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Experimental Investigation and Numerical Simulation
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Summary: Acoustic levitation was investigated as a model for spray processes. The
influence of different parameters on the drying process of aqueous polyvinylpyrro-
lidone (PVP) solutions was studied and compared to the evaporation of water. The
adequacy of acoustic levitation as model for spray processes was demonstrated.
Experiments with water and aqueous PVP solutions indicated no dependency of the
droplet size on the drying process for droplets with a diameter between 300 um
and 1.5 mm. Particles dried in an acoustic levitator displayed good accordance of
morphology with those obtained in a spray tower. Surprisingly the addition of PVP to
water resulted in faster evaporation of the solvent. Mathematical models of single
droplets within a spray process typically refer to spherically symmetric droplet
geometries. The simulation of other morphologies and their evolution throughout
the process is still very challenging. A new drying model based on a fully three-
dimensional meshfree approach is under development and shows good agreement to
basic established models regarding the drying of a single droplet.
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Introduction

Spray processes are widely used in industry.
Almost every detergent, instant coffee,
milk, egg and tomato powder as well as
many chemical, pharmaceutical and bio-
chemical precursors are spray-dried.’
Depending on the application of the
powders, characteristics like free flowing
property and the ability to develop enough
linkage force between particles for direct
compression of tablets are essential. These
characteristics are defined by morphological
properties which in turn can be influenced by
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process parameters like temperature, gas
flow velocity and droplet size.

Properties of used and obtained sub-
stances can be measured, but especially the
occurrences during the falling period of
the sprayed substances are essential for
the understanding of the drying processes.
Due to the falling velocity of droplets inside
the spray apparatus, observation is difficult.
To gain insight into these processes a
contactless positioning of the probe mate-
rial seems to be helpful.

Thus acoustic levitation was investigated
as a method for contactless positioning of
objects. Using the pressure distribution
inside a standing acoustic wave it is possible
to levitate solid as well as liquid samples.
The relative movement of droplets during
the fall in a spray tower can be simulated by
generating a gas flow around levitated
droplets. Convective mass and heat transfer
are taken into account and are comparable
to those of a falling droplet.
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Principle of Acoustic Levitation
First studies regarding the containerless
positioning of objects by acoustic forces
were published by King in 1934.”! In the
19705 the National Aeronautics and Space
Administration (NASA) as well as the
European Space Agency (ESA) conducted
research on acoustic levitation to carry out
experiments under microgravity condi-
tions.** Since then acoustic levitation
was subject of many investigations and
the principles are well described in litera-
ture.[>6)

The employed acoustic levitator consists
of a transducer which oscillates with a
frequency in ultra sonic range and a
reflector which reflects the generated wave.
Due to the identical wavelengths of incom-
ing and reflected waves, it is possible to
realize a standing wave by adjusting the
transducer and reflector distance. Depend-
ing on the distance between transducer and
reflector more than one pressure node can
be produced. At a distance d of a multiple of
a half wavelength A the resonance condition
is given and a stable levitation can be
achieved (Eq. (1)).

A
d:ni withn =1,2,3... (1)
The pressure distribution inside the
standing wave allows radial as well as axial
positioning of small samples and is not
dependent on physical properties like

transducer
p .~

electric conductivity or diamagnetism.
The standing wave is described by different
variables with sound pressure p and
particle velocity v being the most impor-
tant. Sound pressure p results from periodic
compression and relaxation of the fluid
in the acoustic levitation field (ALF)
and is responsible for axial positioning.
Equation (2) describes the periodicity of
the sound pressure with wave number k and
distance z between a pressure node and the
transducer.

p= PmaxCOS(kZ) (2)

The Bernoulli principle states that an
increase in speed is accompanied by a
decrease in pressure. Particles in the
standing wave oscillate around a virtual
idle state where their maximum speed is at
the position of the idle state and their
minimal speed at the reversal point. There-
fore the pressure is highest at the bound-
aries of the standing wave and decreases
towards the levitation axis. This results in a
radial positioning of objects in the ALF and
is described by Eq. (3).

