional PBM to predict crystal formation and
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the CSD at crust formation. The model employs both the full discrete method and the MoM for the solution of
thepopulation balance equati¢RBE), with the latter requiring only one closure equation instead of two used

in the study by Handscomb et@&009) A direct comparison between these methods is provided, together with

a critique of the MoM, highlighting its strengths and limitations. The aim of this study is to determine the most
suitable approach to solve the PBE in an evaporating saline droftetising on sensitivity analyses of input
parameters. These include the crystal bin size for the discrete method (S&ctidh used for the discretising

the crystal size coordinate, the smallest crystal size for the MoM (Séc#gh3, the mesh refinement at the
surface of the droplet (Sectid2.4.3 and the influence of themaximum solid volume fraction (Section
5.2.4.9. The influence ofcomputational mesh refinement in the proximity of the droplet surface, the
contribution of the diffusion term in the PBE and the critical solid volume fraction required for crust formation
on the predicted CSD are investigated. Although PBM has beendfpleying droplets in previous studies
using either the discrete method or the MoM and with or without accounting for crystal diffusion, none of these
have conducted a rigorous comparison between each of these approaches supported by extensiye sensitivit

analyses to ensure numerical accuracy.

The numerical implementation, including the discretisation of equations and the description of boundary
conditions, is fully detailedh Section3.1.5and APPENDIX D. Moreover, it is demonstrated that these
boundary conditions do not need to be explicitly formulated when appropriately applying the finite volume
method, allowing for a reduction in the number of closure equations needed for the MoM. Scaling of variables
to reduce the disparity in their orders of magnitudeis included to enhance convergence and accelerate numerica
solutions. A noruniform mesh with flux limiters is required to accommodate both steep gradients and smooth
regions of the crystal number dégpgrofiles. All physicochemical properties of the solvent, solute and air have
been previously describ@dCHAPTER 3 SectiorB3.2 Finally, the crystal birth and growth models are adapted

from the literature to match the number of crystals and time to reach crust formation, as predicted by PBM, to

experimental measurements.

Experimental studies on evaporating sirnggger andaline droplets suspended by acowstid electrodynamic
levitation are carried out to provide data for the model development and valjdaHAPTER 3 Section

3.4.2and3.4.3 The heat and mass transfer coefficients are calibrated for water droplets to align the numerical
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predictionswith measurements obtained from the acoustic levitatdare subsequently appliedrmodelling
evaporation ofaline droplets and the numerical predictions are compared against experimental data from the
acoustic levitatorReal time Xray diffraction on an evaporating droplet is perforpresidescribed in Section
3.4.4to determinethe critical solute concentration atthe onset crystallisation point. A separate expéiment

the acoustic levitator (Sectidh4.2) is conducted to validate the evaporation rate within the model and to
characterise the resulting morphology of the dried particle. The number of crystals formed on this dried particle
residue is estimated from imagesobtained by scanning electron migr{SEdp and compared with the PBM

predictions.

5.2 Results and Discussion

5.2.1 Investigation df the Effects of Acoustic Streaming on the Evaporation of Droplets

The evaporation modeflor water andsaline droplets presented@HAPTER 3andusedn CHAPTER 4were
validatedagainst published experiments using electrodynamic levitétgmiscusseth CHAPTER 2(Section
2.3.4),the evaporationrate of a dropletin an acousticlevitagyr differ due t@coustic streamindhe present

section therefore compares the drying behaviour of water and saline droplets levitated acoustically and
electrodynamically with the validated evaporation models, with the aim of determihatghodel parameters

must be adjusted to reproduce the conditions of

5.2.1.1 Comparison betweekleasurements usingcoustic and Electrodynamic Levitation and the
Model Predictions for the Evaporation of Water Droplets
The evaporation profiles of water droplets in the acoustic levitator and the electrodynamic balance (EDB) are
presented ifrigure5.1. Experiments with the acoustic levitator were conducted at a temperature of T = 23°C
and relative humidity RH = 38%, whereas measurements using the EDB were taken at T = 20°C under multiple
RH conditions, ranging from 0% to 56%. The measurements are cesmpdh the predictions from the water
droplet model described iICTHAPTER 3 (Section3.1.3 and validatedising literature dat@btained by
electrodynamic levitatio(Hardy et al., 2023 CHAPTER 4(Sectiorn4.2.1). As shown inFigureb5.1a, the
predictions from the validated evaporation model do not align with the measurements obtained fromthe acoustic

levitatorat a voltage of 6VIn contrast, thecomparisorbetween the model predictions and tBBB
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measuremenesxhibits good agreemeactross all RH values$-{gure5.1b). Because an RH probe cannot be

placed inside the EDB chamber, R¥s estimateffom a fit based onraavailable model reported in the

literature(Hardy et al., 2023)

The normalised diameter squared from the measurements with each instrument are shigure i5.2.

