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Exploring agglomeration: The role of particle size and shape in binary
collisions
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ABSTRACT

In spray drying operations, fines are recovered and recirculated into the dryer to enhance
agglomeration. Since the properties of fines may affect collision outcomes, this study aims to
specifically investigate the impact of varying particle size and shape on collisions. Given the
challenging conditions of a spray dryer, a custom-built single droplet dryer was used to study
collision behavior. This allowed for dispensing and drying of a sessile droplet and controlled
collisions of small fines particles using the air flow. First, glass beads with different size ranges
were employed to collide with drying maltodextrin droplets. Sequential merging, sticking and
bouncing regimes were observed, where the regimes were affected by fine particle size. A
larger particle size led to more sticking and fewer bouncing collisions. Additional experiments
were carried out with maltodextrin particles which have a lower density and a non-spherical
shape. Minor differences were found if maltodextrin particles and glass beads were compared.
Mostly, it was observed that drying time and thus the state of the droplet skin is dominant in
determining the collision outcome. Obtained insights are useful to establish future guidelines
for nozzle zone agglomeration in spray drying
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Introduction guidelines, while it is critical to guide product quality
and prevent production of off-spec powders.
Agglomeration mostly occurs in the nozzle zone,
where partially dried droplets can form agglomerates
upon collision, also with recirculated fines particles."
During droplet-droplet and droplet-particle collisions
different regimes are distinguished. If a droplet still
has liquid-like properties, collisions with dry particles
lead to penetration of the dry particles into the drop-
let.!"*) This is classified as a merging collision and usu-
ally occurs when the droplet temperature is still well
above the glass transition temperature (T,). When a
smaller wet droplet collides with a larger solid particle,

Spray drying is one of the most common drying techni-
ques in the food industry, typically for dairy powder for-
mulations, yeast, flavor ingredients, and also plant-based
alternatives. Spray drying is widely used since it is a
mild drying technique, it is well scalable and it provides
high quality and functional powders. The spray drying
process involves atomization of a solution into very
small droplets, after which droplets are exposed to hot,
dry air. This process allows for fast evaporation at rela-
tively low temperatures. Dry particles are collected and
separated from the outgoing air. Very small particles
(<100 pm), called fines, are usually recirculated into the

spray dryer to enhance nozzle zone agglomeration.'

Agglomeration improves the techno-functional proper-
ties of spray dried powders, such as flowability and
reconstitution behavior, desired for high quality food
powders.”! However, controlling agglomeration during
spray drying is currently still based on empirical

it might spread across the surface, which results in a
coating effect. A bouncing collision outcome is
observed when the skin of the drying droplet is dry
and rigid and has reached its glassy state and the col-
liding particle or droplet is glassy as well.” For
agglomeration it is most desired that the collision
results in a dry particle, or semi-dried droplet,

CONTACT M. A. I. Schutyser @ maarten.schutyser@wur.nl @ Laboratory of Food Process Engineering, Wageningen University & Research, P.O. Box 17

6700 AA Wageningen, the Netherlands.
© 2025 The Author(s). Published with license by Taylor & Francis Group, LLC

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the

posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/07373937.2025.2606964&domain=pdf&date_stamp=2025-12-24
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com
https://doi.org/10.1080/07373937.2025.2606964

2 S. W. C. DE LEEUW ET AL.

adhering to the surface of another semi-dried droplet.
Sticking collisions usually occur close to the stickiness
temperature, i.e. Tg—|—30°C.[4’6’7] These sticking colli-
sions are desired as larger porous agglomerates are
formed, which benefit powder properties.

Throughout the drying process, droplets undergo
significant physicochemical changes. During the first
stage, mass and heat transfer are externally limited
and so evaporation occurs rapidly, the so-called con-
stant rate period. Upon further drying, a skin develops
and reaches a strength that inhibits further isotropic
shrinkage of the droplet. This point is referred to as
the locking point.®® At around the locking point
time, evaporation becomes diffusion limited and
morphology development commences. The properties
of the droplet skin determine whether the skin can
withstand developed stresses, and so what morphology
is formed. For example, droplets consisting of smaller
sugars do not develop a rubbery skin for some
amount of time during drying, only viscous behavior
was observed.'®'") This skin cannot withstand the
stresses exerted on the droplet surface and surface
wrinkling is the result. This is different for larger sug-
ars, where the rubbery skin causes cavitation.