V = VmaxSin(kz) 3)

Combination of the effects of axial and
radial positioning forces compensates grav-
itational forces and allows levitation of
objects. On earth levitation occurs slightly
beneath the pressure node due to gravitaty
(Figure 1).
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Figure 1.
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particle axial and radial
velocity positioning forces

Sound pressure and particle velocity in a standing acoustic wave between transducer and reflector of an acoustic

levitator.
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Experimental Part

All experiments were conducted with a
non-commercial acoustic levitator working
at 42kHz. Temperatures above room
temperature (rt) were generated by
employing a process chamber which was
positioned around the ALF. On the outer
surface of the chamber a resistance wire
was attached and the setup was isolated
with glass wool. The used reflectors were
punctuated with one respectively five vents
in the centre as inlet for a gas flow around
the levitated droplets.

Aqueous solutions of polyvinylpyrroli-
done (PVP) were prepared by dissolving
Kollidon® 30 (BASF SE, Germany) in
bidestilled water. All reference experi-
ments were performed with bidestilled
water.

There were in principle two different
methods for the insertion of droplets with a
diameter up to 2.5mm into the ALF. The
solution was either nebulized by the
transducer, the resulting mist then accu-
mulates in split second in all pressure
nodes, or the solution was inserted directly
into one specific pressure node with a
capillary.

The inserted droplets were observed
with a camera (PixeLINK PL-A741) in
front of an illuminated background. The
recorded images were analyzed with the
software ProAnalyst which gave the cross
sectional area in pixel. The conversion into
SI units was carried out via a calibration
with a microscope scale.

The scanning electron microscope
(SEM) LEO 1525 was used to investigate
the morphology of dried particles.

Spray drying experiments were con-
ducted in a tower with a height of 14 m.
Solutions were introduced into the
tower with a self constructed droplet
generator which yields a droplet chain
through an aperture. The droplets were
up to 300 wm in diameter. The temperature
was controlled with a heated parallel
gas flow and the temperature decreased
from 225°C at the intake to 90°C at the
outlet.

Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Single Droplet Drying in an Acoustic
Levitator

In this section the drying kinetics of
aqueous PVP solutions are discussed. The
influence of process parameters like tem-
perature, droplet size, gas flow and con-
centration on the drying process are
investigated to study the transferability of
the results to actual conditions in a spray
process and to demonstrate the reproduci-
bility of experiments in the acoustic
levitator.

Influence of the Temperature on Drying
Kinetics

During the drying energy for the phase
transition of the solvent into the gaseous
phase is taken from the vicinity. Hence the
temperature of the drying solution is lower
than the temperature of the surrounding
medium. By raising the gas atmosphere
temperature the evaporation proceeds
faster, because the system is provided with
more energy in form of heat.

Evaporation of water and PVP solutions
at different temperatures were analyzed.
Comparison of cross sectional areas over
time revealed the expected behavior: the
higher the temperature the faster the
evaporation. In Figure 2 the cross sectional
areas of water droplets are plotted against
time at room temperature, 90°C and
140°C. In accordance with the d°-law a
linear correlation exists between the
decrease of the squared radius r and time
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Figure 2.
Comparison of the standardized cross sectional area
of water droplets at different temperatures.

www.ms-journal.de

237



2381

Macromol. Symp. 20m, 302, 235-244

1 (Eq. (4)).] The influence of the ALF on
the progress of the drying is negligible.

> = rj—pt with

g 2D oM <P* poo) Sh 4)

R \Ty Tx) 2

The diffusivity D,y of vapor in the gas
phase, molecular mass M, liquid density py,
saturation vapor pressure on the surface (p)
and vapor pressure in the gas phase (p.,)
as well as temperatures on the surface (7,,,)
and in the gas phase (7.,) are combined
in variable B describing the drying rate
(unitm?®s). The last term including the
Sherwood number Sk accounts for forced
convection around the droplet.l®!

