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Tag der mündlichen Prüfung:
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terstützung und Förderung bedanken. Durch ihn habe ich nicht nur viel über Feststof-

fverfahrenstechnik gelernt und in fachlichen Diskussionen neue Denkansätze zu meinem

Forschungsthema bekommen, sondern auch die Möglichkeit erhalten, meine Ergebnisse
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Abstract

The spouted bed technology was developed in 1954 by Mathur and Gishler (1955) when

they failed in drying wheat granules in fluidized beds. In comparison to classical fluidized

beds, which were developed 32 years before as gasifier by Fritz Winkler (Basu and Fraser,

1991), the flow pattern in a spouted bed is more structured. High gas velocities in the

center of the process chamber cause a fountain-like spouting of the particles with a

downwards movement along the walls. The technology has shown great applicability

for particles which are difficult to handle in fluidized beds, as e.g. very small or very

big or cohesive ones. For this reason, it has attracted interest for continuous operation

in industry as e.g. by the industry partner of this research project, the BASF SE in

Ludwigshafen, Germany.

Different apparatus configurations of spouted beds are nowadays available. In this the-

sis, prismatic spouted beds of different size were investigated as they have shown ad-

vantages in terms of up-scaling and process handling. The laboratory apparatus, named

ProCell R©5, was investigated in its original version and as transparent replica made of

plexiglass, which allows for visual observation of flow patterns. By means of pressure

drop fluctuations and high-speed camera recording, the stability was quantified in de-

pendence on the particle bed mass, its composition, the gas volume flow rate and draft

plates installed in the process chamber. All investigations were performed with spherical

Gedart B particles. These were chosen as model systems due to the similar size to active

agent particles used by the project partner BASF. In addition to experiments regarding

spouting stability, the liquid injection for coating purposes was investigated and quanti-

fied among others by digital image analysis and optical coherence tomography (OCT).

Both flow pattern and liquid injection were investigated using coupled CFD (Computa-

tional Fluid Dynamics) and DEM (Discrete Element Method) simulations. The models,

parameters and the applied coarse-graining algorithm for handling high numbers of par-

ticles are described in detail in this work.

In addition to the characterization of the laboratory apparatus, a pilot scale prismatic

spouted bed (ProCell R©25 ) was operated in continuous operation. The main aim was the

measurement of the residence time distribution (RTD) and the minimization of back-

mixing between the different stages in the process chamber. For the determination of

the RTD the tracer impulse method was used, whereby a new tracer production method

by coating of bed particles with a magnetizable paint was developed. Different opening

geometries in the plates, which separate the four chambers, were tested and validated

regarding their influence on the particle transport and back-mixing.

iii
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Latin symbols

a projected area m2

B brightness -

Bo Bodenstein number -

c concentration kg kg−1, kgm−3

c specific heat J kg−1K−1

C dimensionless concentration -

Co Courant number -

d diameter m

di distance measure m

D dispersion/diffusion coefficient m2 s−1

e coefficient of restitution -

e error %
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E(t) exit age distribution s−1

f factor -

F frame -

Fi force i N

F (t) sum distribution of residence time -

F Fourier transform Pa

g gravitational acceleration m s−2

h enthalpy J kg−1

h height m

H bed height m

i point -

I image -

Ii inertia tensor kgm2 rad−1

j y-intercept -
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x Symbols

J empirical correction factor -

JHS cost function -

k kinetic energy of turbulence m2 s−2
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ṁ mass flow rate kg s−1

MV measurement variance -
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p pressure Pa
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PV process variance -

q density distribution -, m−1

Q sum distribution -
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r radius m
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R recurrence matrix -
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xii Symbols
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ωk rotational velocity rad s−1
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Indices
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p particle
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1

Introduction

1.1 Spouted bed technology

Particles, which are difficult to handle in fluidized beds due to their size or surface

properties, can be fluidized in spouted beds. The term spouted bed has been introduced

by Mathur and Gishler in 1954 (Ernest and Mathur, 1957) to describe a type of dense-

phase solids operation by which they could dry moist wheat particles which had caused

slugging during fluidized bed operation. The spouting can be obtained with a gas or

a liquid, whereby the fluidization quality with a liquid is reported as low (Mathur and

Epstein, 1974). Therefore, spouting is mostly investigated with gas media and the

research of this thesis is focused on the gas-solid process.

1.1.1 General process description

In contrast to fluidized beds the gas enters the process chamber via a slit or a narrow

circular inlet instead of a distributor plate over the whole cross-sectional area. The

smaller cross-section of the gas inlet causes high gas velocities that accelerate particles,

which gives the typical spout pattern. Due to the increasing cross-sectional area with

height and the decreasing gas velocity, the upward particle transport is decelerated and

the particles fall from the mushroom-shaped fountain zone at the highest point of the

spout along the apparatus walls back into the ground area, which is called annulus zone.

From these zones with dense particle packing, the particles move again into the gas

inlet area and the circulation cycle repeats. The flow pattern is more directed and less

random than in fluidized beds as shown in figure 1.1, which results in improved heat,

mass and momentum transfer. Because of the high gas velocities in the spout region

and the resulting vigorous particle circulation, higher temperatures than in analogous

1
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2 1 Introduction

gas gas 

gas gas 

gas 

fluidized bed spouted bed 

fountain 

annulus 
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Figure 1.1: Comparison of flow patterns in a fluidized (left) and a spouted bed (right)
apparatus.

fluidized bed operation can be used and the risk of single spots with high temperatures

is reduced (Epstein and Grace, 2011). This is advantageous for drying purposes as well

as for processing of temperature-sensitive material as e.g. enzymes, which usually must

not exceed temperatures higher than 60 ◦C in order to avoid denaturing (Toole and

Toole, 2008).

Since its invention different types of spouted beds have been developed, which are catego-

rized as axisymmetric, asymmetric or slot-rectangular. The three-dimensional apparatus

investigated in this thesis can be assigned to the category of slot-rectangular spouted

beds and is often termed as prismatic. The apparatus geometry has been investigated

intensively by Gryczka (2009) and Salikov (2017) in a pseudo two-dimensional variant

in order to reduce the computational effort. The gas inlet in the present prismatic ap-

paratus is realized by two parallel slits whose heights are adjustable by two rotatable,

flattened cylinders (Mörl et al., 2001). By temporary decreasing the slit height, the

gas velocity is increased which allows loosening of blockages without a stopping of the

process. Besides the geometry of the apparatus, the flow pattern in a spouted bed and

its stability depend on the gas velocity, the particle bed height and the properties of the

bed and wall material. For a given geometry and particle type, a regime map can be

obtained indicating the different spout regimes and their transitions. The spout regime

is then dependent on the gas velocity: At low gas velocities, the particle bed remains

static, which is termed as the fixed bed region. With increasing gas velocity, bubbles are
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1.1 Spouted bed technology 3

formed that ascend to the bed surface. The regime of stable spouting is reached at the

so-called minimum spouting velocity (ums). Here, the typical spouted bed flow pattern

with its three zones, namely spout, fountain and annulus zone, can be observed. By

further increasing the gas velocity the spout shows instabilities, which can be seen by

lateral deflections and by variations in the bed expansion height. Mathur and Gishler

(1955) created regime maps by plotting the bed depth against the superficial air velo-

city for example for Ottawa sand fluidized in a spouted bed column with a diameter of

152 mm. Salikov et al. (2015b) obtained a regime map for a pseudo two-dimensional

prismatic spouted bed apparatus made of polycarbonate with 1.8 mm γ-Al2O3 particles.

In their proposed dimensionless depiction the particle Reynolds number in the inlet slits

is plotted against the ratio between the height of the gas inlet slit h and the static bed

height Hst. The spouting stability was experimentally characterized and quantified by

Salikov et al. (2015b) via observations with a high-speed camera and by fast Fourier

transform (FFT) of pressure drop fluctuations measured with a high frequency pres-

sure detector. Also Freitas et al. (2004), Chen et al. (2008), Piskova and Mörl (2008),

Gryczka et al. (2009) and others used a Fourier transform of the bed pressure drop for

analysis of the spouting stability in rectangular spouted beds. The power spectra ob-

tained by Freitas et al. (2004) show a well-defined dominant frequency between 5 and

7.5 Hz as an attribute of the dense stable spouting in a slot-rectangular bed with a

single vertical gas inlet. Gryczka et al. (2009) found a similar dominant frequency as a

characteristic value of stable spouting in the prismatic spouted bed with two adjustable

gas inlets (about 6 Hz). A frequency of around 6 Hz for the same prismatic appara-

tus was confirmed by Salikov et al. (2015b). Salikov et al. (2015b) could increase the

range of stable spouting by inserting two parallel plates into the process chamber. They

found that the area above the middle profile and the interface between the spout and

the annulus zone are characterized by oscillations and spout deflections, which can be

reduced by the plates. Luo et al. (2004) found the installation of draft plates in their

investigated slot-rectangular spouted bed to result in an unstable ”conveying-moving

bed” after a bubbling and slugging regime. The installation of additional stabilizers in

spouted beds has also been reported for other geometric types. Altzibar et al. (2008)

reported a reduced fountain height and a higher drying efficiency with a conical spouted

bed equipped with a draft tube. They found the minimum spouting velocity, the peak

pressure drop and the operating pressure drop to be influenced by the geometric factors

of the tube (Altzibar et al., 2009).

At high gas velocities, Salikov et al. (2015b) ascertained a second stable spouting regime

with lower particle void fractions, namely the dilute or jet spouting, which had not been

reported before. They recommended the dilute spouting regime for low to intermediate

bed masses in large apparatuses due to the increased risk of particle elutriation and
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defined it promising for the stable spouting of very fine particles. Brandt et al. (2013)

and Wolff et al. (2014) made use of the dilute spouting in a prismatic process chamber

with a very large free-board zone for the granulation of m-sized ceramic particles with

a thermoplastic polymer in order to produce homogeneous composites with ultrahigh

packing density. Similarly, Eichner et al. (2017) conducted spray coating in the dilute

spouting regime of a specially designed prismatic apparatus with a large relaxation zone

to achieve uniformly polymer coated m-sized copper particles.

In fluidized beds the bed pressure drop increases linearly with the gas velocity during the

fixed bed state until the minimum fluidization velocity umf is reached and fluidization is

initialized. During fluidization of the bed, the pressure drop is constant and independent

of the gas velocity. In case of a spouted bed, the pressure drop-gas velocity behavior

is different. Again, the bed pressure drop is linearly increasing but after that a bed

pressure drop peak occurs which is caused by first bubbles bursting the bed surface.

Afterwards the bed pressure drop is drastically decreasing to a point at which spouting

begins (ums). During stable spouting the bed pressure drop is almost constant but

decreases when reaching the instable spouting regime.

Geldart (1973) classified particles according to their properties and the resulting fluidiza-

tion behavior into four different classes from A to D. Group A particles have a particle

size between 20 and 100 m and a density below 1400 kgm−3. Beds consisting of this

material expand considerably before bubbling occurs. Geldart group B includes particles

in a size range between 40 and 500 m with a density between 400 and 1400 kgm−3 and

shows bubbling at the minimum fluidization velocity. Group C particles are small and

cohesive powders with a particle size between 20 and 30 m and are difficult to fluidize.

Particles categorized into group D are large and/or dense particle powders which require

high gas volume flow rates for fluidization. In this thesis, microcrystalline cellulose par-

ticles and alumina (γ-Al2O3) particles were investigated, both in a particle diameter

range of around 500 m with densities of about 1300 kgm−3 and thereby classified as

Geldart B particles. For the alumina particles, additional studies were performed with

particles of 1.8 mm and 3.0 mm size.

In contrast to fluidized beds no universal equations for the calculation of the maximum

bed pressure drop or the minimum spouting velocity exist but a lot of correlations for

different geometries are available, which differ in the particle range or bed geometry

that they are valid for or in the properties that they take into account. Due to their

quite broad range of bed geometries and particle properties the correlations by Olazar

et al. (1992) for conical and cylindrical columns, respectively, are recommended for the

estimation of the maximum pressure drop if the pressure drop at stable spouting is

known [16]. For slot-rectangular spouted beds e.g. Rocha et al. (1995) and Mitev (1979)
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1.1 Spouted bed technology 5

obtained correlations for the maximum bed pressure drop, where the column diameters

in the equation of Rocha et al. (1995) are the equivalent diameters calculated from

the rectangular area of the process chamber. The more general correlation of Mitev

(1979) contains an empirical correction factor J , which depends on the geometry of the

apparatus and the properties of the particle bed:

Δp = JgρsHst(1− εmf)

with J = 1.2 for Hst < 180 mm and

J = 0.72 · 101.26·Hst for Hst > 180 mm,

(1.1)

with the gravitational constant g and the porosity ε. For fluidized beds this correction

factor is equal to 1. The minimum spouting velocity for cone-base cylindrical columns

with a diameter smaller than 0.5 m is usually calculated by the equation obtained by

Mathur and Gishler (1955):

ums,cyl =
dp
dcol

(dcol,in
dcol

) 1
3

√
2gH(ρs − ρf)

ρf
, (1.2)

where dp is the particle diameter, dcol is the diameter of the column, dcol,in is the inner

diameter of the column, H is the bed height and ρf the density of the fluid. For the

dimensions of the investigated prismatic ProCell apparatuses and the used particle sizes,

no correlation for the calculation of the minimum spouting velocity is known in literature.

In addition, most of the known correlations for conical and cylindrical vessels were

developed for column diameters of 61 cm or even smaller with reported problems in

fitting the experimental results for higher diameters (Mathur and Epstein, 1974).

Since its original invention for drying purposes, spouted bed technology has been adapted

for a wide field of applications. Most of them include an additional phase, namely a

liquid phase, for agglomeration, granulation or spray coating (see figure 1.2). During

agglomeration several core particles are connected by a liquid binder, whereas in spray

granulation particle growth is obtained by solidification of liquid droplets around single

core particles. The principle of spray coating is similar to granulation but much smaller

layer thicknesses are desired. Particle coating is widely used in various industries, as

e.g. for food, detergents and fertilizer processing or in pharmaceutical applications. The

main challenge is the formation of a homogeneous layer without cracks and voids in

order to protect the core material from the environment or to protect the environment

from an unwanted release of the core material. Often, the coating is applied on active

substances like pharmaceutical ingredients or enzymes, which should be released under

and only under defined conditions as a certain pH value in the gastro-intestinal system

or on agricultural fields. Besides the homogeneous distribution on the scale of one single
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Figure 1.2: Principle of particle growth due to a) agglomeration, b) granulation and
c) spray coating.

particle, the homogeneous coating of the entire particle bed in one production charge

is a criterion of quality. Due to the high importance of the coating quality for product

value, its measurement has been investigated with different tools within the last years.

