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Controlled agglomeration during spray drying offers several advantages for both powdermanufacturers and con-
sumers, and thus it is commonly implemented by industry. The implementation, however is largely based on ex-
perience, given the scarcity of comprehensive prediction tools. A resource-efficient approach to numerically treat
agglomerates and yet provide an indication of their structures is desired to perform realistic simulationswithout
the need for high-performance computing. In this work, a new numericalmodel for the treatment of coalescence
and agglomeration was implemented and evaluated at two distinct scales with significantly different particle
number densities within a Eulerian-Lagrangian CFD framework. The model could accurately predict the trends
in the final particle size distributions and distinguish realistic agglomerate structures occurring under different
conditions. Challenges were encountered as a result of how the underlying collision detection routine handles
high particle number density. Several strategies are proposed to overcome these challenges. This work consti-
tutes significant progress towards achieving an efficient prediction tool to estimate final powder properties
and will prove useful in performing large-scale simulations to design and control agglomeration.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Spray drying is a ubiquitous technique for efficiently producing high
quality powder products in various industries such as the dairy, instant
food, detergents, pharmaceuticals and agrochemicals industries. In
spray drying chambers, the feed is converted into micro-sized droplets
via atomization, which facilitates a favorable heat and mass transfer.
The volatile component from the sprayed droplets is extracted by the
dryingmedium resulting in final powder products. Producing this pow-
derwith awell-controlled particle size distribution (PSD) aswell as par-
ticle shape and structure is of paramount interest to industry. While the
initial size distribution of the atomized droplets is one of the principal
Computational Fluid Dynamics;
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n Cell; NTC, No Time Counter
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nd Materials Engineering, The

.

governing factors in determining thefinal size and shape of the particles
in the powder product, numerous other factors such as the entire his-
tory of temperature, moisture content, physical properties as well as
trajectory variables such as velocity and contact angle of the particles
play equally important roles. The atomized droplets inevitably collide
with each other, which leads to a continuous evolution of the particle
size and structure. Alongside the breakage of primary droplets, there
are three collision outcomes that cause significant change in the final
particle size and structure, namely post-collision stretching and reflex-
ive separation (leading to smaller satellite droplets); coalescence (colli-
sion partners completely merge or fuse together typically leading to a
larger spherical droplet); and agglomeration (collision partners par-
tially penetrate each other and form a new particle with sustainedmor-
phological changes).

It is well established that agglomeration significantly contributes to
improving the rehydration and flow properties as well as reducing
dust by binding the fine fractions, particularly when the wetting step
is limiting [1–4]. Therefore, the current practice in commercial spray
dryers, particularly in the dairy industry, is to employ forced secondary
agglomeration for example by returning the fines near the atomizers
[5,6]. Regardless of the specific method of inducing agglomeration,
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achieving a controlled agglomeration that results in a defined PSD and
desired bulk properties of the final powder remains a challenging task.
The challenge is mainly caused by interactions between, and the com-
bined effect of a number of process variables (shown in [5,7]). More-
over, the difficulties faced in achieving a fully optimized operation,
which involves controlled agglomeration are amplified by the limitation
that design, scale-up of spray dryers as well as determining suitable op-
erating conditions thereof largely rely upon simple empirical models or
a trial-and-error approach [8–10]. In contrast to the resource intensive
experimental approach, an accurate predictive model of spray drying
has the potential to improve product quality and develop novel pro-
cesses as well as to reduce the trial costs [11].

In dealing with the challenges and acquiring a better understanding
of such complex multiphase industrial processes, computational fluid
dynamics (CFD) has proved extremely useful, owing to rapid advances
in the CFD field and the availability of ever-increasing computational
power at reasonable cost. Because of the flexibility and effectiveness of
the technique, it has been applied since the 1980s in designing and
scaling-up of spray dryers [12]. Since then,many researchers have justi-
fiably employed CFD tomodel and investigate comprehensively various
aspects of spray drying, includingmodeling the outcomes of inter parti-
cle collision [5,6,13–16].

The modeling of spray drying processes in the Eulerian-Lagrangian
framework can either be performed in a transient simulation by simulta-
neously tracking all particleswithin the simulationdomain, or in a steady-
state simulation by employing a sequential tracking of particles. Particu-
larly for collision modeling, the transient approach can be extremely re-
source intensive, in contrast to the steady-state approach which has the
unavoidable disadvantage of neglecting the possible transient and dy-
namic nature of the flow patterns found to be present in virtually all
spray dryers [17]. Regardless of the choice of the transient or steady-
state solver, the modeling of agglomeration within the CFD-framework
consists of three main consequential steps: (1) the search for potential
collision partners; (2) the prediction of collision outcomes such as suc-
cessful agglomeration, coalescence or separation; and finally (3) the nu-
merical treatment of the resulting particles including the agglomerates.

Two approaches are usually employed in collisionmodeling, namely
the stochastic approach and the deterministic approach. Pilot or large-
scale spray drying simulations reported so far typically utilized the sto-
chastic approach for collision detection, rather than the deterministic
approach [18–20] that was identified to be numerically more expensive
[14]. The algorithm for the standard stochastic approach to modeling
collision phenomenon in a spray is based on the Direct Simulation
Monte Carlo (DSMC) method first proposed by Bird [37], which was
subsequently adapted to handle the phenomenon of an evaporating
spray by O'Rourke [21]. The collision probability, in this approach, is cal-
culated based on the kinetic theory of gases. In order to minimize the
number of particle parcels (where a parcel is defined as one computa-
tional particle representing a collection of particles that are assumed
to have the same properties throughout the flow field [22]) required
in the CFD simulations, the calculation algorithm is based on the as-
sumption that a collision between two parcels can only take place if
they are located in the same computational cell. There are other variants
of the abovementioned stochastic approach reported in the literature in
which the statistical sampling is undertaken based on a fixed volume
surrounding the particle irrespective of the volume of the discretized
cell in which the Lagrangian particle is located [6]. This sampling ap-
proach was introduced to avoid the potential mesh dependence of the
statistical framework [23–25].

After the detection of the potential collision partners, the next step is
to determine whether or not these potential collision partners will in
fact experience collision. The simplistic collision criterion proposed by
O'Rourke [21], for the collision of liquid droplets without any dissolved
solids, first determines if the potential collision partners will just graze
each other (leading to unsuccessful collision) or coalesce. Subsequently,
the fates of the collision are determined by comparing the distance of
the contributor from the collector droplet center with a calculated crit-
ical offset. In amodified version [6] of the O'Rourkemodel, the same col-
lision outcomes were determined by the angle of impact.

In a series of reports from the group of researchers led by
Sommerfeld, the concept of a collision efficiency in determining the col-
lision outcome of the statistically characterized potential collision parti-
cles was reported. The collision model of Sommerfeld [26] was
extended by Ho and Sommerfeld [15] by accounting for the collision ef-
ficiency for different sized particles and introducing coalescence criteria
founded on energy balance. In the sensitivity study conducted by apply-
ing the extended model, it was found that high particle concentration,
stickiness and large size ratio between particle size classes favor the ag-
glomeration process.

In another study, the critical moisture content of the particles was
used as a criterion to distinguish between wet and dry particles, as
well as to determine the efficiency of successful wet particle collision
[13]. Moreover, an “agglomeration probability” was introduced to de-
termine the likelihood of agglomeration, which directly determined
the number of collisions that resulted in agglomeration. The phenome-
non of dry particle agglomeration was captured in the same study [13]
by employing the concept of van der Waals force adopted from the
work of Ho and Sommerfeld [15].

Exploring alternative approaches revealed that another group of re-
searchers implemented O’Rourke's model to account first for the
droplet-droplet collision only [27] and later for particle-particle interac-
tions [28] and they showed that the inclusion of collision phenomena
markedly affected the temperature and humidity of the continuous
phase. The temperature and humidity of the continuous phase were in-
fluenced, presumably because particles of different sizes and properties
were calculated depending on the determined collision outcome, which
altered the predicted heat and mass transfer between the two phases.
The researchers combined the O'Rourke algorithm to detect the colli-
sion with the hard-sphere approach [29,30] – originally developed for
thefield offluidized bed hydrodynamics and granular dynamics– to de-
termine the interactions between particles. However, in the developed
model, agglomeration was not considered. The drawback of such a
hard-sphere approach is that it does not allow for penetration of parti-
cles as a possible outcome, which is crucial in modeling of agglomera-
tion of wet and viscous particles.

Following the collision detection and outcomes, as mentioned ear-
lier, the final step is the numerical treatment of the resulting particles.
Regardless of the collision detection and collision outcome model
used, all of the CFD simulation works discussed so far numerically
treat the final coalesced and agglomerated droplets/particles as spheri-
cal while the totalmass of the colliding particles is conserved.While this
approach is suitable for coalesced droplets, using the same numerical
treatment for the agglomerated particles means that important infor-
mation on the structure of the agglomerate is inherently sacrificed.
This information is of primary interest for understanding the agglomer-
ation processes. However, preserving such information is not possible,
as the different approaches described above either treat the prediction
of collision outcomes as a ‘cut-off’ process or they manipulate the pro-
portion of successful collisions, without calculating the degree of fusion
or sticking of the wet particles. To the best of our knowledge, the only
CFD modeling work for spray drying, which computes the degree of
penetration or fusion between wet particles by considering the dissipa-
tion of the kinetic energy during the collision process is given in the
EDECAD project [5], even though the penetration depthwas not utilized
further. This approach in the EDECAD project was described inmore de-
tail by Blei and Sommerfeld [31], who also implemented the updated
the version of the model in CFD simulations performed for a pilot
scale dryer. Even with such detailed information calculated as part of
the collision outcome model, both abovementioned studies adopted
the approach of simplifying with a spherical final equivalent particle.
It is noteworthy that this model was further developed and utilized in
several other studies involving agglomeration modeling [14,31–33].
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One approach to overcome this limitation of treating the resulting ag-
glomerate as an equivalent spherical particle is to model the collision dy-
namics and penetration of the colliding particles and then to store the
position, inter-particle sticking force, and orientation of each primary par-
ticle forming the agglomerate inmemory. Thiswould enable the dynamic
morphologyof the agglomerate to be estimated. In a recent article, follow-
ing the abovementioned approach, Sommerfeld and Stübing [14] ex-
tended the stochastic particle collision detection framework to model
the collision and preserve the agglomerate structures. Referring to the as-
sumption of using a volume equivalent diameter for the newagglomerate
as a rather “crude” one, they suggested more appropriate alternatives
such as the diameter of the equivalent convex hull, the gyration diameter,
and the surface area equivalent diameter. In their energy balance-based
approach, the newly formed agglomerates were still treated as point-
particles in the Eulerian-Lagrangian framework; however, location
vectors of the primary collision partners were stored and thus agglomer-
ate structures were determined. Employing their model on a pilot-scale
dryer [34] they reported promising results but only from some prelimi-
nary steady state simulations with 10,000 parcels. Satisfactory validation
of the model could not be presented due to a lack of data and thus they
highlighted the need for large-scale dryer simulation trials. Although
their approach was claimed to be numerically efficient, all the simplifica-
tions and assumptions associated with the reported works indicate the
prohibitive nature of the computational expenses that would be incurred
by a transient large-scale spray drying simulation.

Therefore, there is a need for a novel approach that can numerically
treat the agglomerate formed via the agglomeration processwithout in-
flating the computational requirements but can also provide an indica-
tion of the agglomerate structure delineated by the degree of
penetration or fusion between the colliding particles. To achieve this, a
new numerical scheme to be employed in Eulerian-Lagrangian frame-
work was introduced in one of our previous works [35]. To maintain
the inexpensive numerical requirement, the theoretical framework is
still based on the use of the equivalent spherical agglomerate particle,
but it incorporates the tracking of the ‘reduced agglomerate surface
area’ at each particle collision to delineate the looseness or compactness
of the agglomerate. In this way, the structure of the agglomerate could
be indirectly described without the need for expensive tracking of indi-
vidual primary particles that form the agglomerate. However, that
framework had not been evaluated in a full CFD simulation of a spray
drying process, and thus it was unclear if it was able to distinguish dif-
ferent agglomerate structures under actual agglomeration conditions
(e.g. particle number density, or the degree of particle stickiness) en-
countered in a spray dryer.