Influence of the PVP Concentration on
Drying Kinetics

If the drying process of solutions is
investigated the influence of solid matter
in the solvent on phase transition has to be
regarded. Raoult’s law correlates the vapor
pressure p; above a solution of a compo-
nent B in solvent A with mole fraction x4
and vapor pressure p, of the pure solvent

(Eq. (5)).
PL =PaXA + PBXB (5)

At constant temperature a higher con-
centration of dissolved component B results
in a decrease of the vapor pressure of
solvent A. On the other hand polymer
molecules will be arranged preferably at the
surface of the droplet. This entropic effect
results from gaining degrees of freedom
when one polymer molecule displaces more
than one solvent molecule. While every
solvent molecule which moves into the bulk
of the droplet gains a degree of freedom
only one polymer molecule loses one
degree of freedom. By replacing solvent
molecules by polymer molecules the sur-
face tension y of the solution will be altered
which in turn results in a changed phase
transition rate.

For this reason the drying behavior of
aqueous PVP solutions with different
concentrations was investigated and com-
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Figure 3.
Cross sectional area of water and aqueous PVP
solutions with different concentrations.

pared to the evaporation of water
(Figure 3). The decrease of the cross
sectional area of PVP solutions proceeded
faster than that of water. Even for a mass
fraction of Swt% PVP the decrease was
considerably higher and no further change
in the decrease could be observed for
higher concentrations of PVP.

The experiments disagree with the
expected boiling-point elevation. A possi-
ble reason is the reduction of the surface
tension by addition of polymer. The
experiments displayed a higher mass trans-
portation from the liquid into the gaseous
phase if polymer was dissolved. Identical
drying rates for mass fractions of 5 wt% and
higher could be the result of a critical
micelle concentration (CMC) where any
further addition of polymer will increase
the number of micelles but not the number
of polymer molecules on the surface.

Influence of the Gas Flow on Drying

Kinetics

During the falling period the evaporated
solvent is constantly removed from the
vicinity of the droplet. Mass and heat flow
are enhanced by convection and proceed
faster in comparison to a resting droplet. By
increasing the droplet size the falling
velocity of the droplet rises and the phase
transition of the solvent into the gaseous
phase occurs faster. The reason for this is
that evaporated solvent will be removed
more rapidly from the immediate vicinity

www.ms-journal.de
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Figure 4.

Cross sectional areas of water droplets at room
temperature with different gas flow velocities.

and the concentration gradient will be
increased. In an acoustic levitator the
relative velocity of the falling droplet can
be simulated by generating a gas flow
around the droplet.

To investigate the influence of the gas
flow on the drying kinetics, experiments
with water and aqueous PVP solutions were
conducted. As expected the evaporation of
the liquid proceeded faster with increasing
gas flow for water as well as PVP solutions
(Figure 4).

A numerical model to describe the
drying kinetics of droplets of solid matter
solutions which show negligible interaction
with the solvent was developed and the
results were compared to the experimental
data. For a given gas flow only a range of
drying rates could be determined, because
the actual gas velocity at the position of the
droplet was unknown. After exiting the gas
nozzle in the reflector the gas flow rapidly
expanded and the gas velocity decreased.
Figure 5 displays limit cases where the
upper limit represents the gas velocity in
the nozzle and the lower one the velocity
inside the whole process chamber.

Computational fluid dynamics (CFD)
were used to determine the actual gas
velocity at the position of the droplet. For a
gas velocity of 1.9m/s at the gas nozzle an
actual velocity of 0.24m/s at a distance of
12.3mm between droplet and gas nozzle
was simulated. The bulk of the gas flow thus
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Comparison of experimental data with numerical
results for the drying of a 5 wt% PVP solution.

did not reach the droplet but was distracted
by flows to openings in the process
chamber. Drying kinetics of the model
were in good accordance with the experi-
mental data when applying gas velocities
simulated with CFD (Figure 5).

