Open Access Article. Published on 11 August 2021. Downloaded on 12/5/2025 9:46:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 18568

Received 23rd June 2021,
Accepted 11th August 2021

DOI: 10.1039/d1cp02840e

rsc.li/pccp

|. Introduction

High time resolution measurements of droplet

evaporation kinetics and particle crystallisationt
D. A. Hardy, @22 J. Archer, (22 P. Lemaitre,® R. Vehring, J. P. Reid (2 ® and
J. S. Walker (2 %2

A refined technique for observing the complete evaporation behaviour of free-falling droplets, from droplet
generation to complete solvent evaporation, with ultra-high time resolution is introduced and benchmarked.
High-resolution phase-delay stroboscopic imaging is employed to simultaneously resolve the evolving
droplet morphology, geometric and aerodynamic diameters, throughout the evaporative lifetime with a
user-controlled < ps timescale. This allows rapid, complex morphological changes, such as crystallisation
events, to be clearly observed and the corresponding mechanisms to be inferred. The dried particles are
sampled for offline SEM analysis and the observed morphologies compared to the inflight imaging. Density
changes can be calculated directly from the deviation between the geometric and aerodynamic diameters.
The full capabilities of the new technique are demonstrated by examination of the different evaporation
behaviours and crystallisation mechanisms for aqueous sodium chloride droplets evaporating under different
ambient relative humidity (RH) conditions. The crystallisation window, defined as the time taken from initial
to complete crystallisation, is shown to be RH dependent, extending from 0.03 s at 20% RH and 0.13 s at
40% RH. The different crystallisation mechanisms observed during the experiments are also clearly reflected
in the final structure of the dry particles, with multi-crystal structures produced at low RH compared to
single-crystal structures at higher RH. It is anticipated that this technique will unlock measurements which
explore the evaporation behaviour and crystallisation mechanisms for rapid, complex droplet drying events,
and with increasingly non-ideal solutions, relevant to industrial applications.

rupture of a heated, pressurised, fission product evaporator
radionuclides may be released as a plume of droplets which

Modelling the evaporative drying, phase behaviour, morphology
and transport of droplets and aerosol particles is important for
many industrial applications, including spray drying, crop spraying,
spray painting and droplet vaporisation processes such as fuel
injection and combustion in automotive and aerospace
engines.'™ Recent attention has also been paid to the impact
of these factors on respiratory disease transmission.*”® Spray
drying, a ubiquitous process in the food and pharmaceutical
industries, employs the production of droplets into a heated
environment which are dried rapidly to form solid particles.” ™
The processes underlying spray drying can also be applied to
understand the properties of airborne particles relevant to
various nuclear safety scenarios.'* For example, following the
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evaporate rapidly due to the elevated temperatures.'>'® Studies
resolving the microphysical behaviour of evaporating droplets can
provide important insights into evolving particle size and phase.

To quantify the transport of material released in a spray
dryer or nuclear accident, and to understand the efficacy of
filtration systems, the aerodynamic size of the particles must be
understood."”'® The aerodynamic size depends on physical
properties as well as the geometric size. For example, a solid,
smooth, spherical particle will sediment more rapidly than
a hollow, buckled, non-spherical particle of equivalent mass.
The aerodynamic diameter d, is defined as the geometric dia-
meter d, of a sphere with density 1 g cm > with the same settling
velocity as the particle in question. The aerodynamic diameter of
a particle falling through a gas can be calculated using eqn (1),
where p* is the standard density of 1 g cm >, u is the dynamic
viscosity of the gas medium, g is the acceleration due to gravity
and v is the terminal settling velocity of the particle.

18 v
d, = 1/— 1
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The aerodynamic diameter of a particle evolves throughout an
evaporative drying and crystallisation process. Pure volatile
solvent droplets dispersed in an unsaturated gaseous medium
will undergo evaporation as heat and mass transfers between the
droplet surface and the surrounding gaseous phase. Similarly,
droplets that are a mixture of different volatile substances
evaporate with rates characteristic of the range of volatilities of
the components present. In the case of a solution droplet that
contains non-volatile solutes or a suspension, the residue forms a
dry particle. Indeed, the specific drying conditions can lead to
different dry particle morphologies and, hence, different aerody-
namic diameter.

Droplets formed from a bulk sample by an aerosolization
process undergo a brief period of rapid, unsteady evaporation
due to an imbalance of heat and mass flux away from the
newly formed droplet. However, upon reaching a phase of near-
constant heat and mass flux, known as stead-state evaporation,
pure solvent droplets evaporate according to a diameter-squared
law, defined in eqn (2)."°" This relates geometric diameter at
time ¢, to the evaporation rate x and the initial diameter d,,.

dy(t)” = dy” — Kt (2)

The evaporation rate may be derived from the Maxwell equation
and is defined in eqn (3).>

d(dy) 4DM (px pd>

At~ pgRANTL " Tu

K= (3)
where pq is the density of the droplet, R is the gas constant, T'is
the temperature and M, D and p are the molar mass, diffusion
coefficient and partial pressure of the evaporating species,
respectively. The subscripts co and d denote far from and at
the droplet surface, respectively.

