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Abstract

Encapsulation, i.e. the coating of tiny solid or liquid particles in a liquid film, has received a
growing interest among scholars due to its practical applications, especially in food and
pharmaceutical industries. Encapsulation technology is used in coating and controlling drug
delivery by protecting the active agents from environmental pressures (e.g., heat, oxygen) and
unsought colours/odours. In practice, when dealing with solid particles, this process occurs
through impacting liquid droplets of the coating material upon the agent particles. While, in
reality, droplet and particle can freely move before and after the collision, a vast majority of
the previous efforts to characterize drop-particle impact outcomes have considered that one
of the two components is stationary. This study numerically investigates the head-on collisions
between freely moving droplet of a glycerine-water solution or synthetic fluids, and freely
moving dry spherical particles. In order to achieve this results, a novel 2D axisymmetric Level
Set simulation includes fluid-structure interaction (FSI) and an arbitrary Lagrangian-Eulerian
(ALE) technique The relative impact velocity and drop-to-particle density ratio are varied
across the simulation cases to indicate the importance of variations in momentum. These
preliminary results indicate that optimising the momentum is a key factor in achieving a full
and stable encapsulation, requiring further research.
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Introduction

To date, many researchers have focused on the droplet impingement on solid flat surfaces [1-
5] due its wide range of applications in inkjet printing, spray cooling, microfluidics, and
aerospace engineering [6-11]. In a recent review paper, Khojasteh et al. [12] provided insights
into better understanding the dynamics of droplets impacting onto solid flat surfaces (e.g.,
impact outcomes, importance of surface wettability, contact time). However, in contrast to
droplet collision with flat surfaces, little knowledge exists regarding the impact of droplet on
spherical surfaces [13]. This is despite the fact that droplet collision with spherical particles
has many engineering applications including fluidized catalytic cracking systems, multi-effect
desalination evaporators, rain drops impact upon cables and antennas, spray drying, and
encapsulation [14].

Among the aforementioned applications, encapsulation has received a surge of interest in
recent years due its functionality in food and pharmaceutical industries (e.g., drug delivery and
release) by coating covering drug/food bioactive components and protecting them against
undesired processes such as high temperature and oxygen levels, unfavourable
colours/odours, and light exposure [15]. Encapsulation plays a key role in ensuring the
targeted release of bioactive agents inside the human body or within commercial products
[15]. A widely applied and cost-effective encapsulation method is spray drying where
generated droplets with coating material collide with particles to form a powder with higher
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stability and storage capacity [16]. In a recent review paper, Khojasteh et al., [14] highlighted
that a suitable momentum transfer between the droplet and the particle, if optimised, is a key
factor which can result in an efficient encapsulation, ensuring a full coverage of particle with
the least coating material as well as avoiding the film break-up, splashing, and bouncing of
the droplet.

There is a small, but growing body of literature which focused on droplet impact on a dry,
stationary particle. Charalampous et al., [17] analysed the head-on collisions of water droplets
with stationary particles, and observed three potential outcomes including deposition,
formation of a stable crown, and splashing. Khojasteh and colleagues [18, 19] investigated
the spreading and rebound patterns of water droplets undergoing collisions with stationary
hydrophobic and superhydrophobic spherical surfaces. They proposed a predictive model to
estimate the spreading factor (i.e., instantaneous droplet diameter divided by the initial droplet
diameter) of water droplets. Liu et al., [20] studied the drop-particle collision by considering
the influence of varying contact angle, Weber number, and droplet-to-particle diameter. They
reported that the increasing Weber number and the decreasing contact angle would increase
the spreading factor. Yoon et al., [21] provided a map of outcomes for head-on droplets impact
upon stationary, dry, spherical particles for a range of Weber numbers, wettabilities, and
droplet-to-particle diameters. The authors observed two main cases including partial coating
(i.e., deposition and rebound) and full coating (i.e., gravity and momentum disintegrations).
The surveyed literature indicates that most of previous efforts to characterise droplet impact
dynamics upon particles have focused on stationary particles. However, in reality, droplet and
particle can freely move before and after the collision. In a recent study, Yang et al., [22] used
2D numerical simulations to investigate the drop-particle collision when both droplet and
particle are freely moving. They noted that when a hydrophobic particle is tested, the droplet
and particle would be separated after impact. However, a hydrophilic particle can pass through
and split the droplet. Choi et al., [23] investigated the freely moving drop-particle head-on
impact with initial contact (i.e., gravitational force was ignored), and identified two main
regimes including merging and separation.