The methods can be differentiated into in-line, on-line, at-line and off-line procedures,

whereby the in-line measurement is preferred as it allows a fast investigation without

an interruption of the process (Knop and Kleinebudde, 2013). Classical measurement

techniques are based on an external, non-real-time analysis: A representative sample is
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taken from the process at given time points and measured externally by e.g. electron

microscopy or particle size analysis or by analysis of the time-dependent dissolution be-

havior. For example van Kampen et al. (2015) analyzed the coating quality of sodium

chloride particles coated with maltodextrin in a fluidized bed process by measuring the

dissolution rate of the core material. Klukkert et al. (2016) applied multispectral UV

imaging to measure the tablet film coating quality of tablets produced in a pan coater.

They could detect cracks on the surface and differentiate between homogeneous and

inhomogeneous coatings. In general, the sampling has the disadvantage of a process dis-

turbance due to the interception of particles by a sampling device. Additionally, human

labor is needed and the analyzed particles have to be discarded, which increases waste

and decreases process efficiency. Different in-line measurement techniques, as e.g. Ra-

man or near-infrared (NIR) spectroscopy and their application in the field of particle

technology have been described in literature within the last years. Romero-Torres et al.

(2006) used Raman spectroscopy to quantify the coating layer thickness during pan

coating of tablets with methylcellulose, polyethylene glycol and a blue fluorescent dye.

By application of partial least squares calibration algorithm they were able to measure

the layer thickness in an interval between 50 to 151 m, which refers to the range of

a linear relationship between the fluorescent layer thickness and the Raman spectral

data. For measurement of smaller layer thicknesses a more detailed calibration work

would be necessary as proposed by the authors. Recently, Barimani and Kleinebudde

(2018) used Raman spectroscopy to measure the end points in coating processes with

colored tablets. They used six differently colored coatings with pigments and/or dyes,

whereby again some of them caused fluorescence and thereby interfering with the Ra-

man signal. Similar to the work of Romero-Torres et al. (2006) different calibration

methods were tested, whereby the partial least square algorithm led to the best model

performance parameters. This algorithm was able to predict the endpoints of all coating

experiments until a total coating time of 50 min, which was related to coating thick-

nesses between 21 and 38 m. Lee et al. (2011) investigated a fluidized bed process for

coating of pharmaceutical pellets, where they measured the layer thickness with NIR

spectroscopy. They used external methods, namely confocal laser scanning microscopy

(CLSM) and laser diffraction particle size analysis (LD-PSA), for the NIR calibration

model. Layer thicknesses between 0 and 90 m were detected. Even though deviations

of CLSM and LD-PSA measurements occurred in the interval between 30 and 60 m,

both calibration models were found to have correlations with R2 values exceeding 0.995.

When an appropriate number of spectra was taken for averaging, the accuracy of the

thickness prediction of NIR with the calibration models was greater than 99 %. Gendre

et al. (2011) showed that real-time NIR measurements can be performed on non-finished

drug products to predict the dissolution properties of the cured coated tablets, which is

important in terms of quality criteria of sustained release coated particles. The study

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



8 1 Introduction

was performed with three different calibration models. Cahyadi et al. (2010) compared

different non-destructive methods, X-ray fluorescence (XRF) as well as Raman and NIR

spectroscopy, to quantify the thickness of tablet (6 m size) coatings. For model cali-

bration they used data from cut cross-section analysis with stereomicroscope. XRF was

shown to be a useful method to quantify the amount of coating applied onto the tablet

but errors in thickness measurements occurred. Both NIR and Raman spectroscopy

were able to predict the non-linearity of coating thickness but only Raman was found to

be capable of differentiating tablets coated under different conditions. May et al. (2011)

introduced the terahertz pulsed imaging (MPI) measurement as a non-intrusive in-line

measurement technique for coating thickness determination. By means of a waveform

processing and analysis algorithm in Matlab, the data stream from the coating sensor

was analyzed in real-time. The results from in-line measurements agreed well with off-

line MPI data and with weight gain measurements. Nevertheless, the measurement time

was with 9 min for one single particle time consuming and direct measurements of coat-

ing thickness were only possible with a minimum layer thickness of 40 m. Recently,

the application of optical coherence tomography (OCT) for coating layer measurement

has been introduced. The method has been widely used for medical imaging but also

other application fields were reported before (Stifter, 2007). For example the tomo-

graphy method was used as quality control tool for paper characterization (Fabritius

et al., 2006), silicon integrated circuits (Serrels et al., 2010) or fiber composites (Stifter

et al., 2008). For tracking coating processes, it has been first introduced by Koller et al.

(2011). Since then, the method has been successfully applied to coating processes in

fluidized beds (Markl et al., 2015b), pan coaters (Markl et al., 2015a, 2014) or drum

spray coaters (Markl et al., 2014). Optical coherence tomography is an interferometric

approach, which makes use of the coherence properties of light in order to obtain depth

profiles of investigated semi-transparent and turbid materials in a contactless and non-

destructive way (Fercher, 2010, Wojtkowski, 2010). The generated cross-section images

are obtained by measuring the magnitude and the time delay of light, which is reflected

back from the sample. By using core particles and coating suspensions with different

refractive indices, the layer thickness is accessible. It is also possible to characterize

multilayer structures, whereby a minimum thickness of 10 m is necessary as this is

the resolution limitation. The algorithm in the work of Koller et al. (2011) has been

implemented in the in-line OCT measurement unit used by Markl et al. (2015a,b). The

system was kindly borrowed by this research group of Prof. Khinast from the Research

Center Pharmaceutical Engineering (Graz, Austria) for experimental investigations on

the applicability of the method for the regarded laboratory spouted bed.
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1.1.2 Continuous operation

As all gas-solid processes, spouted beds can be performed in batch or continuous op-

eration, whereby throughputs between 20 kg h−1 and 10000 kg h−1 are common (Glatt

Ingenieurtechnik GmbH, 2006). In batch operation, the material is fed into the cham-

ber before the process is started and is collected after the process has been stopped.

Batch processes are mainly used for research, whereas in industry continuous operation

with high productivity is preferred for efficiency. Continuous spouted beds are often of

prismatic geometry configuration, whereby the scale-up from smaller scale is performed

by increasing the depth of the apparatus. Pilot scale plants often consist of several

stages, which are serially connected. With this configuration, different unit operations

as e.g. granulation, coating and drying can be realized afterwards in one process. The

series connection of unit operations in one plant requires a certain residence time of the

particles in every single stage to ensure that for example the coating layer is of required

thickness or drying is sufficient. Additionally, back-mixing has to be avoided as e.g. al-

ready coated particles should not return into the granulation zone but enter the drying

area. In order to measure and adjust the movement of particles through continuous

gas-solid processes, the knowledge of their residence time distribution (RTD) is of great

importance. The residence time is defined as the time that a particle needs to get from

the inlet of the apparatus to its outlet. For a general description of residence time behav-

ior, ideal and real reactors are distinguished (Levenspiel, 1999). In case of ideal reactors,

two defined border cases exist, the ideal stirred tank reactor and the ideal plug flow re-

actor (see figure 1.3). In ideal stirred tank reactors, a perfect micro-mixing is assumed

resulting in a homogeneous concentration independent of the location in the apparatus

at every time. In continuous operation, every particle has the same residence time in

the reactor. Ideal plug flow reactors are based on the continuous flow of a flat profile,

which results in concentrations that are depending on the location but independent of

the time. Again, every particle needs the same time from inlet to outlet.

The behavior of particles in real reactors deviates from perfect micro-mixing and from

perfect velocity profiles, which is caused by different flow velocities of fluids, dead zones

and bypasses. As a consequence thereof, particles need different times to pass the process

chamber. For quantification of the residence time behavior, exit age distributions are

used. It is assumed that the flow is stationary and incompressible (ρf = const.), the

transport at the in- and outlet is caused by forced convection and that the boundary

condition closed-closed according to Danckwerts (1953) is valid. This condition means

that a particle, which has entered the plant, is not able to leave it through the inlet

again and that a particle that has left the reactor through the outlet cannot enter it

again. For mathematical description of residence time behavior, the fraction of particles
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Figure 1.3: Time- and location-dependent concentration profiles of ideal reactors;
top: ideal continuous stirred tank reactor (CSTR), bottom: ideal plug flow reactor.

leaving the reactor in time interval Δt is plotted against the time t, which results in the

exit age distribution E(t) with the unit s−1. The dimensionless value F (t), defined as

F(t) =
∫ t
0E(t) dt, gives the fraction of particles with a residence time less than t in the

reactor, whereby after an infinitely long period all particles have left the apparatus:

F(t) =

∫ t

0
E(t) dt, (1.3)

∫ ti

0
E(t) dt < 1;

∫ ∞

0
E(t) dt = 1. (1.4)

The first moment μ1 of the exit age distribution gives the mean residence time t̄ of

particles in the reactor:

μ1 = t̄ =

∫ ∞

0
t1E(t) dt. (1.5)

If the density does not change and no dead volumes or bypasses occur, the mean residence

time is equal to the hydrodynamic residence time τ that is calculated from the reactor

volume VR and the particle volume flow rate V̇p:

τ =
VR

V̇p

. (1.6)
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Due to variations in bed mass and particle throughput, the dimensionless residence time

θ is often used for comparability, which is defined as the ratio of residence time and

mean residence time:

θ =
t

t̄
. (1.7)

The dimensionless time definition results then in dimensionless expressions for the den-

sity and the sum distribution of the residence time as shown in equations 1.8 and 1.9:

E(θ) = t̄ · E(t), (1.8)

F (θ) = F (t). (1.9)

Besides the first moment of the exit age distribution from equation 1.5, which gives

information about its position, the zeroth and second moment are used for characteri-

zation. The zeroth moment μ0 is equal to the area under the curve and, analogous to

equation 1.4, it has to be equal to 1:

μ0 =

∫ ∞

0
t0E(t) dt =

∫ ∞

0
E(t) dt = 1. (1.10)

With the first (1.5) and second moment (1.11), the empirical variance σ2, which gives

the broadness of the distribution, can be calculated:

μ2 =

∫ ∞

0
t2E(t) dt, (1.11)

σ2 =

∫ ∞

0
(t− t̄)2E(t) dt = μ2 − μ2

1. (1.12)

For experimental determination of the residence time distribution, usually tracer sub-

stances are used. The tracer is injected with the continuous flow at the inlet of the

apparatus and its concentration c(t) or a proportional signal S(t), as e.g. the pH value,

electric conductivity or fluorescence, is measured at the outlet:

E(t) =
ṁ(t)

m0
=

V̇ · c(t)∫∞
0 V̇ · c(t) dt =

c(t)∫∞
0 c(t) dt

=
S(t)∫∞

0 S(t) dt
. (1.13)

Generally, the experiments are based on the measurement of the system response to an

applied disturbance by the tracer injection at the inlet. The injection can be conducted

as impulse or step or periodically or stochastically. In this thesis, the impulse method

is used, where the tracer is injected in a very small time interval Δt. In ideal case, this

is a Dirac impulse defined as follows:

∫ ∞

−∞
δ(t) dt = 1. (1.14)
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In practice, the time interval Δt should be smaller than one percent of the mean residence

time t̄ (Baerns, 2013). Additional requirements for the tracer are the same chemical and

physical properties (e.g. density) as the feed material. Furthermore, the tracer has to be

inert, must not adsorb in the process chamber, it has to be detectable in small amounts

and completely miscible with the feed material (Salami, 1968).

Experimental determination of residence times in gas-solid processes with different types

of tracers has been performed for several decades, whereby most of the described methods

in literature have been applied to horizontal fluidized beds. The methods include var-

ious stimulus response studies, radioactive, chemically doped and different sized tracer

particles. Hull and von Rosenberg (1960) used radioactive Zr / Nb-95 adsorbed on a

catalyst as tracer particles to determine the residence time distribution in a pilot scale

fluid catalytic cracking process. Satija and Zucker (1986) measured the residence time

in a 3.05 m× 0.305 m vibro-fluidized bed dryer with baffles. They used tracer particles

coated with a dye, dissolved them after passing the fluidized bed and measured the dye

concentration with a colorimeter at 500 nm. The group found the vibration amplitude

to be the most important influence factor on the residence time. At high vibration am-

plitudes lower residence times were measured, which was explained by the bed height

gradient along the length of the dryer. The height variation could be decreased by re-

ducing the weir spacing from 61 to 30.5 cm. Nilsson and Wimmerstedt (1988) measured

the residence time distribution for sand particles of three different sizes and for apatite

granules in a horizontal fluidized bed with a length of 2.1 m. For sand experiments they

used potassium sulfate crystals of the same particle size as tracer. The tracer concentra-

tion was determined by adding a certain quantity of taken sample to a defined volume of

water and measuring the conductivity of the solution. For the experiments with apatite

they colored some of the particles with yellow dye and determined the concentration of

these tracer particles at the outlet by collecting and counting them. They performed

about 60 experiments with varying bed flow velocity, particle size, superficial gas velocity

and bed height. Their measured residence time distribution matched those predicted by

the dispersed plug flow model, with the dispersion coefficient increased with increasing

bed height, gas velocity and bed flow velocity and with decreasing particle size. Jacob

(2010) used two types of phosphates with different pH behavior as tracer particles. He

analyzed the pH value of the samples collected at the outlet and could determine the

tracer concentration by means of calibration data. Idakiev and Mörl (2013) used γ-

Al2O3 particles coated with iron powder as tracer material for measuring the residence

time distribution in two continuous fluidized bed apparatuses. The type of tracer al-

lowed a fast and easy separation by a magnet. Nevertheless, the iron coated particles

were not proved regarding their applicability as tracer particles and the shown scanning

electron microscope pictures suggest that the coating layer has a high risk of abrasion as
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the layer is not homogeneously distributed over the surface. No information about the

tracer production is provided in the publication but it is assumed that the homogeneous

distribution of the iron particle slurry on a bed of particles is difficult due to the required

permanent mixing in the suspension. Idakiev and Mörl (2013) found the installation of

weirs, their number and geometry as well as the air volume flow rate to influence the

mean residence time. In another study Bachmann et al. (2016) derived a dimensionless

correlation for predicting the Bodenstein number (Bo), which is a measure for the axial

dispersion in horizontal fluidized beds. They found the correlation to match well own

experimental data and data from literature. Nevertheless, for all used data, the exit

age distribution was similar to that of a stirred tank reactor with a small delay at the

beginning resulting automatically in a high coefficient of determination with the derived

correlation.

Several mathematical models for the description of residence time distributions have

been developed as e.g. the tank in series model, the segregation model or the dispersion

model. The tank in series model was developed by MacMullin and Weber (1935). For

the description of the distribution with this simple model, only the number of equally

sized reactors and the mean residence time are required. In the theory of the axial

dispersion model it is assumed that in a real plug flow reactor the flow of an ideal

plug flow reactor is superimposed by axial dispersion, which can be described by Fick’s

first law. Bachmann and Tsotsas (2015) measured the residence time distribution in a

horizontal fluidized bed with four chambers and tested three different models in order

to determine the dispersion coefficients of different process conditions. They found the

dispersion model to be again a better fit than the application of the method of moments

or the tanks in series approach. The authors measured the residence time distribution

experimentally by manually counting colored tracer particles in the sample. As this is

labor-intensive work, the used tracer amount was small resulting in a low resolution of

the data.