Comparison of PVP Morphologies Dried in

an Acoustic Levitator and in a Spray Tower
An indicator for comparable conditions in
levitator and spray tower is the obtained
morphology of the dried particles. The
formation of surface structures depends i.a.
on temperature and solvent. If the tem-
perature is below the solvents boiling point
the evaporation occurs on the surface of the
drying particles. For polymer solutions
which yield particles with a smooth surface
drying under these conditions results in
hollow particles. Evaporation of solvent
occurs on the surface and mass flow of
solvent from the inside of the particle
proceeds rapidly compared to the evapora-
tion process. In the course of drying an
indention forms on top and the surface
bends inward until it reaches the bottom
where either a fracture in the bottom
surface produces a donut-like structure or
if no rupture occurs a hollow particle with
an opening on top forms.

For temperatures above the boiling
point the evaporation proceeds faster than
diffusion of solvent through the surface of
the drying particle. The evaporation takes
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place on the inside of the particle and
inflates the particle. If there is only a small
amount of solvent inside the particle it stays
inflated and expanded hollow particles are
obtained. If the volume of the evaporated
solvent is considerably larger than the
volume of the particle the surface bursts
and collapses to gain a shriveled structure.
Drying of aqueous PVP solutions at
different temperatures in the acoustic
levitator yielded smooth surfaces at room
temperature and partially shriveled struc-
tures at 60 °C and 90 °C. Partially shriveled
structures could be the result of areas on the
surface where cavities were formed and
the shell collapsed on release of the water.
For temperatures above the boiling point
of water, i.e. at 140°C, inflated as well
as collapsed structures were obtained
(Figure 6). Comparison with particles dried
in a spray tower provided good conformance
of morphology (Figure 6, bottom right).

Meshfree Simulation of Single
Droplet Drying

Simulation of Morphology Evolution
The particle morphologies presented above
cannot be described with common mathe-

matical models for single droplet drying.
These models commonly assume a spheri-
cally symmetric distribution of the relevant
quantities (concentrations, temperature)
over the entire droplet. Therefore only
radial gradients are considered. Structures
of higher dimensions can only be regarded
using effective parameters, e.g. for trans-
port inside a porous shell. A description of
more complicated morphologies — like the
ones presented above — will only be possible
using a fully three-dimensional model.
Simulation of voidages, fractures, multi-
phase systems and moving interfaces inside
a droplet is very challenging. Grid-based
simulation methods suffer from the costly
computation of the interface as well as the
permanent grid adaptation. Further pro-
blems arise when large deformations need
to be calculated. Meshfree methods offer a
different approach based on a Lagrangian
point of view. Calculation nodes are
irregularly distributed over the domain
and can - according to the laws of
hydrodynamics — move independently with-
out the need of remeshing. Particle-based
methods, such as SPH, can address multi-
phase problems by using several kinds of
particles with different behaviour for each
phase. Movement and distortion of inter-

Figure 6.

Morphologies of particles dried in an acoustic levitator at room temperature (top left), 90 °C (top right), 140 °C
(bottom left) as well as particles dried in a spray tower at a temperature ranging from 225 °C to 90 °C (bottom

right).
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faces can be followed by tracking interfacial
particles.

Based on the method Smoothed Particle
Hydrodynamics (SPH) a three-dimensional
model is under development aiming on a
detailed description of morphology evolu-
tion in a droplet. First results for the drying
of a pure liquid droplet have been obtained.
In future the model shall be enhanced to be
capable of treating irregular morphologies
like the ones originating from the experi-
ments described above.

Smoothed Particle Hydrodynamics
The meshfree method Smoothed Particle
Hydrodynamics was originally developed
for astrophysical problems in 1977 by
Lucy[g] and Gingold and Monaghan.[w] In
SPH particles (interpolation points) repre-
sent a finite mass inside the whole simula-
tion domain. Each particle bears a vector
of inner variables such as temperature,
concentrations etc., which represent the
respective property for this part of the
domain.