In this work, we propose a new approach to modeling agglomer-
ation during spray drying using CFD. In essence, we integrate the
theoretically established idea [35] in the CFD simulation of spray
drying in two scales of spray dryers: a lab-scale spray dryer (the
basic setup of the CFD model as well as supporting experimental
data were previously published in [36]) as well as a large-scale
dryer (the basic setup of the CFD model and supporting experimen-
tal data were published partially in [37] and are supplemented by
new trial data with fine returns). Experimental data were obtained
from both spray dryers and were used to evaluate the overall perfor-
mance of the model, gain further understanding and clearly identify
the limitations associated with the proposed agglomerate structure
preservation model. By means of the evaluation at both lab-scale
and large-scale spray dryers, we also identified several important
considerations in the implementation of the O'Rourke collision de-
tection scheme which was used as the basis of the agglomeration
model in this work.

On the mesh dependence of O’Rourke's collision detection routine

This work utilizes in core the O'Rourke collision algorithm due to its
overwhelming advantages in contrast to the limitations. However, in
order for the readers to better appreciate and interpret the findings, a
brief account of the established limitations must be provided. To this
end, a review of previous studies that attempted to overcome these lim-
itations is provided here.

O’Rourke's collision algorithm, which was originally developed
to deal with an evaporating spray in 1981 [21], is based on the
DSMC method first developed and applied to a flow problem by
Bird [38]. Further details including a comprehensive account of his-
torical evolution of the method can be found elsewhere [39].
O’Rourke's algorithm very quickly became the standard approach
to numerically simulating collisions in Lagrangian framework.
Even though droplets being represented by parcels which enabled
only a fraction of the real number of droplets to be calculated re-
duced the computational costs by several orders of magnitude, the
method was still found to be prohibitive and hence a new method
was proposed by Schmidt and Rutland [25] based on the No Time
Counter (NTC) algorithm. This new method was reported to be
able to reduce the required number of calculations that became lin-
ear with respect to the number of parcels, compared to the qua-
dratic requirement of O’Rourke's model. Moreover, this method
was reported to show comparatively less mesh dependence [40].
To reduce the mesh dependence even further, adaptive meshing
was introduced later in this method by Hou and Schmidt [41],
who also incorporated formation of satellite droplets due to
stretching and reflexive separation in their model as possible colli-
sion outcomes. Such breakage of droplets induced by collision was
reported to be one of the dominant phenomena in atomization pro-
cesses, particularly with an inter-spray impingement systems and
ignoring of this phenomena was suggested to be one of the major
reasons behind the overprediction of coalescence and subsequent
droplet size by O'Rourke model [42]. Addressing the remaining
mesh dependence and other challenges such as momentum imbal-
ance of the NTCmethod, Li, Cai, He and Hu [24] proposed an alterna-
tive method based on the smoothed particle hydrodynamics (SPH)
principle and reported it to be more accurate, resource-efficient
and mesh-independent. Zhang, Mi and Wang [23] also battled the
mesh-dependence of O'Rourke model by employing an adaptation
of the search volume for collision partners.

Deviating from the conventional Lagrangian calculations, Andrews
andO'Rourke [43] developed a disparatemethod calledMultiphase Par-
ticle in Cell (MP-PIC) for dense particulate flows while stating that the
Lagrangian framework is unsuitable and unable to realistically resolve
collision calculations for discrete phase volume fractions above 5%.
Hence the particle collision frequency predicted by original O’Rourke's
algorithmmay be unrealistically high. Later to include the particle colli-
sion phenomena in the developed MP-PIC method, a series of works
was published. The general calculation method was introduced in the
first [44] of the series of papers,while the following twopapers reported
further improvements and extension of the model, such as inclusion of
collision damping due to non-elastic collision [45] and incorporation of
additional effect to drive the particle velocity distribution towards isot-
ropy [46]. Despite all the developments (including but not limited to the
abovementioned works) in the last four decades since the introduction
of O'Rourke model, it still remains the most useful, widely applied and
popular collision algorithm. It was regarded as the standard approach
in Lagrangian spray modeling by many researchers [e.g. 23, 25, 42]
and is until now the default approach used in many commercial CFD
packages.

2. Material and methods

2.1. Experimental data, calculation domain and boundary conditions

The lab-scale experimental data were obtained from a previously
published work [36]. All relevant details on system description,
methods, and measurements are provided in detail in the cited work.



Table 1
Conditions for the experimental trials and the dryer outlet and product characteristics.

Parameters Run 1 Run 2

Spray rate, kg/h 202 210.5
Inlet air humidity, g/kg dry air (H1)(H4) 1.4 1.4
Primary hot air inlet flow rate, kg/h (F1) 2221.72 2732.5
Inner hot air annulus flow rate, kg/h 1662.5 2044.7
Outer hot air annulus flow rate, kg/h 559.2 687.8
Primary inlet air temperature, °C (T1) 224.6 175
Cooling air flow rate, kg/h (F2) 286 304
Cooling air 1 flow rate, kg/h 50.9 54.1
Cooling air 2 flow rate, kg/h 231.6 231.6
Cooling air 3 flow rate, kg/h 145.8 155.0
Cooling air 4 flow rate, kg/h 89.3 94.9
Cooling air temperature, °C 32.5 33.8
Fine returns (kg/h) 89.4 90.72
Static bed air flow rate, kg/h (F4) 660 648
Static bed air temp., °C (T4) 72.1 71.9
Outlet pressure, Pa gauge (P3) −637 −490
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The large-scale dryer was also reported in detail in a previouswork [37]
including the experimental details. Hence the description is not re-
peated here. However, for the convenience of the readers, sketches of
the experimental rigs are shown in Fig. 1. The major difference to the
operation of the large-scale trials reported in the cited study [37] was
that in the current study the fine returns in the atomizer region was
employed through cooling air inlet 2. Themassflow rate of thefine frac-
tion was measured by logging the feed rate over a 15-min interval. The
average mass flow rate of the accompanying air used as a carrying me-
dium for the fines was measured to be approximately 231.6 kg/h. The
atomizer was equipped with a pressure nozzle (i.e. spray Dry SK-
orifice insert index 72 (0.63 mm), core insert 21, hollow cone spray
angle 55°) operating at 200 bar. Table 1 shows the operating conditions
used in the investigated trials (for abbreviated points of measurements
please refer to Fig. 1b). Following the trials, samples from both the static
fluidized bed and the fine fraction were collected and investigated to
determine the moisture content as well as the PSD. The moisture con-
tent of the powder was determined by the weight loss recorded after
drying 2 g of the powder sample mixed with sand in an oven at 105
°C for 7 h. At least two sampleswere analyzed for each case. Bulk density
of the powder samples was obtained by weighing a measuring cylinder
filled with powder, and tapped density was obtained by recording the
sample volume after tapping the same filled cylinder used for measur-
ing the bulk density for 180 times. The PSD was measured by laser dif-
fraction in a Malvern Mastersizer 3000 (Malvern Instruments Ltd., UK)
device. During the PSD measurements a dry cell was employed, where
compressed air was used as the dispersion medium with a pressure
fixed at 400 kPa and the sample was fed with a vibration fixed at 30%.

Another substantial difference to the already reported trials was the
sprayed material. For this work in all large-scale trials, instead of whole
milk, 40%wt skim milk reconstituted from commercial skim milk
Fig. 1. Simplified schematic of the spray towers used in this study; (a) Lab-scale counter-curre
point ofmeasurements excluding the cyclones, (c) sketch of the large-scale spray drying chamb
the atomizer lance (above). (Drawings are not in scale; however, all provided dimensions are
powder (Lactalis, France) at 45 °C was used as feed. Due to this change
in trials, the droplet dryingmodel was adapted aswell. In order to accu-
rately capture the drying kinetics of skimmilk, complying with the pre-
viously validated simulation works, again the Characteristic Drying
Curve (CDC) approach [47,48] was employed with the critical moisture
content set to the initial solid content of 40%. The kinetics data aswell as
necessary correlations are available in the literature [48,49].

The primary atomization and the fine returns were modelled as a
hollow cone and a group injection, respectively (see Fig. 2). Both injec-
tion types are inbuilt injectionmodels available in the commercial pack-
age used [50]. The injection parameters are listed in Table 2. The origin
of the hollow cone injection was chosen to be at the tip of the nozzle
nt spray dryer, (b) arrangement of the large-scale spray drying chamber with all relevant
er with all relevant dimensions (below) and the detailed configuration of the air inlets near
accurate and shown in millimetre. Illustrations were adapted from [36,37]).



Fig. 2. Top section of the large-scale spray drying chamber (computational domain)
showing the arrangement of the primary atomization (hollow cone) and the
introduction of the fine returns (group injection through the inlet cooling air 2).

Table 3
Comparison of CFD prediction of outlet conditions with measured values.

Quantity Run 1 Run 2 Source

Outlet humidity, g/kg
dry air (H3)

36.9 32.7 Measured
37 ± 2 30.5 ± 1.6 Simulation

Outlet temp., °C (T3) 83.75 73.1 Measured
83 ± 4.7 70 ± 3 Simulation

Product moisture
content, %wt

4.87 6.25 Measured
5.25 8.92 Simulation (above fluidized bed)
1.96 2.12 Simulation (powder exiting all

outlets combined)
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orifice with an outer radius of 0.3 mm. The swirl fraction of the hollow
cone injection was set to zero. On the other hand, for modeling the
fine returns, the group injection was used which was distributed
along the annulus ring of the cooling air inlet 2. In order to have the
fine returns distributed homogenously across the inlet, in total eight
group injections equidistantly distributed along the perimeter were
employed. Each of those group injections consisted of five streams,
spreading from the inner radius to the outer radius of the annulus ring
type inlet. Thus 40 parcels were injected per time step.

As already mentioned, different operating conditions were used for
these two large-scale trials, specifically with fine returns, higher feed
rate and a disparate feed material. In order to evaluate the accuracy of
the predictions, the measured outlet temperature andmoisture content
were again compared with the predicted values. This comparison was
used to support the previously reported validation with further evi-
dence and the comparison can be found in Table 3.
2.2. Model description

The theoretical background as well as other relevant details
pertaining to the modeling of drying kinetics, heat and mass transfer
as well as particle motion are provided elsewhere [37] and therefore
not repeated here due to brevity (Excerpts from the cited work are pro-
vided in the supplementary information for readers' convenience). Con-
sidering the focus of this work i.e. inter-particle collision and the
outcome thereof, modeling details only pertaining to these phenomena
or submodels are described in the following Sections 2.2.1 through
2.2.4. An overview of the calculation algorithm showing how the calcu-
lations are performed in a Eulerian-Lagrangian scheme is presented in
Fig. 3a. The algorithm highlights the position of the collision routine,
which might prove useful in better appreciating the following details
provided in regards to the collisionmodel. Fig. 3b then illustrates specif-
ically the outline of the implemented collision algorithm.
Table 2
The parameters used in large-scale simulations to model the atomization and the fine
returns.

Injection
parameters

Primary atomization Fine returns

Diameter range (μm) 5–200 5–150
Rosin-Rammler Mean (μm) 80.08 46.32
Spread Parameter (−) 1.9 1.97
Number of parcels (−) 200 40
Injection type Hollow-cone with a full

cone angle of 55°
Group injection
comprising 8 points
2.2.1. Implemented variant of O’Rourke Collision Model
In lieu of assessing the geometrical information to determine

whether or not a particle pair intersects in their path, the collision
model developed by O'Rourke [21] employs stochastic method to esti-
mate the collision phenomenon. This is why themodel proved resource
efficient. In the stochastic method, it is assumed that two particles may
only collide if they are locatedwithin a certain volume, which is defined
as the volume of the continuous phase cell. The model determines the
collision probability from the perspective of the larger particle, which
is defined as the collector and referred to in the following with the
index of 1. On the other hand, the other collision partner with a smaller
diameter is defined as the contributor and denoted below with the
index of 2. The calculations take place in the frame of reference of the
collector, which implies that the velocity v1 is zero. Furthermore, this
model implements the concepts of discrete parcel method [22], which
means instead of tracking each particle, a parcel is tracked. A parcel is
a statistical representation of a number of particles that are assumed
to have identical properties as well as fates, which effectively reduces
the computational costs. Therefore, the collector parcel and the contrib-
utor parcel considered in the collision algorithm consist of n1 and n2 in-
dividual particles respectively.