The dry particle size (at least the point at which a solid crust is
formed) and morphology are influenced by the competition
between solvent evaporation rate and solute diffusion, represented
by the diffusion constant D. This competition is characterised by
the Peclét number Pe, defined in eqn (4).%*

K
Pe = 3D 4

A Peclét number greater than one, indicating that the evaporation
rate is dominant, leads to surface enrichment of the solute and
possible skin formation during the drying process. For a Peclét
number less than one, the rate of diffusion is dominant and
surface enrichment is negligible. The drying conditions can have
a significant impact on the evaporation process and value of the
Peclét number.”* A comprehensive understanding of the drying
process is required to predict the morphology and physical
properties of the dried particles. The processes driving the
evaporation, including solvent/solute interactions and drying
conditions, are complex. However, single droplet evaporation
experiments can provide an empirical route to resolving this
information.>* %’

To investigate the interplay of drying rate, final particle
morphology and aerodynamic size, a suitable instrument
would allow observation of the evolving particle morphology
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throughout the drying process with parallel measurements of
geometric diameter and aerodynamic diameter. Finally, sampling
of the dry particles produced would allow detailed analysis of the
relationship between drying conditions and final dry particle
morphology providing a direct comparison to the dry particles
produced in industrial applications. Phase transitions and
morphological changes in the aerosol phase can occur over short
timescales («0.1 s), even though full droplet evaporation
may take several seconds. In industrial applications droplet eva-
poration can be exceedingly rapid and, therefore, measurements of
the evolving droplet properties are required with a time resolution
on the order of milliseconds.

There are a variety of complementary methods for investigating
evaporating droplets and the properties of the final dry particles.
Studies with droplets deposited on surfaces, often referred to as
sessile droplets, or suspended from a wire tip, pendant droplets,
are both common, but do not replicate the aerosol phase as the
droplets are not free from surface interactions.*® Optical, electro-
dynamic and acoustic trapping all involve trapping individual
aerosol droplets, but do not allow detailed observation of the
morphology, especially during crystallisation.”*>* Droplet chain
instruments enable studies and observation of the entire droplet
drying and particle formation processes free from surface contact,
including measurements of droplet optical properties using elastic
light scattering, and composition by linear and non-linear
Raman scattering.***> In addition, they allow high-time resolution
observations of the physical and aerodynamic diameter at distinct
stages of the evaporative lifetime, from droplet generation to dry
particle formation, and dry particles can be collected for further
analysis.®

Droplet chain techniques rely upon a droplet source that
produces a series of uniform droplets that descend under the
influence of gravity or propelled by a gas flow.?” At any moment,
each position in the droplet series, or ‘chain’, represents a snap-
shot of a specific point in the lifetime of a single evaporating
droplet. The temporal resolution between snapshots is equivalent
to the reciprocal of the frequency of droplets in the chain. One
such technique was developed by Baldelli et al and involved
generation and stroboscopic illumination of a droplet chain to
observe the evolving aerodynamic size of aqueous cellulose
acetate butyrate and sodium nitrate droplets, with ~20 ms
temporal resolution.'**® Imaging the silhouettes of the droplets
allowed the inflight geometric diameter to be calculated and the
final dried particle morphologies were analysed using scanning
electron microscopy (SEM).

Here, we introduce the Falling Droplet Column (FDC), where
the droplet chain technique has been extended to include high
resolution imaging and significantly improved temporal resolution.
This technique allows detailed images of the evolving morphology
to be collected throughout the full evaporative lifetime, from
droplet generation to dry particle formation, spanning almost
6 orders of magnitude in time (<1 ps to ~5 s). The gas phase
conditions can be controlled to explore effect of the specific drying
conditions on evaporation process and resulting dry particle
morphologies. We demonstrate the capabilities of the technique
with detailed inflight observations of the different crystallisation
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mechanisms for inorganic solution droplets evaporating under
different environmental conditions.

ll. Experimental

A schematic of the FDC instrument is shown in Fig. 1, which
also indicates the main analysis techniques. The instrument
uses a droplet-on-demand (DoD) dispenser (Microfab, MJ-ABP-01),
triggered with a voltage pulse at a regular, user-controlled
frequency, to generate a continuous stream of uniform
droplets. The stream is dispensed horizontally and directed
into a vertical glass column of 4 cm?® inner area and 50 cm long.
The droplets rapidly lose their horizontal momentum and fall
vertically down the centre of the column, evaporating as
they fall. The falling droplets are illuminated by a vertically
propagating laser, strobed at the same frequency as the DoD
dispenser. This produces the illusion of a visible static ‘chain’
of droplets. An xyz-translational stroboscopic imaging assembly
is used to analyse droplets at various positions along the chain.
Dry particles formed during the evaporation processes are

Gas Flow In
DoD Dispenser
Waveform 3D translation
generator Z
T
: Y
Delay X
generator
L LED J | L= o
.
SEM :
Analysis ol
//ﬂ/ ........
=S 70
Heating :
Wire TR
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Ui
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Scattering

Geometric Diameter
and Morphology
Fig. 1 Schematic of the FDC instrument, including the main components
of the control and measurement systems. The droplet dispenser is
triggered by a square wave function from the waveform generator, the
LED and laser are both triggered by a signal of the same frequency passed
through a delay generator.
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collected on a glass slide at the bottom of the column and
are further analysed using scanning electron microscopy
(SEM) imaging. Initially, the droplets are monodisperse with
a diameter of 25 to 50 um depending on the DoD orifice
size and pulse sequence parameters (pulse width, frequency,
amplitude, etc.); at sampling, the dry particles are typically
5 to 20 pm in size depending on the initial droplet size and
composition.

