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Single droplet drying experiments help to understand droplet drying behavior during spray drying. In this study,
high-resolution thermography and high-speed camera monitoring were used to characterize drying behavior of
sessile single droplets containing solutes. Selected solutes were maltodextrin with a dextrose equivalent of 6, 21,
and 38, whey protein isolate and galacto-oligosaccharide. A heat and mass transfer-based model was developed

Modelli
D;/isglll:?netics to describe the drying kinetics of the sessile droplets, assuming ideal shrinkage. This model accurately predicted
Morphology the drying behavior of the droplets, including the droplet temperature during the constant rate period, the

duration of this period, and the final droplet temperature. Remaining differences between measured and pre-
dicted droplet temperature are explained by skin formation and subsequent morphological development.
Tracking temperature with thermography allows to more accurately follow and understand drying behavior,
including morphology development of sessile droplets. It makes it possible to develop better models to translate

the obtained insights to spray drying behavior.

1. Introduction

Spray drying is a common process to create a powder from a liquid
feed, which is atomized into small droplets and exposed to hot drying
air. Due to the large number of droplets, it is not possible to track and
study the drying behavior of individual droplets during spray drying
(Sadek et al., 2015). To increase the understanding of the drying
behavior during spray drying, single droplet drying (SDD) approaches
are often used to mimic spray drying at the scale of a single droplet (Boel
et al., 2020; Eijkelboom et al., 2022; Fu et al., 2012). The initial droplet
size and drying air conditions can be accurately controlled during SDD,
which allows the investigation of their influence on drying. Previous
SDD studies have, for example, investigated the impact of these pa-
rameters on heat-sensitive components, such as enzymes and living
bacteria (Schutyser et al., 2012; Siemons et al., 2021), and particle
morphology development (Both et al., 2018; Ge, 2005; Sadek et al.,
2015; Siemons et al., 2020).

Several different single droplet drying techniques exist, each having
their own benefits and limitations. Drying kinetics as assessed by con-
tactless methods, such as free-falling columns, acoustic, aerodynamic or
electrodynamic levitation, are not influenced by the presence of a con-
tact area which could influence heat transfer. However, visual
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observations are more challenging for these contactless methods, as the
position of the droplet is not fully static (Eijkelboom et al., 2022).
Pendant droplet drying employs static droplets and allows monitoring
mass changes as well as visual camera observations. For this technique a
small contact area between filament and droplet is present, and rela-
tively large (>500 pm) droplets are required. Although sessile single
droplet drying has the largest contact area, it is suitable for visual
camera observations and uses smaller droplets (>200 pm) (Eijkelboom
et al., 2022). Unfortunately, monitoring drying kinetics during sessile
droplet drying is more challenging, as the droplet mass is too small to
measure directly with a mass balance. Visual observations can only
provide insights into the drying kinetics until the locking point, i.e. the
point at which shape deviation is visually observed (Siemons et al.,
2020). Another approach to indirectly monitor the drying kinetics is by
measuring the droplet temperature (Huelsmann et al., 2020). The
droplet temperature stays constant during the constant rate period, in-
creases during the falling rate period and becomes constant again when
fully dried. Direct measurement of the droplet temperature also gives
insights into the drying kinetics beyond the locking point.

Up till now, the measurement of the temperature of a droplet during
drying has been challenging. Invasive methods disturb the droplet’s
drying behavior (Han et al., 2016), while non-invasive temperature
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measurements were not accurate enough for very small droplets (Chen
et al.,, 2016; Duranty et al., 2020; Huelsmann et al., 2020). Infrared
thermography has been used to investigate the temperature of drying
droplets, but only for droplets of a larger size (1.5-2 mm) (Chen et al.,
2016; Duranty et al., 2020; Huelsmann et al., 2020) compared to
industrial-scale spray drying, where the droplet sizes are 10-500 pm
(Patel and Chen, 2008).

Monitoring the droplet temperature of small drying droplets is
important as it influences, together with moisture content, the visco-
elastic properties of the material and especially that of the ‘skin’ with
increased solute concentration which is formed at the surface of the
drying particle (Siemons et al., 2022). Being able to follow the drying
kinetics of a droplet in detail is key to steering particle properties, such
as skin properties, which have a profound impact on stickiness and thus
indirectly on the agglomeration and fouling during spray drying.

In addition to experimental methods, modelling work has been
performed on the drying of droplets to increase the understanding of the
drying kinetics. Different types of models have been developed for
droplet drying such as multi-physics models (Shamaei et al., 2017;
Siemons et al., 2022; Yang et al., 2014) as well as CFD models (Wegener
et al., 2014; Woo et al., 2008). The models as developed by Siemons
et al. (2022) and Yang et al. (2014) are specifically developed to
describe the drying of sessile single droplets. However, these models
have not yet been well validated because of the challenges to monitor
mass and temperature of these drying droplets in-line (Perdana et al.,
2013; Siemons et al., 2022). In sessile droplet drying models the
conductive heat transfer was neglected as it was estimated that
conductive heat transfer would be limited to 5% of the overall heat
transfer or less (Perdana et al., 2013). However, since the impact of
conductive heat transfer also depends on the experimental conditions (e.
g., droplet size and material of the contact surface), it is important to
quantify conductive heat transfer by direct droplet temperature
measurement.