Monitoring droplet drying and collision behavior is
essential for understanding agglomeration and for bet-
ter control of powder properties, yet this is challeng-
ing for large-scale spray drying. To overcome this
challenge, single droplet drying (SDD) techniques
have been employed to study droplet drying and
agglomeration behavior from a more mechanistic per-
spective.'?! Specifically, in this study sessile single
droplet drying was used. This method is straight-
forward if compared to other methods, since it allows
for monitoring of droplet shrinkage, temperature and
morphology development over time.">'*) An inherent
limitation of this approach is the effect of the surface,
resulting in conductive heat transfer and so also con-
tributing to evaporation. Using SDD approaches, for
example, the impact of drying on bacterial survival,
enzyme activity, particle morphology and solubility
have been unraveled for a number of food and
pharmaceutical matrices.!'>"'*!

Recently, a study utilized a sessile single droplet
drying approach for studying binary collisions
between drying droplets and glass beads, acting as
fines particles.?>*!! It was shown that for collisions
between maltodextrin droplets and glass beads, the
stickiness regime ranges from approximately 0.75 to
1.5 times the normalized collision time (t.opision/tlock)-
Additionally, it was shown that the formulation of the
system, ie. type of maltodextrin and/or presence of

protein affected the stickiness regime and thus the
outcome of the collisions. For these results, the binary
collisions were performed using model glass bead
fines of a specific size, whereas during spray drying
fines particles have varying size, which can be
expected to influence collision outcomes. Also, glass
beads are spherical and have a significantly higher
density, if compared to fines particles in industrial
drying processes, which have an irregular shape and
usually a lower density.

Therefore, the aim of this study is to investigate
the effect of particle size and shape on the binary col-
lisions of particles and drying droplets. Next to glass
beads of varying size, also maltodextrin particles were
used as more realistic fines material. A custom-built
sessile single droplet dryer was operated, where a par-
ticle dosing system was used to perform controlled
collision studies. Collisions were monitored using a
high-speed camera and further evaluated via image
analysis.

Materials & methods
Materials

Maltodextrin (MD) is chosen as the model component
for making the droplet solutions. MD is a well-
defined polymer with well characterized physical
properties (e.g. diffusivities, sorption isotherms) and
so ideal for physical modeling. This choice is thus of
interest for understanding the phenomena of agglom-
eration. The dried droplets consisted of a solution of
maltodextrin with dextrose equivalent (DE) of 38
(Glucidex 38, Roquette Freres, Lestrem, France). The
major focus in this study is on the effect of particle
collision materials. For collision experiments glass
beads were obtained from EPCE bouwstoffen B.V.
(the Netherlands), in the size ranges 0-50, 70-110,
90-150 and 150-250 um (density of 3220kg/m?). The
other collision material used was maltodextrin powder
with a dextrose equivalent of 21 (Glucidex 2I,
Roquette Freres, Lestrem, France). Maltodextrin pow-
der was mixed with the silica-based flow aid Sipernat
380 (manufactured by Evonik Industries, supplied by
Azelis, Merelbeke, Belgium).

Sample preparation

Maltodextrins DE38 solutions of 20% (w/w) were pre-
pared with demineralized water. The mixtures were
stirred for 30min at 300rpm to obtain transparent,
homogeneous solutions. Maltodextrin DE21 used as
collision material was separated using an Airjet Sieve



Figure 1. Schematic overview of sessile single droplet drying platform, extended with collisions, adapted from Eijkelboom et a
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|[21]

A: Drying table, B: Droplet on table, C: Dry particle trajectory, D: Drying chamber, E: Dry particle reservoir with tube attached, F:

Heating block for heating drying air.