For a particle i a quantity fis represented
in SPH using an integral approximation

fi= YWy (h) ©)
i P

where m; and p; are mass and density of
particle j. W is the smoothing kernel with a
length scale (smoothing length) /4. Theore-
tically every particle i interacts with all
other particles and i itself. As the kernel has
compact support and becomes zero for
larger distances between i and j, only
particles inside a certain radius from i need
to be regarded.

The first spatial derivative of f can be
evaluated using

Vfi= Z%ff'vwﬁ(h) (7)

J
with the spatial derivative of the kernel W
with respect to the distance r being

AW (h)
s ®

where e;; is the unit vector between
particles i and j.'""! The second derivative

VWii(h) = e
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is usually computed via

2 mi fl f/ dW,]( )
(Vf), _22/3] oy dr ©)

Typical kernels amongst others are
spline kernels. A continuum equation can
be transformed into an SPH formulation by
replacing the respective quantities or their
derivatives by one of the summation
formulas given above. Therefore model
equations can be derived in a consistent
way from continuum laws without addi-
tional parameterisation.

Model Equations

As SPH has been hardly used in chemical
process engineering so far, an SPH model
describing the drying of droplets had to
be developed from scratch and validated
in comparison to existing grid-based
approaches. Hence in a first step simple
equations for a spherically model were
taken from Sloth et all"! and then trans-
lated into an SPH formulation. For simpli-
city only a pure, single-phase liquid inside
the droplet was considered.

The SPH model is written in Cartesian
coordinates, as it shall be able to cope with
non-spherical geometries later on. The SPH
formulation for heat conduction inside the
liquid droplet is expressed vial'®!

darT;

m; 4)»,‘)»,' T,—T] dW,,(h)
i

7 ijklﬁ»)\.] ‘l‘i—rj‘ dl"
(10)

where ¢ is time, T the temperature, ¢, the
specific heat capacity and / the heat
conduction of the liquid. The vector r
represents the position of a particle.

Heat and mass fluxes calculated by
Nusselt and Sherwood correlations cannot
be implemented directly in SPH as the heat
transfer coefficient o and the mass transfer
coefficient B are area-based parameters and
SPH particles are volume based. Using the
CSF model originally developed for the
calculation of surface tension by Brackbill
et all'"¥! the area to volume fraction can be
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found via the following expression:

Ve

e

V is the particle volume and ¢ a colour
function, which has different values on both
sides of the interface and therefore can be
used for interface detection. Here the
particle type is used as a colour function.
The gradient of the colour function divided
by its jump across the interface [c] yields the
relation of area to volume for an interface
particle. Details can be found in!**! and."¢!

The mass transfer across the interface

for a liquid boundary particle i/ is modelled
by

%Z Vic;VWii(h) (11)
]

dmi

de

Ve B
o RT (12)

MW, is the molar weight of the liquid, g the
mass transfer coefficient and R the ideal gas
constant. The vapour pressure p,, is calcu-
lated using Antoine’s law for the tempera-
tures at the droplet surface and far away
from the droplet (7,,) respectively.

The heat transfer across the interface
particle is added as a source term to Eq.
(10) for interfacial fluid particles

—2ViMW, (Pvi=pPvec)

c ﬁ: Zﬂ 4)»1‘)»,‘ T[—Tj dW,,(h)
Pt T 0ifj At A ‘l‘i—l‘j| dr
Ve a
YT,
[c] p( )
(13)

where « is the heat transfer coefficient. The
temperature change due to the latent heat
of vaporisation is also added to the
respective particles.

o
00000000
o o
+
+
'R

o
o0 o0
o

Figure 7.

Gas particles are kept at a distinct
temperature (7,,) and vapour pressure
and particle positions are kept constant.
Timesteps are computed using explicit time
integration. The mass of a liquid, interfacial
particle decreases until it reaches zero.
Then the particle will be transformed into a
gas particle.

Results

Calculations have been performed for a
droplet of radius 0.3 mm. For simplicity the
particles were adjusted in a cubic align-
ment. All particles are of the same size.
Figure 7 shows an example setup consisting
of 1300 particles with dots representing
liquid particles and circles standing for gas
particles. Only a part of the whole droplet
was calculated to keep the computational
effort reasonable.