The focus of this paper is therefore on the non-invasive analysis of
the temperature of a drying sessile single droplet with microscopic
infrared thermography and comparing this to modelling results. Drying
experiments were performed for different drying matrices (maltodextrin
DE6 (MD6), maltodextrin DE21 (MD21), maltodextrin DE38 (MD38),
galacto-oligosaccharides and whey protein isolate) at solute concen-
trations of 20, 30 or 40% (w/w). The droplets had an initial radius of 200
+ 15 pm and were dried with a dry air flow of 0.3 m/s at 60, 75 or 90 °C.
Results from this infrared thermography were compared to visual
camera observations which were used to track the morphological
change and initial drying rate via image analysis. A droplet drying model
as developed by Siemons et al. (2022) was extended by including,
among others, conductive heat transfer to more accurately predict the
experimentally obtained drying rates and temperature development.

2. Materials and methods
2.1. Materials

Polyethylene glycol with an average molecular mass of 400 g/mol
(PEG400) was obtained from Sigma Aldrich (St. Louis, MO, USA) and
was specifically used to investigate heating of a non-evaporating
droplet. Maltodextrins with dextrose equivalence (DE) 6, 21 and 38
were obtained from Roquette Fréres (Lestrem, France). Whey protein
isolate (WPI) (Nutri Whey™ Isolate R, 90% protein) and galacto-
oligosaccharides (GOS) (Vivinal GOS, 69% galacto-oligosaccharides,
23% lactose, 5% glucose and galactose, 3% water) were kindly pro-
vided and characterized for their composition by FrieslandCampina
(Amersfoort, the Netherlands). The powders were mixed with demin-
eralized water to obtain solutions with a concentration of 20, 30 or 40%
(w/w) of solute. Solutions containing WPI were stirred overnight, while
the other solutions were stirred for 30 min.
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2.2. Viscosity measurements

The viscosities of 20% (w/w) solutions of the different solutes were
measured with a strain-controlled rheometer (MCR 301, Anton Paar,
Austria). Shear rate sweeps were performed using a double gap geom-
etry (DG26.7/T200/AL, Anton Paar). The shear rate was logarithmically
increased from 0.1 to 100 s~?, collecting 30 data points at logarithmi-
cally decreasing duration of 300 to 1 s. Subsequently, the procedure was
reversed, using a logarithmically decreasing shear rate from 100 to 0.1
s7! taking 30 data points at logarithmically increasing duration of
1-300 s. Samples of different solutes were measured in duplicate; once
with and once without the reversed procedure.

2.3. Sessile single droplet drying

The drying of single droplets was performed with the sessile single
droplet drying platform as described earlier by Siemons et al. (2020).
The droplets were dispensed onto a hydrophobic membrane (Tetratex®
ePTFE Polytetrafluoroethylene 3104 membrane, thickness 254 pm,
Donaldson Nederland B-V., The Netherlands) using a PipeJet® Nano-
Dispenser (BioFluidix, Germany) with ID500-S PipeJet® Pipes (Bio-
Fluidix, Germany). BioFluidix Control Software V2.9 (BioFluidix,
Germany) was used to control the volume of the droplets (Biofluidix,
Germany). The deposited droplets had an initial radius of 200 + 15 pm,
which is within the upper limit of the droplet size range in industrial
spray dryers (Patel and Chen, 2008). Droplets were dried in a dry air
stream (RH = 1.2%) of 60, 75 or 90 °C with a flow velocity of 0.3 m/s,
which corresponds to a surface temperature of 53, 64 or 67 °C respec-
tively. Independent experiments were performed to investigate either
the morphological development or the temperature development of a
drying droplet.

The morphological development, including particle size and shape,
was investigated using a C-VIT high-speed camera (AOS Technologies
AG, Switzerland) with a VZMTM 1000 Zoom Imaging Lens (Edmund
Optics, Japan). AOS Imaging Studio v4 (AOS Technologies AG,
Switzerland) was used to adjust the settings of the camera and to capture
the movies. Movies were taken with a frame rate of 500 fps. The lens was
set to a zoom of 2.5x and the image format of the camera was set to 360
x 200 pixels. As a light source, a PFBR 150SW MN (CCS Inc., Japan)
with a 2” x 2” back-light module (Vision Light Tech, the Netherlands)
was used. The exposure of the camera was set to 2000 ps. The movies
were analyzed using a MATLAB (MATLAB R2018b, MathWorks, United
States) image analysis script to determine the droplet size until the
locking point, based on pixel count. The locking point was manually
determined as the first visual observation of spherical shape deviation.
The measurements were performed in triplicate. Volume data were
extracted from a single representative movie for each experimental
condition.