E200 LS (Hosokawa Alpine, Augsburg, Germany) and
a sieve pore size of 200 um. For the next step, only
the fraction with a particle size greater than 200 pm
was used, given small powder particles decrease pow-
der flowability. Flow aid Sipernat 380 (4% w/w) was
added to 10g maltodextrin powder using a farino-
graph (Torque Rheometer Processor with DO-Corder
E330 drive unit, Brabender GmbH & Co. KG,
Duisberg, Germany). The powder was mixed for
45min at 50 rpm. Addition of the flow aid was done
to enhance flowability and successfully disperse the
MD powder in the SDD system. The final particle size
distribution of prepared MD powder ranged from
approximately 10 to 350 um (Appendix, Figure A2).

Sessile single droplet drying extended with
collisions

A custom-built sessile single droplet dryer was used
for dispensing and drying droplets on a surface. An
overview of the setup can be found in Figure 1.
Droplets of with a diameter of 400 um were dispensed
on the drying table. Droplet size used is at the upper
limit, if compared to droplets atomized in a spray
dryer, which are usually around 30-250 pum.*?! Larger
droplets were selected for slower drying, ensuring
more accurate information about the stickiness
regime. Very fast initial drying makes it challenging to
observe sticking collisions and more accurate moni-
toring of the transition from merging to sticking and
bouncing provides better mechanistic understanding
of binary collisions between a dry particle and a dry-

ing droplet. Drying was performed using

representative outlet air conditions of 80°C at 0.4 m/s,
which is common practice in sessile droplet drying
studies.!®! Also, droplets mostly experience outgoing
air conditions during spray drying. Given the focus of
this research is on the use of collision materials, the
sample preparation and drying of the droplet was
kept constant throughout the experiments.

To carry out collision experiments, the sessile single
droplet drying platform was extended. To enforce col-
lisions, first approximately 25 mg of dry particles were
loaded into the dry particle reservoir. When triggered
the reservoir would flip over, dropping the dry par-
ticles into a small tube. At the bottom of the tube the
dry particles were dragged along with the air stream
to finally reach the dispensed drying droplet. A spe-
cific time for switching the reservoir, and so for colli-
sions, was put in the system, varying from 1 to 12s
for both glass beads and MD particles. At least 10 col-
lision measurements were captured per time point for
every particle size/type. For an extensive description
of the experimental setup and the procedure used for
experiments, the reader is referred to Eijkelboom
et al.?!

Collision particle characterization

Size characterization was carried out for both the
maltodextrin powder and the glass beads. A
Mastersizer 3000 (Malvern Panalytical, UK) was used
to observe the particle size distribution (PSD_
Mastersizer) (Appendix, Figure Al).

To obtain the variation in particle shape and size,
the specific area and circularity of the colliding
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2A — Original image

2

L

2B — Threshold image (Otsu)

2C — Cleaned binary mask 2D — Analyzed particle

« Particle Boundary

Figure 2. Overview of selection and analysis of dry particle: (A) original image, (B) mask obtained through Otsu thresholding, (C)
cleaned mask, (D) visualization of analysis of perimeter of dry particle.

particles was analyzed from the movies using
MATLAB (MathWorks, USA). First, Contrast Limited
Adaptive Histogram Equalization (CLAHE) was used
to enhance the local contrast in the image and the
frame was smoothed to preserve the edge of objects.
This method is commonly used to improve image
quality and detection accuracy, especially in images
with very dark or bright regions. This method is for
example applied in ocean engineering and diagnosing
retinal diseases.l*>** Next, Otsu’s method was used to
determine a threshold that separates foreground from
background by creating a mask (Figure 2(B)). This
method has been applied for example to separate text
from the background in an image and for image ana-
lysis of gel electrophoresis.!*>2°!

The created mask was smoothed using morpho-
logical operators (Figure 2(C)). Next, the perimeter
and circularity were determined (Figure 2(D)). For
the perimeter the function regionprops was used,
which uses subpixel resolution by default for a more
accurate estimation of the perimeter.””’ The sum of
the length of the edges around the object was calcu-
lated and no shape assumptions were made.
Subsequently, the particle area was calculated by
determining all pixels within the detected edges.

Single droplet drying and collision analysis

Movie analysis

The locking point time (tjoq) and collision outcome
were visually observed from the movies and the exact
time of collision (teonision) Was extracted. The collision
outcomes were classified as merging, sticking or
bouncing. The collision outcome was marked as
merging when there was complete submerging of the
dry particle into the droplet. The collision outcome
was marked as sticking when the dry particle adhered
to the surface, this could also mean partly submerging
of the particle with the droplet. The collision outcome
was classified as bouncing when, after colliding, the
particle distinctly rebounded from the droplet.