1.2 Numerical simulations

With simulations additional information on the microscale of the process that is not avail-

able in experiments is accessible and the number of often time-consuming experiments is

reduced. Different simulation approaches with associated advantages and disadvantages

are used for numerical investigation of gas-solid processes. They differ in the resolution

and the treatment of the phases (continuum or discretized). The coupled CFD-DEM

simulations, often termed as Euler-Lagrange method, is the state of the art for modeling

of spouted beds (Rong et al., 2010, Salikov et al., 2012, 2015a, Yang et al., 2014). In this

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



14 1 Introduction

approach Computational Fluid Dynamics (CFD) describes the fluid phase by solving

the Navier-Stokes equations. The solution of the equations can be performed by differ-

ent discretization approaches. Concerning a spatial discretization the finite-difference

method, finite-volume-method or finite-element method are often applied. In this the-

sis, the finite volume method is used to solve the Navier-Stokes equations. It discretizes

the Navier-Stokes equations by dividing the physical space into a number of arbitrary

polyhedral control volumes (Jasak, 1996, Versteeg and Malalasekera, 2007). The second

tool of the CFD-DEM approach is the Discrete Element Method (DEM) for determina-

tion of the motion and forces of particles that makes use of Newton’s equations. The

tracking of each individual particle and its contact forces is an important advantage of

DEM compared to pure CFD simulations (Euler-Euler or two-fluid model, e.g. (Duarte

et al., 2009, Ozarkar et al., 2015, Sinclair and Jackson, 1989, Versteeg and Malalasekera,

2007)), because the bed dynamics can be analyzed on the scale of the single particles and

important values, which can be hardly accessed in experiment as e.g. collision velocities

or particle rotation, can directly be determined. When applying pure CFD simulations

to a pseudo two-dimensional prismatic spouted bed, deviations from experiments in bed

expansion height and solid fraction were reported (Gryczka et al., 2009). The CFD-

DEM method however can be a powerful tool for design of tailor-made spouted beds for

specific applications (Salikov et al., 2012). In recent years plenty of work has been done

in the area of CFD-DEM simulations of fluidized beds or spouted beds or combinations

of both (Bao et al., 2013, Fries et al., 2013, Heinrich et al., 2015, Liu et al., 2015). Nev-

ertheless, most of the work was focused on axisymmetric spouted beds (e.g. Rong et al.

(2010), Yang et al. (2014)) or on those with very small depth (pseudo two-dimensional)

(e.g. Salikov et al. (2015a)) in order to reduce the computational effort.

When investigating applications as e.g. granulation or coating processes, an additional

phase comes into play: the liquid phase in the form of droplets. In case of full CFD-

DEM simulations, the droplets are simulated as an additional Lagrangian phase. When

resolving the contacts of each and every droplet with particles or the wall and taking

into account the heat and mass transfer, the simulation time and data generation is huge

and difficult to manage. Different approaches for approximation have been described in

literature. Goldschmidt et al. (2003) presented a DEM model with simple closures to

describe the particle-droplet coalescence and agglomeration in a fluidized bed for spray

granulation. They modeled particle contacts with a hard sphere model and assumed

agglomeration every time a collision between wet spots on particle surfaces occurs. When

colliding with a droplet the particle surface is partially wetted with a film of constant

thickness, which is shrinking with time in order to account for the drying of the used

binder. The model was extended by Link et al. (2007) for a spout-fluidized bed. Fries

et al. (2011) conducted CFD-DEM simulations of different fluidized bed configurations
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used for spray granulation. They investigated the homogeneity of the liquid distribution

by analysis of the residence time behavior in a biconical spray zone. They found the

geometry of the Wurster coater to have the most homogeneous wetting behavior due

to the directed flow regime. Recently, Sutkar et al. (2016) investigated a pseudo two-

dimensional spout fluidized bed with liquid injection. The group implemented heat

and mass transfer equations in their numerical model. In the approach, mass, volume

and momentum are transferred from one droplet to the particle in case of a collision of

both. It was assumed that droplets form a uniform layer around the whole particle after

collision. They verified their simulations by analytical solutions and by comparison of

experimental data obtained by visual analysis and by infrared thermography with the

data from simulations.

1.3 Objective and strategy

Nowadays, almost 2,000 publications concerning ”spouted beds” are available in the

peer-reviewed literature database Scopus (Elsevier B.V., 2018). Nevertheless, former

investigations were mostly focused on conical or cylindrical columns or on prismatic

chambers with a small depth (pseudo two-dimensional) as they allow a faster process

simulation due to the decreased number of particles. The aim of this PhD thesis was

to investigate a three-dimensional prismatic spouted bed as the influence of the third

dimension had been observed in previous studies but has not been investigated in detail

before. Due to the good heat, mass and momentum transfer, the spouted bed is well

known for processes with liquid injection. Thus, besides the characterization of the flow

pattern, the applicability of the plant for coating purposes was investigated. As the

regarded laboratory ProCell R©5 apparatus only contains a small observation window

in the front, a transparent replica made of polycarbonate was used to investigate the

spouting behavior along the depth of the process chamber. Besides visual observations

of the flow pattern with a high-speed camera, pressure drop measurements and particle

tracking velocimetry (PTV) were used for quantification. In the experiments with liquid

injection, the coating progress was tracked with high-speed camera and analyzed with

digital image analysis, which gave qualitative results about the coating progress. In

order to quantify the coating homogeneity and progress, a recently developed method

for in-line measurement of coating layer thicknesses was first applied in a spouted bed.

The experimental investigations supplied macroscopic information about the flow be-

havior and the coating process. Nevertheless, no information on the microscale was

accessible. Thus, for a better understanding of the flow behavior and of the particle-

droplet interactions, simulations of the spouted bed process were performed in this
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thesis. Related to the improvement of computational power, the modeling of gas-solid

processes has become more and more important within the last years. Most of the

previous numerical investigations of spouted bed processes were based on Euler-Euler

simulations, which handle the particles as continuum phase or considered pseudo two-

dimensional models in order to decrease the computational effort. In this thesis, the

three-dimensional apparatus was modeled and simulations were performed with CFD

and DEM in order to describe the particle behavior and flow pattern in detail. With the

improved numerical model the influence of the spouting stability on the liquid injection

was investigated. By injection of droplets into the spouted bed, the progress of coating

was calculated and the resulting coating homogeneity was compared for different process

conditions.

In addition to the laboratory spouted bed, experiments on pilot plant scale in continuous

operation were performed. To make the leap from laboratory trials to industrial applica-

tions, scale-up effects and the transition from batch to continuous operation have to be

investigated. The ProCell R©25 pilot scale spouted bed plant consists of four chambers

with each containing a two-fluid nozzle. This allows the combination of different unit

operations (e.g. granulation, coating, drying) in one apparatus, which is advantageous

in terms of high throughput and efficiency. For characterization of the flow pattern, a

novel tracer method for the measurement of residence times was developed, which al-

lows fast and reproducible measurements without waste of tracer material and without

time-consuming tracer separation. To reduce back-mixing in the apparatus, plates with

different opening geometries were inserted to physically separate the chambers. Disper-

sion coefficients for different process conditions were accessible for quantification and

comparison by means of discontinuous back-mixing experiments.

1.4 Outline of the thesis

This thesis contains both experimental and numerical investigations. In chapter 2, the

investigated apparatuses are described. Furthermore, different experimental setups for

measuring the particle properties necessary for calculations and for calibration of the

numerical model are presented. Additionally, the developed method for measuring the

residence time in the pilot scale plant in continuous operation is described and the

procedure for production of the tracer particles is specified.

Chapter 3 is focused on the numerical part of the thesis. In the first section, the used

particles are characterized with the methods introduced in chapter 2. The obtained

particle properties and characteristics were subsequently used in the numerical models,

which are introduced in chapter 3. Details of the coupling between CFD and DEM
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are discussed and the most important mathematical correlations are introduced. The

used coarse-graining approach, by which several particles are represented as parcels

in order to decrease the computational effort, is presented in detail. The injection of

droplets was realized in a post-processing step after the resource-intensive CFD-DEM

simulations. The algorithm and its assumptions are also given in chapter 3. At the end

of this chapter the results of an alternative simulation approach, the rCFD (recurrence

Computational Fluid Dynamics) method, are presented after a short introduction of the

underlying mathematical correlations.

Chapter 4 is dedicated to investigation of coating progress and flow patterns using

digital image analysis. With particle tracking velocimetry (PTV) the velocities of single

particles can be measured and with brightness analysis the color change of single particles

during a coating process can be tracked. Both methods are described in detail.

In chapter 5 a detailed study of the experimental behavior of the laboratory spouted

bed ProCell R©5 is given. In order to validate the numerical model, pressure fluctuations

were measured and analyzed in frequency space using the Fourier transform in both

experiments and simulations. Different drag models and turbulence models were tested

regarding their representation of experimental behavior and a mesh independence study

was performed. Several process configurations were investigated experimentally and

numerically with the optimal models and quantified regarding their spouting stability.

The stability could be increased by inserting two parallel draft plates into the process

chamber, whose influence is shown in detail in the regarded chapter 5.

In the next part, chapter 6, the liquid injection for coating purposes is discussed. By

running several simulations, the influence of the spouting stability on the coating ho-

mogeneity was quantified via the surface coverage of the particles and linked to the cir-

culation frequency of the particles. Due to the high computational effort, only seconds

of the process could be simulated by coupling CFD and DEM. To obtain information

about a complete coating process, which takes several minutes, simulations with the

rCFD approach were performed in order to check whether tendencies from the first few

seconds are valid for a longer period as well. Besides the numerical analysis, experiments

are presented in which digital image analysis and optical coherence tomography (OCT)

were used for measuring in-situ the coating homogeneity and the layer thickness.

Chapter 7 examines a bigger scale and is focused on the pilot scale plant ProCell R©25 and

its continuous operation. The residence time measurements for different transfer geome-

tries between the four chambers are given and interpreted. By means of discontinuous

operation it is shown which configuration is the best for the reduction of back-mixing.

Finally, in chapter 8 the main results of this thesis are summarized.
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Experimental methods

2.1 Introduction

In this chapter the measurement methods and experimental setups required for determi-

nation of particle properties are shown in the first section 2.2. This includes particle size

analysis, properties determining the collision behavior and experiments for characteriz-

ing the flow behavior. As the spouted bed apparatus is the central part of this research

project, its operation principle and the applied configurations are described in detail for

both, the laboratory plants and the pilot scale plant in section 2.3. After that, in sec-

tion 2.4, the focus is set on the continuous operation and the developed tracer method.

Additionally, definitions of the residence time distribution and its characteristic values

are presented. The last section 2.5 is dedicated to methods applicable for measurement

and validation of the coating layer thickness, its distribution and its quality. The in-line

measurement system of optical coherence tomography (OCT) is presented as well as

conventional off-line methods. Besides the OCT method, digital image analysis was ap-

plied for in-situ measurement of the coating quality. This approach is covered separately

in chapter 4.

2.2 Particle characterization

In order to characterize the used material and to investigate the influence of the coating

layer, the size, the apparent particle density and the envelope density of the particles

were measured. For the DEM calculations, particularly the contact model, further

detailed information on the mechanical material properties is required. Therefore, the

restitution coefficient, the Young’s modulus and the friction coefficient were determined

in experimental setups that are also described in the following.

19
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2.2.1 Particle size and size distribution

The knowledge of the particles’ shape and their size distribution is of great importance

regarding the assumptions made during simulations as e.g. an ideal spherical shape or

a monodisperse system. Additionally, the size analysis allows the comparison of coated

and uncoated particles and gives information about unwanted agglomeration or shape

changes. Off-line size analysis with the CamSizer XT (Retsch Technology, 2018) was

applied, which is based on an optical particle evaluation.

The measurement area is lighted by two strobe lights. As shown in figure 2.1 two

cameras with different resolution (basic camera and zoom camera) are installed and

track the shadow projection of passing particles, whereby bigger particles are recognized

by the camera with lower resolution (basic camera) and small particles by the camera

with higher resolution (zoom camera). The CamSizer XT can be used with different

devices that transport the particles into the measurement area. For the investigations

in this thesis, the free-fall device was used because the particles were free-flowing and

not sticking. The free-fall channel vibrates with a certain intensity, which transports

particles into the measurement zone. If cohesive particles, as e.g. small powders, are used,

another channel with an additional supply of compressed air can be applied in order to

avoid agglomeration or clustering of the small particles. Besides the size distribution,

information about the shape, particularly the sphericity S, is tracked. The sphericity is

defined according to DIN ISO 9276-6 (DIN German Institute for Standardization, 2012):

S =
4πa

P 2
, (2.1)

with a as the projected area of the particle and P as the measured circumference of the

particle projection. For an ideal sphere the sphericity is 1 and for all other geometries

it is below 1.

2.2.2 Apparent particle density

A helium pycnometer was used for measuring the apparent solids density ρs according to

DIN EN ISO 2811-1 (DIN German Institute for Standardization, 2016a). The apparent

density includes the volume of the solids phase plus closed pores within the particle.

A gas pycnometer consists of two chambers of known volume. One chamber is filled

with the particle sample and the fixed volume of the second chamber remains constant

as reference volume. Additionally, valves for injecting the pressurized helium and a

pressure transducer are installed. When helium is added to the system by opening the
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LED light 
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Figure 2.1: Measuring principle of CamSizer XT (according to Retsch Technology,
Germany).

gas law to determine the apparent particle density ρs:

ρs =
msample

Vsample
=

msample

Vcell − Vref
p1
p2

−1

, (2.2)

with the mass of the sample msample, its volume Vsample, the known volume of the empty

sample chamber Vcell, the volume of the reference chamber Vref and the equilibrium

pressures p1 and p2.

2.2.3 Envelope density

The envelope density ρp, in this thesis also named particle density, is needed as input

parameter for simulations. It includes the external volume of a particle with the open and

closed pores referring to DIN EN ISO 18847 (DIN German Institute for Standardization,

2016b). For spherical and monodisperse particle systems the envelope density can be

calculated by the ratio of the mass of one single particle mp to its volume Vp:

ρp =
mp

Vp
=

mp
π
6dp

3 . (2.3)

inlet valve, the resulting equilibrium pressures are used in conjunction with the ideal
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2.2.4 Restitution coefficient

The restitution coefficient is a measure of the energy dissipation during a collision of two

contact partners and therefore an important parameter for the DEM calculations. When

a particle collides with another particle or a wall, the contact partners compress and

exchange their kinetic energy into internal stresses due to deformation during the impact.