An infrared (IR) camera was used (PI 640 Microscope optics, Optris,
Germany) to monitor the droplet temperature. The settings of the
camera were controlled with Optris PIX Connect software (Optris, Ger-
many). The camera operated in a temperature range of 0-250 °C and
was set to an optical resolution of 640 x 120 pixels, which is paired with
a framerate of 125 fps. As the Biot number is clearly lower than 0.4
(Patel and Chen, 2008), the droplet temperature can be assumed uni-
form. For the temperature measurement, 3 x 3 pixels were taken in the
center of the droplet. The infrared measurements were carried out via an
AMTIR-1 window (Edmund optics, United States) in the drying tunnel. A
calibration curve was created to correct for the emissivity of the material
and the transmissivity of the window (Appendix A). For each different
condition at least 5 droplets were investigated and representative
movies were selected to construct the time-temperature trajectories.

The rate of temperature increase during the falling rate period was
determined for the interval where the droplet temperature was in the
range of 5 °C above the wet-bulb temperature and 5 °C below its final
temperature. The rate of temperature increase is shown as the average
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Fig. 1. Morphology development in time for (A) 20% (w/w) solutions of different solutes dried at 90 °C, (B) MD21 solutions of different concentrations dried at
90 °C, and (C) 20% (w/w) MD21 solutions dried at different temperatures. The droplets had an initial radius of 200 + 15 pm. The rectangles highlight the vacuoles.
The droplets were dried with an air flow of 0.3 m/s coming from the left side. A SEM image of the dried particle is included.
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value of the replicates investigated under the same conditions. Two-
sample t-tests were run in Microsoft Excel (version 16.0, Microsoft
Corporation, United States) to determine significant differences (p <
0.05) in the rate of temperature increase.

2.4. Single droplet drying modelling

The single droplet drying model used in this research was an effective
diffusion drying model, and has been strongly based on the work of
Siemons et al. (2022). It is a one-dimensional (1D) model where the
droplet is considered to be a spherical cap. The droplet is divided into 20
numerical shells of the same volume and evaporation and heat flux is
calculated per shell. An overview of the model parameters and a sche-
matic overview of the model are depicted in Appendix B. The model was
implemented in Python (Python 3.6, Python Software Foundation,
United States) and Spyder (Spyder 3.7, Spyder Project Contributors,
United States) was used to run the model.

The effective diffusive drying model is based on mass and energy
transfer theory and makes use of the following equations rewritten in a
familiar form of Fick’s and Fourier’s law:

chw = v'Dmvcw (1)
szgﬂ’cp.e[[T = V'}.(.//VT (2)

Where D; is the time derivative in the Langrangian reference frame (s),
¢y the mass concentration of water (kg/m3), Dy, the mutual moisture
diffusion (mz/s), Peff the effective density (kg/ms), Cpeff the effective
heat capacity (J/(kg-K)), T the droplet temperature (K), and A the
effective heat conductivity (W/(m-K)). The energy and mass balances
are solved in spherical coordinates with the cell-centered finite volume
scheme, using central differencing, and simple Euler forward time in-
tegrations. The initial and boundary conditions applied are:

cw(r,t=0) =cyo

T(r,t = 0) =T
0,¢,(r=0)=0
0,T(r=0)=0

7Dmarcw(r = R) = Jevap
—e 0T (r = R) = hew(T — Taiy) — [AHewlp‘O + (Cp.v - cp‘w) (T - To)] Jevap

3

With r the radial coordinate (m), R the droplet radius (m), ¢, o the initial
water concentration (kg/ms), Ty the reference temperature for the
enthalpy of evaporation (273 K), Tq; the temperature (K) of the bulk air,
hexe the external heat transfer coefficient (W/(m?K)), AHeyqp,0 the heat of
vaporization of water at 273 K (J/kg), and ¢, and c,, the specific heat
of, respectively, vapor and water (J/(kg-K)). The evaporative mass flux
Jevap (kg/s) equals:

Po Po — Pair
Jovap =frapdR2B, M, ! *
evap f’ TR P RoasTavg ! (PO - awp.mz(T)> @

With f.q, a geometric correction factor used to account for the fact that
the droplet is sessile rather than spherical, f3,,, (m/s) the external mass
transfer coefficient, M,, (g/mol) the molecular weight of water, py (Pa)
the atmospheric pressure, py;- (Pa) the partial dry air pressure, a,, (—) the
water activity, and psq(T) the saturated water vapor pressure (Pa) at the
droplet temperature T (K).