In O’Rourke's model, the particles within a parcel are assumed to be
evenly distributed within the volume of the computational cell, where
the parcel is currently located. In order for the collision to occur, the cen-
ter of the particles of diameters d1 and d2 must pass within the distance
of (d1 + d2)/2. Based on this premise, an area of a disk perpendicular to
the trajectory of the contributor, which covers all possible positions for
the contributor possibly leading to a collision, can be calculated. This
area is that of a flat circle with the center coinciding with the collector:

Acol ¼
π
4

d1 þ d2ð Þ2 ð1Þ

This area then leads to the collision volume:

Vcol ¼
π
4

d1 þ d2ð Þ2vrelΔt ð2Þ

where vrel is the relative velocity and Δt is the duration of the time step
used to integrate the particle trajectories. Now instead of checking
whether or not the contributor parcel is currently located within the
collision volume, the algorithm determines the probability of the con-
tributor being located within the collision volume:

P ¼ Vcol

Vcell
¼ π d1 þ d2ð Þ2vrelΔt

4Vcell
ð3Þ

Since parcels are being considered, the above equation must be modi-
fied to account for the number of particles in the parcels:

P ¼ n2π d1 þ d2ð Þ2vrelΔt
4Vcell

ð4Þ

The actual number of collisions is then estimated from the probability
distribution, which, according to O'Rourke, follows a Poisson distribu-
tion given as follows:



Fig. 3. Representation of the calculation algorithms in flow charts (a) overview of the calculation during each time step; (b) the collision routine consisting of the O'Rourke collisionmodel
alongside the suggested amendments used in this work (highlighted in the shaded rectangle).
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P Nð Þ ¼ exp −N
� �NN

N!
ð5Þ

whereN represents the number of collisions for a collectorwith all other
particles. Thus, in essence for each pair of tracked parcels located in the
cell, the mean expected number of collisions is determined for each
time step, and then finally a randomly generated sample from the
Poisson distribution finally estimates whether this pair of parcels end
up colliding into each other. Thus, the randomly generated number, Y
is compared with the collision probability P 0ð Þ ¼ exp −N

� �
, and only

if Y > P(0), a collision is permitted.
In the case of a successful collision the algorithm estimates the out-

come of the collision. Since O'Rourke developed the model for droplets,
which cannot form agglomerate, only coalescence or grazing collision
are considered as possible outcomes. The decision is taken based on
the type of collision. It is assumed that an oblique collision would lead
to a grazing collision, whereas a head-on collisionwill result in a coales-
cence. Therefore, the coalescence probability is related to the offset of
the trajectory of the contributor with respect to the collector center as
a function of the so called “collisional Weber number”:
Wecol ¼
ρvrel2 d1 þ d2ð Þ

2σ
ð6Þ

where ρ and σ are the density and surface tension of the collector re-
spectively, and vrel is the relative velocity of the two parcels. O'Rouke
suggested the following expression to calculate the critical offset pa-
rameter:

bcr ¼ d1 þ d2ð Þ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
min 1:0,

2:4 f
Wecol

� �s
ð7Þ

where f is a function of the diameter ratio d1/d2 and is defined as:

f
d1
d2

� �
¼ d1

d2

� �3

−2:4
d1
d2

� �2

þ 2:7
d1
d2

� �
ð8Þ

The actual collision parameter is calculated using a random number Y
lying between 0 and 1 according to the following expression:

b ¼ d1 þ d2ð Þ
2

ffiffiffiffi
Y

p
ð9Þ
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In the case of b < bcr, the collision outcome is assumed to be coa-
lescence. Otherwise, a grazing collision is predicted. For grazing col-
lisions, the new velocities are determined based on the conservation
of momentum and energy, where some fraction of the kinetic energy
is assumed to be lost due to viscous dissipation and conversion into
angular momentum. Again, the offset parameters are used in the cor-
relation:

v01 ¼ m1v1 þm2v2 þm2 v1−v2ð Þ
m1 þm2

b−bcr
d1þd2

2 −bcr

 !
ð10Þ

v02 ¼ m1v1 þm2v2 þm1 v2−v1ð Þ
m1 þm2

b−bcr
d1þd2

2 −bcr

 !
ð11Þ

The proposed collision routine is based on the collisionmodel devel-
oped by O'Rourke (described above). The modifications are made after
the point when a collision is detected (shown in Fig. 3b under the
dark shade). In other words, our proposed model finds a collision part-
ner and estimates themean number of collisions, following the identical
steps as in O'Rourke algorithm. However once two collision partners are
identified, the collector and contributor roles are assigned based on the
viscosity, in contrast to thediameter size comparison in the original rou-
tine. This decision criterion was amended based on the considerations
required for physical agglomeration phenomenon, where the size of
particles is less relevant than their dynamic viscosity. In themodel pro-
posed in this work, it was assumed that the particle with higher viscos-
ity (contributor) will penetrate that with lower viscosity (collector).
Nevertheless, it must be noted here that the inherent prerequisite of
the calculation of the critical offset parameter (Eqs. (7) and (8)) as-
sumes that d1 is larger than d2. Owing to this assumption, itwas ensured
that the ratio d1/d2 is always calculated from the ratio of the larger diam-
eter to the smaller diameter regardless of their roles in the particular
collision.

The second modification stems from the idea that not every de-
tected collision at this point would lead to a definite outcome. In
the literature, this effect is defined as “impact efficiency” and accord-
ing to Pinsky, Khain and Shapiro [51] the influence of this collision
efficiency is more pronounced for markedly heterogenous sizes of
the collision partners due to their aerodynamic interactions. The fol-
lowing mathematical description of this efficiency as a function of
the relative Stokes number Strel was suggested by Schuch and Löffler
[52], and has been employed by other researchers [e.g. 5, 14] in col-
lision modeling:

ηcol ¼
Strel

Strel þ a1

� �a2
ð12Þ

with Strel ¼
ρ2 vrel d

2
2

18 μ d1
ð13Þ

The values of the constants a1 and a2 are dependent on collector par-
ticle Reynolds number:

Re1 ¼ ρ vrel d1
μ

ð14Þ

The constant values for various ranges were presented in a table by
Sommerfeld and Stübing [14], who also aptly summarized the correla-
tion between the impact efficiency and the dimensionless numbers.
With increasing Strel, which indicates that the response time of the con-
tributor is high with respect to the available time to pass the collector,
the impact efficiency rapidly grows. An increase in collector Reynolds
number also leads to larger impact efficiency. This impact efficiency
was used to determine the maximum lateral distance between the col-
lision partners which would allow the occurrence of a collision. In the
original O'Rourke algorithm however, the lateral distance is not used
to decide for a collision, which is why the impact efficiency was used
in our implementation to reduce the collision frequency, which indi-
rectly accounts for the blocking effect discussed by Sommerfeld and
Stübing [14].

The main difference between the current and the original O'Rourke
framework starts in the implemented framework after the critical offset
parameters are calculated using the Eqs. (7) through (9). For cases of
oblique collisions i.e. b< bcr, grazing collision is decided and new veloc-
ities are calculated. Unlike in the original O'Rourke collision routine,
which only allowed for coalescence or grazing collision, a criterion for
a third outcome i.e. agglomeration had to be incorporated. In order to
achieve this distinction, the penetration depth has to be calculated
first (described in Section 2.2.2). If the depth was found be equal to or
more than the smaller of the participating parcel diameters, a complete
coalescence was decided. In this case a volume equivalent diameter is
calculated:

dp,coalesced ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 V1 þ NV2ð Þ

π
3

r
ð15Þ

In order to hinder the occurrence of the agglomerates, that may be-
come unstable due to very little penetration and thus be susceptible to
breakage even on any insignificant impact, a minimum limit for pene-
tration depth was defined to be 1% of theminimum of the participating
dimeter sizes. This limit was assigned arbitrarily due to lack of experi-
mental data, and aims to allow for the consideration in principle. The ac-
tual limitation modeling can be further honed by experimental data of
agglomerate stability when available. At any rate, if an agglomerate is
deemed not sustainable, a grazing collision is taken as the ultimate
outcome.

Furthermore, the collision routines are proposed to be bypassed
during the first 0.1 s flow time immediately after the injection, in
order to allow for dispersion of the particles to progress prior to
any coalescence. Since the collision routine loops through all parti-
cles residing in a cell, if collision is allowed prior to dispersion, it
may lead to marked overprediction of coalescence, especially for
the small time step size used in the simulation. Surprisingly, this
strategy has never been reported before in past reports. It is envis-
aged that for future simulation work, the choice of the initial disper-
sion time should depend on the initial injection velocity and other
injection parameters. It must also be noted that the dispersion lag
per definition should be measured and decided in time and not in
the number of time steps. In this work, the dispersion lag was chosen
to be 0.1 s whichwas realized through 2 initial fluid-flow times steps,
as the fluid-flow time step size was 0.05 s.

Now if the calculated penetration depth falls between the defined
maximum andminimum limit, the outcome is assumed to be a success-
ful agglomeration. In that case, the new equivalent diameter is calcu-
lated, which is further used for other calculations performed in
remaining submodels such as heat and mass transfer, trajectory via
drag calculations, collision calculations in subsequent time steps. The
calculation of the equivalent diameter employs a blending model of
two different approaches, namely the volume equivalent and surface
area equivalent diameter [35].

Once the diameter of the collector parcel and the number of droplets
in the contributor parcel are updated, the agglomerate surface area and
themaximumpossible surface area are calculated, in order to determine
the reduction in surface area and store as additional information for
each newly formed agglomerate. By following this approach, even
though an equivalent diameter is being calculated and used in other
submodels, each particle is carrying additional information which pro-
vides more insight into the agglomerate properties and hence enables
final powder properties to be more accurately predicted.
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2.2.2. Calculation of the penetration depth and surface area reduction
Let us consider two particles participating in a collision, in which

particle 1 has a lower viscosity than particle 2. In this scenario, it can
be assumed for simplification that particle 2 is penetrating into particle
1. A simplified sketch is shown in Fig. 4:

Applying the Pythagoras theorem on the half of the intersection
length, a can be calculated as follows:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1
2

� �2

−
d1
2
−h1

� �2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1
2

� �2

−
d1
2

� �2

þ 2
d1
2
h1−h21

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1h1−h21

q
ð16Þ

or also expressed in terms of the diameter of the contributor as follows:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
2

� �2

−
d2
2
−h2

� �2
s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2
2

� �2

−
d2
2

� �2

þ d2h2−h22

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2h2−h22

q
ð17Þ

Therefore, the following expression can be written:

d2h2−h22 ¼ d1h1−h21 ð18Þ

Nowplugging in the value of h2= h− h1 and rearranging in terms of h1
yields:

h1 ¼ h2−d2h
2h−d1−d2ð Þ ð19Þ

Analogously, h2 can be expressed as:

h2 ¼ h2−d1h
2h−d1−d2ð Þ ð20Þ

The equivalent diameter of the contact area to be used in Stokes' law,
which was developed for a full spherical particle, can be estimated by:

dcont ¼ 2a ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1h1−h21

q
ð21Þ

The contact area during the collision is variable and can be expressed as:

Acont ¼ π d1h1−h21
� �

ð22Þ

The force resisting the droplet's movement into the particle with low
viscosity μ can be calculated using Stokes' law for viscous force:
Fig. 4. Visualization of the penetration of particles in a head-on collision.
m2
dv
dt

