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Abstract

Spray drying is an important process in powder technology as it transforms fine primary
powder into processable granules. While various investigations of granule formation exist, the
role of surface tension on the evolution of the granule morphology has not been investigated
in much detail. This work closes this gap by using numerical simulations on granule level. In
our simulation of suspensions of solid particles we use the Discrete Element Method (DEM) in
combination with a CFD solver. Due to the free liquid surface, a multiphase solver is needed
including a force model for the particle-surface contact. As a result, our work gives insight into
the granule formation and reveals a clear non-linear dependency relating high surface tension to
dense granules.
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1. Introduction

Spray drying is an important process in powder technology, e.g. in the ceramic industry. In
the latter, the raw material often is available in the form of a very fine primary powder, which
is highly adhesive due to the small particle size. Therefore it has to be transformed to coarser
granules which is often done using the spray drying process [1]. In order to achieve good han-
dling and compacting properties of the granulate, the individual granules are often required to
be spherical and dense, allowing for good quality of the final product. Hollow granules, on the
other hand, can create voids due to bad compressibility [2], which could create defects inside the
sintered product and reduce its strength [3].

Numerous experimental investigations showed that the stability of the suspension has a major
influence on the granule morphology evolving during spray drying, i.e. well dispersed suspen-
sions often lead to hollow granules [4–7]. Hence, the interparticle forces and the solvent-particle
interaction play an important role in the evolution of the granule morphology. In addition, the
capillary force exerted on the primary particles by the receding liquid surface creates a compres-
sive drying stress inside the particle network [8]. Therefore, the capillary force may also have a

Email address: thomas.breinlinger@iwm.fraunhofer.de (Thomas Breinlinger)

This is a preprint. Original reference: Powder Technology 283 (2015) 1–8 December 15, 2015



significant effect on the granule development. However, this force has not been studied experi-
mentally in the context of spray drying of ceramics, which might be caused by the difficulty of
varying the surface tension without changing other important suspension parameters.

The experimental investigations have been supplemented by a number of simulation studies
on granule formation during spray drying. The different methods proposed in the literature are
discussed in the following.

Basic approaches use one dimensional models of heat and mass transfer [9, 10] to describe
the drying of rotationally symmetric drops depending on the suspension parameters and process
conditions. By taking into account transport through porous media in a growing outer zone of
the drop it is possible to even simulate shell formation to some extent [11]. These models can
be used to calculate the drying kinetics, which may then be used in process scale simulations for
the tracking of drying granules through the drying chamber. However, more detailed information
about the evolution of the granule morphology on particle level cannot be gained by such mean-
field models.

A more enhanced class of models uses a stochastic description of the suspended particles
based on a population balance [12]. This continuum mechanical approach allows e.g. for dis-
tinguishing between wet and dry shell and enables the simulation of shell growth [13] and even
provides some insight in the granule morphology [14].

In contrast to the above methods, the discrete element method (DEM) may be used to study
the morphology of particle based systems in much more detail [15], as it describes the solid
content as many individual particles. E.g., Greil et al. [15] used it to simulate the electrophoretic
deposit of solids on a substrate and Breinlinger et al. [16] simulated the deposit formation at the
drying of suspensions on a substrate using a similar method. Recently, the DEM has been applied
to study the granule formation during spray drying [17, 18] by coupling it to computational fluid
dynamics (CFD). These simulations showed a trend to hollow granules for higher temperatures
[17] and higher binder content [18].

For the simulation of coupled CFD-DEM problems, the interaction between the fluid and
particle phase is described by coupling forces, e.g. drag, buoyancy etc. If the fluid phase itself
consists of two continuous phases, i.e. gas and liquid as in the case of spray drying, additional
coupling forces are needed at the liquid surface. This capillary force and the resulting surface
curvature has been studied previously and models for thin layers of suspensions on a substrate
can be found in literature [19, 20]. A full description of the contact between a particle and the
liquid surface by this model requires knowledge about either the external conditions (i.e. present
forces) or the geometry (i.e. neck curvature, height, length etc.). However, in our case the neck
geometry and the capillary force is unknown.