The reaction force resulting from the impact deforms the particle, which causes contact

displacement or an overlap of the contact partners. In the following restitution phase, the

elastic contribution of the impact energy, that has been adsorbed during compression,

is released and accelerates the partners away from each other. The square root of the

ratio of the elastic energy during restitution Ekin,res to the initial kinetic energy Ekin,imp

is defined as the coefficient of restitution e. The equation can be simplified by the

expression via the relative velocities vrel of the contact partners 1 and 2. If only the

coefficient in normal direction en is considered, it can be calculated as

en =

√
Ekin,res

Ekin,imp
=

|vrel,n,res|
|vrel,n,imp| =

|vrel,n,res − v2,n,res|
|v1,n,imp − v2,n,imp| . (2.4)

For the measurement of the normal restitution coefficient of the used particles a free-

fall tester was used as outlined in Figure 2.2, which had been intensively investigated

before (Buck et al., 2017, Crüger et al., 2016a,b). The particle is held by a vacuum

tweezer at a defined height. The particle falls down onto the target plate after being

released. The impact of the particle and the plate is tracked by a high-speed camera

that is directly connected with a computer system. Image analysis with Matlab allows

the determination of the impact and rebound velocities of the particle. As the plate is

fixed, it does not have a velocity and the relative velocity in equation 2.4 is simplified

to the velocity of the particle vp. The restitution coefficient is material dependent and

therefore only valid for the regarded particle and wall material. It was found by Crüger

et al. (2016b) that for glass spheres with mean diameters of 0.91 and 1.74 mm the dry

restitution coefficient is nearly independent of the velocity.

2.2.5 Young’s modulus

The Young’s modulus Y of the particles is determined from the force-displacement curves

obtained by single particle compression tests with the device Texture Analyser (Stable

Micro Systems Ltd, United Kingdom). The particle is placed between two plates. By

downwards movement of the upper punch with a defined velocity u, the particle is

compressed and the force-displacement curve is monitored until its breakage (figure

2.3). The distance between the two plates is defined as initial diameter of the particle.
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Figure 2.2: Experimental setup for the measurement of the normal restitution
coefficient en.

In preliminary experiments, different load velocities were investigated with the present

particle types (Antonyuk, 2006), whereby no influence of the collision velocity was found.

The compression tests presented in this thesis were made at a velocity of 0.04 mms−1.

According to Hertz (1882) the nonlinear relation between the elastic contact force Fel

and the total deformation of both contact partners s can be calculated as:

Fel =
2

3
Y ∗√r∗s3, (2.5)

with the mean Young’s modulus Y ∗ and the mean radius of both partners r∗. In case

of a particle-wall contact, the radius of the plate rw is infinite and can therefore be

neglected:

r∗ =
(

1

r1
+

1

rw

)−1
rw→∞≈ r1. (2.6)

Then equation 2.5 can be simplified to

Fel =
2

3
Y ∗
√

d1
2
s3. (2.7)

By plotting the force-displacement curve with 6 · F

d
1
2
on the coordinate and s

3
2 on the

abscissa, the mean Young’s modulus Y ∗ can be determined as the slope of the curve in

the elastic area. With this mean value and the assumption of a stiff wall (Y2 � Y1), the

particle’s Young’s modulus can be calculated according to equation 2.8:
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Figure 2.3: a) Measurement principle of the Texture Analyser (Stable Micro Systems
Ltd, United Kingdom) and b) data analysis for calculation of the particle’s Young’s

modulus Y .

Y ∗ = 2

(
1− ν1

2

Y1
+

1− ν2
2

Y2

)−1

≈ 2

1− ν21
Y1. (2.8)

2.2.6 Friction coefficient

The knowledge of flow properties is important in order to describe the flowability of solids

and to evaluate their fluidizability. In order to determine flow properties, as e.g. the

coefficient of friction, shear testers are used. In this thesis the ring shear tester RST-

XS.s (Dr.-Ing. Dietmar Schulze Schüttgutmesstechnik, Germany) was applied, whose

basic principle is shortly described here. The reader is referred to the book of Schulze

(2008) for a detailed description of the flow behavior of solids and the measurement

techniques.

When measuring the flowability with a shear tester, one obtains the yield limit of a

consolidated bulk solid, which is also called yield locus. The shear test consists of two

steps: The first step is the consolidation of the bulk solid, which is called preshearing,

and in the second step the shear or the shear to failure, the points on the yield limit,
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are measured. For preshearing, the bulk is loaded in vertical direction by a defined

normal stress σ = σpre. Shear stress is induced by shifting the bottom ring and the

lid laterally against each other. At the beginning of the shear, the shear stress often

increases linear with time, which indicates that the bulk solid has deformed elastically.

By a further increase of the shear stress, the slope of the curve becomes flatter indicating

plastic deformation. Finally, at τpre, the shear stress remains constant even though the

specimen is sheared further and the stationary flow regime is reached. The pair of values

of σpre and τpre is plotted in a Mohr diagram. After the preshear procedure the shear

deformation is reversed until the shear stress reaches zero. For the second step, the

shear step, the normal stress σsh is reduced to a value smaller than that for preshearing

(σsh < σpre). The consolidated material is again sheared and will start to flow, when a

sufficient large shear stress is reached. Then the particles move against each other, which

results in a decrease in bulk density, whereby the shear stress decreases. The maximum

shear stress characterizes incipient flow and the corresponding pair of values gives one

point of the yield locus in the Mohr diagram as shown in figure 2.4. The measurement

procedure is repeated under variation of the normal stress to obtain the yield locus,

while the identical normal stress for preshearing σpre is used. The yield locus is defined

as follows:

τ = tanϕi · σ + τc = tanϕi · (σ + σz). (2.9)

From the shear stress-normal stress diagram the internal friction coefficient μst, which

is needed as input parameter for DEM, can be calculated as shown in Figure 2.4. The

coefficient is defined as follows:

μst = tanϕi. (2.10)

The shear cell allows the determination of the wall friction coefficient μst,p−w by posi-

tioning a plate made of the wall material at the shear plane at the top of the bottom

ring.

2.2.7 Minimum fluidization velocity

Even though the fluidization behavior in spouted beds differs from that in a fluidized

bed and no universal or to the investigated prismatic spouted bed applicable correlation

for the determination of the minimum spouting velocity exists, it can be approximated

by an experimental setup with a fluidized bed (figure 2.5a). The minimum fluidization

velocity umf in a fluidized bed is reached at that velocity at which the bed pressure

drop remains constant after it has been linearly increasing during the fixed bed state

in case of laminar flow (Re < 2300) (figure 2.5b). A laboratory fluidized bed made of

plexiglass was used for measurement of the minimum fluidization velocity in this thesis.
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Figure 2.4: Exemplary yield locus plot (Mohr diagram).

The column with a diameter of 10 cm was filled with the bed material. The fixed bed

should be fluidized and the gas flow should be interrupted as quickly as possible to

ensure a uniform mixing of the bed. After that, measurements should be conducted

with decreasing gas volume flow rates at at least five different gas velocities. The gas

velocity is controlled via the gas volume flow rate.
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Figure 2.5: a) Experimental setup of measurement of minimum fluidization velocity
in a column with a diameter of 10 cm at the Institute of Solids Process Engineering
and Particles Technology, TUHH and b) dependence of the bed pressure drop on the

fluidization velocity in a fluidized bed.

2.3 Spouted bed apparatuses

The investigated apparatuses have in common the three-dimensional prismatic geometry

with a prismatic angle of 60◦. The two commercial plants ProCell R©5 and ProCell R©25
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are produced by Glatt GmbH (Germany). Both apparatuses differ in depth and length

but also in their operating mode as the smaller one is mostly used for batch processes

and the bigger one for continuous operation.

2.3.1 Laboratory spouted bed

According to the application and the bed material used, the ProCell LabSystem of

company Glatt can be operated with different inserts: the ProCell R©5 spouted bed insert,

the GF R©3 fluidized bed insert and an additional Wurster insert for the fluidized bed

chamber (Jacob, 2009). In this research project the spouted bed configuration, termed

as ProCell R©5, was investigated, which is shown with its geometry and an installed two-

fluid nozzle in figure 2.6. The three-dimensional process chamber has a width of 250 mm

and a depth of 200 mm. Typical batch sizes in this project were in the range from 1.0

to 2.0 kg bed material.

Figure 2.6: Laboratory spouted bed ProCell R©5 (Glatt, Germany) with the geometry
of the original process chamber.

The flowsheet of the plant is shown in figure 2.8. The entire process is controlled by a SPS

system (Siemens, Germany), whereby all recorded process parameters are stored on a

hard drive. The air coming from the environment is sucked through the apparatus by an

exhaust fan. Before entering the process chamber, the air passes an electric heater. The

air enters the process chamber through two adjustable horizontal slits with a maximum

height h of 3.5 mm (see figure 2.7). By moving the rotatable cylinders, the inlet pressure

drop and with that the gas velocity can be adjusted by reducing or increasing the height

of the slits. In this thesis, all experiments were performed at a maximum slit height

of 3.5 mm. Only in case of observed plugging, the velocity was temporarily increased
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h 
Figure 2.7: Movable cylinders for adjustment of the slit height h and thereby the

particle flow velocity.

in order to loose the blockage. In the expansion chamber above the process chamber

the gas velocity is reduced due to the increased cross-sectional area. The outlet air is

filtered by nine bag filters before leaving the plant. The plant is equipped with four

temperature sensors and four pressure sensors. The first temperature sensor TIRC2

is located directly behind the electric heater and protects the cartridge. The sensor

TIRC1 is located below the process chamber. The temperature in the process chamber

is measured by sensor TIR3 and for recording the temperature of the exhaust gas the

sensor TIR4 is installed. With pressure sensor DPIR1 the pressure drop of the inlet area

is measured and the sensor DPIR2 measures the pressure drop over the particle bed.

The pressure drop of the bag filters is measured with DPIRC1. It is possible to clean the

filters by pressing compressed air through the filters in defined time intervals. During

this cleaning procedure particle fine material is pushed back from the filters into the

process chamber. As this would result in agglomeration of the dust to the wet particles

in the chamber, it must not be used during coating processes. The integrated zigzag

sifter is applied during continuous spray granulation processes, when the product needs

to be separated from the fine material. As the increase in mass during coating is low

and the process is investigated in batch operation, the sifter was not used during the

described experiments. The specifications of the components and sensors of the whole

plant are given in the appendix.
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2.3.1.1 Liquid injection

Besides experiments concerning the gas-solid flow behavior, the liquid injection for the

coating process was investigated. The coating suspension was pumped via a peristaltic

pump and atomized by the two-fluid nozzle 970-S4 (Schlick, Germany) in bottom-spray

configuration. The use of hot plates allowed the preheating of the coating suspension,

which could additionally be stirred in order to avoid demixing.

2.3.1.2 Sampling procedure

In order to monitor the coating process, samples were taken during the process via a

sealed port in the process chamber, which is positioned 140 mm above the gas inlet. As

the amount of coating suspension sprayed on the particles during the coating process is

low, the change in the spouting behavior from uncoated to coated material is also low as

shown in the measurements of the particle size distribution and density. Therefore, the

process is still assumed as homogeneously fluidized and the taken samples are assumed

as representative for the entire particle bed at the defined time point.

2.3.2 Laboratory transparent replica

As the observation window in the ProCell R©5 apparatus is small and only two-dimensional,

a transparent replica (wall material Europlex R©, Evonik, Germany) of the spouted bed

process chamber was installed to visually observe the particle flow pattern. Analogous

to the commercial apparatus, air is sucked through the apparatus by an exhaust fan

(SKG 420-2V, Elmo Ritschle, Germany) that is controlled by a frequency converter.

The particle motion was recorded by a high-speed video camera (NX-S2, Imaging So-

lutions GmbH, Germany) at a frequency of 100 fps. The pressure drop was measured

with a high-speed differential pressure detector (PD-23/8666.1, Keller, Germany) in the

freeboard zone above the particle bed. The sampling frequency in the experiments was

with 400 Hz much higher than typical pressure oscillations in spouted beds. The gas

inlet slits were fully opened for the duration of the experiment and only closed by mov-

ing the rotatable cylinders in order to loose temporary plugging. A flow chart of the

experimental setup is shown in figure 2.9.
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Figure 2.9: Flow chart of the experimental setup of the laboratory transparent replica:
1) apparatus, 2) anemometer, 3) fan, 4) high speed pressure detector, 5) analogue-to-

digital converter, 6) frequency converter, 7) computer.

2.3.3 Pilot scale spouted bed

The investigated continuous spouted bed ProCell R©25 (figure 2.10) consists of four

stages, whose gas volume flow rates and the gas temperatures can be adjusted indi-

vidually. In the original configuration supplied by company Glatt the chambers are

not separated from each other. In every chamber a two-fluid nozzle is installed in bot-

tom spray configuration. To conduct continuously operated granulation processes, a

grinding-classification circuit is installed as shown in the flowsheet of the whole plant

in figure 2.11. For the dry RTD measurements presented in this thesis the grinding-

classification circuit was not used and no liquid was injected. Nevertheless, in order to

prevent particles falling into the nozzle tip, nozzle air was used. For continuous oper-

ation of the plant, particles are inserted via a rotary valve that is connected with the

chamber via a tube at the right hand side above the bed (figure 2.12). The particles are

transported along the bed by the fluidization gas and leave the chamber on the left hand

side slight above the gas inlet slits through another rotary valve. For the measurement

of the residence time distribution of the particles in the process chamber, a novel tracer
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Figure 2.10: Photo of the spouted bed ProCell R©25 (Glatt, Germany) at the Institute
of Solids Process Engineering and Particle Technology, TUHH.

method with magnetizable particles was developed as described in the next section 2.4.1.

In order to compare different configurations of the chamber and to reduce back-mixing,

plates with different transfer geometries were installed between the four chambers of

the horizontal spouted bed. Experiments without separation plates were performed as

a reference.
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Figure 2.12: Schematic draw of pilot scale continuous spouted bed ProCell R©25
(Glatt, Germany).

2.4 Residence time measurements

2.4.1 Tracer production

A marker substance (tracer) is used to track the particle flow through the horizontal

spouted bed and to measure the residence time distribution. For the production of

the tracer particles, the bed material for RTD measurements, Cellets R©500, was coated

with the commercially available paint Magneto R©Grundfarbe (Alpina, Germany), which

is commonly used as primer for production of a magnet board on walls. The paint

is a synthetic resin dispersion with water and fillers. It has a silver grey color and is

completely mixable in water. The boiling point is at 100 ◦C and the paint has a density

of 2400 kgm−3 at 20 ◦C. The elements sodium, aluminum, sulfuric and zirconium as well

as the magnetizable metals titanium and iron were detected by the central laboratory

of the TUHH via X-ray fluorescence analysis.

Tracer production was performed in ProCell R©5 laboratory spouted bed in a batch coat-

ing process with a two-fluid nozzle (970-S4, Schlick, Germany) with a tip diameter of

1 mm installed in bottom-spray configuration. 1 kg of Cellets R©500 particles was used as

bed material. The gas volume flow rate was adjusted to 125 m3 h−1. The temperature
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in the chamber was set to 40 ◦C. The coating suspension was injected via a peristaltic

pump at a flow rate of 5 gmin−1. Due to the high viscosity of the paint, it was diluted

with 10 vol.-% water. The dispersion was preheated to 35 ◦C to further decrease the

viscosity. Samples were taken at different times during the process and analyzed regard-

ing their changes in properties and their magnetizability. Minimum coating amount was

defined as the minimum mass of coating agent per kg particles, which is necessary to

ensure that all particles of the batch adhere to a magnetic rod.