According to theQ -law, the evaporation of water droplets should exhibit a linear trend when the normalized

diameter squared is plotted against ti(Beinfeldand Pandis, 2016)However, the evaporation of a water

dropletin the acoustic levitator does not followtdelaw (Figure5.2a), whereas in the EDB, the evaporation

behaviour of water droplets adheresto this law across all RH condFigosd5.2b). This is due to the acoustic

streamingdescribed in Sectiah 3.4 while electrodynamic levitatiothoes noalterair circulation around the

3000

droplet.
(a) Water droplet
15 | ‘ .
%ﬁ;a N —— Model
hg“ﬁ:q T~ ——+— Acoustic levitator
Mq%q -
N
5,
. -
2l ™ |
= g ~
i “, .
— tkﬁk .
Q i A
= kJr ™
g iy AN
2 +*++ AN
] L N
A o5 % \ ]
N N\
+\+* \
K
5
\
L)
\
\
0 . ‘ ‘ . ‘
0 500 1000 1500 2000 2500
Time (s)

(b)

Radius (um)

Water droplet

20

-
&)

Model RH = 0%
—+—EDB RH = 0%
Model RH = 14% | |
—+—EDB RH = 14%
Model RH = 47%
EDB RH = 47%
Model RH = 56%
|——EDB RH = 56%

N

iy

3 4 5 6 7
Time (s)
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Figure 5.2: Change in rormalised diameter squarewith time for water droplets compared with model predictions for (a)
acoustic levitator measurements at 39% RH and (b) EDB measurements at multiple RHs

One adjustable parameter of the acoustic levitator is the voltage from the DC power suppiABIER 3
Figure3.10), which controls the intensity of the acoustic waves. A higher voltage causes the droplet to adopt an
oval shapas shown irFigure5.3, whereas a lower voltage may be insufficient to maintain levitation of the
droplet. The objective is thereforedpplythe lowest voltage that allows for the droplet to rensdtlein
levitation. Testsvereconducted at different voltages to examine their effect on water droplet evaporation and
the results ar@resented irFigure 5.4. For droplets of identical initial size and under the same ambient
conditions, higher voltages result in faster evaporattigufe5.4a). Deviations from th@ -law occur at all
voltages Figure5.4b) and become more pronounced toward the end of evaporation as the droplet becomes
smaller. This explains why the discrepancy betwblepredicted and measured evaporatatesncreases for
smaller dropletsRigure 5.1a). As mentioned in SectioB.3.4 this is attributed tothe effects of acoustic
streamingwhich enhance water vapour diffusivity. Furthermaitehigher voltageshe change of shape of the
dropletincreases its surface area, enhancing evapomakioapt when explicitly mentioned|l experiments

using the acoustic levitator presented in this thiraigee beerronducted at a 6V voltage.
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Figure 5.4: Measurements with the acoustic levitator for multiple voltages for a) the diameter as a function of time and b) the
normalised diameter squared as a function ofime.

In orderto enhance thpredicedevaporatiomateof a water droplet in the acoustic levitator, the heat and mass
transfer coefficients the evaporation modéEquationg3.7) and(3.10)) are modified by introducing a fixed
multiplying factor. This factor ideterminecguch that th@redicteddroplet size as a function of time maish
the experimental measurements during the initial stage of evaporatiopr.ebhee desultsand measurements
are presented irgure5.5, corresponding to the same casEigare5.1a where the Nusselt (Nu) and Sherwood
(Sh) numbers, related to the heat and mass transfer coefficesgsctivelyare multiplied by a factor of 1.79.
Asillustrated inFigure5.5, while the new model predictions align with the measurements during thetagey

of evaporation, discrepancies increase as the droplet becomes smaller, with the largest deviations occurring
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toward the end of the process. This outcaswtributed to the fact that applying a constant factor to the model
doesnot change whether the evaporation follows@hdaw. Consequently, a plot analogous-tgure5.2a for
the modepredictionsvould remainlinear, whereas measurements fromthe acoustic levitator @eshigure

5.2a).