The column is isolated from the laboratory environment
allowing the internal gas phase conditions to be controlled.
A gas flow, formed by combining dry and humidified nitrogen
flows in variable proportions, is used to control the relative
humidity (RH) inside the column. The gas flow enters at the top
of the column and exits near the bottom, with a user-controlled
flowrate. The average gas flow speed vg can be calculated
using eqn (5), where Q is the volumetric flow rate and A is
the cross-sectional area of the glass column.

V6 =~ (5)
The settling velocity v of a particle may be extracted from its
observed falling speed vy using eqn (6), and this can be used to
calculate aerodynamic diameter in eqn (1).*® Eqn (5) assumes a
plug flow model for the travelling gas so a correction factor cg is
included in eqn (6) to allow for the actual gas velocity at the droplet
chain location, given the gas velocity profile varies across the cross-
section of the column. The correction factor is calculated for each
experiment, using the earliest measured falling speed (i.e. taken at
the top of the droplet chain), such that the calculated settling
velocity (eqn (6)), gives an aerodynamic diameter (eqn (1)) which
satisfies the definition d,>p* = d,> pd, assuming the droplets are
spherical. The earliest measured falling speed is typically available
~0.01 s after droplet generation, during which it is assumed that
minimal droplet evaporation has occurred so the droplet density is
simply the bulk solution density. This method allows the actual gas
flow velocity at the top of the droplet chain to be calculated, which
is then assumed to remain constant down the vertical axis of the
droplet chain. This method has been confirmed against pure water
droplets, where, by definition, d,> = d,>. In this work the maximum
gas flow speeds used were approximately 2 cm s~ ' and settling

velocities observed ranged up to 5 cm s~ .

Vs = Vy — €6V (6)

Heating wire has been coiled around the glass column to facilitate
high temperature evaporation measurements in the future.
However, the current work has focused solely on the effect of
varied RH at room temperature. The RH and temperature
inside the column are monitored continuously with absolute
measurement uncertainties of +5% RH and +2 K, respectively.

Control of the instrument hardware, and all the analysis, is
performed electronically from an interfaced PC using a bespoke
computer program, written in LabVIEW.

IL.a Droplet imaging and position measurement

Brightfield imaging with a high-power LED, strobed at the DoD
dispensing frequency with 500 ns pulses is used to analyse the
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droplet positions along the column. The illuminated droplet
image is collected with a long working distance (LWD) objective
(Optem 10X M Plan APO LWD) mounted together with an
associated zoom lens module (Optem Fusion 7 : 1 Zoom Detent)
and is captured and digitised with a CCD (JAI GO-2400M-USB).
The field-of-view of the image is calibrated with a micrometre
graticule allowing measured dimensions to be automatically
converted from pixels to physical dimensions. The pixel
resolution depends on the selected zoom setting, but is
typically 0.5-1 pm. Fig. 2 is an example brightfield image of
the tip of the DoD dispenser and a freshly dispensed droplet.
These images allow the droplet morphology to be observed, as
well as the location and physical dimensions to be calculated.

Droplets are identified automatically from the brightfield
image using an algorithm which makes use of the fact that the
edge of the droplet is darker than the background. The grey-
scale image is binarized against a suitably selected threshold to
isolate the droplet shape. A rectangular bounding box is then
applied around the droplet allowing the maximum vertical and
horizontal dimensions to be retrieved (a and b in Fig. 2). The
droplet centre-of-mass is identified from the droplet image, by
treating the droplet as a 2-dimensional shape of even density,
and used when identifying the droplet location within the
image (x and z in Fig. 2). The position of the stroboscopic
imaging assembly can be electronically translated to analyse
various locations along the droplet chain. The exact horizontal
and vertical position of each droplet is calculated by combining
the absolute position of the imaging assembly with the relative
position of the droplet within the image field-of-view.

ILb Droplet trajectory through the FDC

The trajectory of a droplet through the instrument is characterised
by two time-regimes, as shown in Fig. 3. First, there is a period
dominated by horizontal motion immediately after the droplet
has been dispensed. During this time, the droplet approaches the
central vertical axis of the column, decelerating to lose any initial
momentum supplied during the dispensing process. The droplet

Fig. 2 A typical brightfield image of a droplet, acquired shortly after
dispensing. The tip of the DoD dispenser is seen on the left of the image.
X and Z correspond to the location of the droplet within the image and a
and b correspond to the dimensions of the bounding box fitted around the
droplet.

