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High Time Resolution Measurements of Droplet
Evaporation Kinetics and Particle Crystallization
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A bit about me
• My history and journey to present day

Some science
• Introduction to my project
• Some results
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Profile

How did I end up where I am?
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Maths

Physics
Chemistry

Electronics
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Chemistry Physics
Chemical Physics

Undergraduate at
University of Bristol
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Finding a PhD:
1. Chance email
2. Basic criteria:

a. Interesting
b. In Bristol
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Finding a PhD:
1. Chance email
2. Basic criteria:

a. Interesting
b. In Bristol

3. Application process progressed
• Reassess criteria
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PhD at
University of Bristol

Bristol Aerosol Research Centre
+

Institute for Radiological Protection and Nuclear Safety
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What next?

Things I have enjoyed:
• Instrument development
• Data analysis and modelling
• Aerosol Science
• Bristol
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Spray Drying – From Droplets to Particles

Spray dryer

Formation of micro-structured particles
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Spray Drying – Food and Drink

Spray dryer
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Spray Drying – Other Scenarios

Pharmaceutical Industry
• Powder production
• Drug delivery to the lungs
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Spray Drying – Other Scenarios

Pharmaceutical Industry
• Powder production
• Drug delivery to the lungs

Nuclear Industry
• Release of contamination via aerosol
• Waste processing

• Fission product evaporators

Airborne transmission of
disease

• Release of bioaerosol
• Viability of pathogens in

aerosols
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Spray Drying – Other Scenarios

Nuclear Industry
• Release of contamination via aerosol
• Waste processing

• Fission product evaporators

Determination of the transport
properties of aerosol particles
produced by droplet drying
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Spray Drying - processes

Initial
composition

Environmental
conditions

Drying kinetics
and particle
formation

Particle
properties

Powder
properties
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Spray Drying - processes

Aim: Understanding and control of particle properties

Initial
composition

Environmental
conditions

Drying kinetics
and particle
formation

Particle
properties

Powder
properties
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Spray Drying - processes

Aim: Understanding and control of particle properties

Initial
composition

Environmental
conditions

Drying kinetics
and particle
formation

Particle
properties

Powder
properties

To achieve this, we must understand the preceding stages
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• Droplet evaporation

• Solvent properties

• Drying conditions

• Particle composition

Spray Drying – physical driving forces

݀ ݐ ଶ = ݀଴
ଶ − ݐߢ
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• Droplet evaporation

• Solvent properties

• Drying conditions

• Particle composition

Spray Drying – physical driving forces

• Particle formation

• Solidification behavior of solutes

or colloidal particles

• Solvent properties

• Solvent/solute interactions

Donut Shaped

Cubic Crystal

Aggregated
Crystals or Particles

Porous Particle
Rough Particle

Solid Particle

Hollow Particle

Buckled Particle

Initial
Droplet

݀ ݐ ଶ = ݀଴
ଶ − ݐߢ
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Study dry particle formation
from aerosol droplets

• Contact free behaviour

• Droplet dimensions

• Droplet density
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• Contact free behaviour

• Droplet dimensions

• Droplet density

• Droplet phase

Study dry particle formation
from aerosol droplets
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• Contact free behaviour

• Droplet dimensions

• Droplet density

• Droplet phase

• Droplet structure

Study dry particle formation
from aerosol droplets
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Falling Droplet Chain Instrument

• Monodisperse droplet chain• Contact free behaviour

• Droplet dimensions

• Droplet density

• Droplet phase

• Droplet structure

Study dry particle formation
from aerosol droplets



Experimental Design
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Falling Droplet Chain Instrument

• Monodisperse droplet chain

• Stroboscopic imaging

• Contact free behaviour

• Droplet dimensions

• Droplet density

• Droplet phase

• Droplet structure

Dt

Study dry particle formation
from aerosol droplets
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Falling Droplet Chain Instrument

• Monodisperse droplet chain

• Stroboscopic imaging

• Observation throughout
evaporative lifetime

• Contact free behaviour

• Droplet dimensions

• Droplet density

• Droplet phase

• Droplet structure

Dt

Study dry particle formation
from aerosol droplets



Experimental Design
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Falling Droplet Chain Instrument

• Monodisperse droplet chain

• Stroboscopic imaging

• Observation throughout
evaporative lifetime

• Collect final particles for
SEM imaging

• Contact free behaviour

• Droplet dimensions

• Droplet density

• Droplet phase

• Droplet structure

Dt

Study dry particle formation
from aerosol droplets



Aerodynamic Diameter
Diameter of a sphere with a density of 1 gcm-3

that has a settling velocity, vs, equal to a
droplet in question.

Measuring Droplet Diameter
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݀௔ =  
18μݒ௦

ρ∗݃

Dt Dy

ݕ∆
ݐ∆ = ௦ݒ =

ρ݃݀(ݐ)ଶ

ߤ18



Aerodynamic Diameter
Diameter of a sphere with a density of 1 gcm-3

that has a settling velocity, vs, equal to a
droplet in question.