To achievea goodagreement between the acoustic levitator measurements and thdnopterevaporation
modelpredictions over the whole evaporation peribds necessary to modify the heat and mass transfer
coefficientsby a factor that varies with droplet size. By comparing the slopes of the normalized diameter squared
versus time from the measurements and the model predidiigusg5.2a), the adjustment needed for these
coefficients with droplet size can be inferred. For a droplet evaporating at-itsilbgemperature, meaning its

temperature is constant, the slope of the normalised diameter square from théGnoatedng3.7)) is given

by:

3O /Y 2@ Y (5.1)

This slope correspondsto the inverse of the evaporative timescale defined in $dc8d@and used in Section
4.2.1 The slope from the acoustic levitator measurenismbtainedy subtracting the droplet size between
two measurements interval and dividing it by timee of this intervalThe ratio between the slopes obtained
from the measurements and the model predictions as a function of the droplet size is preGentesbifa.
While any small variation in the droplet size measurementiead tdarge variations in the slope, the general
trendof the slope ratio appears to be linear. Therefardaear fit is performed to derive a sidependent
adjustment foNu and ShThis adjustment is then incorporated into the model (Equat®yfisand(3.10), and
the updated predictions are compared with the measuremehigure 5.6b, demonstrating a significantly

improved agreement.
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5.2.1.2 Comparison betweeleasurements usingcoustic and Electrodynamic Levitation and the

Model Predictions for the Evaporation of Saline Droplets
Differences between the predictions from the evaporation model validai¢tARPTER 4and the acoustic
levitator measurements are also present for the evaporation of saline droplets, as $hguva5it/. In this
case, a droplet with an initial concentration of 50@fINaClis evaporating at an ambient temperature of T =
23°C at a RH = 38%. The acoustic levitator measurements are compared with the model predictions under three
conditions: without adjustments, with a constant faajustmentand with the sizelependenNu and Sh
adjustmentetermined in Sectio.2.1.1 As observed, the unadjusted predictions deviate substantially from
the measurements, while the constant faatfjustmenbverestimates the evaporation rate as the droplet
becomes smaller. The stdependenadjustmentalthough not perfect, provides a much closer match to the
experimental data. The remaining discrepancy compared to the water dropletigaseH.6b) may be
attributed to differences in density and surface tension between saline and pure water Bealai$these
predictions are based on the model present@dlirs, and do nbinclude crystal formation as the droplet
evaporation. Insteathe evaporation stops when the salt supersaturafidefined as theatio between the salt

concentration and thgaturation concentration, reaches 2(8de Sectior3.1.4.9.

Overall, the droplet size and time at onset of crystallisation are relatively similar between the acoustic levitator
measurements and the model predictions incorporating thelsjzendent adjustment for the heat and mass
transfer coefficients. In the expments, the onset of crystallisation is defined as the moment just before the
sudden decrease in droplet size towards the end of evaporation. The corresponding time and droplet size at the
onset of crystalation are 2070 s and 0.66 mm, respectively|evine model predicts 2190 s and 0.65 mm.
Beyond this point, the droplet is not spherical anymore and adopts an unstructured shape when it crystallises
(Figure5.7b). The observed fluctuations in the size of the crystalline residue after this point are attributed to the
droplet spinning. Notably, the morphology of the crystalline residue differs from that observed in SEM images
following free-fall evaporationseeFigure2.9), likely due to the acoustic pressure on the top and bottom part

of the droplet as it crystallises.
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Figure 5.7: (a) Evaporation profile of a saline droplet with the acoustic levitator compared with the salinéroplet model
predictions and (b) shape of the crystalline residuat the end ofevaporation.

EDB measurements of a saline droplet with an initial concentration of 3% w/w evaporating into dry air
compared to model predictions from Sect&t.4under the same conditions are showRigure5.8a. The
model predictions and the measurements are relatively,ctiseugh they differ slightly towards the end of
the evaporatiarOnce crystals begin to form, the droptenot pure liquid anymonghich changes its refractive
index. This causes théetermination of the droplet size to become inconsisiérdefore, theonset of
crystallisation for the EDB measurements is defined as the point before the irregular fluctuation#ithsize
model it corresponds to the pointtime at whichthe solute supersaturation reaches 2 Bgre5.8b), as
explained in SectioB.1.4.4 Thiscorresponds ta time and radius at the onset of crystation of 2.75 s and
11.2 um for the measurements, respectively, and 2.90 s and 11.4 um for theonealdions. Although the
times differ, the droplet sizes at the onset of crystlbn are comparable between the model and the

measurements.