¼ −3 π μ dcontv ð23Þ

¼ >m2dv ¼ −3 π μ dcont
dr
dt

dt ð24Þ

¼ >m2 dv ¼ −3 π μ dcont dr ð25Þ

Substituting the value for contact diameter yields:

m2 dv ¼ −6 π μ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1h1−h21

q
dr ð26Þ

where, h1 is a function of r. Therefore, h1must be expressed accordingly.
We know that the total penetration, h can be expressed as:

h ¼ h1 þ h2 ¼ d1 þ d2
2

−r ð27Þ

¼ > dh ¼ −dr ð28Þ

Substituting the dr in the differential equation we have:

m2 dv ¼ þ6 π μ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1h1−h21

q
dh ð29Þ

Replacing h1 in
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d1h1−h21

q
with expression in terms of total penetration

depth h followed by some simplification leads to:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h1 d1−h1ð Þ

q
¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−h4 þ h3 2d1 þ 2d2ð Þ−h2 d21 þ 3d1d2 þ d22
� �

þ h d21d2 þ d1d
2
2

� �r
2h−d1−d2ð Þ

ð30Þ

Now integrating the differential equation from the initial conditions v=
v0 & h = 0 to the final condition v = 0 & h = hmax leads to:

m2

Z 0

v0
dv ¼

þ6 π μ
Z hmax

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−h4 þ h3 2d1 þ 2d2ð Þ−h2 d21 þ 3d1d2 þ d22

� �
þ h d21d2 þ d1d

2
2

� �r
2h−d1−d2ð Þ dh

ð31Þ

¼ >−m2v0 ¼

þ6 π μ
Z hmax

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−h4 þ h3 2d1 þ 2d2ð Þ−h2 d21 þ 3d1d2 þ d22

� �
þ h d21d2 þ d1d

2
2

� �r
2h−d1−d2ð Þ dh

ð32Þ

The integral on the right-hand side of the above equation must be
numerically determined, while the value of h is gradually increased
and tracked until the integral value reaches −m2v0

6 π μ : The final value of h

will be themaximumpenetration depth at which the contributor parti-
cle comes to a full stop. With this h, we can then calculate the surface
area of the resulting agglomerate, which is the enclosed spherical seg-
ment area of both participants subtracted from the summation of the in-
dividual surface area:

Aagg ¼ π d21 þ d22
� �

−π d1h1 þ d2h2ð Þ ð33Þ

Aagg ¼ π d21 þ d22
� �

−π d1
h2−d2h

2h−d1−d2
þ d2

h2−d1h
2h−d1−d2

 !
ð34Þ

Aagg ¼ π d21 þ d22
� �

−π
d1h

2−d1d2hþ d2h
2−d2d1h

2h−d1−d2

 !
ð35Þ
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Aagg ¼ π d21 þ d22
� �

−
h2 d1 þ d2ð Þ−2d1d2h

2h−d1−d2

" #
ð36Þ

Finally, with the surface area of the agglomerate, the surface area
equivalent diameter can be calculated for further tracking of the
newly formed particle. However, on this note, it must be mentioned
here that there is one critical limitation to the approach described
above to determine the equivalent diameter. It was already shown else-
where [35], that if only surface area equivalent approach is used, then
beyond a certain penetration depth (i.e. a critical reduction in surface
area) the calculated surface area equivalent diameter may become
smaller than that of the volume equivalent sphere which stems from
the concept of conservation of mass. A larger equivalent diameter than
that of the volume equivalent spheremight justifiably imply that the ef-
fective density has decreased, enabling an inclusion of porosity of the
agglomerate. By contrast, a smaller equivalent diameter would imply a
compression of the particles, leading to an increase in the effective den-
sity and thus making it potentially even higher than the true particle
density. The latter is obviously implausible. Therefore, in our model, a
surface equivalent diameter is only allowed if it does not result in any
compression. Otherwise, the volume equivalent diameter is used. The
following expression mathematically describes the implementation of
this strategy:

dp,agg ¼ max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 V1 þ ncolV2ð Þ

π
3

r
,

ffiffiffiffiffiffiffiffiffi
Aagg

π

r !
ð37Þ

At any rate, the maximum possible surface area is the summation of
the individual surface areas of the participating particles, which would
occur if those participants barely touch each other:

Amax ¼ π d21 þ d22
� �

ð38Þ

The reduction in the resulting surface area, due to each agglomera-
tion, is given by the ratio of the surface area of the agglomerate to that
of the maximum possible surface area according to the following
equation:
Fig. 5. Simplified visualization of the calculation scheme employed in thework to determine the
agglomerations, for coalescence the same scheme applies).
Zagg ¼ Aagg

Amax
ð39Þ

The minimum surface area that an agglomerate can achieve is obvi-
ously the surface area of a completely coalesced particle as outcome,
whereas the maximum limit of Zagg is 1, when the collision partners
barely touch each other and yet stick together. With the progression
of further agglomerations of additional particles with the newly formed
agglomerate, Amax and Aagg are further updated. As a result, Amax will
keep becoming larger regardless of the penetration depth, whereas
Aaggwill strongly depend on the penetration depth h in each agglomer-
ation. Subsequently, Zagg will always keep becoming smaller and
smaller. The calculation scheme is shown in Fig. 5. The compacter the
agglomerates are or the more participants are involved, the smaller
the final Zagg will be. This will be a clear indication of the compactness
of the agglomerates, without the need to preserve any information re-
lated to the shape, orientation and morphology.

There are two important considerations in calculation of the param-
eter of reduction in surface area. Firstly, the value of Zagg can be updated,
whenever a particle enlargement occurs, regardless of the collision out-
come i.e. agglomeration or coalescence, which is causing the enlarge-
ment. In this way, the final Zagg provides an overall indication of the
agglomerate accounting for the impact of both types of particle collision
outcomes on the resulting particle structure. Secondly by contrast, if we
filter out all the incidents of coalescence and only update the Zagg fol-
lowing a detected agglomeration, then this parameter could be utilized
to interpret the structure of the agglomerates without the possible
‘compact’ region of the agglomerate stemming from potential coales-
cence instances. The Zagg can then be visualized to provide an indication
of the compactness or looseness of the porous part of the agglomerate
structure i.e. the ‘dendrites’ of the agglomerate structure.With this acti-
vated filter, the higher the final value of Zagg, themore occurrence of ag-
glomerates consisting of loosely attached particles can be ascertained.

In other words, a higher Zagg value would indicate that the agglom-
erate possesses more pronounced dendrites, whereas a lower Zagg
value would indicate that the structure is likely to be more compact
showing less dendrites and a compact core. The abovementioned ag-
glomerates are often referred to as "grape-structured", and "onion-
structured" agglomerates respectively in the literature [53]. Regardless
equivalent diameter, and the reduction in surface area of an agglomerate (shown only for



Table 4
List and purpose of the user defined functions (UDF's) employed in this study.

Function designation Purpose of the routine

DEFINE_DPM_PROPERTY Specifying properties of discrete phase materials
(such as density, viscosity, surface tension)

DEFINE_DPM_TIMESTEP Limiting the time step size of the discrete phase
model

DEFINE_DPM_OUTPUT Modifying the output (data) of the written file
associated with any sampling for
postprocessing/analysis

DEFINE_DPM_VP_EQUILIB Implementing the lump parameter model to
account for appropriate drying kinetics

DEFINE_DPM_SCALAR_UPDATE Updating scalar quantities (such as user defined
particle memory) associated with particles

DEFINE_DPM_SPRAY_COLLIDE Modifying the spray collision algorithm i.e. the
algorithm for predicting collision occurrence
(O'Rourke) as well as collision outcomes
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of whether the filter is activated or not, while the quantitative value of
Zagg provides a relative comparison, the overall magnitude of Zagg can
also provide an indication of the overall number of collisions that led
to the resultant conglomerate. It must be noted here that with a large
number of coalescence and agglomeration,whichwill becomemore ap-
parent later in the results section, Zagg can become extremely small in
magnitude. We observed that for total number of collisions reaching
over a million, depending on the size of detected collision partners,
Zagg can reach values in or around the order of magnitude of 10−10.
This is why, the plotted distribution curve might show fairly high frac-
tions of size enlarged mass via coalescence and agglomeration corre-
sponding to very low values of Zagg.

2.2.3. Implementation of shrinkage for agglomerates
The shrinkage of droplets during drying was accounted for by

employing the empirical linear shrinkage model [54]:

d
d0

¼ bþ 1−bð Þ X
X0

ð40Þ

The numerical implementation of shrinkagemodel in the CFD simu-
lation is not described here for brevity, as it is provided elsewhere [55].
This subsection of the article was added to report about the difficulty in
capturing the shrinkage behavior of the resulting particles arising from
the collision outcomes. As can be seen from Eq. (40), the droplet shrink-
age is estimated as a function of the ratio of the actual to initialmoisture
contents. Moreover, in this method, the initial diameter as well as the
initial moisture content are crucial. However, following a successful col-
lision outcome of coalescence or agglomeration, essentially a new parti-
cle is born. Considering the original initial diameter would now lead to
an invalid actual diameter. Furthermore, by focusing on the physical
phenomenon, if we consider the reason behind droplets deviating
from the perfect shrinkage behavior, which is skin formation, we can
safely assume that the skin is completely collapsed or at least partially
disrupted by the penetration of the contributor in the collector particle.
Now after this incident, how the shrinkage would actually progress, to
the best of authors' knowledge, has never been studied. As a result,
there is nomodel available in the literature to capture the post collision
shrinkage behavior. The new development of such a model also falls
outside the scope of this work.

Nevertheless, it would be also unacceptable to completely discard
the shrinkage or continuewith the pre-collision linear shrinkage. There-
fore, as amethod of estimation,we proposed that theparticles following
a collision are truly considered as newly born particles. This can be im-
plemented in a way that after each collision, the progression of shrink-
age for the resulting particle is reset. In other words, in terms of
shrinkage calculation, the resulting particle is numerically treated as a
newly born particle. Consequently, the calculated equivalent diameter
and moisture content of the particle resulting from the collision are
used as the initial parameters for further shrinkage estimation of that
particle. These two additional pieces of information could be easily
stored as user defined memory assigned to the particle. However, the
other difficulty arises from the fact that the initial moisture content i.e.
the moisture content of the newborn particle becomes variable, unlike
that of the primary injected particles. As a result, the empirical shrink-
age factor b can no longer be kept constant across the simulation. Fortu-
nately, Fu, Woo, Selomulya and Chen [56] reported a linear correlation
of the shrinkage factor as a function of the initial solid fraction xsolid, 0
based on their extensive experimental data for skim milk:

b ¼ 1:0287 xsolid,0 þ 0:4387 ð41Þ

This correlation was employed to estimate the shrinkage factor for
various particles. It is noteworthy that very few spray dried materials
have such an extensive experimental database. For thosematerials lack-
ing necessary experimental data to determine such correlation between
the shrinkage factor and the initial solid content, the progression of the
linear shrinkage behavior can be continued by calculating and storing a
hypothetical initial diameter obtained from the resulting post-collision
equivalent particle diameter, dp, eq aswell as themoisture contents at at-
omization X0 and at the time of collision i.e. that of the resulting particle
Xp, eq:

d0,hypothetical ¼
dp,eq

bþ 1−bð Þ X
X0

h i ð42Þ

This hypothetical initial diameter could then be utilized to estimate the
degree of shrinkage until this particle undergoes any further coales-
cence or agglomeration.
2.2.4. Assumptions and limitations of the proposed model
While our agglomeration model aimed to improve on some areas,

particularly to provide more accurate predictions of the collision out-
comes, it still has the limitations of the original algorithm proposed by
O'Rourke, that are given in [57]. The most important assumptions and
limitations of our model are outlined in the following list:

• Frequency of collision is assumed to be considerably less than that of
particle time step

• The model is suitable for low Weber number We < 100
• The model could display mesh-dependent artifacts
• Droplet break-up is not considered
• No elastic element is included in the calculation of the penetration
depth

• No breakage of already agglomerated particles is incorporated
• Agglomeration of dry particles due to cohesive forces is not
accounted for

• Wall deposition is not included and hence agglomerates formed by
breakage of deposition is not considered

• The model implemented for impact efficiency was originally devel-
oped for smaller fine particles colliding with larger droplets

• The surface tension is not considered in calculation of penetration
depth while determining the collision outcomes for simplicity

• The drag calculations assume the motion of a solid sphere in an infi-
nite fluid for simplicity, even though the primary droplets/particles
as well as the agglomerated/coalesced particles may be of various
shapes

Further discussions intended by the authors as resources for future
works that could address some of the abovementioned limitations can
be found in Section 3.4.