2.4.2 RTD experiments

All RTD experiments were performed with a bed mass of 10 kg Cellets R©500 in the

spouted bed and additional 3 kg in the process volume of the outlet rotary valve. A gas

volume flow rate of 125 m3 h−1 was adjusted in every chamber. The particle flow rate at

the inlet and the outlet was adjusted to 1 kgmin−1. Extensive calibration work was done

before the experiments to ensure the applicability of the feeding and outflow method.

It was proved that no abrasion of the paint occurs during passing the rotary valves

and that the particles stay free of damage. Each experiment was started when steady

state conditions were reached meaning a constant inflow and outflow of 1 kgmin−1.

At a certain time point, defined as t = 0, the inflow at this very minute consisted of

500 g tracer and 500 g uncoated particles. Tracer injection was performed as fast as

possible in order to obtain a short impulse. The outflow of each following minute was

collected and used as one sample point for residence time distribution determination.

The tracer particles were separated by a magnetic rod (MTN 25/200 N Sollau s.r.o.,

Czech Republic) and the weight in each sample was measured.

2.4.3 Analysis of the RTD measurements

The residence time distribution E(t) (Danckwerts, 1953) is calculated from the amount

of tracer in a sample i in relation to the total mass of tracer injected mT,total:

E(ti) =
ṁT,i

mT,total
. (2.11)

By means of the continuous mass flow rate of particles and the particle bed, the hydro-

dynamic or technical residence time τ can be calculated according to equation 1.6. In

practical applications the residence time is distributed meaning that tracer particles are

slower or faster than the hydrodynamic residence time. Not all tracer particles leave

the process within the experimental operation time, meaning that the requirement of

equation 1.10 cannot be reached as not all injected tracer particles are collected within

the regarded time interval:
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∫ tend

0
E(t) dt < 1. (2.12)

In order to solve this problem, extrapolation schemes can be applied. In this thesis, the

extrapolation is performed with the 2-parameter Weibull distribution, which is defined

as follows:

EWeibull(t) = ζβ(ζt)β−1e−ζtβfor t > 0. (2.13)

ζ is the scale parameter and β is the form parameter, with ζ > 0 and β > 0. For

β = 1 the Weibull distribution resolves to the exponential function. In order to fit the

two parameters ζ and β to the experimental values, a Weibull mesh is constructed by a

double logarithmic application:

ln(− ln(1− (F (t)))) = β ln(ζ) + β ln(t). (2.14)

The parameter β is equal to the slope of the line when plotting the left side of the

equation against ln(t). The second parameter ζ is obtained with the y-intercept j as:

ζ = ej/β. (2.15)

2.4.4 Residence time models

As mentioned in section 1.1.2, the behavior of real reactors differs from the two ideal

systems continuous stirred tank reactor (CSTR) with a homogeneous mixing at any

location and plug flow reactor with its time-independent concentration at a certain

location. Therefore, different models are used to characterize the real reactor systems.

In this thesis, the cascade model and the dispersion or diffusion model are used to

describe the residence time behavior and the mixing pattern in the horizontal spouted

bed.

2.4.4.1 Tanks-in-series model

With the tanks-in-series (cascade) model, it is assumed that a real system can be de-

scribed by a series connection of several connected stirred tank reactors with each of

them ideally mixed and of the same size (figure 2.13). Additionally, no back-mixing

between the reactors is possible. By means of the series connection, the input signal of

the reactor i is equal to the output signal of the reactor i − 1. In general, the output

signal y(t) is connected to the input signal x(t) by the convolution integral:

y(t) =

∫ ∞

−∞
x(t− t′)E(t)dt. (2.16)
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Figure 2.13: Cascade consisting of N ideal stirred tank reactors.

The residence time distribution E(t) of a stirred tank reactor with a tracer injection as

Dirac impulse is calculated by:

E(t)CSTR =
1

τ
· e− t

τ . (2.17)

If the output signal is convoluted with the residence time distribution of the second

CSTR in case of a cascade, the total residence time distribution can be calculated

according to equation 2.18 under the assumption that the reactors have an equal hydro-

dynamic residence time τ1 = τ2 = τi:

E(t) =
1

τi

t

τi
e−

t
τ . (2.18)

With the dimensionless time θ = t
τ the residence time distribution function of a cascade

with N reactors can be calculated to:

E(θ) =
N(N · θ)N−1

(N − 1)!
e−Nθ. (2.19)

The hydrodynamic residence time can be determined as the product of the reactor

number and the residence time of one single reactor:

τ = N · τi. (2.20)

The plot of the residence time distribution as a function of time gets more and more

narrow with increasing number of reactors. For an infinite number, the residence time

behavior approximates a plug flow reactor and can be detected as a δ impulse in the

plot as shown in figure 2.14.
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Figure 2.14: Plot of the dimensionless residence time distribution as a function of the
dimensionless time for different numbers N of connected stirred tank reactors.

2.4.4.2 Axial dispersion model

The axial dispersion model is based on a plug flow reactor with ideal mixing in radial

direction and superimposed axial dispersion of the material (Li et al., 2017). The dis-

persion is due to two different phenomena: 1. molecular diffusion for compensation

of concentration differences and 2. deviations from ideal plug flow behavior caused by

vortices and turbulent velocity variations (see figure 2.15). Both phenomena are linearly

dependent on the concentration gradient and thereby the dispersion can be described

analogous to the diffusion in Fick’s first law (Atkins and de Paula, 2011):

ṅdisp = −A ·Dax
dc

dx
, (2.21)

with the axial dispersion coefficientDax, the dispersion flow rate ṅdisp and the concentra-

tion c. By means of the material balance after the impulse feeding of tracer material, the

following expression is obtained, which is also known as the 1D Fokker–Planck equation

(Risken, 1996):
∂cT
∂t

= Dax · ∂
2cT
∂x2

− up · ∂cT
∂x

, (2.22)

with the tracer concentration cT and the particle flow velocity up. For quantification

of the ratio between convective and dispersive particle transport, the dimensionless Bo-

denstein number Bo can be used, which is equal to the product of particle velocity (up)

and apparatus length (Lbed) divided by the dispersion coefficient (Dax):

Bo =
up · Lbed

Dax
. (2.23)
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By using the Bodenstein number, the dimensionless time θ = t
τ and a dimensionless

length X = x
Lbed

, a dimensionless dispersion model is obtained:

∂cT
∂θ

=
1

Bo
· ∂

2cT
∂X2

− ∂cT
∂X

. (2.24)

In case of Bo → ∞, the particle flow corresponds to an ideal plug flow reactor without

axial mixing and a dispersion coefficient around zero. In the residence time distribution

a narrow peak occurs. For ideal mixing and a dispersion coefficient tending to infinity,

the distribution is broader and flatter as shown in figure 2.16. For an open-open system

with continuity of flux at the boundaries, there is an analytical way to solve the dimen-

sionless dispersion-convection-equation. In case of a closed-closed system, meaning that

no entered particles can leave the apparatus via the inlet again and that no particles

that have left the apparatus via the outlet can enter it again, there is no analytical

solution available. Instead, the equation has to be solved numerically, which has been

done e.g. by Bachmann et al. (2016), who proposed a new dimensionless correlation for

prediction of the Bodenstein number by using data from their own experiments and

from experiments of literature. Alternatively, the Bodenstein number can be calculated

implicitly with the variance related to the dimensionless residence time, which is defined

as:

σ2
θ =

σ2

τ2
. (2.25)

For a closed-closed system, the Bodenstein number has a discontinuity at X = 0 and

X = 1, as no backflow is allowed. Under this assumption, the Bodenstein number can

be calculated with equation 2.26:

σ2
θ =

2

Bo
− 2

Bo2
(1− e−Bo). (2.26)

2.4.4.3 Diffusion model

In the field of fluidized beds the application of Fick’s second law is also common for

description of the horizontal mixing. The diffusion coefficient is in this thesis termed

as dispersion coefficient Dax, which then includes again the molecular diffusion and

the mixing due to flow behavior and is more suitable than the term ”diffusion” when

handling solids:
∂c

dt
= Dax

∂c2

∂x2
. (2.27)
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Figure 2.15: Spreading of tracer due to superimposed axial dispersion in a plug flow
reactor according to the axial dispersion model.
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Figure 2.16: Dimensionless residence time density function for different Bodenstein
numbers.
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For applicability of the model, the boundary condition closed-closed has to be satisfied

meaning that no particle transport through the in- or outlet is possible:

t = 0, 0 ≤ x ≤ L1; c = 1, (2.28)

t = 0, L1 ≤ x ≤ Lbed; c = 0, (2.29)

x = 0, x = L;
∂c

∂x
= 0. (2.30)

For the mentioned initial and boundary conditions, one obtains the following analytical

dependence of the concentration on the dispersion coefficient:

c(x, t) =
1

2
+

2

π

∞∑
n=1

1

n
sin(

nπ

2
)cos(

nπx

L
)e−

n2π2

L2 Daxt. (2.31)

By fitting of equation 2.31 to experimental data with the sum of least squares method,

the dispersion coefficient can be determined and used for quantification of different

process conditions. In case of a continuous process, a small dispersion coefficient is

desired in order to force the directed flow of particles by convection.

2.5 Analysis of coated particles

In order to evaluate the coating quality or even for quantification of coating layer thick-

ness, different methods have been applied. For quality analysis, digital image analysis

has been applied, which will be introduced in chapter 4 in detail. For the measurement of

the coating layer thickness, the application of an optical in-situ method, namely optical

coherence tomography (OCT), has been examined. Additionally, the coated particles

were investigated externally with microscopic techniques for validation purposes.

2.5.1 Optical coherence tomography (OCT)

Optical coherence tomography is an interferometric method that makes use of the co-

herence properties of light in order to measure depth profiles of investigated semi-

transparent and turbid materials in a contactless and non-destructive way (Fercher,

2010, Wojtkowski, 2010). The generated cross-section images are obtained by measur-

ing the magnitude and the time delay of light, which is reflected back from the sample.

Different refractive indices of different materials affect the back reflection, which allows

the investigation of multilayer structures with a spatial resolution of 10 m. Optical co-

herence tomography has been widely applied for medical imaging but was also reported

for a lot of other applications (Stifter, 2007), such as for quality control tool for paper
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characterization (Fabritius et al., 2006), silicon integrated circuits (Serrels et al., 2010)

or fiber composites (Stifter et al., 2008). Additionally, several studies regarding the

investigation of coating quality have been reported for measurements in fluidized beds

(Markl et al., 2015b), pan coaters (Markl et al., 2015a, 2014) or drum spray coaters

(Koller et al., 2011). Refractive index changes on both the air/coating and the coating/-

particle interface occur due to the different refractive indices of the different materials.

The depth of the coating layer is measured by comparing the time delays of single scat-

tered photons to a reference light. A sketch of the measurement principle is shown in

figure 2.17. For a detailed description of the OCT method, the reader is referred to the

work of Markl et al. (2014).

sample 

light source 

directional 
coupler 

mirror 
beam 
splitter 

fiber 
focuser 

fiber 
collimator 

diffraction 
grating 

sensor head 

spectrometer 

Figure 2.17: Sketch of the measurement principle of the optical coherence tomography
method according to Markl et al. (2014).

The experimental setup including the spouted bed apparatus, the OCT system and

the data processing unit is schematically shown in figure 2.18. The OCT sensor head

was positioned on a metal stage in front of the observation window of the ProCell R©5

apparatus. The observation window is made of borosilicate glass with a thickness of

1.6 cm. In order to measure the refractive index correctly, the same glass was installed

in the sensor head. Different positions of the OCT sensor in the area of the observation

window were tested. A central position of the sensor head was found to track the highest

number of particles during the process. The sensor head was connected via an optical

fiber with the data analysis unit. The in-line measurements were carried out at different

defined time points during the process with a minimum record time of 10 min and a
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Figure 2.18: Experimental setup of in-line optical coherence tomography measure-
ment in the laboratory spouted bed ProCell R©5 in a) side and b) front view. The sensor

is positioned in front of the observation window made of borosilicate glass.

frequency of roughly 30 fps. The acquired measurements were displayed in real-time on

the computer unit. The in-line measurement algorithm detects the coating layers, marks

them by an ellipse and measures the layer thickness in its center. All images where a layer

thickness is measured are stored as positives. Besides the positives, the raw data acquired

in an interval of 1 s were stored allowing a later analysis with different settings. The

stored images were further post-processed to validate the analysis algorithm. Particle

samples were extracted at different time points during the experiment in order to perform

off-line analyses for validation.

Besides the in-line measurement, off-line OCT measurements were performed for vali-

dation. Off-line measurements were conducted with the same OCT system and a rotary

plate. A representative sample was placed on the plate and the rotation was started.

The OCT sensor head was positioned few centimeters above the moving particles as

shown in figure 2.19. Again, the images and the measurement of coating layer thickness

were shown in real-time on the screen. The measured values were compared with the

in-line data acquired at the corresponding time points.

2.5.2 Particle size analysis

To validate the measured layer thicknesses, off-line particle sizes were measured with the

CamSizer XT as already described in section 2.2.1. The layer thickness was estimated

as the difference between the mean particle diameter d50,3 of the raw material and that

of the coated particles. Besides the particle size, the mean sphericity S of the particle

samples was measured.
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Figure 2.19: Experimental setup of off-line OCT analysis by applying a particle
sample onto a rotary plate.

2.5.3 Theoretical growth model

Besides, the experimental determination of the coating layer thickness in the batch

experiment, it was estimated by a theoretical growth model analogous to the calculations

in the work of Markl et al. (2015b). As input parameters, the properties of the core

material (Cellets R©500 particles) and the coating suspension are needed. Under the

assumption of an ideal spherical shape of the core particles, the mass of the core particle

mcore can be determined via:

mcore =
4

3
πrcore

3ρcore, (2.32)

with rcore the radius of the core particle and ρcore its solid density. The time-dependent

particle mass mp(t) can be calculated according to equation 2.33:

mp(t) =
4

3
πrcore

3ρcore
(
1 +

ṁc · x
mbed

p,0

· t), (2.33)

with mass flow of the coating suspension ṁc, its solid content x and the mass of the

initial particle bed mbed
p,0 . Under the assumption of a spherical shape of the coated

particles the mass of one particle is equal to that of the core particle plus the mass of

the produced coating layer (Mörl et al., 2007):

mp(t) =
4

3
πrcore

3ρcore +
4

3
π(rp(t)

3 − r3core)ρc, (2.34)

where ρc is the density of the solidified coating layer and rp is the time-dependent size

of the particle. Due to the small particles and the even smaller coating layer, the mass

of one particle is not known. In order to calculate the layer thickness sc, the coating

and the particle mass are set into a ratio:
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mc

mcore
=

3sc(t)

r3core

(
r2core + sc(t)rcore +

1

3
sc(t)

2
) ρc
ρcore

=
mfeed,c

mbed,0
. (2.35)

The ratio of the coating mass and the mass of one core particle is equal to the ratio

of the total coating mass injected mfeed,c and the initial particle bed mass mbed,0. In

the presented experiment, the suspension is sprayed in bottom-spray configuration and

therefore in direct current with the particles. It can be assumed that a certain amount

of droplets is sprayed against the apparatus walls or to the filters, which is indicated by

the increasing contamination of the observation window with increasing process time.