None of the aforementioned works – neither experimental nor numerical – investigated the
role of surface tension on the formation of spray dried ceramic granules. Therefore, in this
work we aim to investigate this in detail. For this purpose we implemented a coupled CFD-
DEM solver, which is based on OpenFOAM R© [21], an open source CFD software package. We
simplify the coupling conditions by neglecting local curvatures in order to be able to simply
derive the required coupling force from the pressure gradient and line tension acting on the
particle.

2



2. Methods

2.1. The Discrete Element Method

In this work we use the Discrete Element Method (DEM) [22] to describe the granular media.
This method describes the motion of an individual solid particle based on Newton’s equations of
motion

ṗ = F, (1)

where p is the linear momentum and F is the sum of external forces. The DEM model treats each
solid particle as an individual particle and calculates their trajectories by integrating equation 1
in time

miv̇i =
∑
n, j

Fn
i j + Fcoupling

i , (2)

where mi and vi denote the mass and velocity of particle i, respectively, Fn
i j represents the n differ-

ent interaction forces between particles i and j and Fcoupling
i is the coupling force for momentum

exchange with the fluid phase. Brief general reviews of DEM contact forces are available e.g.
from [23] and [24]. In the following, we describe the contact force model used in our approach.
The rotation of particles was not taken into account as we suppose that it would be only of minor
influence on the particle reorganisation and [25] showed that a rotational degree of freedom can
actually hinder the development of a steady state system due to numerical reasons. The friction
coefficient was used to mimic non-spherical particle shape.

2.2. Contact force model

Contact forces between two individual DEM particles with radius r are applied whenever
these particles have a positive overlap

hi j = xi j −
(
ri + r j

)
(3)

where xi j is the magnitude of the distance xi j = xi − x j between the centre points xi and x j of the
particles. The contact model used in this work consists of elastic repulsion, repulsion dissipation,
cohesion and friction. The elastic repulsion is described following [26] as

Fe
i j =

(
2/3Ē

√
r̄i jh

3/2
i j

)
x̂i j, (4)

in normal direction x̂i j = xi j/
∣∣∣xi j

∣∣∣. Here r̄i j = rir j/(ri + r j) represents the effective particle radius
and Ē = E/(1 − ν2) is the effective Young’s modulus with the Poisson number ν. The viscous
part of the collision, which represents dissipation by plastic deformation and noise emission, is
modelled as a velocity dependant damping force [27]

Fv
i j = −

(
γ
√

r̄i jhi jvi j · x̂i j

)
x̂i j. (5)

The damping parameter γ is determined empirically. Cohesion between the particles is modelled
based on the overlap area A of the contact

Fc
i j = − (ωAA) x̂i j, (6)
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where ωA is the cohesive force per unit area or work per unit volume. Friction between the DEM
particles is modelled following [22] as a tangential force

F f
i j = −min

k
√

hi j

r̄i j

∣∣∣ξi j

∣∣∣ , µ ∣∣∣Fe
i j + Fv

i j

∣∣∣ ξi j∣∣∣ξi j

∣∣∣ (7)

based on the relative displacement ξi j of the initial contact points its magnitude is governed by
the tangential spring constant k and the friction parameter µ.

2.3. The volume of fluid method

The volume of fluid method (VoF) for multiphase flow [28] can be used to describe the
motion of two immiscible fluids. It can be combined with the discrete element method by using
locally averaged coupling [29] which will be described in section 2.4. In this context, the motion
of two incompressible fluid phases, e.g. water and air, carrying solid particles is governed by the
averaged Navier-Stokes equations

∇v = 0 (8)

ρ
Dv
Dt

= −∇p + η∇2v + σκ
∇α

|∇α|
+ ρg + fc, (9)

where v is the velocity, p is the pressure and g is the gravity. Surface tension is included by the
term σκ∇α/ |∇α|, where σ is the surface tension coefficient and κ is the curvature of the liquid
surface. The term fc represents volumetric coupling forces from the solid particles and will be
discussed later. The average density ρ and dynamic viscosity η in each cell are computed as