Fig. 6. Scanning electron micrographs of skim milk powder samples collected from the experimental trials conducted on the lab-scale dryer. Comparison of particle distributions of the
representative samples are shown demonstrating the differences in agglomerated/coalesced particle structures among the discussed configurations, Pos 1 (left), Pos2u (middle) and
Pos 3 (right).
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2.3. Numerical solution and postprocessing

CFD simulations were performed by employing the pressure-based
3-D double precision solver in ANSYS Fluent (Release 2019 R3). All
transport equations were discretized in second order upwind scheme,
and the transient calculations were formulated in second order implicit
scheme. Turbulence was modelled by utilizing k − ω SST turbulence
model, for which detailed justification can be found in a previous publi-
cation by the authors [58]. “Enhanced wall treatment” was enabled for
wall boundary conditions. The discrete phase (particles) was two-way
turbulence coupledwith the continuous phase, andwas forced to reflect
upon impact with the wall by activating the “reflecting” wall boundary
condition with a coefficient of restitution of 1.

In order to determine the PSD and other average discrete phase
properties such as moisture content, the numerical sampling in the
CFD model at different boundaries was undertaken for 60 s for both
spray dryers. The sampling time was initially chosen based on the aver-
age residence time of the particles (sampling durationwas chosen to be
at least double the average residence time) and finalized based on the
observed stagnation in the change in the results with increasing
duration.

A number of user-defined functions (UDF's) enabled the default
package of ANSYS Fluent to be adjusted as well as additional or alter-
native (proposed) models to be incorporated. A list of all UDF's along
with their respective purpose are given in Table 4.
Fig. 7. (a) Comparison between themeasured and predicted particle size distributions of the pow
three different double nozzle configurations. (b) Schematic illustration of the top part of the dry
information refer to [36]). In addition to the differences in height of the secondary nozzle amo
Pos1 and Pos3 had horizontally placed secondary nozzles.
The paragraphs above mention only key information about the sim-
ulation set-up. It must be noted here that both of the base models, i.e.
lab scale and commercial scale, used in the CFD simulations were ade-
quately validatedwith experimental data in previous studies [36,37]. In-
terested readers can refer to those articles for detailed description of the
initial and boundary conditions implemented, the simulation set-up,
property-data, grid-independence test, flow-field development and
the implementation of user-defined functions.

The CFD simulations were performed using multiple desktop com-
puters equipped with processors of base clock speed, ranging from 2.1
GHz to 3.4 GHz. Consistently for all simulations, 8 cores were utilized
in parallel processing. The computers had at least 16 GB of memory
installed. Roughly 48 hwere required to complete a representative sim-
ulation (DPM time step: 10−4 s) of the lab scale dryer for a flow time of
120 s and that of the large-scale dryer for a flow time of 75 s. The aver-
age time to complete the calculations within a single time step was
found to be heavily governed by the number of parcels as well as com-
putational cells in the domain, and the time step size.

3. Results and discussion

3.1. Simulations of lab-scale counter-current spray drying

As reported in one of our previousworks [36], trials were conducted
on the lab-scale counter current spray dryer with various double nozzle
der samples collected at the bottomoutlet of the lab-scale counter current spray dryer for
er highlighting the differences among the tested double nozzle configurations (for further
ng the various configurations, for Pos2u it was positioned at a 45° upward angle, whereas



Fig. 8. (a) Demonstration of the effect of implementing volume equivalent diameter by comparing themeasured and predicted particle size distributions of the powder samples collected
at the bottomoutlet of the lab-scale counter current spray dryer for three different double nozzle configurations. (b) The impact of implementing various approaches inmodeling collision
outcome on the final predicted particle size distribution of the product for the double nozzle configuration Pos2u in the tested lab-scale counter current spray dryer.
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configurations. The PSDs of the collected powder samples were
found to be significantly different in fractions found in different
size classes. As a result, all representative diameters, such as sauter
mean diameter (d3,2) as well as diameter size intercepts for 10%
(d10), 50% (d50) and 90% (d90) cumulative mass, were also found to
be different. This enabled the extents of size enlargements achieved
via each configuration to be clearly identified. Among those trials of
6 different configurations, three configurations were chosen based
on the observed differences in measured data for conducting CFD
simulations with the proposed agglomeration model. For all configu-
rations with the primary nozzle at the top, a secondary nozzle was
employed to introduce a secondary atomization at different heights
500 mm, 1000 mm and 1500 mm away from the primary nozzle,
which were labelled as Pos1, Pos2u and Pos3, respectively (as
shown in a simplified sketch in Fig. 7b). For Pos2u, in addition to
the distance from the primary nozzle, a 45° upward angle for the
spray was introduced. It was established on the basis of the evidence
of PSD data (as shown in Fig. 7a) as well as scanning electron micro-
scope (SEM) images (as shown in Fig. 6) that Pos2u led to the highest
particle size enlargement and most agglomerated particles, followed
by Pos1 and Pos3.

CFD simulationswere performed on all three double nozzle configu-
rations. After the flow field was fully developed, particles were numer-
ically sampled in the CFD models at both outlets (bottom powder
collection and top air outlet) for 60 s. The particle sampleswere then an-
alyzed to determine the PSDwhich is presentedwith themeasured data
in Fig. 7a. From the comparison, it can be seen that the predicted PSDs
agree well within reasonable accuracy with the measured data. For
both Pos1 and Pos3, the predictions closely match the experimental
data, while for Pos2u a slight overprediction can be seen in the
diameter-range 125–225 μm. The appliedmodel could successfully pre-
dict the observed trend, even resolving the small differences among the
runs. While all configurations led to some size enlargements as com-
pared to the initial droplet size distribution, it was evident that Pos3
led to the smallest size enlargement across all size classes. Pos1 yielded
higher size enlargements initially up to 125 μm particle size, beyond
which for the rest of the size range 125–300 μm the size enlargement
observed in the case of Pos2u was significantly higher. In Fig. 7a, it can
be seen that this difference in size enlargements between Pos1 and
Pos2u is reflected by the lower fractions of particles for the size classes
below 100 μm for Pos1 as compared to Pos2u and the crossing of the
both cumulative distribution curves at 125 μm. Moreover, beyond 125
μm it can be clearly seen that the size distribution for Pos2u stretches
up to a significantly higher particle size, where 100% of the undersized
particles is observed. These observations clearly indicate that Pos2u
must have led to more agglomeration and coalescence, as compared
to the other two positions.

In order to understand the contribution of different measures taken
in the different approaches to modeling the agglomeration, the same
simulation was performed with various approaches and the data were
sampled and analyzed in an identical manner. One of the most critical
differences between our proposed model and the conventional ap-
proach is the use of a novel approach involving surface area equivalent
diameter instead of a purely volume equivalent diameter to determine
the post-agglomeration particle size. Therefore, the simulation data for
all configurations obtained via the volume equivalent approach are
comparedwith themeasured data in Fig. 8a, to clearly identify the effect
on the final PSD. For Pos2u, the prediction obtained using the volume
equivalent approach is even closer to the measured data than that
obtained from the proposed model. In contrast, the discrepancies in
predicting the PSD with the volume equivalent approach for Pos1
and Pos3 are fairly similar and markedly higher respectively. It is note-
worthy that both approaches utilize a representative and numerical
equivalent diameter in lieu of the actual diameter. Hence, exactly
matching the predicted distribution with the experimental data should
not be themain objective. Themore significant accomplishment should
be the ability to predict the proper trend and more importantly to re-
solve the differences among the various trials. From the comparison
presented in Fig. 8a, it is evident that this important objective cannot
be achieved with the volume equivalent approach.

Fig. 8b shows the effect of other approaches as well as individual
measures implemented in the proposed model on the final PSD. For in-
stance, the O'Rourke collision model, without any of the amendments
shown in Fig. 3b in the shaded rectangle or described in Section 2.2.1,
markedly overpredicts the size enlargement across all diameter classes.

The impact efficiency implemented in the proposed model appears
to have affected the fractions below 150 μm more than the higher
sized particles. This indicates that in the formation of relatively larger
particles, the impact efficiency does not contributemuch, as presumably
the efficiency comes close to 100%. By contrast, the dispersion lag
(allowing the first 0.1 s flow time for droplet dispersion before activat-
ing the collision routine), which has almost the opposite effect to the
impact efficiency. With deactivated dispersion lag, a substantially
higher fraction of large sized particles in the range of 200–250 μm was
generated, followed by a sudden drop in frequency in the 100–150 μm
range (leading to an unusual sudden increase in the fraction found for
the diameter size class around 225 μm in the PSD). This indicates a
weakness of the core model for the prediction of the occurrence of



Table 5
Comparison of yields aswell as mass distributions of particle size enlargement (i.e. coales-
cence and agglomeration) predicted by the CFD model among the tested double nozzle
configurations. Sampleswere numerically collected for 80 sflow time at the bottomoutlet.

Pos1 Pos2u Pos3

Total yield (g) 1.06 1.88 1.38
Coalesced mass (%) 95.5 90.9 97.1
Agglomerated mass (%) 3.5 8.4 1.9
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collision. It is noteworthy that the collision detection is very sensitive to
the number density of particles. As the underlying routine for collision
detection considers all parcels residing in the same cell as collision part-
ners, it is not unexpected that immediately following the atomization,
high collision frequency and subsequently high number of coalescences
could be predicted when the droplets are in extremely close proximity.

This theorywith regards to the effect of the dispersion lag on the pre-
diction of collision outcomes was confirmed with comparing the per-
centage of coalesced mass in the final powder sample with and
without dispersion lag. It was found that deactivating dispersion lag in-
creased the percentage approximately from 91% to 96%. Moreover,
when a particle becomes large at the initial phase, it takes longer to
dry, which leaves it prone to further coalescence and agglomeration. As
a result, the overall effect on the PSD ismanifested as an increase in frac-
tion among the higher size classes. It is noteworthy that without the
lastly mentioned amendments i.e. the impact efficiency and dispersion
lag, the prediction by the modified model for collision outcomes still
agrees fairly well with the measured data. These amendments led to
slight decrease in size enlargements andhence shifted the overall predic-
tion towards smaller particle sizes and thereby facilitated the differences
among various trials to be better reflected. It is noteworthy that the im-
portance of the dispersion lag increases as the time step decreases. How-
ever, following an improvement of the underlying routine for collision
detection, the idea of dispersion lag may become redundant.

The next part of the discussion delves into further simulation results
extracted from the runs to understand how thesemight informus about
the degree of agglomeration or coalescence. During each collision, the
collision outcome as well as other relevant information such as maxi-
mum possible surface area and reduction in surface area are stored in
particle memory. These are utilized to gain further insight into the col-
lision outcomes and their effect on the final powder samples.