Probability plots were generated based on kernel dens-
ity estimation, as explained in Eijkelboom et al.!*"!

Additionally, the image analysis toolbox from
MATLAB (MathWorks, USA) was used to determine
the droplet diameter over time, up until the locking
point. A spherical cap was constructed and the subse-
quent volume was determined using pixel count.
From this the droplet diameter was determined over
time, up until the locking point. The average linear
decrease can be found in the Appendix, Figure A3.
Next, using the image analysis toolbox again from
MATLAB (MathWorks, USA) the diameter of each
glass particle colliding with the drying droplet was
determined. The output of the analysis included a vis-
ual check for correctly identifying the colliding par-
ticle, as visualized in Figure 3. A complete PSD was
obtained (PSD_Matlab), which can be found in
Appendix, Figure A2.

Data processing
All obtained collision data was plotted as the normal-
ized particle diameter (d,/dg) over the normalized col-
lision time (teomision/tiock) (Appendix, Figure A4), with
d, the diameter of the dry glass bead and d4 the drop-
let diameter, which decreases over time. Given that
evaporation becomes diffusion-limited during the fall-
ing rate period, evaporation slows down significantly
after the locking point. For that reason, it was
assumed the droplet remains at a constant volume
after the locking point, for a drying time up until 12s.
Subsequently, a 2D grid of 100 x 100 evenly spaced
points was constructed across the spatial extent
defined by the scatter plot. For each grid point a cir-
cular neighborhood of radius r=0.1 was defined to
identify all nearby data points. If the number of
neighboring samples was >3 the relative frequency of
each outcome was computed and stored as local prob-
ability estimate. For the interpolation a Radial Basis
function (RBF) with a multiquadric kernel was used.
The smoothing parameter was set to 0.05, to generate
smooth probability fields. RBF’s are applied for
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Figure 3. Output from the MATLAB anaylysis, for visual check of selected glass bead. The red circle marks the detected particle.

From the particle selection the radius was calculated in the script.

approximating multivariable functions using the dis-
tance between the input and a fixed point. They are
often used for forecasting, such as for estimating vol-
ume fractions of oil-gas-water mixtures in a pipeline
in the petroleum industry and predicting flood water
levels.***’! The interpolated maps were stacked to
identify the most probable outcome at each grid point
using argmax. Classification certainty was estimated as
the difference between the top two probabilities,
where a small difference between those was classified
as highly uncertain. The classification was smoothed
using a Gaussian filter (0 =1.5) and the difference
was normalized and used as an alpha channel in the
final visualization. The alpha channel controls the sat-
uration of each pixel in the final visualization, mean-
ing an opaque color shows high certainty and a
desaturated color shows low certainty.

Results and discussion
Locking point for drying maltodextrin droplets

Upon transformation into a dry particle, evolving
temperature, moisture gradients and changing rheo-
logical behavior affect the drying, and so morpho-
logical and sticking behavior of drying droplets. After
a short initial period of constant rate drying and iso-
tropic shrinkage of the droplet, a concentration gradi-
ent develops, with the highest concentration of solutes
close to the surface. For maltodextrin solutions, a
sharp concentration gradient results in the formation
of a viscoelastic skin, which initiates morphology
development and is also relevant for predicting sticky
behavior.!®! From the definition of the locking point,
the locking point time is here determined from the
point in time at which the ideally shrinking droplet
becomes non-spherical, as determined by visual
inspection. The locking point time was visually
observed to be 6.5+0.3s.

The effect of varying glass bead size on collision
outcomes

A complete overview of the collision outcomes for all
time points, for each size range can be found in

Figure 4. The collision outcomes are presented against
the time of collision and the locking point is given,
both as single datapoints and as distribution across
each size range. The total number of collisions
observed for each size range can be found in Table 1.