This journal is © the Owner Societies 2021

View Article Online

PCCP
9000000
) & Time /Os
LY
g ‘:’ 1
by MZS: o
5 5 '
= ~
Z2 107 B 0.01
= g
.§ E§ 0.001
=
) 0.0 \
= 0.000 0.025 0.050 1x10™
100 Time / s o
. 1x10°
0.1 1 10

Horizontal Position / mm

Fig. 3 An example trajectory of water droplets transiting through the FDC
instrument at 293 K and 75% RH. The colour scheme represents a
logarithmic scale of the lifetime of the droplet. The images show the size
of the droplet at various timepoints and are proportional. The inset image
shows the corresponding vertical (red) and horizontal (black) velocities
with exponential decay fit lines which can be used to calculate the
relaxation time of droplets.

transitions to fall vertically down the centre of the column under
the influence of gravity and the gas flow, if present, at a
velocity approaching the terminal settling velocity until it either
evaporates or reaches the bottom of the instrument and is
deposited. In Fig. 3, proportionally sized brightfield images of
the droplet are shown for marked time intervals. Note that droplet
shape oscillations are also observed early in the droplet lifetime as
marked within the first 100 us.*®*?° The inset shows the rapid
change in velocity as the droplet decelerates to the terminal
settling velocity. The immediate deceleration following droplet
generation is discussed in more detail below.

IL.c Geometric and aerodynamic diameter calculations

Although an initial measurement of the droplet geometric
diameter can be taken from the dimensions of the rectangular
bounding box from the droplet image, a single value is
unrepresentative of the droplet size when non-spherical. This
is especially important within the first few 100 ps after droplet
generation when the droplet is initially teardrop in shape and
then oscillates between oblate and prolate spheroids.* Instead,
a geometric (volume equivalent) diameter d,, defined as the
diameter of a sphere with the same volume as the observed
particle, is inferred. The estimation of d, assumes the droplet
shape is constructed as a series of single-pixel thick cylinders
centred on a horizontal axis in the plane of the image.
The diameter of each cylinder is taken as the number of pixels
occupied by the droplet in the corresponding column of pixels
in the image. Then, the droplet volume is the sum of the
individual volumes of each cylinder. However, this approach
still assumes that each slice is circular about a horizontal
axis in the plane of the image, leading to reduced accuracy

Phys. Chem. Chem. Phys., 2021, 23, 18568-18579 | 18571
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for non-symmetric or crystalline particles, or if the droplet is
not orientated parallel to the plane of the image.

The aerodynamic diameter can be calculated directly from a
measurement of the terminal settling velocity, as shown in
eqn (1). The terminal settling velocity is measured from the spatial
and temporal separation between consecutive measurement
points in the droplet chain.

II.d Temporal resolution

Traditional evaporation profile measurements made using a
droplet chain are limited to a temporal resolution equivalent to
the reciprocal of the dispensing frequency. Most DoD dispensers
are not recommended for use with dispensing frequencies above
~100 Hz, which would limit the temporal resolution to >10 ms.
However, a further limitation of using a droplet chain is that
droplets produced at high frequencies may coalesce as they
decelerate. In practice this reduces the maximum dispensing
frequency to approximately 20 Hz. In this instrument we use a
delay generator (BNC Model 555) to insert a variable delay
between the droplet generation pulse and brightfield imaging
strobe. Now, rather than the temporal separation between
measurements being limited by the dispensing frequency, the
measurement limitation is the resolution of the delay generator
(10 ns). This method allows quasi-continuous measurements of
droplet properties throughout the evaporative lifetime. Importantly,
the temporal resolution is not only increased using this approach,
but it is also variable. This enables processes that occur over
rapid timescales (such as crystallisation) to be probed with
much higher temporal resolution than is required for slower
processes (such as steady-state evaporation). Variations of this
method have been employed to study droplet collisions and
short-term dispensing dynamics within the inkjet printing
industry, however, the use of this setup to analyse full evaporative
lifetimes and crystallisation behaviour is a novel development.**™*>

IL.e Dispensing dynamics

The establishment of a falling droplet chain is underpinned by the
controllable and reproducible behaviour of the DoD dispensers.
Important for this application is the ‘stopping distance’ of the
dispensed droplets.””> This not only defines the approximate
distance the DoD dispenser should be positioned from the central
vertical axis of the glass column, but also identifies when the
dispensed droplets are traveling at their terminal settling velocity.
An analysis of the dynamics of the droplets dispensed using a DoD
generator with a range of typical pulse voltages is presented in
Fig. 4. In these examples the DoD generator was orientated to
dispense droplets vertically to clearly show the change in velocity,
from high initial velocity to low terminal settling velocity, along a
single axis.

Droplets are initially dispensed at high velocities and
decelerate rapidly until the terminal settling velocity is reached
within ~ 100 ms, corresponding to a distance-of-travel ~50 mm
or less. At increased pulse voltages the droplets are dispensed
faster and travel further before decelerating to terminal settling
velocity. Indeed, a droplet dispensed using a 70 V pulse may
travel ~25 mm more than one dispensed using a 40 V pulse.
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Fig. 4 The transport dynamics of recently dispensed water droplets. (a)

the deceleration of a droplet dispensed with a 70 V pulse. (b) the influence

the initiating pulse voltage (50, 60 and 70 V) on the distanced travelled

before the terminal settling velocity and aerodynamic diameter can be

calculated.