The model of Siemons et al. (2022) has been extended by incorpo-
rating conductive heat transfer g. (W) between the droplet and the
contact surface:

_ Ac (Ta[r - T)

T Lm Ly 1
Am +/1p +h1b

(5)

c

Where A. is the contact area (m?) between the droplet and the surface.
Tqir and T are the temperature (K) of the air and the droplet respectively.
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Table 1

Locking point, moisture content at the locking point, and rate of temperature
increase during the falling rate period (temperature between Twb+5 and Tend-
5°C) for droplets containing an initial concentration of 20% (w/w) of different
solutes, with different letters indicating a significant difference. Solutes are ar-
ranged based on their locking point. The viscosity of 20% (w/w) solutions of the
solutes measured at 20 °C and a shear rate of 10-100 s~ is also indicated.

Solute  Molecular Viscosity Locking Moisture dT/t
weight (g/ (mPa-s) point (s) content at (°C/s)
mol) locking point (%

(w/w))
WPI 22183 7.91 7.6 £0.7 48.6 +£2.5 1.09
+
0.11%
MD6 3600” 11.37 10.4 + 42.6 +£1.1 1.05
1.8 +
0.17%
MD21  857° 3.20 13.2 + 40.2 £ 0.4 1.14
1.2 +
0.13%
MD38 474> 3.15 14.2 + 35.6 £ 0.9 1.42
1.6 +
0.07
GOS 504¢ 2.09 19.2 + 29.2+1.8 1.79
3.0 +
0.22¢

2 (Deeth and Bansal, 2019).
b (Dokic et al., 1998).
¢ (Warmerdam, 2013).

L, and L, are the thickness (m) of the membrane and the plate that the
membrane is placed on, while 4, and 4, are the corresponding thermal
conductivities (W/(m-K)). The heat transfer coefficient of the thermal
boundary layer is represented by hy, and is set to 1000 W/(m?K), a
typical value used for air which resulted in a good model fit.

The effective Flory-Huggins excess interaction parameter y,, (—) was
corrected compared to the earlier model:

Xop =Xo+ s —20)(1 — 9,)° (6)

With y, and y,, the interaction parameters (—) of water and solute
respectively, and ¢,, the volume fraction of water (-).

The contact angle 0 is one of the factors used to calculate the ge-
ometry of the droplet. Whereas the model of Siemons et al. (2022)
considered a linear decrease of the contact angle during the constant
rate period, this has been modified to align with our observation that the
contact line between droplet and surface remains constant. These ob-
servations are in-line with our previous studies (Perdana et al., 2013;
Siemons et al., 2020). Based on this contact line and the changing height
of the droplet, the contact angle was recalculated for every iteration
step:

Hy, 180
0=cos™' <1 —ﬂ> *— @

Yeap

With Hyy,, the height of the droplet (m) and r.y, the radius of the cap that

is not part of the droplet (m), which is half of the contact line diameter.

Some other small adjustments were made compared to the model of
Siemons et al. (2022) such as:

e The water content of the droplet is a fraction of the total droplet
weight instead of the solute weight.

e The Stefan flux correction for the external evaporative mass flux was
not taken into account because of the forced convection caused by
the air flow.

e To calculate the diffusivity, the area of a spherical cap is used instead
of that of a perfect sphere.
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Fig. 2. Volume decrease over time (dots) and locking point (dashes arrows) of
drying droplets with an initial radius of 200 + 15 pm as obtained via the high-
speed camera observations for (A) 20% (w/w) solutions of different solutes
dried at 90 °C, (B) MD21 solutions of different concentrations dried at 90 °C,
and (C) 20% (w/w) MD21 solutions dried at different temperatures.

3. Results and discussion
3.1. Particle morphology development during single droplet drying

During drying of a single droplet, the droplet does not only shrink but
also changes in shape. This can be seen in the time series of the
morphology of the drying droplets shown in Fig. 1. The change in shape
is related to the development of a layer with a high solute concentration
at the surface of the droplet, which is referred to as the ‘skin’. The me-
chanical properties of this skin influence the drying behavior of the
droplet and the morphology of the dried particle (Both et al., 2020;
Sadek et al., 2015; Siemons et al., 2020).

From Fig. 1 it can be seen that the DE value of maltodextrins in-
fluences both the morphology and the shrinkage. Generally, the
morphology developed earlier, and shrinkage stopped earlier for lower
DE values, indicating faster locking (locking point at 10.4 + 1.8, 13.2 +
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1.2 and 14.2 + 1.6 s for MD6, MD21 and MD38 respectively (Table 1)).
Consequently, the average moisture content of the droplet at the locking
point was also higher for lower DE values (moisture content of 42.6 +
1.1, 40.2 + 0.4 and 35.6 + 0.9% (w/w) for MD6, MD21 and MD38
respectively). During the constant rate period, droplets containing
different solutes show a similar rate of evaporation (Fig. 2), so an earlier
locking point means that less water has evaporated before the locking
point is reached.