First, we investigated the total product yields. During the trials, it
was observed that while all double nozzle configurations led to
Fig. 9.Demonstrating the use of the surface area reduction to inform about compactness of the
samplewas collected during CFD simulations of all the tested runs of double nozzle configuratio
predicted distribution of the size enlarged mass as a function of the surface area reduction du
distribution of the agglomerated mass as a function of the surface area reduction due to agglom
significantly higher yield of powder samples as compared to the refer-
ence single nozzle run, the Pos2u led to the highest yield among all
runs, followed by Pos3 and Pos1. Unfortunately, due to the limitations
of the experimental set-up, the total yield could not be weighed and
hence only qualitative observations were carried out. It was observed
that roughly double the amount of feed was required to be spray
dried for Pos1, in order to collect the same amount of sample as in the
case of Pos2u. It was hypothesized upon analyzing the PSD and SEM im-
ages (examples of the representative images are shown in Fig. 6) that
the higher yield for Pos2u occurred due to the greatest extent of ag-
glomeration. Due tomore agglomeration and coalescence, less fine frac-
tion was produced, which exited the counter-current dryer through the
top outlet, eventually leading to a higher yield of powder. Therefore, it
can be said that, for the same feed rate in a counter-current dryer, higher
yield is a clear indication of greater particle size enlargement, even
though an examination of the yield alone cannot reveal, whether this
particle enlargement stemmed from agglomeration or coalescence.

The experimental observations could corroborate the simulation re-
sults. In contrast to the qualitative experimental observation, it was pos-
sible to distinctively identify the powder mass that included
agglomerates from the detailed CFD simulation results. The mass yield
of the numerically collected powder sample at the outlet as well as
the distribution of coalesced and agglomerated mass among different
nozzle configurations are presented in Table 5. It can be seen that
Pos2u, which led to the largest particle size also led to the largest
yield. The yield of Pos2u was roughly 1.8 times and 1.4 times higher
than that in Pos1 and Pos3 respectively. Similar relative differences in
the collected sample amount for the identical amount of spray dried
feed were experimentally observed as well. Since the feed rate was
identical for all runs, the higher yield also suggests that Pos2u had the
least amount of fines leaving through the top air outlet. Pos1 had the
least mass collected at the bottom, which can be attributed to the fact
that this configuration had the highest likelihood of fines from both at-
omizations leaving the dryer through the top outlet before undergoing
any coalescence or agglomeration. In contrast, for Pos3, the fines as-
cending from the secondary atomization still had slightly higher chance
to merge with wet particles stemming from the primary spray. By com-
paring the fraction of coalesced and agglomerated fractions of mass, it
can be seen that, Pos2u led to not only a higher absolute agglomerated
mass but also a larger fraction of agglomeration than any other configu-
ration. With 8.4% for powder sample obtained from Pos2u, the fraction
of agglomerated mass was approximately 2.4 and 4.5 times higher
than those found for Pos1 and Pos3 respectively. For all runs, the
particles resulting from the runs with double nozzle configurations. The analyzed powder
ns at the bottom outlet of the lab-scale counter-current spray dryer. (a) Comparison of the
e to both coalescence and agglomeration. (b) Representation of the predicted cumulative
eration only i.e. excluding coalescence demonstrating only the extent of agglomeration.



Fig. 10. Contour-plot of volume fraction of the discrete phase (parcel volume fraction) during the simulation run on (a) the lab-scale counter-current spray dryer (configuration Pos2u,
Flow-time 120 s), (b) the large-scale spray-dryer (Run1, flow-time 60 s). Scales shown in both colormaps were truncated and adjusted in order to avoid strong contrast and allow
optimum representation. (c) Snapshot of tracked particles taken during the simulation of the large-scale spray dryer showing position of the particles within the drying chamber.
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fraction of primary particles (not having undergone any coalescence or
agglomeration) was negligible, as those particles presumably escaped
the dryer through the top air outlet being entrained by the drying air.

The next part of this discussion is dedicated to further evaluating if
the reduced agglomerate surface parameter (for detailed description
please refer to [35]) can be implemented and used to clearly distinguish
different agglomerate structures in a CFD simulation. The reduction in
surface area was analyzed to gain some insights into the extent of ag-
glomeration. On this note, it should be mentioned that with successive
agglomerations, the maximum possible surface area continues to in-
crease, while the actual agglomerate surface area continues to increase
at a lower rate due to partial penetration, and as a result Aagg/Amax, con-
tinues to become smaller. Moreover, for an identical number of agglom-
erations, a lower value of Aagg/Amax indicates more compact
agglomerate, as the agglomerate surface area continues to decrease
with increasing penetration depth.

The distribution of mass undergoing all the collision outcomes that
lead to size enlargements is represented as a function of the surface
area reduction in Fig. 9a. It can be seen that Pos1 led to the highest frac-
tion of mass (almost 75%) among all configurations corresponding to
the extremely small Aagg/Amax values close to zero. This clearly indicates
that consecutive coalescence and agglomeration in this configuration
led tomost compact conglomerates overall. In contrast, for Pos3, the cu-
mulative distribution curve lying below those of the other two configu-
rations across fairly the entire spread of Aagg/Amax shows that Pos3 led to
the least reduction in surface area. Moreover, Pos3 exhibited slightly
higher fraction of less compact particles in the region of Aagg/Amax values
between 0.6 and 1 than the fractions found for the other two configura-
tions. This is manifested by the slightly steeper gradient of the Pos3
curve in the region mentioned. Lying in between the curves of Pos1
and Pos3, the distribution for Pos2u suggests that it led to less fraction
undergoing consecutive coalescence and agglomeration than that
foundwith Pos1. Additionally, it indicates that less fraction of loosely at-
tached agglomerates was found for Pos2u than that found for Pos3.
Since both coalescence (resulting in spherical particles) and agglomera-
tion (leading to various shapes)may have contributed to this final com-
pactness, the surface area reduction only due to agglomeration was
analyzed, in order to deduce further structure related information.
This can provide qualitative indication specially pertaining to the extent
of penetration of the participating primary particles while the agglom-
erates are formed.

Analyzing the agglomerates only, Fig. 9b shows the cumulative dis-
tribution of agglomerates in terms of different classes of compactness.
As can be seen from the figure Pos2u had higher fractions of agglomer-
ates in the comparatively compacter classes of Aagg/Amax values, by com-
parison to Pos 1 and Pos3. Due to the absence of any agglomerate
compacter than that showing an Aagg/Amax value of 0.75, all the curves
started at a similar level. However, in the sample of Pos2u, as compared
to the other runs, the higher rise in cumulative distribution curve up to
0.924 followed by the drop in the rise supported the presence of more
compact agglomerates.

The compactness distribution found for Pos1 showed that up to the
Aagg/Amax value of 0.85, the fractions of agglomerates in the compactness
classes were fairly similar to those of Pos3. These similar fractions
may have occurred due to primary agglomeration i.e. agglomerates
consisting of collision partners from the same atomizations. The
difference between these two runs were observed for the region lying
between 0.85 and 1 i.e. towards the region of less compact agglomer-
ates. For Pos 1 relatively high wetness was expected of the collision
partners.
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In contrast, Pos3 exhibited significantly lower frequencies in all clas-
ses across the compact ranges and surpassed with the rate of increase
both Pos1 and Pos2u in the region above 0.925. The sharpest increase
in this particular region (loosely attached agglomerate region) clearly
indicates that the agglomerates formed during the run Pos3 were
mostly due to agglomerations between virtually dried collision part-
ners,where thepenetration depth could not reach any higher extent be-
fore being stopped by the viscous force of the collector particle. This is
expected of Pos3, as the distance between the primary and secondary
atomizations was the highest of all and hence the likelihood of more
dried particles colliding into each other was higher. Obviously, primary
agglomeration also occurred among the particles stemming from the
same atomization, but it was the secondary agglomerations that made
a noticeable difference.

3.2. Simulations of large-scale spray drying

As can be seen fromFig. 11a, themodelwhichwas able to predict the
final PSD of the powder sample for the lab-scale spray dryer, markedly
overpredicted the final PSD of the powder samples for large-scale
dryer. To clarify this, the contour-plots of the mean discrete phase
volume fraction found after the simulation runs on both lab- and
large-scale spray dryers are shown in Fig. 10a and b respectively. It is
noteworthy that the volume fraction of the discrete phase represents
the local particle concentration. As can be clearly seen from the plots,
the particle number density in the large-scale spray dryer overall is
markedly higher by order of magnitudes when compared to that in
the lab-scale dryer (see accompanying colormaps). The maximum vol-
ume fraction for the large-scale dryer (0.02) was found to be approxi-
mately 100 times larger than that found for the lab-scale dryer.

In addition, in both spray dryers the locations were different, at
which particularly high concentrations of particles were found. For the
lab-scale dryer the relatively high particle concentration was found
mostly at and around the atomizations. By contrast, for the large-scale
dryer very high particle concentrations were found at the near
wall-region, at the location adjacent to the static-fluidized bed in addi-
tion to the atomization region. It was suspected that occurrence of
these high particle densities was the main reason for multiple consecu-
tive coalescence and agglomeration during the simulation, which led to
Fig. 11. (a) Comparison between themeasured and predicted particle size distributions of the p
predictionswere taken for comparison from simulation runswith unrestricted collisions, restric
in the computational cell. All powder samples were collected for 60 s flow-time. (b) Dem
computational cell on the prediction of final PSD of the lab-scale spray dryer.
the significant overprediction in case of the large-scale spray dryer. In
our previous study conducted on the same spray dryer [37], we
discussed the particle trajectories in detail and suggested that the dis-
tinct flow patterns within the chamber led to the formation of particle
clusters. In both studies i.e. previous and current, the particle clusters
were most commonly found at regions close to the cylindrical wall
(see Fig. 10c). Further examination of the surface reduction plots (see
Fig. 12b) revealed that the agglomerates had an excessively high extent
of consecutive coalescence, and agglomeration, which led to a very high
fraction of the agglomerate mass having very small values of Aagg/Amax.
This provides more evidence that these large agglomerates are formed
by the agglomeration among an extraordinarily large number of colli-
sion partners that are detectedmost likely at thewall region or the static
fluid bed region.

The occurrence of excessively large particleswas observed (it should
be noted that the observation in question was undertaken only during
numerical exploration via CFD simulations, as experimental observation
was not possible due to limited access to the interior of the dryer) only
in the case of the large-scale spray dryer and not in the lab-scale unit
used to initially validate the model. To investigate this phenomenon,
the collision routine was bypassed at regions of within 10 cm of the cy-
lindrical wall and at the region adjacent to the fluidized bed (below the
sampling plane shown in Fig. 10).

Examining the distribution of the reduced surface area (see Fig. 12b)
showed that the extent of consecutive coalescence and agglomeration
in the simulation was significantly reduced by the imposed restriction
leading to a wider spread of the values for Aagg/Amax. Nevertheless,
while this restriction led to significant improvement of the prediction
of particle sizes, the model still overpredicted the particle size distribu-
tion leading to non-realistic particle size in the order of 1000 μm (see
Fig. 11a). This was an indication that the O'Rourke collision detection
scheme may be detecting too many potential collisions for the particle
number density encountered in the large-scale spray dryer.

As a basis to further evaluate this, the simulations were repeated to
allow the lowest possible number of stochastic particle collision detec-
tion. This was undertaken by allowing only the first detected collision
instead of letting the routine loop through all particles in the computa-
tional cell. In other words, the loop was broken immediately after the
first neighboring particle i.e. potential collision partner was detected.
owder samples collected from both outlets of the large-scale spray dryer for both trials. The
ted collisions in thewall region and collision restricted to thefirst detected collision partner
onstration of the effect of restricting the collisions to the first detected partner in one



Fig. 12. Comparison of the predicted cumulative distribution of the size enlarged mass as a function of the surface area reduction due to both coalescence and agglomeration among the
(a) two runs with restricted collision to the first contact, (b) different approaches with and without collision restrictions implemented for Run1. The analyzed powder samples were
collected during CFD simulations at both outlets of the large-scale spray dryer for 60 s.