ILf Droplet chain stability and measurement uncertainty

The instrument relies on the positional stability of the droplet
chain to generate complete and reproducible evaporation
profile measurements. Factors including electrostatic interactions,
internal gas flows and unstable behaviour of the DoD dispensers
have the potential to perturb the chain stability. Measurements of
the variation in position and diameter across many droplets at
sequential points in the lifetime of evaporating water droplets were
made to assess the stability of the FDC droplet chain.

The environment within the column is assumed to be
symmetric about the central vertical axis. Thus, the measured
variation in the horizontal position in the plane of the image
is taken as equivalent to the horizontal variation perpendicular
to the image plane. This positional instability is reflected in
an apparent variation in the measured geometric diameter
as the droplets move in and out of the focal plane of the
imaging assembly. Similarly, instability in the vertical position
gives rise to the variation in the measured separation between

This journal is © the Owner Societies 2021
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Fig. 5 (a) The measured standard deviation in vertical position (blue) and
horizontal (red) position for 25 droplets at each timepoint. (b) The corres-
ponding standard deviation in the measured aerodynamic (blue) and
geometric (red) diameter for 25 droplets at each timepoint. Lines of best
fit are shown for each case.

droplets and therefore uncertainty in the aerodynamic
diameter.

Fig. 5 reports the standard deviation in the measured
diameter (geometric and aerodynamic) and position (horizontal
and vertical) of 25 droplets at discrete timepoints during the first
2 s of the droplet lifetime (the length of a typical rapid evaporation
measurement). These data were collected during the measure-
ments shown in Fig. 3. As can be seen, the measured
uncertainties increase with time (i.e. distance along the chain).
This is expected, as any small variations between droplet
trajectories propagate to larger uncertainties as the
droplets travel down the column. However, the uncertainty
measured for the geometric diameter does not exceed 0.5 pm
and for the aerodynamic diameter generally remains below
1 um throughout the 2 s window. Intuitively, the increased
uncertainty in the aerodynamic diameter can be rationalised
when considering that it is calculated using the measured
locations of two droplets at different timepoints, both with
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their own positional instability. These uncertainties are
comparable in magnitude to the imaging resolution.

The diameter measurements presented throughout the rest
of this work correspond to the mean value from up to 50 droplets
recorded at each timepoint with the standard deviation used as a
measure of the uncertainty.

I1l. Results & discussion

Ill.a Evaporation kinetics measurement validation

Before demonstrating the capability of the instrument for
exploring inflight crystallisation mechanisms we first validate
the evaporation kinetics measurements by comparing simple
solvent evaporation profiles measured using the FDC and
Electrodynamic Balance (EDB). The EDB is a well-established
technique for performing accurate measurements of the
evaporation of single droplets.**

Evaporation measurements of ethanol droplets from both
EDB and FDC experiments under similar environmental
conditions (294 K, ~0% RH) are reported in Fig. 6a. The
timescale is initiated (i.e. ¢ = 0 s) by the DoD dispenser pulse
for both experiments and the data clearly show the delay time
required before it is possible to capture and observe the droplet
size in EDB measurements (~ 0.3 s). By comparison, the FDC
allows data to be recorded immediately after the droplet is
dispensed. Additionally, the initial diameter can be measured
directly in the FDC, whereas a significant extrapolation is
needed to acquire the same property from the EDB
measurements at ¢ = 0 s. The dry environmental conditions
for these experiments were specifically selected to compare the
performance of the two techniques for monitoring rapid
evaporation events. As discussed earlier, each datapoint in an
FDC measurement corresponds to the mean value for up to 50
droplets recorded at the same timepoint with the error bars,
corresponding to the standard deviation, small enough to be
obscured by the datapoints. The spread in the data collected
from the EDB highlights the limitations in the measurement of
such a rapidly evaporating droplet and indicates that the limits
of the technique are being approached.

Fig. 6b presents evaporation profiles for butanol, propanol,
ethanol and water measured under equivalent ambient
conditions (294 K, ~0% RH) for both instruments, with linear
fits derived from the EDB data shown rather than the raw data.
The profiles are displayed as the change in the diameter-
squared against time with both axes normalised against the
initial diameter for each experiment. This approach allows
measurements of droplets with varying initial diameter and
different volatilities to be compared on the same graph. The
small variations between the FDC and EDB linear fits, reported
in Table 1, are consistent within the uncertainty in the
temperature and RH measurement attributed to both the
FDC (+2 K and +5% RH) and EDB (+1 K and +5% RH).
An example of the overlap in the uncertainties between the
FDC and EDC measurements for water is shown as the shaded
blue region in Fig. 6b.
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Fig. 6 (a) Evaporation profiles for ethanol measured using the FDC (black

squares, lower data set) and an EDB (black circles, upper data set). The lines
are linear fits to the data, extrapolated back to t = 0 s for the EDB
measurements. The EDB data are optical diameters, calculated from light
scattering analysis. The FDC data are geometric diameters. (b) Normalised
evaporation profiles for water (blue), butanol (green), propanol (red) and
ethanol (black) from the FDC (datapoints) and EDB (lines). The shaded blue
regions are the calculated uncertainty resulting from the uncertainty in the
ambient conditions of both the FDC and EDB (shown for water, as an
example).