Also for WPI and GOS a difference in locking point and moisture
content at the locking point were observed. The locking point of WPI
was at 7.6 £ 0.7 s, while for GOS the locking point was observed at 19.2
+ 3.0 s. The moisture content at the locking point was 48.6 + 2.5 and
29.2 + 1.8% (w/w) for WPI and GOS respectively. These observations
are in line with the observations of Sugiyama et al. (2006) and Siemons
et al. (2020), where droplets containing solutes with a high molecular
weight became non-spherical earlier in the drying process. At similar
concentrations, solutes with a high molecular weight led to a higher
viscosity of the solution (Table 1), leading to an earlier onset of skin
formation and emergence of elasticity. When the elastic skin dries
further, it will approach the glassy state, resulting in a very high vis-
cosity, and the locking point will be reached (Siemons et al., 2020;
Sugiyama et al., 2006). At any temperature, high molecular weight
solutes have a glass transition at higher moisture content than low
molecular weight solutes, so an earlier locking point is observed
(Table 1).

The locking point of a droplet also depends on the initial solute
concentration (Fig. 1). The drying rate during the constant rate period is
independent of the initial solute content (Fig. 2), but droplets with a
higher initial solid content show an earlier locking point (Both et al.,
2019). Indeed, the locking points of droplets of 20, 30 and 40% (w/w)
solutions of MD21 were observed at 13.2 + 1.2, 7.8 + 0.6 and 4.3 + 0.7
s respectively. The respective average moisture contents at the locking
points were 40.2 + 0.4, 49.7 + 2.1 and 59.0 + 0.4% w/w. It is inter-
esting to notice that an earlier locking point comes with a higher
moisture content at the locking point, even when this is caused by an
increase in the solute concentration. The slower diffusion of solutes
within the droplet relative to the evaporation of water creates a solute
gradient within the droplet. The water diffusivity in this skin is very
strongly dependent on the solute concentration, and therefore this effect
dominates the effect of the higher solute and thus the lower amount of
water that needs to be evaporated.

The influence of the air temperature on the drying behavior is shown
for MD21 in Fig. 1. Droplets dried at a higher air temperature dried
faster and showed earlier skin formation, which is in agreement with the
observations of Both et al. (2018) and Siemons et al. (2020). Especially
the droplets dried at 90 °C showed a higher drying rate than the droplets
dried at 60 or 75 °C (Fig. 2). The locking points of droplets of a 20%
(w/w) MD21 solution dried at 60, 75 and 90 °C were observed at 20.1 +
1.1,16.2 + 1.4 and 13.2 + 1.2 s respectively. The droplets dried at 60
and 75 °C show similar moisture contents at the locking point (36.9 +
3.6 and 36.1 + 2.4% (w/w)), while the moisture content of a droplet
dried at 90 °C is a bit higher (40.2 + 0.4% (w/w)). These observations
are in the same order of magnitude as the observation of Lin and Chen
(2004) and Siemons et al. (2020). They observed that the drying air
temperature had only little effect on the normalized droplet radius at the
locking point.

3.2. Droplet temperature

While visual camera observations provide insight into the drying rate
until the locking point, the droplets become too irregularly shaped after
the locking point, to enable the estimation of the droplet’s volume.
Droplet temperature measurements can however be used to assess the
drying kinetics throughout the full drying period. High-resolution
thermography was used to measure the temperature of the droplets
during drying and an example of the images obtained during the
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Fig. 3. Infrared thermography images over time for a drying droplet of a 20% MD21 solution with an initial radius of 200 + 15 pm, dried with air of 90 °C and a flow
rate of 0.3 m/s. A color bar with reference temperatures for the droplet is also provided.
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Fig. 4. Time-temperature and time-volume curves of droplets dried at 90 °C with an air flow rate of 0.3 m/s. Temperature (bright dots), volume (pale dots) and the
visually observed locking point (dashed arrows, Table 1) are indicated. Because droplet volume measurement is inaccurate after the locking point, measurements stop

at this point.

measurements is shown in Fig. 3. Fig. 4 shows the temperature devel-
opment of drying droplets containing different solutes.

At the start of the drying process, during the initial heating period,
the droplet temperature increases from room temperature to a constant
temperature close to the wet-bulb temperature (Fig. 4), although it may
deviate somewhat due to the thermal contact between droplet and
supporting plateau. The constant rate period sets in, during which the
moisture content of the droplet is high and gas-phase transfer is limiting
(Anandharamakrishnan and Padma Ishwarya, 2015; Boel et al., 2020).
This is why this initial constant droplet temperature is independent of
the nature and concentration of the solute (Fig. 4).

While water evaporates from the surface of the droplet, the con-
centration of solutes at the surface increases. The increased solute con-
centration hinders water evaporation, which is in line with the lower
rate of volume decrease, and hence lower evaporation rate, that is
observed for solute-containing droplets as compared to pure water
(Fig. 4) (Fu et al., 2013). The increase in solute concentration close to
the surface eventually leads to the formation of a skin at the surface of
the droplet. The diffusivity of water drops very sharply with decreasing
moisture content, and the highly-concentrated skin therefore limits the
transport of water to the surface. Hence, the evaporation rate drops, and
temperature of the droplet increases and the falling rate period begins
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point. The insert shows the temperature increase after the locking point.