Figure 8 shows results of the SPH model
in comparison to a mesh-based calculation
for a droplet (left) and a flat geometry
(right). It can be seen that the SPH
approach matches the mesh-based results
very well, regardless of the surface curva-
ture. This is a very important point for
simulations of morphology evolution as
interfaces will be arbitrarily shaped.

Modelling Morphology Evolution Using

SPH

Meshfree approaches have been proven to
be applicable to structure forming pro-
cesses.!'”l However methods like DEM
represent material behaviour such as a
visco-plastic one by spring-damper systems.

o W o
s2S8
+ o~ o0 i

PR .

- e e s uee @0 P o
v e w e et e oD O gD R @
L Lonnow il e e g g0 ™
A ot O -
: - @ - b aew pe ww et Ol DI gEE XD
TN n e m R e e e e ®
el i N e am e e e O D gD O
. @ e - «wwwwwwﬂﬂdﬂg

‘-‘“’dd’ﬁo’*ﬁﬁﬂﬂﬂopw
T T LT L T a e e w0 g g B0
e et e e et e A gl Ol 0
T T e e as o0 pE gD G0 ©

- e e e ser gD oED g0

s e e we @R oD o0

W e 00 gF it 90

g gD @0

o W @

Particle setup with 1300 particles, 2D projection (left), full 3D setup (right).
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Drying of a droplet (left, r,=0.3mm) and an infinitely extended water bassin (right, h, = 0.1m) with initial

T)=150°C and outer conditions Ty =60 °C, rH =50%.

The parameterisation of these particle-
particle interactions strongly affects the
simulation result and cannot be derived
directly from continuum laws. A consistent
derivation of model equations from con-
tinuum laws as in SPH is desirable.

To show the capability of the SPH
approach to model morphology determin-
ing processes a simple two-dimensional
example of a structure-forming process
determined by different material behaviour
is presented in the next paragraph. Details
can be found in.!**!

Figure 9, frame 1 shows the computa-
tional domain. Different particle colours

Figure 9.

signify different materials and material
behaviour. Grey particles are polymer
with a visco-plastic Bingham behaviour
described by the Cross model.'”! The
black-white particles in rhomb shape in
the middle represent a visco-plastic wax. A
solid is modelled as a linear elastic material
represented with black particles.

The viscoplastic wax decomposes
together with oxygen diffusing from the
upper boundary. A pore consisting of
a gaseous blowing agent is formed
(frames 2-3). When the pressure inside
the pore exceeds the polymer yield stress,
the polymer begins to flow (frames 4-5).

\1}‘

SPH simulation of the development of a single pore in a visco-plastic substrate.
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Due to the irregularly distributed solids
the deformation is not symmetric. When
the polymer cracks, pressure compensation
with the surrounding takes place and the
polymer deformation stops. The final
porous structure is shown in frame 6.

Conclusion

Acoustic levitation was investigated as an
adequate model for spray processes regard-
ing drying kinetics and morphology forma-
tion. Drying of aqueous PVP solutions
demonstrated reproducibility and dis-
played good accordance of morphology
for particles dried in an acoustic levitator
and in a spray tower. The influence of PVP
in aqueous solutions on the drying kinetics
disagreed with Raoult’s law (Eq. (5)).
Further studies regarding the surface ten-
sion of PVP solutions and concentration of
dissolved polymer in water have to be
conducted. All things considered the
experiments confirmed acoustic levitation
as a comparably inexpensive technology
that allows for fast and simple insights into
spray processes.

Meshfree simulations have proven to be
capable of modelling morphology deter-
mining processes. Multiphase systems with
moving interfaces and strong distortions
can be represented. A new droplet drying
model based on an SPH approach has been
developed and validated. More advanced
studies regarding droplet drying and poly-
merisation based on this approach will be
developed in future and experimentally
validated with experiments in an acoustic
levitator.
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