ρ = ρlα + ρg(1 − α), η = ηlα + ηg(1 − α), (10)

based on the phase function α, which determines the ratio of water in each cell. The indices l and
g represent the liquid and gas phase, respectively. The phase function ranges from 0 to 1 and is
balanced by its own transport equation

∂α

∂t
+ ∇ · vα = α̇ev, (11)

where the α̇ev is a source term which extends the established VoF scheme to incorporate evapo-
ration during the drying process (see section 4). This source term has the form

α̇ev = −
1
2

Dκ

(
c f − c∞

)
ρl

|∇α| , (12)

where D is the diffusion coefficient and c f and c∞ are the vapour concentrations in the evaporation
film and at ambient conditions, respectively. For the sake of boundedness of the phase function
and stability of the solution, the application of α̇ev was limited to regions where 0 ≤ α ≤ 1.
The evaporation is described as isothermal and diffusion controlled. The former seems to be a
justified assumption, as it has been shown that the temperature of a spray dried drop is almost
constant over most of the drying time [30]. The latter assumption is true in the beginning but
will be violated once the fluid surface penetrates the granule surface and transport in a porous
medium occurs. This is an intrinsic restriction of the locally averaged coupling method because
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Figure 1: Schematic illustration of a particle-surface contact. Left: Real contact with capillary neck. Right: Contact with
negligible local curvature as assumed by the model.

the localized transport phenomena are below cell level and, hence, cannot be resolved. However,
it still appears to be a reasonable approach for spray drying because some of the dominating
effects determining the granule morphology (i.e. shell formation and shell stability) happen in
the early stages of drying where the model is valid.

The solver is implemented in OpenFOAM R© [21], version 2.2.1, as a combination of the stan-
dard solvers interFoam and icoUncoupledKinematicParcelFoam, which originally treat two fluid
cases (interFoam) and uncoupled or single fluid coupled particle simulations icoUncoupledKine-
maticParcelFoam, respectively. Due to the modular architecture of OpenFOAM R© with the basic
functions for coupling already implemented it is straight forward to implement e.g. new forces
using existing models as a blueprint. The relevant forces and their application are described in
the following section.

2.4. The coupling force model
The coupling between CFD and DEM was established based on cell level averaging [29], i.e.

the volumetric coupling force fc in the momentum equation (9) was calculated for each cell as
the sum of the total coupling force Fcoupling of all DEM particles inside the cell

fc = Fcoupling/Vcell. (13)

Here Vcell is the volume of the computational cell. The individual coupling forces are described
in the following.

In cases where a relative velocity between the fluid and the particles exists, the drag force
must be included in the coupling. For this dissipative component of momentum coupling Stoke’s
law for the fluid particle drag force

Fs
i = 6πηrivrel,i (14)

with vrel,i representing the relative velocity between particle i and the surrounding fluid was
implemented here and used in the validation case in section 3.2. However, it was neglected in
the spray drying simulations in section 4 because of numerical reasons. In those cases there is no
significant physical current inside the fluid because it only evaporates at the surface. In contrast,
due to the VoF model, there are intrinsic artificial currents [31–33] that can induce a significant
error on the particle formation. Therefore, the drag force was turned off during the simulations
presented in section 4.

For particles at the drop surface figure 1 shows on the left a schematic illustration of the
particle-surface-contact. On such contact, two different forces arise: the pressure force and
the capillary force. For single particle contacts, these forces can be derived in the style of the
investigation of capillary bridges by [20] as follows.
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The curvature κ of the interface leads to a pressure jump ∆p across the surface which is
described by the Young-Laplace equation

∆p = 2σκ, (15)

where σ is the surface tension and κ again is the curvature which, for a sphere of radius R, is
defined as 1/R. For a particle protruding from the surface, this pressure difference relates to a
net force normal to the surface

F∆p = Aw∆p n̂, (16)

where Aw is the cross sectional area at the intersection plane, which is a circle with wetting radius
rw and n̂ is the surface normal. Figure 2 (a) shows this pressure force for different particle sizes
plotted over the radius of the spherical water drop on which the contact happens. The contact
angle has been set to Θ = 90◦, which yields rw = r. The increase of pressure towards smaller
drop radii results from equation 15, where the curvature κ is inversely proportional to the drop
radius R.