Fig. 13. Representation of the predicted distribution of the agglomerated mass as a
function of the surface area reduction due to agglomeration only (excluding
coalescence) demonstrating the extent of agglomeration among the two runs. The
analyzed powder samples were collected during CFD simulations with collisions
restricted to the first contact at both outlets of the large-scale spray dryer for 60 s flow
time.
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Thismeasure led to anunderprediction of the particle size (see Fig. 11a),
particularly for 70% of the mass, which is not unexpected. Investigating
the distribution of the reduced surface area (see Fig. 12b) it was found
that this measure had greatly reduced the consecutive
coalescence and agglomeration so that roughly 10% of the numerically
sampled mass showed extremely low (close to zero) values for Aagg/
Amax in place of around 30% foundwithwall region restricted simulation
run. As a result, the mass frequency distribution (not shown here) with
respect to Aagg/Amax of the former showed a flatter and comparatively
wider curve, when compared to the latter. To be more specific, analyz-
ing the cumulative distributions it was found that 53% of the size-
enlarged mass showed a surface area reduction lower than 0.5 for pre-
dictions with first detected collision only, as compared to 70% and 80%
for simulation runs with restrictions in wall region and unrestricted
collisions respectively. Thus, all evidence confirmed the fact that the
number of collisions being detected by O'Rourke algorithm for the
large-scale dryerwas too high and definitely causing the overprediction
of final PSD. The measured data were lying between the lowest pre-
dicted PSD with one collision and the improved PSD with the restricted
collision in the wall region.

In order to better understand the effect of restricting the collision
predictions to the first detected collision partner on a smaller scale
dryer, the samemethodwithout changing any other parameter was ap-
plied to the lab-scale spray dryer reported in the earlier Section 3.1.
From Fig. 11b it is evident that, for the lab-scale dryer as well, this
method leads to amarked underprediction of the final PSD, as expected.
Interestingly, it can be seen that impact of this restriction is significantly
more pronounced in the large-scale dryer. This can be quantitatively
assessed by evaluating the shifting of the d90 i.e. the diameter size,
under which 90% of the sample fraction lies. In contrast to the lab-
scale dryer where the d90 decreased as a result of this applied method
by roughly a factor of 2 (from 200 μm to 76 μm), for the large-scale
dryer the d90 was reduced by more than an order of magnitude.

It is nonetheless noteworthy, that with all three variants our pro-
posed model for collision outcome could predict the observed trend
i.e. the Run1 led to a significantly higher particle size than Run2. It can
be assumed that in Run2 the lower drying temperature allowed for a
slower drying and hence more opportunities to form agglomerates,
whereas slightly higher residence time due to lower air velocities in
Run 1 led to more opportunities to achieve consecutive coalescence
and agglomeration and thus led to higher particle size altogether. This
theory was also supported by the distribution of size enlarged mass
shown in Fig. 12a, which shows that the distribution of Aagg/Amax across
the range was fairly similar for both runs, except for the initial region,
where Run1 exhibited a higher fraction. This higher fraction at very
low Aagg/Amax value must have resulted from higher number of consec-
utive coalescence and agglomeration, which has contributed to yielding
larger particle sizes in Run1.

Despite the overprediction of particle sizes and challenges faced in
the simulation of the large-scale spray dryer, the proposed model was
able to reveal other important information regarding the extent of ag-
glomeration. When the distribution of the surface area reduction only
due to agglomeration was plotted (see Fig. 13), no significant differ-
ences was found in agglomerate compactness between the two runs
over the majority of the range, except for the range above 0.8. For in-
stance, roughly 25% agglomerated mass in Run 2 showed a surface
area reduction of less than 0.90, in contrast to only around10% of the ag-
glomerated mass for Run 1. This indicates that Run 1 led to slightly
higher fraction in loosely attached agglomerates (referring to the
sharper rise of fraction beyond the Aagg/Amax value of 0.90). This along
with the significantly larger particle sizes for Run 1 could provide plau-
sible explanations to the bulk and tapped density measurements con-
ducted on the powder samples. The bulk and tapped density of the
powder samples from Run1 were measured to be 364.4 kg/m3 and
432 kg/m3 respectively. In contrast, the same measurements on the
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sample from Run 2 showed values of 396.2 kg/m3 and 457 kg/m3. Based
on the hypothesis that less compact agglomerate and larger particles
would lead to more irregular packing allowing for more occluded air
and thus decrease both densities, it can be assumed that the compara-
tively fewer compact agglomerates alongside the larger particle size dis-
tribution predicted for Run 1 contributed to the lower bulk and tapped
density measured.

In our representation and comparison of the PSD in the figures,
for predicted data we have numerically collected the samples in
the CFD simulations at the location above the static fluidized bed
(see Fig. 10). Since it is well established that the traditional CFD can-
not reliably predict the dynamics of the particles within a fluidized
bed, we have not attempted to model the fluidized bed as well. An-
drews and O'Rourke [43] regarded Lagrangian framework unsuit-
able for discrete phase volume fraction above 5%. Since it is a
small part of the dryer, we deemed the discrepancy owing to the dy-
namics of the fluidized bed would not alter the trend of the final
predictions. Nevertheless, the unmodelled bed may have signifi-
cantly contributed to the discrepancy observed between the mea-
sured and predicted PSD. For instance, it is well expected that
further agglomeration and breakage of already enlarged particles
due to mechanical stress within the bed would lead to significant
deviation in the final PSD. In particular, breakage of large particles
would shift the PSD altogether towards left and fines getting at-
tached to sticky particles would result in the opposite effect. Never-
theless, it must be mentioned that the purpose of the work was not
to exactly match the experimental data, rather to understand and
Fig. 14. Demonstration of the effect of time step sizes and computational cell size on the fin
simulations conducted on the lab-scale spray dryer – shown in (a) − as well as large-scale
comparison of the predictions obtained from simulations with two significantly different grid
shown in (d).
find the usefulness and drawbacks of the model. While more re-
sources could always be spent on employing further complicated
measures such as using MP-PIC method or combining discrete ele-
ment method (DEM) and traditional CFD to better capture the fluid-
ized bed, the focus of our work was to achieve useful predictions
showing at least the correct trend by using minimum resources. It
is noteworthy that collisions in Lagrangian particle tracking is con-
sidered as an instantaneous phenomenon, whereas in DEM type of
calculation scheme, the collision is tracked throughout, an aspect
that substantially adds to the numerical requirements. Besides, the
other important objective was to establish the usefulness of the
proposed model for collision outcomes, which was successfully
achieved, since it was proved that the discrepancies are clearly
resulting from the underlying collision prediction routine. The lim-
itations of the algorithm as discussed are well-established. How-
ever, improving that submodel falls beyond the scope of this
study. Nevertheless, as these aspects were identified clearly, these
will need to be considered in future works encountering such high
particle number density.

3.3. Effect of discrete phase time step size and mesh densities on the
final PSD

One of the very interesting research questions was to find out the
sensitivity of the final PSD of the powder sample with respect to the
time step size employed in the discrete phase calculations. Finding the
answer to this question is useful for practical reasons, because lowering
al prediction of particle size distribution. Comparison of the predictions obtained from
spray dryer – shown in (c) − with various discrete phase time step sizes. Additionally,
s conducted on the lab-scale spray dryer – shown in (b) − and large-scale spray dryer –
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the time step size means accordingly higher number of calculations are
necessary in solving the DPM and hence the required computational re-
sources increases. While it is obvious that smaller time step size may
lead to higher accuracy and numerical stability, it leads to substantial in-
crease in computational requirements. Therefore, in other words, if the
bulk final properties are of main interest, choosing the time step size
wisely holds the potential to save substantial amount of time and re-
sources required for simulations.

In general, the time step size needs to be small enough to ade-
quately resolve the mean free path, i.e. the distance travelled by
the particles between collisions. In other words, it must be small
enough to allow no more than one collision for one particle within
one time step. In the traditional DSMC method time step is a con-
stant value. If we review the collision routine, we can clearly see
that according to Eq. (2) the collision volume and thus the collision
probability may increase with the increase in time step size. This
may lead to increased collision frequency and thus possibly higher
size enlargement. At the same time, an increase in the collision prob-
ability due a longer time stepmay be partially offset by a reduction in
the number of time steps required for the simulation of identical
flow time simulation. Presumably these two opposing effects
would not cancel each other out leaving a combined result. More-
over, the final PSD is dependent on so many other variables such as
drying history and particle trajectory calculations that the impact
on the PSD may not be as straight-forward. For instance, if drying is
overpredicted due to large time step size, the stickiness of the parti-
cle may decrease and thus the collision outcomemay not be a coales-
cence or agglomeration after all. Similarly, due to overprediction of
drag force via larger time step the collision outcome may as well be
different. The counteracting effects may nullify each other to some
extent leading to an insignificant difference in the final PSD. This
was virtually the case, when the same simulation was performed
with different time step sizes. Despite varying the time step by one
order of magnitude size starting from 10−2 (5 times smaller than
the fluid phase time step size i.e. 0.05 s) up to 10−6 (50,000 times
smaller than the fluid phase time step size), the final predicted
PSD's were not found to be significantly different (see Fig. 14a).
Same findings were affirmed for the simulations performed with
large size dryer (see Fig. 14c) for time step sizes ranging between
10−2 and 10−5 s. For both cases the time step size 10−2 led to a
slightly higher deviation, which can be attributed to the less accurate
resolution in prediction of drying history and trajectories. As a result,
it was concluded that for the simulations conducted for this work the
employed time step size 10−4 s was sufficiently fine and had no sig-
nificant impact in the observed overprediction of the PSD. Neverthe-
less, it must be noted that the prediction of PSD is not in general
independent of time step size, it was only found to be insensitive
to the time steps lying in the tested ranges, since the time step size
was sufficiently small. For future similar simulation works, 10−3 s
is recommended, which could save substantial amount of computa-
tional resources, unless methods involving adaptive time step is
employed. For instance, Du, Zhao, Zhou, Guo and Hao [59] suggested
an alternative DSMC method, which calculates the mean free path in
every time step and adapts its size accordingly. We decided not to
employ this method, as choosing a sufficiently small constant time
step size saves the resources required to complete the calculations
for adaptation. Besides, in simulation of spray drying in addition to
the mean free path, the potential impacts of the time step size on
other submodels such as drying and drag calculations must be
considered.

Finally, it was of great interest to check the well-known mesh de-
pendence of O'Rourke algorithm, which has already been mentioned
earlier. In order to better investigate the effect, we first chose the
large-scale dryer, for which the issue of overprediction was already
being observed. The overpredicted PSD led to the suspicion that the
cell sizes in the gridmay be too large and are leading tomarkedly higher
number of particles to be considered as collision partners, even though
for the flow field predictions the mesh dependence was already
established. Therefore, we have employed another mesh consisting of
roughly 2.35 million cells as compared to the primarily used mesh
consisting of approximately 450,000 cells. As can be seen from Fig.
14d, we could confirm that with higher mesh density the collision fre-
quency and subsequently the particle enlargement could be signifi-
cantly decreased. However, even with the fairly fine mesh, the
overprediction of the PSD could not be avoided. It was also demon-
strated in the same graph that as expected, with higher number of
cells the PSD prediction would gradually approach that determined
with the method of restricting the collision to the first collision partner
in the computational cell applied on a coarser mesh, which can be
deemed the minimum possible PSD of all. This test also confirms that
the major reason behind the overprediction of the final PSD for the
large-scale spray dryer was the routine for collision detection and not
that of the collision outcome model.

Finally, to understand the effect of a much denser mesh on the pre-
dictions achieved for the lab-scale dryer, we have replaced our already
established mesh of approximately 262,000 cells with one consisting
of roughly 1.03 million cells. The results are shown in Fig. 14b, which
again shows that the PSD shifts to the left as well in case of the lab-
scale dryer leading to a higher fraction of fines and lower fractions of
large particles. This obviously results from the smaller number of parti-
cles available for collision in the much finer mesh with smaller cells.
However, it was interesting to observe that the effect of mesh depen-
dence is not as pronounced as in case of the large-scale dryer. This im-
plies that with O’Rourke's collision detection routine, finding an
appropriatemeshbecomesmuchmore importantwith increasingnum-
ber density of particles or the volume fraction of the discrete phase.