In addition to the salindropletmodel validatiorusing thepublished experimental data presented in Section
4.2.3 experiments in thistudyallow to test the model at relative humidities above the efflorescence relative
humidity (ERH) of a saline droplet, which is approximately 4®infeldandPandis, 2016)Comparisons

between the model predictions and experimental results at RH values of 47% and 56% arelSigove5ioa
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and b, respectively. At thegevels of RH the saline droplet does not crystallize but instead reaches equilibrium
with the surrounding air, despite the droplet being supersaturated in salt. In addition to the close match between
the predictions and experimental measurements, this behaviosw isegdtured by the model, as evidenced by

the continued evaporation.

(a) Saline droplet (30 g/L) RH = 0.00 % (b) Saline droplet (30 g/L) RH = 0.00 %
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Figure 5.8: a) Evaporation profile of a saline dropletusingthe EDB compared with the mode prediction and byadial profiles

of solute concentration at different time intervals.

(a) Saline droplet (30 g/L) RH = 47.00 % (b) Saline droplet (30 g/L) RH = 56.30 %
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Figure 5.9: Comparison between the model predictions and the EB measurements for the evaporation of a saline droplet

above the efflorescence relative humidity (ERHat (a) RH = 47% and (b) RH = 56%.
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5.2.2 Determination of the Onset of Crystallisation

The first frame where the diffraction from NaCl crystallisation occurs@ g o tQrindicative of the onset

of crystallisation. At this point, the crystals are not yet optically visible through the images captured by the
camera shown iRigure3.11. The diameter of the droplet as a function of time is estimated from the images of
the droplet captured by the camera. Using these and the initial salt concentration in the droplet (1% wi/w), the
concentration variation with time is calculated using Equig8.76) (seeFigure5.10), with the concentration

at the onset defined by

In Figure 5.10, the variation of solute concentration with time reveals some peculiarities in its evolution,
particularly close to the time of first nucleation (t= 1300 s), which may stem from errors in the droplet size
measurements. Considering that the solute coredéont is inversely proportional to the cube of the droplet
diameter, even minarrors in size measurement can significantly impact the calculated solute concentration. It
should be noted that as the droplet becomes smaller, it may begin to fluctuate in the levitator, which can cause
the droplet to adopt a spheroid shape. While theggrprocessing algorithm can account for an ellipse on the

2D images captured by the camera, the reconstructed volume used to calculate the diameter of an equivalen
sphere mglead to inaccuracies in the droplet size. For example, a spheroid with one axis 10% longer than its
other two axes may lead to a 7% error in the estimation of the droplet diame#®&PRERDIX E Section

E.1.4for details). Additionally, droplet size measurementswere taken every 10 seconds, which adds uncertainty
in the determination a® , especially near the onset of crystallisation where the concentration changes
rapidly. Aroundthis point, the concentration varies by approximately 40 to 5G kigignre5.10), representing

nearly 10% of the estimatéd . Nonetheless, previous work using XRD on an acoustically levitating droplet

has revealed that the observed efflorescence relative humidity (ERH) for a saline droplet(iadn,

2024) This corresponds to an NaCl concentration of 473 RBgana supersaturation, defined as the ratio to the
saturation concentration, of 1.49. This is close to the crystallisation concentration of 43%lktenmined in

this study, equivalent to a supersaturation of 1.37, confirming that the uncertainty is within 10%.
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Figure 5.10: Variation of NaCl concentration in the levitating droplet as a function of time. The poshucleation concentration

is only shown as indicative, as Equatiof(3.76) is not valid once crystals are formed.
5.2.3 Estimation of Crystal Birth and Growth Coefficients
The discrete method of solving the PBE (Equation (9)), including the diffusion term, is employed to estimate
the birth and growth rate model parameters. The objective is to compare with the model predictions the time
required to reach crust formation iretexperimentRigure5.11a) and the number of crystals observed in the
dried salt particle from the SEM imadedure5.11b). In the experiment, the measured ambient temperature

and relative humidity ard ¢ 00J(x0.5°C)and2 ( o p H+3%).

The examination of the 2D image from SEM of the salt particle residue after evapdfafior$.11b) reveals
the formation of weldefined NaCl crystals with a cuboid habit, ranging in size from 100 to 200 pm. The
diameter of the entire solid particle residulis v Tt m, giving a total surface area®® X Y U CUIAD

considering a spherical shape. The average crystal size is approximately 150 um, with a surface area of 2250C
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