The capillary force results from the line contact of the liquid surface and the particle, where
the surface tension of the liquid applies line tension to the particle. If the local curvature and the
size of the neck h′ (figure 1, left) are small (i.e. the surface tension is small or the contact is close
to equilibrium) the neck can be neglected and the contact can be approximated as illustrated in
the right hand side of fig. 1. Although the local curvature is neglected, the surface tension σ
still applies in its original direction. The angle between the vertical axis and the direction of σ is
ω − 90◦ + Θ, as Θ is measured from a plane perpendicular to ω.

The net force acting on the particle caused byσ can be calculated as the integral of the surface
tension along the line of contact [34]

Fcap =

∫
σdl n̂, (17)

where l runs along the contact line. For a spherical particle, the radial component is cancelled
out along the circumference and the vertical component of the force Fcap

v = σvU is equal to the
vertical component of the surface tension σv and the length of the contact line U. The vertical
component of the surface tension can be calculated as σv = σ sin (ω + Θ) and the length of the
contact line is U = 2πrw, where the wetting radius rw can be determined by rw = r sin (ω).
Hence, the capillary force acting on the particle is approximated as

Fcap = 2πrσ sin (ω) sin (ω + Θ) n̂. (18)

Figure 2 (b) shows this capillary force for a particle of r = 10 µm on a water surface for different
equilibrium contact angles Θ.

The wetting angle ω is given by ω = arccos (−hc/r). Here hc is the distance of the particle
centre from the liquid surface. If the liquid surface is given analytically, the calculation of hc is
trivial. If it is provided by a scalar field, e.g. the phase function α used in the volume of fluid
method [28], it can be evaluated from the gradient of this scalar as hc = (αb − αP) / |∇αP|, where
αP is the scalar value at the particle and αb represents the phase boundary. In the context of
volume of fluid, where 0 ≤ α ≤ 1, this boundary is at αb = 0.5.

It is important to note that by neglecting the local necks at the particle-surface-contacts in the
derivation of equation 18 we also neglect their contribution to the drop pressure, which would
normally decrease considerably due to the concave curvature. If this had not been done, the
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Figure 2: Particle-fluid forces at the liquid surface. (a): Pressure force as a function of the drop radius R for different
particle sizes rw. (b): Capillary force as a function of the relative position ω for different wetting angles Θ (see figure 1
for definition of ω).

particles would be ejected during shrinkage due to the high pressure at small drop sizes seen in
figure 2 (a). Consequently, in this context it is necessary to remove F∆p (equation 16) from the
system because the underlying pressure does not include these localized effects. I.e. either we
take into account both pressure force and local curvature, which is not possible in the locally
averaged approach, or we neglect both as done in this work.

A second consequence resulting from neglecting the local necks is that tangential forces due
to multiple particle-surface-contacts are also not considered. Although there are recent works on
this topic based on flat surfaces [35] (i.e. drying on a substrate), these forces are quite hard to
estimate on an arbitrary curved fluid surface, especially once the surface penetrates the particle
network. However, although these tangential forces may play a role in the particle formation in
the initial phase, it is assumed that their influence on the overall granule morphology is limited
and, hence, that they may be neglected.

A possibility to drop the aforementioned assumptions and restrictions resulting from neglect-
ing the local necks at the particle-surface-contacts would be to use a highly resolved simulation
method, where the grid is much finer than the particles and, consequently, the fluid interaction
around and between the particles would be fully resolved. This would allow for a more detailed
simulation of both surface tension and capillary forces as well as the evaporation by transport
through porous media. However, the reason for not using this approach in this work is that the
gain in accuracy is bought by massive computational requirements and cost resulting in a limited
system size that does not allow for the simulation of entire granules.