As expected, merging mostly occurs in the begin-
ning of the drying as there is no skin formation yet.
Especially before the locking point time (or tconision/
tloek<1), merging is prevalent. It was hypothesized
that a larger glass bead size would result in a later
onset of the sticking and bouncing regime given the
larger impulse of the glass bead and so larger surface
deformation at the point of impact.**) The obtained
results did not confirm this, as can be seen in
Figure 4, the onset of sticking and bouncing is
approximately the same for all size ranges. The larger
deformation of the skin caused by glass beads was
confirmed by performing collisions between particles
and wet droplets, so for our case it can be concluded
the impact of drying and so the state of the droplet is
more important in determining the collision out-
comes. Similarly, van Boven et al.’*!! concluded that
differences in onset of stickiness regime were mainly
due to droplet composition, which is similar for all
experiments in this research. Outliers to this observa-
tion could possibly be explained by irregularities in
skin formation if drying droplets are compared. A
slightly higher temperature or smaller droplet could
have an effect to some extent.

The collision outcomes observed are partially dis-
tributed, which may be explained by, for example, the
particle size distribution within each category. Using
kernel density estimation, probability plots were cre-
ated to illustrate the likelihood of a particular collision
outcome at a certain point in time. This can be a
valuable addition to the dataset, especially for time
points with no experimental observation of collisions.
From Figure 5, it can be concluded that the probabil-
ity of observing sticking differs for collisions between
maltodextrin droplets and glass beads differing in size.
For the largest three glass bead sizes, a longer sticki-
ness regime is observed upon increasing glass bead
size (Figure 4), especially later in time the probability
of a collision resulting in sticking is high for larger
glass beads (Figure 5). The increase is mostly at the
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Figure 4. Collision outcomes over time for glass bead size ranges 0-50, 70-110, 90-150 and 150-250 pum, for merging (), sticking
(+), and bouncing (®); the dashed line indicates the locking point time.

Table 1. Overview of total number of collisions observed, for
every size range.

Glass bead size range Number of total collisions

0-50 pm 17
70-110 um 128
90-150 um 116
150-250 pum 109

cost of fewer bouncing collisions and was again
expected to be caused by the larger impulse leading to
easier penetration of the droplet surface, ie. being
able to break through the skin. Assuming the acceler-
ation of the glass beads is similar for the different
glass bead size ranges, the impulse of the collision is
dominated by the mass. Given the glass beads are
almost perfectly spherical, the mass of the bead is pro-
portional to the cube of the radius (r?). For that rea-
son, as glass bead size increases the impulse exerted
on the droplet becomes considerably larger. This in
turn leads to more sticking collisions at later collision
times.

In contrast to larger particles, the longer stickiness
regime of the smallest glass beads can be explained by
an increased relative contribution of colloidal forces,
in the form of intermolecular van der Waals forces.”*!!
With an average particle size of 28 £ 0.5 um colloidal
forces become more significant compared to gravita-
tional or inertial forces involved in the collision.
Although the particle size exceeds the characteristic

10 pm threshold at which colloidal forces become
comparable to or greater than gravitational forces, van
der Waals forces cannot be ruled out. For example,
for pharmaceutical powders it was found van der
Waals forces play a large role when powder particles
show poor flowability. Although smaller, this effect
was also found for particles of 20-30pum.*>*
Besides, similar observations were found for collisions
of particles with a wall, where the initial kinetic
energy is insufficient to overcome the energy loss due
to viscoelasticity and adhesion, leading to sticking of a
particle.**!

The current experimental approach provides first
insights into droplet-fine collisions at small scale,
however only for a single model material of the dry-
ing droplet. The obtained insights for glass beads of
varying size range might differ if the droplet formula-
tion would be different. It is, for example, expected
that the effect of the inertial forces of the larger glass
beads is smaller if maltodextrins with lower DE values
are used for the drying droplet. Maltodextrins with
lower DE values develop a more smooth and elastic
skin upon drying."") Deformation of this skin due to
drying is not possible on the time scale of the drying
process, which ensures the skin is more stable against
developed surface stresses.!*”! For that reason, it could
be of interest to extend the obtained findings for mul-
tiple formulations of the drying droplet. Similarly, it
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could be of interest to study the effect of drying con-
ditions on skin formation, especially on skin thick-
ness, and its effect on the stickiness regime.