Geometric diameter

Measuring Droplet Diameter
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dx

dy

݀௔ =  
18μݒ௦

ρ∗݃
ݕ∆
ݐ∆ = ௦ݒ =

ρ݃݀(ݐ)ଶ

ߤ18

Dt Dy

20 – 50 µm



Observing Droplet Trajectories

Sample: Water, 75% RH, 294K, Vgas = 20.8mms-1

Dispenser Nozzle  position (0.1, 1) 32
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0.1 mfs NaCl, 295K 33
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Sodium Chloride

Sodium chloride:
• Solute, not colloidal
• Ideal solute
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Sodium Chloride

Sodium chloride:
• Solute, not colloidal
• Ideal solute
• Well known behaviour in aerosol

phase
• Clear solidification behaviour
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• Solute, not colloidal
• Ideal solute
• Well known behaviour in aerosol

phase
• Clear solidification behaviour

• Understand the phenomena that occur
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Sodium Chloride

Sodium chloride:
• Solute, not colloidal
• Ideal solute
• Well known behaviour in aerosol

phase
• Clear solidification behaviour

• Relevant to food the food industry
• Nuclear industry involves mixed

solutions

• Understand the phenomena that occur

• Apply to more complex scenarios
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20% RH30% RH40% RH

‘In-flight’ images of NaCl
crystallisation

dx

dy
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20% RH30% RH40% RH

Localised optical
disturbances –
mostly in
bottom half

0.7 s0.9 s1.9 s

‘In-flight’ images of NaCl
crystallisation

dx

dy
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20% RH

Optical
disturbances all
over droplet

30% RH40% RH

Localised optical
disturbances –
mostly in
bottom half

Loss of curvature
from one side
“half droplet,
half crystal”

0.7 s

0.8 s

0.9 s

1.1 s2.2 s

1.9 s

‘In-flight’ images of NaCl
crystallisation

dx

dy
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20% RH

Optical
disturbances all
over droplet

30% RH40% RH

Localised optical
disturbances –
mostly in
bottom half

Loss of curvature
from one side
“half droplet,
half crystal”

Single crystal
structure
Typically curved
side down

0.7 s

0.8 s

0.9 s

1.1 s2.2 s

1.9 s

‘In-flight’ images of NaCl
crystallisation

dx

dy



SEM Analysis
– Understanding Morphology
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SEM Analysis
– Understanding Morphology
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Increasing evaporation rate, ߢ

ܲ݁ =
,ܪܴ)ߢ ܶ)

(ܶ)ܦ8
Peclet Number
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Real World Systems
- Sodium Fluorescein

FilterClean air Filtered air
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Real World Systems
- Sodium Fluorescein

FilterClean air Filtered air

Aerosol Generating Procedures (AGPs)
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Real World Systems
- Sodium Fluorescein

Sodium fluorescein:
• Less ideal solute
• Slower diffusion
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Real World Systems
- Sodium Fluorescein

Sodium fluorescein:
• Less ideal solute
• Slower diffusion
• Less well known behaviour in

aerosol phase
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Real World Systems
- Sodium Fluorescein

Sodium fluorescein:
• Less ideal solute
• Slower diffusion
• Less well known behaviour in

aerosol phase
• Poorly understood solidification

behaviour
• Amorphous?
• Solid?
• Ruptured?



• Fluorescein
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Real World Systems
- Sodium Fluorescein



• Fluorescein

RH 20% ± 5%
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Real World Systems
- Sodium Fluorescein
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Real World Systems
- Modelling



• Artificial Saliva

RH 20% ± 5% RH 5% ± 5%
15oC ± 2oC 20oC ± 2oC 51
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Real World Systems
- Respiratory Fluids

• Deep Lung Fluid
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• Observe and model freefalling
droplet trajectories

Falling Droplet Column
Capability
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dx

dy

Dt Dy

• Observe and model freefalling
droplet trajectories

• Image droplets throughout
drying process

• Measure geometric and
aerodynamic diameter

Falling Droplet Column
Capability
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dx

dy

Dt Dy

• Observe and model freefalling
droplet trajectories

• Image droplets throughout
drying process

• Measure geometric and
aerodynamic diameter

• Observe phase changes

• SEM analysis of dry particles

Falling Droplet Column
Capability
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Thank you for listening
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Falling Droplet Column
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Falling Droplet Column
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Falling Droplet Column
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Falling Droplet Column
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SEM Analysis
– Understanding Morphology
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ܲ݁ =
,ܪܴ)ߢ ܶ)

(ܶ)ܦ8

Peclet Number

Increasing evaporation rate, ߢ

Pe < 1 Diffusion dominates, homogeneity
maintained

• Fewer nucleation sites

• Crystal growth on earliest nucleation site

Pe > 1 Leads to surface enrichment

• Many nucleation sites

• Parallel crystal growth

• Surface crust / shell formation

Temperature Relative Humidity
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NaCl KCl NaNO3 KNO3
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• Further experiments on:

• Industrially relevant compounds

• Compounds forming amorphous particles

• Parameterisation of sodium fluorescein aerosol properties

• For use in model

• Further development of model

• To include surface enrichment
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• Image analysis

• Particle morphology

• Particle orientation