Therefore, the suspension mass deposited on the particle bed is reduced (Andersson

et al., 2000), which is modeled by a fraction χ that is assumed to be constant in one

batch. Under the assumption that the suspension is equally distributed on the whole

particle bed, the distributed coating suspension can be calculated via the time and the

spray rate ṁc and the solids content x:

χ
mfeed,c(t) · x

mbed,0
= χ

ṁc · x · t
mbed,0

. (2.36)

By combination of equations 2.35 and 2.36 and under the assumption that no agglomera-

tion, breakage or attrition occurs, the time dependent coating thickness is ascertainable:

sc(t) = rcore

((
χ
ṁc · x · t
mbed,0

ρcore
ρc

+ 1
) 1

3 − 1
)
. (2.37)

2.5.4 Light microscope

For microscopic analysis of the coated samples, the light microscope BX51 from com-

pany Olympus (Germany) was used. The device enables magnifications between 50 and

1000 x. In order to estimate the particle size enlargement due to the coating layer and

to investigate its quality, the single particles were abraded in order to analyze the inner

particle’s cross-sectional area. A detailed description of the surface quality, as e.g. rough-

ness, was not possible as the microscope does not supply a depth of focus, which means

that only one depth can be focused.

2.5.5 X-ray microtomography

In order to measure the layer thickness of the particles and its homogeneity at the end

of the coating process, they were analyzed with X-ray microtomography (μ-CT). The

principle uses X-rays to create cross-sections of the analyzed object (figure 2.20). As

the method is repeated at different heights in several slides, the object can be recreated
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as 3D-model. The method has been widely applied in medicine but is also used for

biomedical investigations, food, fossils or particle characterization. The used model

μCT 35 (Scanco medical, Switzerland) works with a small-angle-cone-beam. The slice

thickness can be varied between 3.5 and 70 m with a nominal resolution in the same

range.

X-ray source 

X-ray detector 

sample 

rotation 

Figure 2.20: Sketch of the measurement principle of X-ray microtomography.
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3

Fundamentals of numerical

simulations

3.1 Introduction

The coupling of Computational Fluid Dynamics (CFD) and Discrete Element Method

(DEM) is the state of the art in the numerical investigation of gas-solid processes. Exper-

iments on laboratory or pilot plant scale offer often only limited information concerning

the particle behavior as the size of the observation windows is small and the central

part of the process chamber is not accessible. Additionally, most measurement methods

are intrusive and disturb the flow behavior. Non-intrusive methods are often expensive

and again limited to provide information in only two dimensions. In contrast, simula-

tions present a powerful tool for studying the influence of process parameters on the

performance and stability of the fluidization behavior. The simulations require a de-

tailed characterization of the particles. This is presented in section 3.2 according to

the experimental setups described in chapter 2. Coupling of CFD and DEM, termed

as Euler-Lagrange simulations in contrast to pure CFD Euler-Euler simulations, gives

information on the scale of single particles as each and every particle is tracked and

involved in the calculation of forces and velocities. The approach resolves the contact

between particles through contact laws, as described by Cundall and Strack (1979). The

calculation of the particles’ behavior is based on solving Newton’s equations of motion,

whereas the fluid phase is described by solving the volume-averaged Navier-Stokes equa-

tions. The underlying equations and the coupling of both tools are described in section

3.3. Due to the increasing computational power it is nowadays possible to conduct sim-

ulations with 106 particles on a common desktop computer and with access to clusters

47
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even 109 particles can be calculated. As the number of particles in most industrial ap-

plications and also on pilot plant scale is much higher, coarse-graining approaches are

applied. In this thesis, particle coarsening is performed by which several particles are

clustered as parcels as described in section 3.3.1. To validate the numerical data, the

Fourier transforms of the pressure drop signals measured in experiments and simulations

were compared. The basic principle is described in section 3.5.1.

The investigated coating process includes the injection of droplets into the gas-solid

phase, thus an additional phase needs to be included. As the liquid loading during the

regarded coating process is low, the injection of droplets was performed after the CFD-

DEM simulations in a post-processing step. The implementation is described in detail

in section 3.4. With the help of a statistical approach, the surface coverage of particles

with liquid was calculated and compared for different process configurations. As the

surface coverage of the particles is highly dependent on the residence time of particles

in the spray zone and on the spouting stability, the residence time and circulation

frequencies were calculated from the numerical data as described in subsection 3.5.2.

In the last subchapter of this simulation part, a short introduction into the recurrence

Computational Fluid Dynamics (rCFD) procedure is given. The rCFD method is an

important tool regarding the simulation of industrial processes and laboratory processes

during long term operation. It is based on a statistical approach and utilizes recurrent

fields for predicting following time steps.

3.2 Particle properties

In this section the experimental results regarding the material characterization are

presented. The target product, which shall be coated in future industrial scale, is a

temperature-sensitive material, which must not exceed temperatures above 50◦C in or-

der to avoid loss of functionality. For handling the sensitive material the spouted bed

apparatus has been chosen as its structured flow pattern contains fewer hot spots or

inhomogeneities than fluidized beds. As the target material is hazardous and needs to

be handled in special laboratories, model particles were used, namely microcrystalline

cellulose (Cellets R©) and γ-Al2O3 particles with a similar particle size range as the in-

dustrially relevant system. Both the cellulose and the ceramic particle types are highly

spherical, have a white color and narrow particle size distribution. The alumina particles

have a higher porosity allowing liquid suction into the pores, which comes along with a

high possible moisture content without a collapse of the fluidized bed. In contrast, the

cellulose particles are less porous and highly electrostatic, which makes them sticking to

apparatus parts and walls. In order to prevent sticking, antistatic spray (TOOLCRAFT
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887243 ) was applied to transport and dosage equipment and the apparatus made of

polycarbonate.

Both material types were used for experiments regarding stability analysis. For coating

investigations, the cellulose particles were chosen in order to neglect the influence of

liquid migration into pores. All presented simulations were performed with γ-Al2O3

particles of 0.6 mm size. For experimental investigations also particles with a size of

1.8 mm and 3.0 mm were used.

Particle size and size distribution

The particle size sum distribution Q3 of Cellets R©500 determined with CamSizerXT is

shown in Figure 3.1. The particle diameter range is between 0.42 and 0.96 mm with a
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Q
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Figure 3.1: Cumulative particle mass size distribution Q3 of Cellets R©500 particles
and exemplary light microscope image of a single particle.

mean diameter of d50,3 = 0.57 mm. The sphericity was determined to 0.95. Analogous,

the size distribution of the small γ-Al2O3 particles is given in figure 3.2. The distribution

is narrower compared to Cellets R©500 and ranges from 0.48 to 0.69 mm with a mean

diameter d50,3 = 0.656 mm. Again, the particles are with a mean sphericity of 0.96

almost ideal spherical. Additionally, the distributions of the 1.8 mm and 3.0 mm sized

γ-Al2O3 particles are shown in figure 3.3. Again, high sphericities of 0.966 and 0.986,

respectively were measured. The mean diameter d50,3 is with 1.78 mm almost identical

to the producer value of 1.8 mm for the middle size fraction but its smaller than the
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Figure 3.2: Cumulative particle mass size distribution Q3 of small γ-Al2O3 particles
(quoted size of 0.6 mm) and light microscope image of particles.

mentioned 3 mm for the biggest fraction, where the mean diameter was determined to

d50,3 = 2.67 mm.
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Figure 3.3: Cumulative particle mass size distribution Q3 of medium sized γ-Al2O3

particles (quoted size of 1.8 mm) and of big γ-Al2O3 particles (quoted size of 3.0 mm).
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Apparent particle density

The solid density was measured with helium pycnometer as described in subsection

2.2.2. Besides the raw material of Cellets R©500 and γ-Al2O3 the particles coated with

the magentizable paint were analyzed in order to evaluate their applicability as tracer

material. The measured values are shown in table 3.1.

Table 3.1: Apparent particle densities determined with helium pycnometer.

Material Apparent particle density [kgm−3]

Cellets R©500 1481

γ-Al2O3 0.656 mm 3095

γ-Al2O3 1.8 mm 3240

γ-Al2O3 3.0 mm 3385

Magnetizable Cellets R©500 1600

Magnetizable γ-Al2O3 1.8 mm 3104

It can be seen from table 3.1 that the densities of Cellets R©500 and γ-Al2O3 with a

size of 0.656 mm differ a lot even though the particles are of the same size. This is

due to the fact that the alumina particles are highly porous allowing the helium to get

into the pores, whereas the Cellets R©500 particles contain almost no open pores. The

measurements of the coated particles have been performed with those samples with the

minimum necessary coating layer thickness to make them adhere to the magnetic rod.

The variation of the particle density of the coated particles from uncoated material is in

both cases smaller than 10 %. Therefore, it is concluded that the variation in fluidization

behavior is small, which makes the particles regarding their density be applicable as

tracer material.

Envelope density

For simulations, the particle density is needed. Therefore, it was calculated for the

γ-Al2O3 particles with a size of 0.656 mm by taking 50 representative particles. The

weight of the sample was measured, which allowed the determination of the weight

of one single particle. By assuming an ideal spherical shape, the true density was

calculated by dividing the weight of one single particle by its volume determined with

the Sauter mean diameter of the particle type. The true density of the γ-Al2O3 particles

(d50,3 = 0.656mm) was determined to 1328 kgm−3.
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Restitution coefficient

The restitution coefficient was measured for the particle type used in simulations: γ-

Al2O3 particles with a mean size of 0.656 mm. The coefficient for the collision of a

particle with a wall made of steel, ep−w, was determined to 0.73± 0.087 and the mean

value was used. A direct measurement of the restitution coefficient of two colliding

particles was not possible with the described experimental setup. As the observable

collision behavior is similar to the collision with a wall, it was set to ep−p = 0.72.

Young’s modulus

Analogous to the coefficient of restitution, the Young’s modulus is necessary for perform-

ing CFD-DEM simulations and was therefore determined for the γ-Al2O3 particles with

0.656 mm in size as this was the material used in the simulations. The Young’s modulus

was determined by measuring the force-displacement curve for 13 representative parti-

cles. As described in section 2.2.5 the mean Young’s modulus Y ∗
p can be calculated from

the slope of the curve. This is exemplarily shown for the first measurement in figure 3.4.

An overview of all measured data is given in table 3.2. With a Poisson ratio ν of 0.3

the averaged particles’ Young’s modulus was determined to 3.06 × 109 Pa. According

to literature data for steel, a value of 2.5 × 109 Pa was chosen for the walls’ Young’s

modulus Yw.
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Figure 3.4: Exemplary force-displacement curve obtained during compression of rep-
resentative γ-Al2O3 particles (0.656 mm).
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Table 3.2: Measured mean Young’s moduli Y ∗
p and resulting particle Young’s moduli

Yp by assuming a Poisson ratio ν of 0.3; γ-Al2O3 particles (0.656 mm).

Measurement no. Y ∗
p [Nmm−2] Yp [Nm−2]

1 5901.27 2.69× 109

2 5648.92 2.57× 109

3 4177.91 1.90× 109

4 5980.08 2.72× 109

5 5753.68 2.62× 109

6 7763.14 3.53× 109

7 7644.61 3.48× 109

8 8839.61 4.02× 109

9 7728.29 3.52× 109

10 6701.20 3.05× 109

11 7947.69 3.62× 109

12 7649.67 3.48× 109

13 5650.22 2.57× 109

Friction coefficient

The friction coefficient was measured with a Schulze ring shear tester RST-XS.s as

described in section 2.2.6. The internal friction coefficient between the particles was de-

termined to 0.65. For the coefficient between the γ-Al2O3 particles of 0.656 mm size and

the wall a value of 0.16 was measured. Nevertheless, in the CFD-DEM simulations the

values were set to 0.06 and 0.05, respectively, which showed higher physical consistence

with the experimental data as the rolling friction was not taken into account.

Minimum fluidization velocity

The minimum fluidization velocity was determined experimentally with a plexiglass flu-

idized bed column as described in section 2.2.7. For the γ-Al2O3 a velocity of 0.16 m s−1

was determined. The bulk density ρbulk was measured by filling and weighing a container

of known volume to 764.8 kgm−3.

3.3 CFD-DEM coupling procedure

In this thesis, all CFD-DEM simulations were performed with the open source software

CFDEMcoupling R© (Goniva et al., 2012), which couples the CFD tool OpenFOAM R©

(Weller et al., 1998) with the DEM software LIGGGHTS c© (Hager et al., 2014, Kloss
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et al., 2012). For visualization purposes the software ParaView was used. The simu-

lations were focused on the laboratory plant ProCell R©5 as the spouting stability and

the process of droplet depositions has to be understood in detail before a larger scale

can be investigated. The geometry of the process chamber, shown in figure 2.6, was

drawn in CAD software SolidWorks and the simulation mesh was generated with the

hexahedral cut-cell based OpenFOAM R© meshing tool snappyHexMesh. For the fine inlet

geometry a cell size of 3.125 mm (1.7 · dp) was chosen. The process chamber area above

the inlet had a cell size of 6.25 mm (3.5 · dp) and above a height of 0.5 m a mesh size

of 12.5 mm (7 · dp) was used as the particle void fraction is usually low in this upper

part of the apparatus. In total, the simulation mesh contained around 700,000 cells of

mostly hexahedral type.

The gas phase dynamics in presence of an additional granular phase were solved by

applying the PISO algorithm in OpenFOAM to the incompressible Navier-Stokes equa-

tions:
∂αf

∂t
+∇ · (αfuf) = 0, (3.1)

∂(αfuf)

∂t
+∇ · (αfufuf) = −αf

ρf
∇p+ αfg − 1

ρf
Rpf +∇ ·

(
αf

ρf
τ

)
, (3.2)

where p is the pressure, g is the gravitational constant, αf is the volume fraction of

the fluid, uf is its velocity and ρf its density. The stress tensor τ can be calculated via

τ = μf∇uf , where μf is the dynamic viscosity of the fluid. The term Rpf represents

the momentum exchange between the fluid and the granular phase and is for numerical

reasons split-up into an implicit and an explicit term using the averaged particle velocity

up in the regarded cell:

Rpf = Kpf(uf − 〈up〉). (3.3)

The momentum exchange coefficient Kpf contains the drag forces Fd that are acting in

the regarded cell volume Vcell:

Kpf =
αf · |

∑
i Fd,i|

Vcell|uf − 〈up〉| . (3.4)

Different drag models are available for calculating Kpf . Most of these models are of

empirical or half-empirical nature. In this thesis, the following drag models were tested

and the obtained flow regimes were compared among each other and to experimental

results: Gidaspow, Di Felice, Koch and Hill and the drag model by Beetstra. The widely

used drag model by Gidaspow et al. (1991) is a combination of the Ergun equation (Ergun

and Orning, 1949) applicable for description of pressure drop through porous media and

Wen and Yu equation (Wen and Yu, 1966), which is valid when viscous forces dominate

the flow and internal forces are negligible and was derived using experimental data from
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Richardson and Zaki (1997). Depending on the volume fraction of the fluid, the drag

model switches between both correlations, whereby the Ergun equation is used to model

the drag equation at lower fluid void fractions (αf ≤ 0.8) and Wen and Yu correlation

is used in case of a dispersed phase (αf > 0.8) (Lundberg and Halvorsen, 2008). The

drag model by Di Felice (1994) has been developed by extending the sinking velocity

model for a single particle. Both models from Koch and Hill (2001) and Beetstra et al.