The wet bulb temperature, and therefore the evaporative
temperature suppression, was calculated from the evaporation
rate for each solvent shown in Fig. 6. This was achieved using the
Maxwell definition of the evaporation rate eqn (3), applicable to
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are expressed as a function of temperature, and varying the
droplet temperature until the difference between the calculated
and experimental evaporation rates was minimized. The
calculated temperature suppressions are shown in Table 1 and
the results are consistent with previous measurements of
ethanol droplet evaporation performed using the EDB.***° The
trends in the measured evaporation rates and corresponding
temperature suppressions are consistent with the trend in
vapour pressure for the individual solvents, as expected.

IILLb Crystallisation mechanisms for evaporating NaCl
droplets

We now demonstrate the capability of the FDC for exploring
morphological changes during evaporation, in this case for
aqueous NaCl droplets evaporating into a humidity below the
efflorescence point (~45% RH).>® Fig. 7 shows the geometric
and aerodynamic diameter evaporation profiles for aqueous
NaCl droplets of 0.1 initial mass fraction solute (MFS)
evaporating into 20%, 30% and 40% RH environments.

The initial aerodynamic diameter is slightly larger than the
geometric diameter, as expected for a sodium chloride droplet
with a density higher than water. For example, the initial
density at 40% RH is calculated at 1035 kg m™>, compared to
997 kg m™* for water, corresponding to a 3.8% increase in the
aerodynamic diameter compared to the geometric. As the
droplet evaporates and the density increases, the deviation
between aerodynamic and geometric diameters also increases
(Fig. 7c). Between 0 and 2 s for the 40% RH profile the d,*/d,>
ratio increases from 1.04 to 1.4, correlating to an increase in
density of ~360 kg m™>, compared to water. Upon crystal-
lisation both the aerodynamic and geometric diameters
decrease. The larger decrease in the aerodynamic diameter
reflects a change in the particle morphology (and hence a
change in shape factor) alongside the reduction in geometric
diameter.

The aerodynamic diameter measurements exhibit significantly
larger variability and uncertainty than the geometric diameter,
especially after crystallisation (Fig. 7a and b). This could be a true
reflection of the differing aerodynamic sizes of the final dry
particles, or due to the stochastic nature of the onset of the
crystallisation process introducing changes in the separation
distance between pairs of droplets, which propagates through
the rest of the experiment, remembering that the aerodynamic
diameter is measured from the relative positions of two different
particles. Although there is no simple method for resolving what

pure solvents, where the evaporation rate and vapour pressure

is the

dominant source of variability in the measured

Table 1 Initial diameter squared (do?) and evaporation rates (k) from the evaporative profiles shown in Fig. 6 with calculated temperature suppression of
the evaporating droplets

d,’ (FDC)/um”

do’ (EDB)/um*

Kk (FDC)/um® 57"

x (EDB)/um” s~

Temperature suppression/K

Ethanol
Propanol
Butanol
Water

18574 |

1140 £ 20
1360 £ 20
1210 £ 7

1270 £ 40

2550 £+ 60
2380 + 30
2018 £+ 2
1951 £ 2
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4670 £ 20 4700 £ 100 18+1
4390 £ 90 3910 + 90 4+2
1428 + 8 1328 £ 2 3+1
1215 + 8 1061 + 2 18+ 2
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Fig. 7 (a) Geometric and (b) aerodynamic diameter squared for aqueous
NaCl droplets evaporating in environments of 20% (red), 30% (purple) and
40% RH (blue) at 295 K. (c) The ratio between the two measurements.
Coloured lines are rolling averages of data.

aerodynamic diameter of the dried particles, analysis of the
morphology of the dry particles provides an indication of their
uniformity.

The evolving evaporation rates for these datasets are shown
in more detail in Fig. 8. The general trend is a steady decrease
in evaporation rate following droplet generation, deviating
away from the d” law, until the onset of crystallisation. The
decrease is most extreme at 40% RH and can be rationalised by
considering the difference between the water vapour pressures
at the droplet surface and in the gas phase, which govern
the evaporation rate. As the water evaporates, the surface
concentration of the solute increases which leads to a decrease
in the vapour pressure difference and, hence, the evaporation
rate. This does not occur as dramatically for droplets evaporating
at a lower RH because a significant difference between the
vapour pressures is maintained until efflorescence occurs.
During crystallisation there is a dramatic increase in the
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Fig. 8 The evolving evaporation rate calculated for aqueous NaCl
evaporating at 295 K and 20% RH (red), 30% RH (purple) and 40% RH
(blue) The trendlines represent ten-point rolling averages.