3. Validation

3.1. Energy balance

In the absence of other influences, the change of energy which a particle experiences on
crossing the liquid surface can be calculated as the integral of the capillary force along the particle
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Parameter Unit Section 3.1 Section 3.2
Particle radius [µm] 10 10
Fluid viscosity [mPa s] 0 5, 10, 25
Particle density [g/cm3] 2 2
Initial velocity [m/s] 1, 2, 3, 4, 5 0
Initial height [µm] 20 0
Wetting angle [◦] 0, 30 . . . 180 0, 30 . . . 180
Surface tension [mN/m] 70.7 70.7

Table 1: Simulation parameters for the validation test cases.

trajectory

Ecap =

∫
Fcap (h) dh. (19)

For a full passage, integration within the limits [−r, r] yields

Epass =
3
4
π2σr2 cos (Θ) . (20)

Figure 3 (a) shows Epass as a function of the equilibrium wetting angle Θ.
As a first test, this energy is evaluated for simulations where a particle was placed above a

fixed liquid surface, which means that the VoF part of the solver was inactive and momentum
transfer only occurred towards the particles. These were given an initial velocity towards the
fixed surface. The surface was flat, which corresponds to an infinite curvature and zero pressure
jump from equation 15. Drag forces were neglected in these test cases to isolate the capillary
force. Table 1 shows the set-up parameters.

The theoretical final velocity of a particle after the surface contact can be calculated from the
initial kinetic energy and the capillary energy (equation 20) as

v =

√
1
2

mv2
0 +

3
4
π2σr2 cos (Θ). (21)

The final velocities have been extracted from 35 simulations with initial velocities of v0 =

1 . . . 5 m/s and equilibrium wetting angles of Θ = 0 . . . 180◦. The results are plotted as squares
in figure 3 (b) along with the exact values (solid lines). Comparing these results, the simulation
shows good agreement with the exact values over the entire range of velocities and wetting an-
gles. For cases where the initial kinetic energy was not high enough for the particle to pass the
liquid surface, the particle was repelled. Here, the error was within the computational accuracy.

3.2. Pinning and steady state

In the second test case, we test our model against the steady state of particle-fluid surface
dynamics. To mimic a pinned particle contact, we place the particle with its centre on the fixed
liquid surface and release it at the beginning of the simulation. For varying wetting angles Θ

and fluid viscosities η, which are given in table 1 along with the other parameters, the particle
position was monitored. As an example, figure 4 shows a series of snapshots of the oscillating
behaviour between the initial position at t = 0 ms and the final position at t = 100 ms.
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Figure 4: A series of snapshots for Θ = 120◦ and η = 5. Blue spheres: particles, solid lines: liquid surface, dashed line:
equilibrium position.

For all the test cases, figure 5 shows the evolution of the particle positions during the simula-
tions (solid lines) along with the equilibrium positions (dashed lines). At wetting angle Θ = 90◦,
the system remains at rest as it already is at its equilibrium position. For moderate contact angles
of Θ = 60◦ and 120◦, the particles reach a steady state position according to the equilibrium
position. While the evolution happens smooth and steady at high viscosity, there are some oscil-
lations at lower viscosities. In the more hydrophobic and hydrophilic cases (Θ = 180◦ − 150◦

and Θ = 0◦ − 30◦, respectively), the energy initially stored in the contact is larger so that during
particle movement more energy has to be dissipated in order to reach pinning at equilibrium.
This is the case for η = 25 mPas and, consequently, the particles reach steady state pinning. For
η = 5 and 10 mPas, the dissipation is not sufficient and particles get ejected from the surface.
In the case of η = 5 (figure 5 b) the ejected particles have not much momentum left due to the
higher viscosity and, consequently, get decelerated quickly by the drag force.
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Figure 5: Effect of wetting angle and viscosity on the dynamics of a particle contact with a steady liquid surface. Solid
lines: simulations, dashed lines: equilibrium position.