(2007) have been derived from highly resolved Lattice Boltzmann simulations. Beetstra

et al. (2007) recommended using their drag model for dense beds of particles with solid

fractions exceeding 0.5. The expressions for calculation of the momentum exchange

coefficient for the different drag models are given in table 3.3.

Table 3.3: Drag models proposed for particulate flows.

Drag model Expression

Gidaspow et al.

(1991)

αf ≤ 0.8 → Kpf = 150
(1− αf)

2νfρf
αfd2p

+ 1.75
(1− αf)|uf − up|ρf

dp
(3.5)

αf > 0.8 → Kpf =
3

4
Cd

αf(1− αf)|uf − up|ρf
dp

α−2.65
f (3.6)

Cd =
24

αfRep
[1 + 0.15(αfRep)

0.687] (3.7)

Re =
|uf − up|

νf
dp (3.8)

Di Felice (1994)

Kpf =
3

4
Cd

(1− αf)ρfαf

dp
|uf − up|f(αf) (3.9)

f(αf) = αf
−χ (3.10)

χ = 3.7− 0.65e−
1.5−log (αfRep)2

2 (3.11)
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Koch and Hill

(2001) Kpf =
18νfρfα

2
f (1− αf)

d2p
(f1(αf) +

1

2
f2(αf)Rep) (3.12)

αf > 0.4 →

f1(αf) =
1 + 3

√
(1−αf)

2 + 135
64 (1− αf) ln (1− αv) + 16.14(1− αf)

1 + 0.681(1− αf)− 8.48(1− αf)
2 + 8.16(1− αf)

3

(3.13)

αf < 0.4 → f1(αf) =
10(1− αf)

α3
f

(3.14)

f2(αf) = 0.0637 + 0.212(1− αf) +
0.0232

α5
f

(3.15)

Beetstra et al.

(2007) Kpf =
18νfρfαf(1− αf)

d2p
f(αf) (3.16)

f(αf) =
10(1− αf)

α2
f

+ α2
f (1 + 1.5

√
(1− αf))

+
0.413Rep
24α2

f

⎡
⎢⎣α−1

f + 3αf(1− αf) + 8.4(Re−0.343
p )

1 + 103(1−αf)Re
−
(
1+4

(1−αf )

2

)

p

⎤
⎥⎦ (3.17)

Besides the variation of the drag model, the influence of the used turbulence model was

investigated. The following models were examined: k-ω and k-ε turbulence model and

the laminar model. The k-ω and k-ε turbulence models belong to the two-equation-

models for turbulence modeling and are the most prominent ones of this category. The

basic idea of the k-ε model is the derivation of equations of momentum balance for

the fluctuations in all directions and the following conversion into a dependence on the

kinetic energy of turbulence k (Launder and Sharma, 1974). A transport equation is for-

mulated for k, which allows the consideration of turbulence production and dissipation.

The turbulence dissipation is considered by an additional differential equation that is

connected to the eddy viscosity νt:

νt = Cμ
k2

ε
. (3.18)

k and ε are scalar-valued vector fields for which boundary conditions have to be defined

that are dependent on the geometry and the flow values at the boarder of the system.

Besides the standard k-ε model deviations are known, as e.g. the realizable k-ε model
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(Shih et al., 1995). This model contains a feasibility condition, which ensures that also

in case of high tensions, no negative normal stresses occur. This results in an improved

prediction for rotating and riving jets.

By means of the k-ω model, systems with dominant wall effects and flows with low

Reynolds numbers can be predicted more accurately, whereby the specific dissipation ω

is taken into account:

νt =
k

ω
. (3.19)

Nevertheless, problems have been reported in the prediction of free flows and systems

with high pressure gradients. Therefore, variations have been developed as e.g. the

k-ω-SST (shear stress transport)-model, which uses the original k-ω model in the region

near the walls and a k-ε model in the freeboard zone (Andersson et al., 2011).

For the simulation of particle collisions a soft sphere model (Cundall and Strack, 1979)

based on correlations of Hertz (1882) was applied.

3.3.1 Coarse-graining approach

With today’s computational power and access to high performance clusters, lab-scale

processes can be simulated in a reasonable time. However, industrial processes with

millions and billions of particles still require coarse-graining methods (Lu et al., 2016,

Radl et al., 2011). In general, two different approaches can be distinguished: grid

coarsening and particle coarsening (Ozel et al., 2016). Latter was used for the simulations

presented in this thesis. By performing particle coarsening, computational parcels, whose

diameter is by a certain scaling factor δ bigger than the diameter of the original particle,

are tracked instead of the primary particles, which then results in a reduced number of

particles Np that need to be simulated:

δ =
dp,scaled

dp
, (3.20)

Np ∝ 1

δ3
. (3.21)

In this PhD thesis, the coarse-graining approach according to Bierwisch et al. (2009) was

used, which is based on a dimensional analysis of contact laws regarding the conserva-

tion of the macroscopic coefficient of restitution and stress state by conserving relative

particle/parcel overlap in binary contacts. This approach depends on material proper-

ties of the primary particles. To perform the scaling in a physically realistic way and to

keep force and velocity information, the energy density and evolution of energy have to

be kept as in the original system. In order to preserve the density of the gravitational

force, the void fraction field αf and the solid density ρs are kept constant:
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αf = α′
f , (3.22)

ρs = ρ′s, (3.23)

whereby the inverted comma denotes the quantities of the scaled system. To keep the

energy dissipation per volume and time constant, the restitution coefficient e is also not

scaled:

e = e′. (3.24)

The number of collisions in space and time scales with 1
δ3

and the effective mass meff

with δ3, whereby the effective mass is calculated by the mass of two collision partners i

and j:

meff =
mimj

mi +mj
. (3.25)

In order to preserve the energy dissipation rates, a dimensional analysis gives three

dimensionless numbers
∏

1,2,3, which as well as a reference velocity u0 have to be kept

constant during coarse graining:

∏
1
=

�

rp,eff Ỹ
, (3.26)

∏
2
=

γem

rp,eff

√
ρsỸ

, (3.27)

∏
3
=

κt

rp,eff Ỹ
, (3.28)

u0 =

√
Ỹ

ρs
, (3.29)

where � is a generalized cohesive energy per unit contact area, rp,eff is an effective

particle radius (3.30), Ỹ is calculated by the Young’s modulus Y and Poisson ratio ν

(3.31), γem is an empirical damping parameter and κt is a tangential spring constant.

rp,eff =
rp,i · rp,j
rp,i + rp,j

, (3.30)

Ỹ =
Y

(1− ν)2
. (3.31)

It is worth to mention that the mass-specific particle drag force in the scaled system

is calculated based on the original diameter of a single particle as it would otherwise

overestimate the drag in an unrealistic manner. In the presented simulations, a scaling
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factor of 4 was chosen. Higher scaling factors are severely restricted by the fine details of

the inlet geometry and its influence on the particle packing structure as well as the grid,

which has to be fine enough to capture the spout jet. Further particle coarsening would

require the grid to be coarsened as well, as the applicability of drag laws is questionable

for grid sizes smaller than the particle diameters.

3.3.2 Simulation parameters

The results from particle characterization experiments of the γ-Al2O3 particles (0.656 mm)

presented in section 3.2 were used as simulation input parameters. All particle and fluid

properties are summarized in table 3.4. As an implicit solver was used, the CFD time

step of ΔtCFD = 5·10−5 yielded regardless of Courant-Numbers of Co = maxufΔtCFD
Δx < 3

stable simulations. The Co number exceeded the commonly used restriction of Co < 1

due to the small cell sizes around the nozzle. Nevertheless, evidently higher numbers

can be used (Andersson et al., 2011), which was assayed for the regarded simulations in

preinvestigations.

3.4 Liquid injection

As mentioned before, the liquid injection was performed during post-processing by re-

playing the particle flow fields. Though the liquid injection comes along with changes

in viscous, surface tension, capillary, contact and drag forces (Antonyuk et al., 2009),

their change and the building of liquid bridges were not taken into account here due to

the low liquid injection rate and the very small coating layers. In addition, the droplet

deposition efficiency was assumed to be 100 % because of the small liquid injection rates.

When using higher rates, as for example in spray granulation processes, the deposition

efficiency needs to be taken into account, as e.g. modeled by Li et al. (2011).

For the droplet injection, the mesh around the nozzle was calibrated based on the spray

pattern determined in experiments, in which a dye was used for visualization: A piece

of tulle was fixed in the process chamber at a defined height. The fluidization gas was

turned on without any particles in the bed. Diluted methylene blue dye was injected at

a pump rate of 5 gmin−1 for around 20 s. After that time, the process was stopped and

the tulle with the blue color was pressed on a white sheet of paper. The procedure was

repeated at different heights as schematically shown in figure 3.5.

By means of the different spray pattern prints, the height-dependent area of liquid

injection was determined as shown in figure 3.6. The droplet injection was simulated as
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Table 3.4: Fluid and particle properties and simulation parameters for CFD-DEM
simulations of spouted bed process in ProCell R©5 aparatus with γ-Al2O3 particles.

Parameter/Setting Symbol Value Unit

CFD time step ΔtCFD 5 · 10−5 s

DEM time step ΔtDEM 2.5 · 10−7 s

Liquid injection Δtpost 10−4 s

Particle diameter dp 656 m

Scaling factor δ 4 -

Particle density ρp 1328 kgm−3

Fluid density ρf 1.225 kgm−3

Fluid dynamic viscosity μf 1.7894 · 10−5 kgm−1 s

Young’s modulus particles Yp 3.06 GPa

Young’s modulus wall Yw 2.5 GPa

Poisson ratio particles νp 0.3 -

Poisson ratio wall νw 0.3 -

Restitution coefficient p-p ep−p 0.72 -

Restitution coefficient p-p ep−p 0.73 -

Static friction coefficient p-p μst,p−p 0.06 -

Static friction coefficient p-w μst,p−w 0.05 -

Slit height hslit 3.5 mm

Droplet diameter ddrop 40 m

Field sampling frequency fsample 102 Hz

Liquid droplet injection rate fliq 2.5 · 106 Hz

Liquid mass rate ṁliq 5 gmin−1

follows: The post-processing-solver, which is a combination of the sprayFoam-solver and

the cfdemPostproc-post-processing tool, loads the velocity fields and particle positions.

A Lagrangian droplet phase is allowed to evolve in the loaded velocity fields. Droplets

were injected with a frequency of 2.5 · 106 droplets/s at the nozzle inlet patch with a

mass flow rate of 5 g/min. A particle-droplet capturing efficiency of 100 % was assumed,

whereby an area of the particle equal to the droplets diameter (ddrop = 40 m) is covered

with the coating agent. The heat transfer coefficient for the heat transfer between the

gas and the particles/droplets was evaluated using the empirical correlation of Gnielinski

(1978) for the transfer coefficients of single spheres:

Nu = 2 +
√

Nu2lam +Nu2turb, (3.32)

with

Nulam = 0.664Re0.5Pr0.33, (3.33)
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Nuturb =
0.037Re0.8Pr

1 + 2.443Re−0.1(Pr0.667 − 1)
. (3.34)

With consideration of the coarse-graining approach, the maximum heat flux for evapo-

ration Q̇ was calculated via

Q̇ = Nu πdparcelα
3λ(Tair − Twb), (3.35)

with Nusselt number Nu, thermal conductivity λ, temperature of the air Tair and wet

bulb temperature as the temperature of water deposited on the particles Twb. The air

temperature was set to 323.15 K and the temperature of the water on the particles

was calculated iteratively with the saturation vapor and adiabatic conditions. The

calculation approach is given in the appendix C. In the time loop of the solver, droplet

cloud evolution was alternated with deposition steps, in which contact detection was

performed and droplets were captured by the particles. A statistical approach by Kariuki

et al. (2013), expressed by equation 3.36, was used to determine the surface coverage

distribution of the liquid on the particles in the bed:

Sp,covered

Sp
= 1−

(
1− adrop,proj

Sparticle

) mliq
mdrop

, (3.36)

with mliq the mass of captured liquid, Sp the surface area of particles, adrop,proj the

projected area of a droplet and mdrop the mass of a droplet.
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Figure 3.5: Calibration of nozzle mesh by stepwise experimental determination of the
spray pattern at different distances from the nozzle tip.
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Figure 3.6: Experimentally determined spray pattern of the two-fluid nozzle (970-S4,
Schlick, Germany) at different heights and respective constructed nozzle meshes.

3.5 Process quantification

With coupled CFD and DEM simulations, process information on the scale of single

particles can be obtained. In order to compare different configurations quantitatively,

the Fourier transform of the measured pressure drop time series as well as circulation

frequencies from DEM calculations were used. The Fourier transform allows not only

the evaluation of the spouting stability but also acts as quantity for validation procedure

to experimental data.
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3.5.1 Fourier transform

Gas pressure fluctuations were measured in experiments and simulations. Experiments

were operated in under-pressure mode and the pressure drop was measured in the free-

board zone above the bed. Simulations were performed with the boundary conditions of

a defined inlet velocity and atmospheric pressure at the outlet. Thus, the pressure drop

was averaged over the inlet with a sampling frequency of 1 kHz. The Fourier transform

of the signals decomposes the original function into sinusoids of different frequencies

with their respective amplitudes. A narrow single peak in the power spectrum distri-

bution PSD indicates homogeneous pressure fluctuations and therefore stable spouting.

In case of irregular spouting, the pressure fluctuations are irregular, which results in a

broad peak distribution in the power plot. In this thesis, the Fourier transform F of the

time dependent pressure signal p(t) was conducted in Python package numpy, whereby

it is defined as follows (Link, 2006) :

Fp(t)(ωk) =
1

Ndatapoints

Ndatapoints−1∑
m=0

p(tm)e
− 2πmk

Ndatapoints
i
, (3.37)

where Ndatapoints is the number of sampling points and ωk is the angular frequency. The

power spectrum distribution PSD is calculated according to equation 3.38. From the

distribution the main frequency of the pressure drop fluctuations can be determined.