Hence, we argue that the performance of the method depends on
themesh aswell as on the scale of the equipment. It is possible to design
meshes that give better performance for the large-scale dyer. To this
end, by taking the size of the computational cells as a baseline require-
ment that denotes the overall performance of the model, the most
straightforward approach could be to reduce the size of the cells of the
large-scale dryer to match that of the small-scale dryer. Logically, such
an approach should involve selective mesh adaptation, as an overall
mesh size reduction across the computational domain is unlikely to be
practical. Perhaps the number density of particles could be utilized as
a parameter governing the adaptation. Nevertheless, to the best of au-
thors' knowledge, no such agglomeration based selective transient
mesh adaptation scheme is available in the literature. In any case, the
mesh adaptation will inevitably increase the computational require-
ments for the simulation, which will be further compounded by the
transient nature of the simulation.

3.4. Derivation of areas and pertaining studies for future work by highlight-
ing the limitations of the used model

Among the limitations listed in Section 2.2.4 and, the most signifi-
cant one is the intrinsic mesh dependence of the model (also shown
in Section 3.3), which stems from the assumption that only those parti-
cles currently located in the same cell as the tracked particle are consid-
ered as collision partner. This means even though two parcels were
located fairly close to each other i.e. within a distance prone to collision
however not in the identical computational cell, they would yet not end
up colliding into each other. It must be conceded that considering some
parcels located farther apart in a larger cell for collision counteracts the
error caused in smaller cells. In general, excessively fine meshes could
lead to significantly lower number of collisions predicted than that actu-
ally occurring, whereas coarse meshes could lead to higher number of
collisions. If a fine mesh is absolutely necessary to accurately capture
the flow field features, we suggest that the adjacent cells to the current
computational cells are included in the calculation. This was not neces-
sary in the investigated cases; however, we have nonetheless
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implemented the suggestion by making necessary adjustments to the
UDF and run comprehensive tests. We could conclude that this signifi-
cantly increase the number of collisions experienced by the tracked par-
ticles and hence can be used as a feasible method to improve given the
abovementioned issue. As an alternative approach we also imple-
mented the idea of defining a collision volume first and then consider-
ing the particles located within that volume for potential collisions
(similar concept as was reported by Zhang, Mi and Wang [23]). How-
ever, this probing approach proved considerably more resource inten-
sive than the original approach of limiting within one or multiple cells,
since under the current calculation scheme of the commercial package
ANSYS Fluent for each tracked particle the routine is required to loop
through all tracked particles in the domain to find the eligible candi-
dates. To the best of our knowledge, currently there exists no efficient
method in the traditional DPM of limiting the search for collision part-
ner only within a defined distance without checking through each and
every particle in the domain. In contrast to approximately a minute re-
quired by our approach for the calculation of each time step for a fully
developed simulation (with around 40,000 parcels in the domain) of
the lab-scale dryer, the searching through the entire domain approach
tookmore than 2 h to finish each fluid flow time step. Thus, the later ap-
proachwas found to be unsuitable for large-scale simulations. Of course,
this can be revisited, once some alternative way of limiting the search is
discovered. For instance, as an alternative avenue to be explored could
be amethod used in DEM of dividing the domain by a suitable cartesian
mesh for evaluating collision, where the edge length is defined as a
function of the particle diameters [57]. At any rate, the achieved accu-
racy by the first approachwas found to be reasonable and hence this ap-
proach was deemed suitable and effective considering the required
computational resources.

The model for impact efficiency was adapted from the original
model developed to describe the fine dust particles being separated
from a fluid flow through droplets [52,60]. Obviously, the fine dust
particles are smaller than the droplet. However, due to the generic
description of the model in terms of dimensionless numbers with
the empirical constants (function of only collector Reynolds num-
ber) being independent of any interrelationship between the sizes,
the original model was assumed to be still valid, if the collector par-
ticle happened to be smaller than the contributor. Despite the ap-
parent limitation of the model, based on the literature review the
implemented method to estimate the impact efficiency was found
to be the most suitable one for agglomeration modeling in the
employed framework. While developing a novel more accurate
model for impact efficiency lies beyond the scope of this work, the
objective of this attempt was merely to propose a possibility as to
how this specific concept of impact efficiency could be integrated
in the proposed agglomeration model. If a more suitable model
can be developed, the identical interface can be utilized for
implementation.

As for the drag calculation, instead of capturing the motion of a po-
tentially nonspherical particle/droplet that eventually partially pene-
trates or fully merge with another droplet/particle resulting in an
agglomerate or coalesced particle of diverse shapes, the proposed
model still assumes the motion of a solid sphere through an infinite
fluid. In order for this simplification to be discarded, the prerequisite
would be the detailed information about the structure of the particles.
While our proposedmodelwas able to provide indications as to the par-
ticle/agglomerate compactness, the exact shape and structure of the
particles could not be stored mainly constrained by the goal of saving
computational resources. Moving away from the usual assumption of
spherical particles, if the agglomerate structure can be predicted with
additional details, the drag calculationmodel can then be easily adapted
aswell. Thismay lead to substantial improvement in predicting the par-
ticle trajectories. In support of this idea, while studying the fluid dy-
namic behavior of different agglomerate structures, Stübing, Dietzel
and Sommerfeld [33] concluded that the widely used volume
equivalent sphere was unsuitable for Lagrangian tracking. The equiva-
lent diameter of the convex hull closely representing the agglomerate
was recommended instead. A review of literature has revealed a num-
ber of studies developing various drag models for regular and irregular
shapes [61–66]. However, none of the CFD-studies of spray drying has
hitherto incorporated a different drag model other than that applicable
to spheres. However, we strongly recommend that as soon as the
resulting particle shape can be predicted and stored in a full scale CFD
spray drying simulation, an appropriate drag model should be imple-
mented to improve the accuracy of the predictions pertaining to particle
motion. This improvement will inevitably affect the predictions of the
drying history as well as the final PSD.

Furthermore, in a recently published series of works [11,16,67]
droplet-droplet collision interactions were investigated both experi-
mentally and numerically using DSMC approach in Eulerian-
Lagrangian framework. While the series of work provided vital insights
into the collision dynamics and the impacts of various process parame-
ters on the collision outcomes as well as the effect of the collisions on
the continuous phase, the main focus was put on the distinction
among coalescence, bouncing and separation of droplets ignoring ag-
glomeration of sticky particles. Itwas shown, by including the stretching
and reflexive separation of droplets in determining the collision out-
comes in a spray of different fluids including water and milk, that the
percentage of separation ranged between 34.7% and 66.1%, whereas co-
alescence ranged from 29.6% to 54.1% within 0.3 s of simulation time
[67]. Bai [68] also compared simulation results and showed that particle
size can be significantly overpredicted with permanent coalescence as-
sumed to be the only collision outcome and ignoring the breakup pro-
cesses. Thus, it becomes evident that with reference to coalescence,
separation of droplets forming satellite droplets, is not negligible. In-
cluding this phenomenon inmodeling the collision outcomewould sub-
sequently further reduce the predicted PSD of the final powder and
would help match the experimental data.

4. Conclusions

In this study, a new agglomeration model based on O'Rourke
collision algorithm [21] for Eulerian-Lagrangian framework has been
proposed. The model was used to perform complete transient CFD-
simulations of spray drying of skim milk in both lab-scale and large-
scale. Experimental data were utilized to verify the model as well as to
support the interpretation and analysis of the simulation results.

The purpose of the new developments in the collision model was to
distinguishing between agglomeration and coalescence as collision out-
comes and preserve as much structure related information as possible.
Our proposed model was implemented to determine and utilize the
penetration depth during formation of agglomerates, based on viscous
dissipation of momentum. Additionally, the penetration depth was
used to calculate and store the surface area equivalent diameter for fur-
ther treatment of the newly formed agglomerate. The reduction in sur-
face area as well as the decided collision fate were stored in particle
memory and used to further derive information about the compactness
of agglomerates. This enabled us to understand and establish the forma-
tion of compact or loose agglomerates. It was found that the new ag-
glomeration model can clearly distinguish realistic differences in
agglomerate structures. This was confirmed for the small scale and the
large-scale spraydryers. Thefindings from the analysis of the simulation
results agreed with the experimental evidence.

For lab-scale counter-current dryer simulations, size enlarge-
ments occurred could be accurately predicted. Furthermore, for the
first time, from simulations performed with spherical equivalent
particles, the collision outcomes of coalescence and agglomeration
could be clearly distinguished, and the compactness of the agglom-
erates could be delineated. As a result, the differences in particle
size as well as extent of agglomeration among different runs could
be successfully resolved.
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For large-scale dryer simulations, the trend in particle size en-
largement was correctly predicted, but the estimation of particle
sizes was clearly overpredicted. This overprediction resulted from
the inherent mesh dependence as well as a limitation of the underly-
ing collision detection routine for high particle number densities.
Measures were implemented to counteract these limitations includ-
ing restricting the zone with high volume fraction (based on the ob-
served particle clusters forming at the cylindrical wall region) and
restricting the collision to the first detected collision partner inside
the computational cell. When these measures were used, the predic-
tion of particle sizes improved. Additionally, these measures enabled
the underlying cause behind the overshoot to be clearly understood
and established. The measures would also be useful, if one must use
the current version of the model in prediction of agglomeration in
large-scale dryers with high particle number densities, due to lack
of available resources or further development. Despite the
overpredictions, the newly introduced parameter of surface area re-
duction due to agglomeration in the proposed model could provide
valuable information about the particle structures e.g. the compact-
ness of the resulting agglomerates. Experimental evidence of mea-
sured PSD and bulk densities corroborated this deduced indication
related to the agglomerate compactness combined with the pre-
dicted trend in PSD.

Based on the findings obtained from the investigation of the large-
scale dryer, it is recommended that the proposed model should be
tuned to a particular piece of equipment aswell as a particularmesh. Ex-
perimental datawill be necessary to perform such tuninguntil the prob-
lem of the inherent mesh dependence of the collision detection routine
is solved by any future endeavor. In the setting up the CFDmodel, after
the mesh independence of the flow field calculations is established, the
predicted discrete phase properties such as PSD, moisture content and
agglomerate structures must be compared with the experimental ob-
servations. If the discrepancy is deemed too great, further refining of
the mesh needs to be undertaken. This work also identifies a number
of different ways to tune the proposed model for use in practical
applications.

This work has also clearly identified the areas that deserve further
attention. Apart from overcoming the inherent mesh dependence of
the O'Rourke collision detection algorithm, it became clear that the
stretching and reflexive separation of droplets should be included as
possible collision outcomes. In addition, dry particle agglomeration
due to cohesive force and breakage of particles should be incorporated
in the model, in order to achieve a more accurate collision model for
spray drying applications. However, such amendments to the collision
routine can be easily added on to the new developments of the pro-
posed model.

In summary, this work not only provides a further step towards
achieving CFD models, which can be utilized to predict final powder
properties, it also provides a useful tool for industry aswell as the scien-
tific community that can be used to understand, design and control ag-
glomeration, without demanding the computational resources of a
prohibitive high-performance computing (HPC).

Notation

Latin letter
a intersection length between overlapping particles/droplets

(m2)
a1, a2 model coefficients (m2)
A surface area (m2)
b factor in linear shrinkagemodel/offset parameter in O'Rourke

model (−)
d diameter (−)
f factor (−)
h penetration depth during collision between droplets/

particles (m)
m mass (kg)
n number of droplets (−)
N number of collisions (−)
P probability (−)
r relative distance between collision partners (m)
Re Reynolds number (−)
St Stokes number (−)
t time (s)
v velocity (m/s)
V volume (m3)
We Weber number (−)
x mass fraction (−)
X dry basis moisture content (kg H2O/kg solid)
Y randomly generated number (−)
Z reduction in surface area/ratio of agglomerate to maximum

surface area (−)

Greek letter
Δ difference (−)
μ dynamic viscosity (kg/m/s)
η efficiency (−)
ρ density (kg/m)
σ surface tension (N/m)

Subscripts
0 initial
agg agglomerate
col collision
cont contact
cr critical
eq equivalent
m mass
max maximum
p particle
ref reference
rel relative
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