4. Application to spray drying

Finally, we apply our model to the simulation of drying drops of ceramic suspensions using
a solver that couples the DEM scheme with the volume of fluid (VoF) method.

The set-up of the 3D simulations consists of a cubic box of 1 mm edge length discretized
with 30 cells per direction. At the centre of this box, a drop of 500 µm diameter was placed and
filled with 30 vol% of solid particles of 20 µm diameter. The particles where placed randomly
but without initial overlap. A preliminary study with varying particle positions showed that their
initial arrangement has only a minor influence on the granule morphology. While 30 vol% is
a popular value [e.g. 4, 36], the usual particle size of 1 µm was not possible to model as this
would result in a number of particles which is much too high for the numerical simulation. In
cases where the number of particles is too large for a DEM simulation, it is a common technique
to artificially coarsen the particles (coarse graining) in order to obtain a computable system
[25]. Therefore, the DEM particles were coarse grained to 20 µm, which reduces the number
of particles from approximately 38m to only 4900 in the simulation. As these coarse grained
particles represent a number of real particles, their density was reduced from 3.94 g/cm3 (Al2O3)
to 2 g/cm3. The friction coefficient was set to the quite high value of 2 in order to mimic the real
non-spherical shape of the primary particles. The cohesion parameters reflect the bulk cohesion
of the primary particles and are generic model parameters. A reasonable parameter space has
been identified in preliminary test runs. A more in depth discussion of the coarse graining and
the interpretation of the cohesion model can be found in [37]. The carrier fluid was chosen
to be water as often used in the ceramic industry [e.g. 7, 8]. However, the fluid viscosity η
was increased by two orders of magnitude in order to reduce the numerical artefacts mentioned
in section 2.4 which are intrinsic to the surface tension model [31–33]. In the present case
this appears legit as the system is controlled by surface tension and viscous effects play only a
minor role. The damping parameter has been adopted from the corresponding example cases
of OpenFOAM. As inertia effects are very small in the present cases, this parameter is only of
minor influence. The simulation parameters are summarized in table 2.

Within this study, we used two different cohesion parameters: a wet cohesion ωi and a dry
10



Parameter Unit Section 4
Drop diameter µm 500
Solid content vol% 30
Fluid density g/cm3 1
Fluid viscosity Pa s 0.1
Diffusion coefficient mm2/s 20.7
Temperature ◦C 150
Particle density g/cm3 2
Wetting angle ◦ 60
Cohesion dry kN/m2 150
Cohesion wet kN/m2 0. . . 150
Surface tension mN/m 0.707. . . 70.7
Particle diameter µm 20
Friction coefficient − 2
Young’s modulus [N/m2] 1.7 · 106

Poisson ratio [−] 0.35
Damping parameter [Pa s] 0.2

Table 2: Simulation parameters for the simulation of spray drying.

cohesion ωo in order to mimic the complex particle contacts in real suspensions and dried gran-
ules, respectively. While the dry cohesion was kept constant in the simulations shown here, the
wet cohesion ωi was varied to 0, 10, 50 and 100% of the dry cohesion ωo, corresponding to
ωi/ωo = 0, 0.1, 0.5 and 1. This was done in order to have a variety of granule morphologies as a
base for variations of the capillary force.

The goal of this study was to identify the influence of the capillary force on the formation
of spray dried granules. Hence, the capillary surface tension was varied in the next step within
σ = {1/10, 1/3, 1, 3, 10}σ0, where σ0 = 7.07 mN/m. As a result, figure 6 shows cross sections
through the three granules with σ/σ0 = 0.1, 1 and 10. The slices shown here have a thickness
of roughly two particles. We observe a dense granule for high capillary surface tension (σ =

10σ0) whereas a granule with internal voids result from for medium (σ = σ0) and low (σ =

(a) σ = 0.1σ0 (b) σ = σ0 (c) σ = 10σ0

Figure 6: Cross sections through the base granules (ωo = 150 kN/m2, ωi/ωo = 0.5) with a thickness of roughly two
particles.
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0.1σ0) surface tensions. For the medium surface tension the particles in the interior gather at the
surrounding shell, while at σ = 0.1σ0 some thin networks remain inside the granule.