To address this knowledge gap, the present study utilises 3D (2D axisymmetric) simulations
to examine the influence of drop-particle momentum transfer on the encapsulation outcomes,
and how this momentum transfer can be optimised so that a stable coverage around particle
is ensured. To this end, relative impact velocity and drop-to-particle density ratio are varied
throughout the simulations to achieve a full encapsulation.

Methodology

In the present study, to model drop-particle collision, three major simulation approaches were
coupled together in 2D axisymmetric simulations including level set method (LSM), fluid-
structure interaction (FSI), and an arbitrary Lagrangian-Eulerian (ALE) technique. LSM is
employed in the model to track the fluid interface as proposed in [24]. Details on LSM are
available in previous works along with the fundamental equations [18, 19]. FSI technique [25]
is often applied where a deformation in the solid structure is expected due to its interaction
with the fluid flow [26, 27] (for more details, see [28]). FSI incorporates an ALE method to take
into account the mesh deformation caused by the movement and the impact of droplet and
particle [29], and thereby, droplet and particle become freely moving meshes. This integrated
method is able to present an accurate prediction of the drop-particle collision dynamics as it
considers full underlying physics of the problem, and both droplet and particle are modelled
as unrestrained elements during the simulations. Here, a finite-element-based solver package,
COMSOL Multiphysics, is employed to couple and solve these set of physical models and the
associated equations. Further, an equilibrium contact angle is applied to represent the contact
angle of the particle’s surface. The predictive accuracy of the model for a droplet impact upon
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a solid stationary particle has been tested, verified, and is available in our previous works [18,
19].

Numerical analysis
Five cases are simulated in this study consisting of both freely moving droplet and particle as
illustrated in Figure 1. The properties of glycerine-water solution droplet and dry spherical
particles are presented in Table 1. It is assumed that droplet and particle move towards each
other with the same velocity so that the relative velocity is sum of both velocities (Ve = Vg +
V,). The ratio of droplet-to-particle diameter is considered as D* = D4/Dp, = 2. The system is
surrounded with air with a nominal temperature of 293.15 K at 1 atm pressure. To highlight
the significance of momentum transfer on a successful encapsulation, five simulation cases
have been carried out by varying density of particle and relative velocity, as presented in Table
2. Further, a dimensionless number namely Weber number (We) is used to help in describing
drop-particle collision dynamics as follows:
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Figure 1. A schematic of model domain and boundary conditions considered in this study.

Table 1. Properties of glycerine-water solution drop and solid particle considered in this study.

Material o [kg/m?] o [N/m] U [Pa.s] CAM| Vier [M/s] D [mm]
Droplet 494 0.1 0.002 - 3
Particle 340-617 - - 40 0.65-0.85 1.5

Table 2. Simulation cases undertaken in this study.

Case No. We PdlPp Vel [M/s] (mV)dq (mV)p (mV)dl(mV)p
[x10%kg.m/s] [x10° kg.m/s]
1 8 0.8 0.85 2.96 0.46 6.4
2 8 1.14 0.85 2.96 0.32 9.1
3 8 1.45 0.85 2.96 0.26 11.6
4 6.25 0.8 0.75 2.62 0.41 6.4
5 4.69 0.8 0.65 2.27 0.35 6.4
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Results and Discussion

Here, the significance of momentum transfer (mV) during freely moving drop-particle collision
is studied by changing relative velocity or density of particle. In Case 1, drop and particle have
the same velocity of 0.425 m/s but in the opposite directions. The density ratio of drop-to-
particle is 0.8 and the initial momentum of drop-to-particle is 6.4. The time-lapsed snapshots
of the collision for Case 1 are depicted in Figure 2, and the volume fraction (the ratio of volume
of particle surrounded in volume of droplet, with volume fraction equals to 0 or 1 indicating that
the particle is not or fully covered with droplet, respectively) is shown in Figure 3.