Size-dependent trends beyond categorization

The four different size ranges described above were
determined based on glass bead specifications pro-
vided by the supplier and so far, the results were
therefore divided into these pre-distinguished size
ranges as well. Rather than dividing the dataset into
discrete size categories, the dataset is plotted into one
figure using individual particle sizes. As explained in
Section Collision analysis the true diameter of each
glass bead was determined. When comparing the
PSD_Matlab to the PSD_Mastersizer, minor differen-
ces are observed. Due to fewer data points, Figure A2
displays sharper transitions and reduced smoothness.
Altogether, it was concluded that the particle diameter
was determined accurately.

Given the stickiness regime is of most interest, a
scatter plot was generated for a normalized particle
diameter (particle diameter (d,) over the droplet

diameter (d4q)) against the normalized collision time.
For all particle sizes, the stickiness regime commences
around the same time. However, for d,/dq < 0.1 and
d,/dg > 0.3 the stickiness regime clearly lasts longer,
so the scatter plot (Figure 6(A)) could be divided into
three parts as highlighted with a dashed line. This cor-
responds to a particle diameter smaller than 40 um
and larger than 120 pm, respectively, suggesting that
categorization of the data according to these bounda-
ries could improve the visualization of the collision
data.

Moving beyond size-based categories, the dominant
collision outcome and its spatial prevalence could be
identified (Figure 6(B)). The separate probability fields
constructed for each outcome emphasize regions
where either one of the outcomes is most likely to
occur. These figures are stacked to form the dominant
outcome map, where each layer represented the inter-
polated likelihood of a specific outcome (merging,
sticking or bouncing). A less saturated color indicates
a higher uncertainty of a collision outcome being the
dominant outcome. The transition from merging to
sticking and sticking to bouncing is therefore least
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Dygr (m) 131.6 86.4

51.0 19.2

Circularity 0.80

Figure 7. Overview of maltodextrin particles with different shapes and sizes colliding with drying maltodextrin droplets, the effect-
ive diameter of the maltodextrin particles is denoted by De¢. The actual drying time differs for each snapshot, hence the drying

droplets do not have a similar size.

saturated, as multiple outcomes have a high chance of
occurring. Regardless of the normalized particle diam-
eter a shift from merging to sticking to bouncing is
observed, highlighting the dominant effect of the dry-
ing droplet on collision outcomes. Comparing Figures
5 and 6(B), especially the longer stickiness regime for
larger particles is more pronounced in Figure 6(B),
albeit with relatively high uncertainty. For moderate
particle size of dy/d4 of 0.1-0.3 the stickiness regime
is shortest. For small particles the stickiness regime is
a bit longer, with a somewhat higher uncertainty.
Toward later collision times the bouncing regime
becomes more prevalent for all size ranges. From the
obtained results for varying glass bead sizes, whether
the results are categorized or not, it can be concluded
that larger glass beads lead to more sticking results.
However, it can be questioned whether the largest size
range accurately mimics collisions of fines, given both
their size and their larger mass. For that reason, it is
advised to carefully select a specific size range for bin-
ary collision experiments that mimic droplet-fine
collisions.

Comparing collision material - the effect on
collision outcome

Collisions between a drying droplet and dry particle
are expected to be affected by the powder properties,
such as size and shape, of the dry particle too. From
literature it becomes clear that for example particle
size and density affect agglomeration in fluid bed dry-
ers and non-sphericity of particles affects collisions
between particles and a wall in gas-solid flow.!***”]
The results presented earlier in this research show the
effect of fines particle size on collision outcomes, and
particularly the stickiness regime. The characteristics
of glass beads do not exactly match those of fines,
since glass beads are almost perfectly spherical and
high in density. To examine whether non-spherical
particles, lower in density affect collision outcomes,
and to verify whether glass beads sufficiently mimic

fines particles; maltodextrin powder particles were
used as collision material. The size and shape of the
maltodextrin DE 21 particles differs from particle to
particle. As stated, the particle size distribution of
maltodextrin powder roughly varies from 10 to
350 um, where the shape of two similar sized particles
could be quite different. A representative example of
differences in shape and size of the particles can be
found below, in Figure 7.