(Leniger and Beverloo, 1975).

For WPL, MD6 and MD21, the moment at which the droplet tem-
perature starts to increase is almost identical to the visually observed
locking point time (Fig. 4). This is due to the formation of the skin at the
surface of the droplet resulting in the start of morphological changes as
well as the hindrance of evaporative cooling (Boel et al., 2020; Both
et al., 2019). For GOS and MD38, there is no clear correlation between
the end of the constant rate period and the visually observed locking
point time (Fig. 4). The GOS used in this study consist of a mixture of
galacto-oligosaccharides with different degrees of polymerization (DP),
with 95% of the oligosaccharides having a DP between 2 and 5. In
addition, the powder contains 23% of lactose. For small compounds,
such as MD38 and the lactose and low DP galacto-oligosaccharides
present in GOS, the solute diffusivity is higher than for sugars with a
higher DP value. This means that small compounds can better diffuse
from the skin towards the bulk of the droplet, thereby not contributing
as strongly to the formation of a dense skin at the surface. The onset of
the morphological changes will therefore be delayed (Siemons et al.,
2021).

The rate at which the temperature of the droplet increases, depends
on the solute that is present and more specifically on its molecular
weight (Table 1). The rate of temperature increase is lowest for WPI and
low DE maltodextrins, higher for MD38 and the highest for GOS
(Table 1). Because of the higher solute diffusivity, solute accumulation
at the surface is slower, and hence the skin formation takes longer for
low molecular weight compounds. This is in line with the later locking
point of the MD38 and GOS droplets. As it takes more time before a skin
is formed, more evaporation has taken place and the droplets will be
smaller at the locking point. These smaller droplets have a larger surface
area to volume ratio, which promotes faster heating (Mondragon et al.,
2013). In addition, the droplets have a lower moisture content at their
locking point, which results in a lower specific heat capacity. Conse-
quently, the evaporation rate, and hence the level of evaporative cool-
ing, is lower, causing a more rapid temperature increase.

The temperature increase after locking is more irregular for MD6 and
WPI droplets than for MD21, MD38 and GOS droplets (Fig. 4). While the
temperature increase for MD21, MD38 and GOS is rather constant over
time, MD6 and WPI show a plateau in their temperature increase. This is
linked to differences in morphological development; the MD6 and WPI
droplets form vacuoles while the MD21, MD38 and GOS droplets
become wrinkled (Fig. 1). Droplets that show vacuole formation have a
more elastic skin, which can withstand deformation. When this elastic

skin becomes rigid, further shrinkage of the droplet is prevented, but
evaporation continues through the skin. This creates a local pressure
minimum, and a vacuole forms inside the droplet. The vacuole results in
an inward elastic stress, leading to rupture of the skin. This hole results
in a sudden increase in the contact area with the environment, resulting
in an increase in evaporation (Bouman et al., 2016). The enhanced
evaporative cooling reduces the droplet’s temperature increase, result-
ing in a small plateau in the droplet temperature development (Ap-
pendix C, Video 1). Therefore, the rate of temperature increase in this
period after locking was considered to be a good indicator for the
morphological development of a drying droplet.

The temperature of the drying particle increases until it reaches the
temperature of its surroundings (Anandharamakrishnan and Padma
Ishwarya, 2015; Boel et al., 2020). In the case of sessile SDD, this final
temperature is equal to the temperature of the substrate that the dried
particle is in contact with. This is in line with the experimental obser-
vations, where the particles reach a final temperature close to the sub-
strate temperature of 67 °C when applying a hot air flow of 90 °C
(Fig. 4). The temperature of the substrate is lower than the air temper-
ature due to heat loss via conduction.

Droplets of different initial concentrations of MD21 were dried to
investigate the effects of the initial solute concentration on the tem-
perature development of a drying droplet (Fig. 5). For the three different
MD21 concentrations investigated, the end of the constant rate period
aligns well with the locking point (Fig. 5). A locking point requires a
minimum concentration of solute on the interface, to be in the region of
dramatic reduction of the water diffusivity (Both et al., 2018; Siemons
et al., 2020; Tran et al., 2016). At higher concentrations, this is reached
earlier.

There is no significant difference in rate of temperature increase for
the droplets with different initial MD21 concentrations (1.14 + 0.13,
0.93 4+ 0.13 and 1.06 & 0.27 °C/s for the 20, 30 and 40% (w/w) solu-
tions respectively). Gouaou et al. (2019) indicated that droplets with
different initial solid contents in the decreasing flux period showed
similar evaporative fluxes at a similar moisture content. Despite
different initial concentrations, locking point formation starts when a
specific, high concentration of MD21 is reached at the surface of the
droplet. This concentration is independent of the initial solute concen-
tration, meaning that droplets of different initial MD21 concentrations
are expected to have similar moisture contents at the surface of the
droplet when skin formation starts. The mechanical properties of the
skin will therefore be similar, which is also observed by the similar
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morphological development after the locking point (Fig. 1). This in-
dicates that, after the locking point, the rate of evaporative cooling is
independent of the initial solute concentration, resulting in the same
rate of temperature increase (Fig. 5).