evaporation rate until the solvent loss is complete. Two
phenomena contribute to the increase in the evaporation rate
during crystallisation. Firstly, the concentration of the super-
saturated solution (with highest supersaturation at the droplet
surface) reduces rapidly as the solute crystallises, leading to an
increase in the vapour pressure at the droplet surface. Secondly,
the temperature of the droplet increases as the solute crystallises
due to the enthalpy of crystallisation, also increasing the vapour
pressure.”* Previous EDB experiments have also observed this
short period of increased evaporation rate, and the amount of
heat released, corresponding temperature increase and elevated
evaporation rate have been shown to correspond well with
numerical models.”” This suggests that the temperature
increase, calculated as ~6 K, is the dominant effect increasing
the evaporation rate, rather than the decrease in solution
concentration. The temperature change AT accompanying
crystallisation is calculated as follows:

Y

mq Cp

AT = (7)
where myq is the mass of the droplet at crystallisation, calculated
from the measured droplet volume and density (discussed
above) and c, is the specific heat capacity, assumed to be equal
to that of pure water. Q, the energy released during the crystal-
lisation, is calculated from enthalpy of dissolution AH4 and the
amount of the crystallising solute:

Mol
=AH{ = 8
Q dM T'sol ( )

The high-resolution time-resolved brightfield imaging allows
the morphological evolution of the droplets to be observed
throughout the evaporation lifetime, extending from droplet
generation (see Fig. 3) to dry particle formation. Fig. 9
reports images retrieved from the evaporation measurements
introduced in Fig. 7.

The morphological transition from homogeneous droplet to
crystalline dry particle can be clearly seen from the images.
Homogeneous droplets are recognised by their symmetrical,
circular profile and a distinct dark outer/bright inner
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appearance. Initial crystallisation is identified by perturbations
in the symmetry of the droplet image and the dark outer/bright
inner distinction is broken by a mottled appearance, as can be
seen at 1.2 s, 1.55 s and 2.15 s for 20%, 30% and 40% RH
respectively. During the initial crystallisation stage the image
remains circular, indicating the spherical droplets still have a
liquid surface, and are referred to as droplets with inclusions.*®
Crystal nucleation is expected to occur near the surface of the
droplet due to surface enrichment during drying.*>?” After this
the droplets lose their spherical nature as the crystals are
brought together by the receding liquid surface and begin to
define the final morphology of the dry particle. The remaining
solvent then continues to evaporate from within the structure
until total evaporation has occurred and the final morphology
is formed.

Distinct differences in the morphologies of the dry particles
formed were observed depending on the environmental RH.

35 um
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Fig. 9 Inflight images of the morphology of evaporating NaCl droplets in

environments of 20% (red), 30% (purple) and 40% RH (blue). Enlarged
images of final morphologies are inset.
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Whereas droplets evaporating in 20% and 30% RH produced
similarly structured multi-crystal particles, roughly circular in
appearance, those evaporating in 40% RH produced single-
crystal particles. This behaviour was very reproducible, and
images in Fig. 9 were selected to represent typical appearance of
these particles. The 40% RH single crystals most commonly
nucleated in the bottom half of the droplet, rather than with a
stochastic distribution followed by internal settling within the
droplet. This contrasts with the crystallisation mechanism
observed for sodium benzoate in static pendant droplets, where
crystals gradually sank to the bottom of the droplet.*® The
crystallising particles also remained aerodynamically stable as
they fell, maintaining the same orientation once dry as when
first formed.

The dry particle morphologies captured from inflight
imaging can be compared with SEM images of the collected
particles (Fig. 10). Observations of dry particles collected
from the evaporation at 40% RH showed single crystals with
opposing square and domed faces (Fig. 10a and b). From the
inflight images the domed face originates from the bottom,
liquid, curved surface of the droplet. This confirms that the
droplet surface can template the crystal structure and corroborates
previous observations of externally smooth, round yet fully
crystalline spray dried particles.®® The holes seen in the centre
of each square face in the SEM images can also be seen from
the inflight images. Although the origin of the hole is
undetermined at this stage it should be noted that, following
surface enrichment during evaporation, the lowest solute
concentration would be found toward the centre of the droplet
due to depletion as the crystals grow. Crystal growth appears
to occur rapidly with the individual crystal morphology
determined long before solvent evaporation is complete. The
aerodynamic stability of the dry particles formed during this
evaporation is highlighted by the fact that the domed faces
were only revealed in places where the crystals had tumbled
(for example, after landing on other particles). Otherwise, all

Fig. 10 SEM images of particles formed in the FDC. (a and b) 0.1 MFS at
295 K, 40% RH, (c) 0.1 MFS at 295 K, 25% and (d) 0.02 MFS at 318 K 0% RH.
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Fig. 11 The proportion of particles in liquid droplet state (dark blue) or
final crystalline state (red) for NaCl droplets evaporating at 293 K in 20% RH
(solid line), 30% RH (dashed line) and 40% RH (dotted line). The cyan and
magenta curves represent the proportion of particles transitioning out of
the liquid droplet state, and into the final crystalline state, respectively.