The resulting granules where evaluated in terms of packing density. High packing densities
correspond to dense granules whereas hollow and porous granules correspond to low packing
densities. Figure 7 shows the packing density of the resulting granules as a function of the
capillary surface tension for the different wet cohesions. In figure 7 we can see the base granules
from figure 6 represented by a column of points at σ = 0.00707 N/m corresponding to the
different granule morphologies.

Furthermore, we observe a strong dependency of the granule density on the capillary surface
tension relating low surface tensions with low densities and high surface tensions with high
densities. The correlation is not linear, however. Indeed the mode of correlation itself depends
on the cohesion as we observe a relatively smooth transition for high wet cohesions opposed to
a rather sharp, almost step-like transition for low wet cohesion.

On top of this non-linear correlation, we find the range of the granule densities for different
cohesions to also depend on the capillary surface tension. At the base parameter σ = σ0 we
observe a relatively large variation of 13.5%. A low surface tension of σ = 0.1σ0 results in a
range of the granule densities of 7% while a high surface tension of σ = 10σ0 reduces the range
to 2.2%.

5. Discussion

The drying of drops of ceramic suspensions in the spray drying process yielding solid gran-
ules has been investigated thoroughly in the past. However, in the majority of the reports, both
experimental [2–7] and simulation [9–14, 17, 18], the influence of surface tension has not been
studied in any detail. It was part of the idea of this study to close this gap using simulations, but
on the other hand, this lack of experimental data makes it hard do carry out immediate validation
of the results by experimental data.
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Nonetheless, our results provide reasonably plausible qualitative insight into the mechanisms
of granule formation and provide a clear correlation between capillary surface tension and the
resulting granule morphology: As evaporation takes place, the solid particles are pushed towards
the centre of the drop by the receding liquid surface, which corresponds to a concentration of
particles beneath the drop surface. As the drying goes on, the evolution of the granule is dom-
inated by two effects: (i) the formation of a more or less stable shell whose physical strength
is dominated by cohesion and (ii) the compressive stress exerted on this network of particles by
the capillary surface tension. Hence, if the compression is strong enough against the cohesive
network, some bonds may break yielding ductile deformation and rearrangement of the particles
which leads to solid granules. In turn, if the strength of the cohesive bonds is strong against the
capillary stress, the particle network may withstand the external load and the surface penetrates
the shell, leading to a hollow and porous granules.

Corresponding with experimental findings [e.g. 36, 38], our simulations show the formation
of internal voids inside the granules (see figure 6). These voids are generated during the drying
process. Usually, the particles are randomly distributed within the drop, so that no initial voids
exist. The mechanism forming the large internal voids is that once the outer shell is strong
enough, the liquid surface penetrates the granule and at some point the drying process may lose
its symmetry. I.e., the capillary forces transport the particles to one certain region inside the
granule and therefore creates a void elsewhere. Corresponding experimental results showing
hollow granules with a lump of material on the inside can be found in literature [e.g. 36].

The influence of the evaporation rate has not been studied in this work. This might be an
interesting aspect to be addressed in future work.

6. Summary and Conclusions

A capillary force model was derived for particles in contact with liquid surfaces. It is based
on the Young-Laplace and Young equations and requires the capillary necks to be negligible.

The validation of the particle-surface contact model implementation showed good agreement
with theory in terms of energy conservation and the steady state pinning of particles at the surface.

The model was implemented into a coupled DEM-VoF solver and applied to the drying of
spherical drops of ceramic suspensions as a representative model for granule formation in the
spray drying process. The variation of the capillary surface tension revealed a non-linear corre-
lation with the resulting granule density and morphology relating high surface tensions to dense
granules and vice versa. This clearly suggests that surface tension is an important parameter in
spray drying and that it should not be neglected in product and process design. An explanation
of the results was provided that extends the established concept of particle mobility [4, 36, 38]
by the influence of shell stability.
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