To investigate the influence of the drying air temperature on the
drying kinetics of a sessile single droplet, droplets of a 20% (w/w) MD21
solution were dried at different temperatures (Fig. 6). For the three
different temperatures investigated (60, 75 and 90 °C), drying at a lower
temperature results in a later locking point, which is in line with the
observations of Both et al. (2018). At a lower air temperature, the
driving force for evaporation is lower and hence the rate of evaporation
is lower. As a result, the accumulation of solute in the skin is less extreme
and the locking point comes later. The expected differences in the
evaporation rate are, however, not large, especially at higher tempera-
tures. Although the shrinkage of the droplet is the slowest at an air
temperature of 60 °C, the shrinkage rates observed for the droplets dried
at 75 °C and 90 °C are very similar. This is because the difference in heat
transfer between 75 °C and 90 °C is not as large as between 60 °C and
75 °C, especially because of the limited difference of the temperature of
the contact surface at these air temperatures (64 and 67 °C, respec-
tively), which contributes to the heat supply to the droplet.

3.3. Model development

During preliminary experiments, it was found that sessile single
droplets of, among others, maltodextrin solutions have a higher initial
temperature than the wet-bulb temperature. This was assumed to be
caused by conductive heat transfer from the surface on which the
droplet was deposited. To estimate the rate of this heat transfer, the
heating of a non-evaporating polyethylene glycol (PEG400) droplet and
the evaporation of a water droplet without solute were studied. Next to
adding a conductive heat transfer term in the model (Equation (3)), the
heat transfer via the air was modified to correct for the non-ideal
spherical geometry of the droplet. This was done through the external
heat transfer coefficient f,,, (m/s), which was originally based on a
perfectly spherical geometry, to obtain a good description for heating of
a PEG400 droplet and an evaporating water droplet (Fig. 7). A good fit
was obtained when the external mass transfer coefficient was corrected
bY Bexesessite = 0-4 * Boxe sphere- The calculations then show that for the
water droplet, 40% of the heat entering the droplet originates from
conductive heat transfer. This relatively large contribution of the
conductive heat transfer distinguishes a drying sessile single droplet
from a droplet drying in a spray dryer. However, if the model that de-
scribes the drying behavior of a drying sessile droplet accurately predicts
both conductive and convective heat transfer, the model results can be
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extrapolated to free flying droplets that rely on convective heat transfer.

The improved sessile single droplet drying model (open symbols)
was compared to the experimental measurements of the different solu-
tions (closed symbols). The droplet temperature is shown for the full
drying period, while the volume decrease of the droplet is only shown
until the locking point (Fig. 8). The reason for this is that from the
locking point onwards the droplet becomes irregularly shaped (e.g.,
vacuole formation or wrinkling), which is not described by the one-
dimensional drying model that is used. Until the locking point, the
model predictions related to the volume decrease generally show a good
match with the experimental results (Fig. 8). This is especially true for
the droplets of a 40% MD21 solution and a 20% GOS solution, which
show smooth particles with limited dents. Larger deviations in volume
prediction, with lower predicted volume decrease compared to the
experimental values, are observed for the droplets of a 20% DE6 and a
20% WPI solution (Fig. 8), which are the droplets showing vacuole
formation (Fig. 8). It is unclear what causes these larger deviations, but
it might be related to the earlier formation of a thin skin, hindering
evaporation slightly but still allowing isotropic shrinkage.

The model adequately predicts the initial droplet temperature during
the constant rate period, the duration of this period, as well as the final
droplet temperature. During the time that the droplet temperature in-
creases from the initial constant temperature to the final temperature,
there are some deviations between the model predictions and the
experimental results, with the model predicting a higher temperature
than observed experimentally, which is related to the development of an
irregular morphology. As was observed in Table 1, Fig. 4 and Appendix C
Video 1, the rate of temperature increase depends on the morphological
changes that occur during the drying process. The difference between
the model and measurements can thus be considered as a fingerprint for
morphology development: the difference between model and experi-
ment is larger if the morphology is less spherical or contains a vacuole.
The direct prediction of the irregularities would require a multidimen-
sional model which was out of the scope of this study.

4. Conclusions

Single droplet drying studies are key to obtain insights into the
impact of drying conditions on the drying kinetics of a droplet. While
visual camera observations have been used to gain insights into the
drying kinetics of drying sessile single droplets until the locking point,
they failed until now to obtain relevant information further in the drying
process (Siemons et al., 2020). High-resolution thermography is used
within this research to obtain more relevant information during the
entire drying process.