the crystals were observed to have the same square-face-up
orientation. Below 40% RH the dry particles form multi-crystal
structures, containing a higher number of crystals as the
conditions get dryer (Fig. 10c and d). This may be understood
by considering the effect of evaporation rate upon surface
concentration; greater evaporation rates lead to increased
surface enrichment, corresponding to a higher Péclet number.
Increased surface concentration is accompanied with a large
increase in nucleation rate, leading to multiple crystals nucleating
within a short period and subsequently growing in parallel while
the remaining solution evaporates.> The growth of these crystals
are limited by the droplet surface on one face and the less
saturated solution towards the centre of the droplet on the
opposite face, and so grow preferentially around the circumference
of the droplet toward neighbouring crystals. As the SEM images of
final morphologies show, the crystals grow until a corner/edge
touches a neighbouring crystal, at which point they ‘lock’ the
surface of the particle, as is observed by a constant geometric
diameter (as seen in Fig. 7). In the case of slow evaporation (higher
RH) the low surface enrichment means the nucleation rate is much
lower and it is possible for the first nucleating crystal to desaturate
the solution sufficiently to supress additional nucleation events.
Considering these complex mechanisms with a simple Péclet
number alone is not sufficient to explain the morphologies
observed. As both the evaporation rate of the droplet and the
diffusion rate of the solute vary throughout the evaporation,
the Péclet number is strongly time dependent. Furthermore, the
establishment of a concentration gradient within the droplet also
suggests that there is ambiguity in how the Péclet number is
reported, with diffusional transport rates varying throughout the
interior of the droplet.”® Despite these complexities, order of
magnitude trends in Pé do provide a qualitative understanding of
the range of morphologies formed.

The ability to record many particles at any specific time in
the evaporative lifetime allows statistical analyses to be
performed of key events, such as crystallisation. Fig. 11 shows
the proportion of droplets that have crystallised as a function of
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time for the three sodium chloride droplet evaporation
experiments introduced earlier (i.e. 20% RH, 30% RH and
40% RH). Crystallisation was identified automatically from
the image of each droplet using custom software, which applied
an ellipse to the droplet shape and calculated the aspect ratio.
During the onset of crystallisation the aspect ratio dropped
from ~1 (ie. for a circle) to a value between 0.4-0.95,
depending upon the dry particle morphology. Appropriate
aspect ratio thresholds were selected to classify each image as
either uncrystallised liquid droplet, droplet with crystal
inclusions, or final crystalline morphology. Fig. 11 shows that
the majority of droplets (i.e. >50%) achieved final crystalline
morphology at 1.4 s, 1.8 s and 2.4 s for 20% RH, 30% RH and
40% RH, respectively. The corresponding aspect ratio data and
thresholds used are displayed in Fig. S1 of the ESLf{ The
process of fitting an ellipse to non-elliptical shapes is a coarse
step in the process of automatically detecting morphological
changes and can lead to some variation in measured aspect
ratio, especially for the crystalline particles, with some failing to
be classified as final crystalline morphology. Hence, at the end
of experiments shown in Fig. 11, the proportion of final crystal-
line particles is <1. The cyan and magenta curves show the
proportion of droplets transitioning into, and out of, the
intermediate state (i.e. droplets with inclusions) described
above. The temporal offset between the peaks of these two
curves represents the time during which crystal growth and
solvent evaporation completes. The length of this transition
window is RH dependent, increasing from 0.03 s to 0.13 s as the
RH increases from 20% RH to 40% RH in Fig. 11. The transition
window is shorter under lower RH conditions due to more the
rapid solvent evaporation and parallel growth of many crystals,
compared to the higher RH, which produce particles containing
fewer crystals.

IV. Conclusions

This work introduces the Falling Droplet Column (FDC) technique,
which adds greatly improved temporal resolution and detailed
stroboscopic imaging capability to the droplet chain analysis
technique. This technique resolves the evolving geometric
diameter, aerodynamic diameter and morphology throughout the
full evaporative lifetime, from droplet generation to dry particle
formation, spanning almost 6 orders of magnitude in time (<1 ps
to ~5 s). Dry particles are collected and further analysed with SEM.
The technique is uniquely suited to analysing rapid evaporation
processes, such as crystallisation, and the concurrent measurement
of aerodynamic diameter and geometric diameter enable changes
in droplet density to be inferred.

We demonstrate detailed inflight observations of the
different crystallisation mechanisms, and resulting dry particle
morphologies, for sodium chloride droplets evaporating under
different environmental conditions. At 40% RH the slower
evaporation rate (lower Peclet number) creates dry particles
consisting of large single crystals, which nucleate on
the leading face of the droplet. In contrast, dryer conditions
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(higher Peclet number) produce dry particles composed of
multiple smaller crystals distributed around the circumference
of the particle. The crystallisation window, the time between
initial crystal nucleation and final solvent evaporation, can be
clearly resolved. Indeed, subsequent analysis of many droplets
at each time point enables accurate statistical analysis of
stochastic events, such as crystallisation, to be performed. For
example, although the spread in the crystallisation window
observed between droplets extended up to ~0.5 s at 40% RH,
the calculated average ranged between 0.03 and 0.13 s for
sodium chloride droplets evaporating in 20% RH and 40%
RH, respectively.

It is anticipated that the flexibility of the technique, including
control over the gas phase conditions, will afford the FDC
application to many diverse droplet drying scenarios. This
includes the rapid evaporation that occurs in various industrial
applications, where the relationship between drying conditions
and dry particle morphology, and understanding the dry particle
formation mechanisms, may be critical.
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