To study whether size and shape affect collision
outcomes, similar collision experiments were carried
out using the maltodextrin powder. An overview of
the collision outcomes for all time points is presented
below (Figure 8). Similar to the results using glass
beads, the collision outcomes are presented against
the time of collision, and a stacked area chart based
on kernel density estimation is provided. Given the
composition of the drying droplet and drying condi-
tions were not altered, the locking point time is still
6.5 (+ 0.3) seconds. In total 129 collisions were
observed for collision times ranging from 1 to 11s.

As expected, merging mostly occurs at the begin-
ning of drying, roughly up until t.onision/tiock is 1. The
merging regime is shorter when compared to colli-
sions with glass beads. The higher mass of glass beads
could have caused larger deformation, thereby ensur-
ing total submerging of the glass beads when t.,nision/
toek > 1. In comparison, smaller spherical particles
with similar velocities but greater size and mass it was
found the deformation upon collision was much
stronger.*® In general, overlap between all 3 regimes
is observed before the locking point time. The bounc-
ing regime commences somewhat earlier on in the
drying process, as in comparison, bouncing collisions
occur roughly only from teopision/tiock 1S >1 for glass
beads. The early bouncing collisions could be due to
the lower mass of maltodextrin fines, which leads to a
smaller impulse imparted on the drying droplet upon
collision. Regarding the stickiness regime, the earlier
onset is striking. The extended stickiness regime for
larger glass beads could be explained by the larger
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inertial forces exerted on the droplet. In contrast, the
lower mass and irregular shape of the particles could
increase the surface contact area between the drying
droplet and dry particle upon collision, thereby
increasing the chance of sticking. However, the fact
that no categorization was applied was considered the
main reason for the longer stickiness regime. The size
distribution of the MD particles covers the size range
of all four glass bead size ranges, put together in one
figure, so the size variations of the colliding particles
most probably explain the extended stickiness regime.
This effect is especially visible in the stacked area
chart, where the chance of a collision resulting in
sticking does not seem to decrease much after t.nision/
tiock = 1.5. Unfortunately, due to the limited number
of data points, the collisions of the maltodextrin par-
ticles could not be categorized in the same manner as
those of the glass beads. This limitation increases the
complexity of achieving a fair comparison between
the results of the two colliding particle types. For
extending this research in the future, it would be use-
ful to utilize similar size categories for easier direct
comparison of multiple dry particle types. Still, a com-
parison between glass beads and maltodextrin particles
does not reveal any large differences, given merging,
sticking and bouncing occur sequentially and sticking
is most pronounced around the locking point time.
As no fundamentally different conclusions are drawn,
glass beads seem to be adequately mimicking droplet-
fine collisions occurring in spray dryers, provided that
careful size-selection is performed.

The effect of maltodextrin shape and size on the
stickiness regime

The differences between glass beads and maltodextrin
particles were further studied through image analysis.

For colliding maltodextrin particles that resulted in a
sticking collision the particle effective diameter and
circularity were determined, this concerned 36 colli-
sions. The particle area (A) was calculated by deter-
mining all pixels within the boundary. For direct
comparison to glass beads, an effective diameter (D)
was determined from the particle area. A spherical
geometry was assumed for the calculation, and D.g
was determined using equation 1:

A=Dy?x2 (1)

For 2D images, the shape descriptor circularity pro-
vides a measure of how closely an object’s shape
approximates that of a perfect circle, it can be deter-
mined using different formulae.*” For this research
the formula proposed by Wadell*”! was used, which
describes the ratio of the perimeter (P) of a circle
with the same area as the object to the actual perim-
eter of the object, and is calculated as follows:

2/mA 2)

p

Circularity =

A value between 0 and 1 is computed, where a
larger deviation from 1 describes a particle that is
more elongated, irregular, or jagged. Both circularity
and D.g of the maltodextrin particles as a function of
collision time can be found in Figure 9.