Droplets of 20% (w/w) solutions of MD6, MD21 and MD38, GOS and
WPI were dried at 90 °C. For MD21 the influence of initial solute content
was further investigated by drying droplets with an initial concentration
of 30 and 40% (w/w). The impact of drying air temperature was
examined by drying droplets of a 20% (w/w) MD21 solution at 60 and
75 °C. Both visual camera observations, as well as IR measurements,
showed that the drying kinetics during the constant rate period depends
on the drying air temperature, but not on the composition of the droplet.
The duration of the constant rate period was found to be compound-
specific and related to the morphological locking point of the droplet.
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The high concentration of solute at the surface leads to development of a
skin, which is responsible for morphological changes as well as for the
hindering evaporation, thereby inhibiting the droplet from staying at the
wet-bulb temperature.

Although the IR measurements cannot be directly used to determine
the particle morphology, the time-temperature results can serve as an
indirect measure for morphological development of the droplet. Drop-
lets that form a vacuole during drying show a more irregular tempera-
ture increase, with a plateau of the droplet’s temperature when the
vacuole is formed. The formation of a vacuole can also be observed with
the sessile single droplet drying model. Assuming morphological
changes to be the main cause for the deviations between the predicted
and experimentally observed droplet volume, these deviations can be
considered a fingerprint for morphology development. A further un-
derstanding of these deviations could lead to insights into the drying
behavior of a droplet. The combination of high-resolution thermography
and an effective-diffusion-based model could thus provide valuable in-
formation to predict droplet surface properties during the entire drying
process, not just until the locking point. This is an important step to steer
spray drying processes to obtain powders with desired surface proper-
ties. Because of the profound impact of surface properties on stickiness
and thus indirectly on agglomeration, this will help to control agglom-
eration and to prevent fouling in a spray dryer.
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Appendix B

Table 1
Nomenclature as used in this paper.

Abbreviations

DE Dextrose equivalence

GOS Galacto-oligosaccharides

IR Infrared

MDX Maltodextrin with dextrose equivalence X

SDD Single droplet drying

WPI Whey protein isolate

Symbols

Ac Contact area between droplet and surface (mz)

ay, Water activity (-)

Cp,eff Effective heat capacity (J/(kg-K))

oy Specific heat of vapor (J/(kg-K))

Cow Specific heat of water (J/(kg-K))

Cw Mass concentration of water (kg/m3)

Cw,0 Initial water concentration (kg/m>)

Dp, Mutual moisture diffusion (mz/s)

D, Time derivative in the Langrangian reference frame (s)
feap Geometric correction factor (-)

Hrop Height of the droplet (m)

Rext External heat transfer coefficient (W/(m?-K))

hg Heat transfer coefficient thermal boundary layer (W/(m?K))
Jevap Evaporative mass flux (kg/s)

Ly Thickness of the membrane (m)

L, Thickness of the plate (m)

M, Molecular weight of water (g/mol)

Po Atmospheric pressure (Pa)

Dair Partial dry air pressure (Pa)

Psar(T) Saturated water vapor pressure at the droplet temperature T (Pa)
qc Conductive heat transfer (W)

R Droplet radius (m)

r Radial coordinate (m)

Teap Radius of the cap that is not part of the droplet (m)

T Droplet temperature (K)

To Reference temperature for the enthalpy of evaporation (273 K)
Tair Temperature of the bulk air (K)

Pext External mass transfer coefficient (m/s)

AHeyap,0 Heat of vaporization of water at 273 K (J/kg)

o Contact angle (°)

Aeff Effective heat conductivity (W/(m-K))

Am Thermal conductivity of the membrane (W/(m-K))

(continued on next page)
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Table 1 (continued)
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Abbreviations

Ap Thermal conductivity of the plate (W/(m-K))

Peff Effective density (kg/m>)

Pw Volume fraction of water (-)

Xo Interaction parameter of water (-)

Xeff Effective Flory-Huggins excess interaction parameter (-)
Hws Interaction parameter of solute (-)

Input dying conditions
Air conditions (7, U,;, RH)
Droplet composition (s , ps)

Input sessile geometry

Droplet morphology (R, 4., 8)
Correction factor sessile drop (feqp)
Non-uniform air flow

Non-uniform heat transfer

Input equations mass flux

Diffusion equations (D,,,)

Water activity (a,)

External mass transfer coefficient (B..¢)

Input equations energy flux

External heat transfer coefficient (h,.)
Thermal conductivity (Ary)
Conductive heat transfer (q.)

Calculation of diffusive
mass and energy fluxes
Jevap» @

1 *per shell per drying time

New droplet size,
composition and
temperature
dr/de, 6, y,, T

!

Plotting of the final
output

Fig. 10. Schematic diagram of the sessile single droplet drying model, adapted from Siemons et al. (2021).

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jfoodeng.2022.111340.
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