Figure 2. Time-lapsed snapshots of collision for Case 1.
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Figure 3. Volume fraction versus time for Case 1.

As shown in these figures, after the collision, the particle stays within the drop and there is a
full encapsulation for 9.6 ms. However, at t = 13 ms after the impact, the particle starts exiting
the droplet. Therefore, the momentum of particle is potentially high and cannot counterbalance
the surface tension and viscous forces, and hence, the particle passes through the droplet.
Thus, the particle’s momentum is reduced in next simulation cases by either decreasing the
density of particle (Cases 2 and 3) or reducing the relative velocity of impact (Cases 4 and 5).
In case 2, the drop-to-particle density ratio has increased to 1.14 and thereby the associated
momentum ratio has increased to 9.1, while the Weber number is kept constant. The
snapshots of impact as well as volume fraction of Case 2 are illustrated in Figure 4 and Figure
5, respectively.

Figure 4. Time-lapsed snapshots of collision for Case 2.
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Figure 5. Volume fraction versus time for Case 2.

As is clear from the figures, a full and stable encapsulation has been achieved in Case 2. The
reason is that the momentum of the particle is sufficient to offset the surface tension and
viscous forces, and simultaneously, not to leave the drop. The influence of a further reduction
in particle’s momentum is tested in Case 3 where drop-to-particle density ratio is 1.45 and the
momentum ratio is 11.6. The similar results as before are reported for Case 3 which are
illustrated in Figure 6 and Figure 7. In Case 3, the initial momentum of the particle is insufficient
for a full encapsulation. The particle partially enters the droplet up until 4 ms (with a volume
fraction of 0.91), and it is then rejected and moves downward.
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Figure 6. Time-lapsed snapshots of collision for Case 3.
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Figure 7. Volume fraction versus time for Case 3.

To examine the influence of momentum reduction by decreasing relative velocity of impact,
Case 4 is introduced with a relative velocity of 0.75 m/s and a Weber number of 6.25, while
drop-to-particle density ratio and momentum ratio are similar to Case 1. The corresponding
results are indicated in Figure 8 and Figure 9. The results are same as Case 2 where a stable,
full capsulation occurs by controlling the momentum transfer during drop-particle collision. In
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comparison to Case 1, the We number and the momentum of drop and particle were reduced,
leading to a successful encapsulation.

t=0 ms t=3 ms t=6 ms t=9 ms t=13 ms

Figure 8. Time-lapsed snapshots of collision for Case 4.
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Figure 9. Volume fraction versus time for Case 4.

By further reducing the relative velocity of impact to 0.65 m/s, the We number for Case 5
reaches 4.69, but drop-to-particle density and momentum ratios are same as Case 1. Results
for Case 5 are presented in Figure 10 and Figure 11. The findings are similar to Case 3, where
decreasing momentum and We number would result in an ineffective encapsulation. The
maximum volume fraction becomes 0.998 at around 7 ms, but then the particle is pushed back
and leaves the droplet.
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Figure 10. Time-lapsed snapshots of collision for Case 5.
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Figure 11. Volume fraction versus time for Case 5.
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Conclusions

In this study, 3D (2D axisymmetric) simulations cases have been carried out to investigate
freely moving drop-particle collision. The key parameters including the relative velocity of
impact and density of particle are varied across the simulation cases to highlight the influence
of variations in momentum transfer on a full and stable encapsulation. Results show that the
full encapsulation with a stable condition would only occur if an appropriate initial momentum
are specified to droplet and particle for a given set of physicochemical parameters (density
ratio, surface tension, viscosity, and surface wettability). Otherwise, the particle either passes
through or is rejected to enter the droplet. Our future work will expand this finding by testing
further variations in density and impact velocity as well as viscosity and ratio of drop-to-particle
diameter. The physical interpretation of the process in terms of dimensionless numbers is still
missing, and it will be part of the future development of the present research.

Nomenclature

o Density [kg/m?]

o) Surface tension [N/m]

u Dynamic viscosity of the liquid [Pa s]
C] Equilibrium contact angle [°]
D Diameter [m]

"4 Velocity [m/s]

We  Weber number

Subscripts

d Drop

p Particle

rel Relative
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