Inspection of the figure above reveals that generally
maltodextrin particles do not greatly differ from a
spherical shape, with the largest deviation and so the
lowest circularity value being 0.60 and the highest
value being 1. It was found that around 70% of the
particles have a circularity value of 0.8 or higher.
Also, it was previously found for drying maltodextrin
droplets that the sticky region ranges from approxi-
mately 0.75 to 1.5 times the locking point time.!*"’
Within this highlighted region the full variation of
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ing collision, as a function of collision time. The locking point is given and the sticky region is highlighted.

circularities of MD particles is observed. So, it can be
concluded that the state of the droplet is more domin-
ant in determining the collision outcome than the
particle shape of the colliding dry particle.

For sticking collisions, almost the same range of
particles sizes was observed, if compared to glass
beads as revealed by the effective diameter, only the
largest sizes do not appear in the dataset. It can be
observed in Figure 9 that, irrespective of the particle
size, most particles stick within the highlighted sticky
region. Again, it can be concluded here the drying
droplet has a larger effect on a collision resulting in
sticking, than the size of the dry maltodextrin particle.
This conclusion counteracts the findings of a previous
section, given glass bead size did affect collision out-
comes to some extent. The biggest difference between
the dry particles is the density and so mass, and the
increased impulse upon collision for large glass beads.
For that reason, it is advised to carefully select a glass
bead size range when mimicking droplet-fine colli-
sions. Lastly, at later collision times, smaller particles
seem to also stick to the drying droplet, which is
expected to be caused by colloidal forces such as van
der Waals interactions or hydrogen bonding. These
findings resemble the findings of the smallest glass
bead size range.

Conclusions

With this study, it was aimed to gain insights into col-
lisions of fines particles and droplets for drying condi-
tions relevant to nozzle zone agglomeration in spray
drying. Specifically, the effect of particle size and
shape on binary collisions between drying droplets
and dry particles were studied. Using a single droplet
drying approach, maltodextrin droplets were dried
and collisions with dry particles were observed at

different time points during drying. The effect of size
was tested using four different size ranges of glass
beads. Given in real spray drying processes fines par-
ticles do not have such a high density as glass beads
and are irregularly shaped, maltodextrin powder was
also used as collision material.

For glass beads, upon drying collisions first resulted
in merging, followed by sticking and bouncing, with
sticking being most pronounced around the locking
point time. For the largest three size ranges, more
sticking collisions occurred, mainly at the cost of
bouncing collisions, upon increasing glass bead size
range. This was attributed to the higher mass and
impulse of larger glass beads. Without categorizing
the data, the longer stickiness regime observed for col-
lisions with larger particles was more pronounced. No
vastly different conclusions were drawn, other than
the size of the particle to mimic fines should be
chosen carefully, which could potentially be identified
using this mapping approach.

For collisions with maltodextrin particles, the
stickiness regime commenced somewhat earlier and
lasted longer, mainly because data were not catego-
rized into size ranges. If glass beads and maltodextrin
are compared, the high mass of glass beads led to
complete submerging of the glass bead at later drying
times and the maltodextrin particle properties caused
earlier sticking collisions. However, the differences
were minor, so it could be concluded that glass beads
suffice for mimicking collisions with fines particles,
although a representative glass bead size needs to be
selected. Lastly, the shape of maltodextrin particles
does not greatly differ from a spherical shape. Also,
irrespective of shape and size of the maltodextrin par-
ticles, most sticking collisions were observed within
the previously established sticky region. From that it



was concluded the state of the drying droplet is more
dominant in determining collision outcomes.

Collision studies could be extended by studying dif-
ferent formulations of the drying droplet or using dif-
ferent drying conditions. The currently obtained
insights provide new information on the sticking of
particles upon collisions. The data could be useful
input for model development, which could aid in pre-
dicting the stickiness regimes of drying droplets. This
is necessary for establishing guidelines for nozzle zone
agglomeration in spray drying.
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Figure A1. Particle size distribution of glass bead size ranges 05— 5 5 A 75 o T
and MD powder mixed with flow aid Sipernat 380 (PSD_ Time (s)
Mastersizer). Figure A3. Average droplet diameter decrease due to evapor-
ation, up until the locking point.
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Figure A4. Complete dataset of normalized particle diameter

Figure A2. Particle size distribution of colliding glass beads, as ; - ddid -
over normalized collision time, for all collision outcomes.

determined using image analysis (PSD_Matlab).
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