PSDp(t)(ω) = ||Fp(t)(ω)||2. (3.38)

3.5.2 Circulation frequencies

As described in subsection 1.1.1 the flow pattern in a spouted bed can be divided into

three different regions: spout, fountain and annulus region. The zones differ in particle

velocities and flow directions as well as in void fractions. In order to classify those

regions in the simulations, granular properties are considered as those properties are

directly calculated by LIGGGHTS R© in each time step. For classification, a Boolean

state variable is defined for each particle i for the spout region ξi,spout as most interesting

zone regarding coating processes as it contains the nozzle and is the zone of most of the

particle-droplet interactions. The spout region is characterized by particles reaching

velocities up to 10 m s−1 in the positive height, whereas particle movement in the other

zones is mostly in negative direction. Therefore, all particles having a vertical velocity

upy,i greater than or equal to a threshold velocity uspout were chosen to be in the spout

region:
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ξi,spout =

⎧⎨
⎩1 upy,i ≥ uspout

0 otherwise
. (3.39)

The threshold velocity was determined by particle tracking velocimetry (PTV) as will

be described in chapter 4. The assignment of particles to the spout zone allows the

calculation of the circulation frequency in the regarded system. By an additional evalu-

ation of the vertical velocities, the time and intensity of particle-droplet interaction can

be estimated.

3.6 Recurrence CFD (rCFD)

Though the application of coarse-graining approaches allows the investigation of pilot

plant scale apparatuses at least for several seconds in acceptable times, the simulation

of industrial scale apparatuses with much more particles or of the whole process length

remains a challenge. The recently developed recurrence Computational Fluid Dynamics

(rCFD) method (Lichtenegger et al., 2017, Lichtenegger and Pirker, 2016) addresses the

problem for pseudo-periodic processes by extrapolating globally recurring patterns in a

physically meaningful way and describing the transport and interaction of passive scalars

by Lagrangian tracers. As the regular flow pattern in spouted beds contains a lot of

periodicity, they represent an excellent application field for rCFD. The method is based

on tools from recurrence statistics, namely recurrence plots and signal reconstruction.

3.6.1 Recurrence analysis

According to whether the state X(ti) is depending on the previous state X(ti−1), a

deterministic system can be categorized as either ordered or unordered. Ordered systems

are characterized by completely predictable time evolutions. Given a time series of an

ordered system, a function can be fitted to extrapolate the series without loss of accuracy.

Eckmann et al. (1987) proposed recurrence plots to visualize patterns inherent in chaotic

signals and systems. The non-tresholded, normalized recurrence matrix is defined as

follows:

R(ti, tj) = 1− ||X(ti)−X(tj)||
maxk,l(||X(tk)−X(tl)||) . (3.40)

The denominator is used for normalization, whereby those states are used that give the

maximum value for || ||. Values between 0 and 1 occur in the matrix, with 1 along the

diagonal. Values of 0 or close to 0 indicate the lowest degree of similarity between the

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3.6 Recurrence CFD (rCFD) 65

referenced states, while a value of 1 is connected to identical states. Almost all fluid-

mechanical systems show transient behavior as for example the occurence of vortex

shedding, turbulence, heat transfer and chemical reactions. Nevertheless, the behavior

is often found to be deterministic chaotic as described by van den Bleek and Schouten

(1993) for fluidized beds and e.g. Salikov et al. (2015b) for spouted beds. The occurence

of recurrence patterns in the systems makes them being a good application for recurrence

CFD.

3.6.2 Simulations with rCFD

Before performing rCFD simulations, the system needs to be simulated in detail with

CFD-DEM for a sufficient time interval. The length of this sampling period is impor-

tant as only the mixing patterns present during this period can be reproduced in rCFD.

In general, a longer interval of sampling increases the confidence in the results but at

the same time increases the memory required. On the other hand, systems with highly

disparate time scales of overall system behavior would require a lot of memory which

makes them not suitable for rCFD simulations. Due to the weak causal relationship

between temporally distant states, a time-series X(ti) can be time-extrapolated by join-

ing sequences from the sampled time series. The recurrence plot, as described with the

matrix in equation 3.40, provides information about the similarity of two states X(ti)

and X(tj). The extrapolation scheme works as follows:

1. Calculate recurrence plot and divide recurrence plot into two halves.

2. Choose starting point X(trecui ), trecustart ≤ trecui ≤ trecustart from sampled signal.

3. Append consecutive sequence {X(trecui ),X(trecui+1 ), ...,X(trecui+n )} of random length n

(or until end of current half is reached) to extrapolated signal.

4. Search opposite half of recurrence plot R{ti+n, tj} for a maximum value of tj .

5. Define tj := ti , go to 3.

The process of searching for a recurrent state in step 4 is referred to as recurrence

jump. There are two approaches available for the rCFD method, the Eulerian and the

Lagrangian. In the Eulerian method, the quantities can be transported in any phase

by solving the Eulerian transport equation, whereas in the Lagrangian method, which

was used for the simulation presented in this thesis, the quantities are transported

by Lagrangian tracers. Thus, the volume fraction fields and velocities in Lagrangian

approach can be calculated via equations 3.41 and 3.42:
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α(x) = VT

∑
i∈T

g(||x− xi||), (3.41)

u(x) =

∑
i∈T q(||x− xi||)ui∑
i∈T q(||x− xi||) , (3.42)

where VT is the volume of a Lagrangian fluid element/tracer and q(x) is a density

distribution function. The equation of motion of a single tracer i is given by:

ẋ = urecui + ufluc, (3.43)

where urecui is the velocity derived from the recurrence velocity field and ufluc is the

fluctuation velocity that is introduced to reproduce void fractions. The origin and cal-

culation of the fluctuations is described in detail by Lichtenegger and Pirker (2016).
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4

Digital image analysis

4.1 Introduction

The following chapter is dedicated to applying digital image analysis for particulate

flows. The analysis of image data acquired by high-speed camera recording allows on

the one hand the measurement of flow velocities and directions. The approach, namely

particle tracking velocimetry (PTV), is described in section 4.2. The next section 4.3 is

based on a similar method and detects single particles in the first step but the analysis

is further extended by extracting brightness properties on the scale of pixels, which are

then used to investigate the coating quality.

4.2 Particle tracking velocimetry (PTV)

In order to measure the particles’ dynamics in experiments and for comparison with nu-

merical data, the particle flow velocity fields are of high interest. Common approaches to

analyze the velocity field in gas-solid applications are the installation of probes or image

techniques (Werther, 1999). Olazar et al. (1998) used an optical fiber probe for mea-

suring particle velocities in conical spouted beds. They found the stagnant bed height

and the particle size to have a strong influence on the velocity profile in the spout. He

et al. (1994) also used a fiber optic probe to measure the voidage profiles in the spout,

fountain and annulus zone of spouted beds. A disadvantage of the insertion of probes

into the process chamber is the resulting disturbance of the flow profile, whose influence

cannot be determined. Therefore, digital image analysis methods, such as particle im-

age velocimetry (PIV) or particle tracking velocimetry (PTV), have been developed for

measuring the flow profiles without an interruption of the system itself. Liu et al. (2008)

measured the velocities and fluctuations of granular solids in a two-dimensional spouted

67
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bed. van Buijtenen et al. (2011) used PIV for validation of their discrete particle model

for simulation of multiple-spout fluidized beds. PIV is an image based approach, which

determines the particle velocities based on the correlation between subsequent image

frames. With this approach it is not possible to track the trajectories of individual par-

ticles but the overall flow field is calculated based on the whole image. The advantage of

PTV on the other hand is the tracking of each individual particle, which is also possible

with DEM simulations and is therefore the means of choice in this thesis. The method

allows the direct measurement of particle trajectories in the apparatus without an inter-

ruption of the process. For the presented investigations, the laboratory plexiglass replica

of the spouted bed apparatus ProCell R©5 was used. A high-speed camera was positioned

in front of the process chamber in order to record the flow pattern. Afterwards, individ-

ual particles were captured and detected from the image frames. With the knowledge

of the experimental setup, the instantaneous particle velocities were calculated by their

displacement over time.

4.2.1 Particle detection

Before the particles can be tracked, they have to be detected and separated from the

background. In this context, the quality of the images is very important. The image

material needs to fulfill two criteria: 1. The resolution of the whole image must be high

enough to resolve individual particles and the resolution of one single particle must be

high enough to distinguish it from e.g. scratches or dirt on the apparatus’ window. 2. The

frame rate of the images must be high enough to allow the reconstruction of the particle

trajectories. In some methods the particle displacement between two images must not

exceed one particle diameter (Hagemeier et al., 2015b). With particle diameters not

larger than 1 mm and velocties up to 10 m s−1, the frame rate needs to be in the order

of

f =
10m s−1

1 mm
= 10 kHz (4.1)

to track fast particles, which gives the need for the use of a high-speed camera. In this

work the high-speed camera IDT NX4 S2 (IS - Imaging Solutions GmbH, Germany)

equipped with a 50 mm f/2.8 macro lens (SIGMA CORPORATION, Japan) was used.

Different algorithms for particle segmentation are available, which have been tested in

this thesis on synthetically generated images: (i) correlation with image pattern, (ii)

correlation with synthetic pattern, (iii) Hough transform and (iv) blob detection.
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4.2.1.1 Correlation with manual pattern selection

The pattern matching algorithm (i) is provided by OpenCV (Itseez, 2017). A sample

pattern is slid through the image and a distance metric is evaluated for each sliding

position. The metric is chosen empirically using the fast normalized cross correlation

(Yoo and Han, 2009), which yields the following formula for the correlation coefficient

of two images I and P :

R(x, y) =

∑
u,v

(
P̄ (u, v) · Ī(x+ u, y + v)

)
√∑

u,v P̄ (u, v)2 ·∑u,v Ī(x+ u, y + v)2
, (4.2)

with u as a position in x-direction and v as a position in y-direction of the pattern. The

notation M̄(x, y) denotes the distance of M to the mean of the matrix M in a region of

the size of the pattern [w × h] and can be calculated as follows:

M̄(x, y) = M(x, y)− 1

w · h
w∑

u=0

h∑
v=0

M(x+ u, y + v). (4.3)

The pattern matching yields a matrix R with elements from the interval [0, 1]. A value

of 1 indicates a perfect match of the image and the pattern at that position. The pattern

can be selected in two different ways: manual or automatic. In case of the manual pattern

selection, a cut from a video frame is selected via a graphical user interface (GUI) as

shown in figure 4.2 a, whereby the size and position of the region of interest (ROI) can

be adjusted. The manual pattern selection is expected to perform well for homogeneous

particle properties making a visual detection easy for the user. Nevertheless, the manual

selection requires an additional check by the user resulting in a slow and inconvenient

analysis. Thus, an automatic particle pattern synthesis was developed.

4.2.1.2 Correlation with automatic pattern selection

This algorithm takes into account the general appearance of the particles that are con-

sidered in the regarded spouted bed process, i.e. soft specular lighting, circular shape

and constant diameter. The lighting effects on the particle were modeled using a two-

dimensional Gaussian function with adjustable parameters a and b depending on the

lighting conditions:

fG(x, y) = a · exp (−(x− xc)
2 + (y − yc)

2

2b2
), (4.4)
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with �xctr = [xctr, yctr] the center of the synthesized particle. To simulate the roundness

of the particles, the Gaussian function is applied if and only if

||�x− �xctr|| < rp. (4.5)

The remaining space in the square-shape ROI is filled with white uncorrelated noise

to have no impact on the pattern matching algorithm. The result of a synthetically

generated particle pattern is shown in figure 4.1.

Figure 4.1: A synthetically generated particle pattern with dp = 64 px.

To determine the final positions of the particles in the image space, two post-processing

steps are necessary. Generally, it is assumed that the local maxima of R coincide with

the positions of the particles. However, the straightforward application of a maximum

search algorithm resulted in many mistakes with false particle detection. Thus, before

finding the local maxima of R peaks with correlations lower than a threshold value t are

removed using a filter:

Rt(x, y) =

{
R(x, y) if R(x, y) > t

0 else

}
. (4.6)

Hagemeier et al. (2015a) used a threshold value of t = 0.6, however good results were

achieved with a threshold of t = 0.8 for the images acquired with the used high-speed

camera. The threshold was chosen empirically by minimizing the particle count error

(see equation 4.8) and depends mostly on the visual homogeneity of the particles in

the image. Finally, a particle is marked as detected on every peak of the resulting
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thresholded matrix Rt. The resulting particle position estimation can be reviewed in

figure 4.2.
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Figure 4.2: Steps to detect particle positions in an image: a) selection of the refer-
ence particle (manual pattern selection); b) correlation of the image with the selected
reference particle; c) result of the correlation after applying a threshold of t = 0.8; d)
locations of the maxima of the thresholded correlation indicating the positions of the

particles.

4.2.1.3 Circular Hough transform

Besides the correlation approaches, the circular Hough transform (CHT) approach has

been tested (Gonzalez and Woods, 2007, Pedersen, 2007) in this thesis. The approach

has been designed to detect imperfect circular shapes in edge images and is based on a

voting scheme. The approach makes use of the fact that a circle with the radius r can

be parameterized in the following way:

(x− a)2 + (y − b)2 = r2. (4.7)

The voting takes place in a discretized version of the parameter space A = span{a, b, r}
called the accumulator, where each edge point pe from the image votes for all combina-

tions of a, b and r that yield a circle containing the edge point pe. The points in the
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parameter space corresponding to the accumulator’s maxima are considered as the best

fitting circles as shown in figure 4.3.
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Figure 4.3: Visualization of particle detection with circular Hough transform ap-
proach: a) Binary image with four points. b) Values in the Hough accumulator for
r=10 px. The maximum is at a=32 px and b=15 px, which is the center of the circle

that includes all four points.

4.2.1.4 Blob detection

The fourth particle detection approach tested in this thesis is the blob detection tech-

nique that aims to find regions with similar properties as color or brightness in an

image. The word blob stands for a binary large object, which is an object that consists

of connected pixels in a binary image. Therefore, in a first step, the video frame is

converted to a binary image, where the edges of the particles are detected. This is done

by means of the edge detection using Gaussian blur and the Laplacian operator on the

image. Gaussian blur is obtained by blurring an image by a Gaussian function. This

image processing algorithm is used to reduce image noise and detail. By means of the

Laplace operator the edges of the particles are detected. In the resulting binary image,

the connected black regions can then be detected by a four-connectivity algorithm as

implemented in OpenCV (Itseez, 2017). By means of that the white outlined objects

are detectable.

4.2.1.5 Verification

For verification of the detection algorithms, realistic test images were generated in the

open source 3D rendering software Blender with known particle positions. These test
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images were produced based on data from CFD-DEM simulations in order to get re-

alistic distributions of particles positions. A comparison of an image frame of particle

positions obtained by Blender via the simulation data and an image frame captured

during experiments is shown in figure 4.4. Obviously, the synthetically generated image

is sharper and has a higher contrast than the image from experiment. In addition, in the

real image imperfections from scratches on the plexiglass apparatus wall are detectable,

which do not appear in the synthetically generated images. Nevertheless, the synthetic

images do appear realistic and can be used for validation purposes.

a) b) 

Figure 4.4: Comparison of synthetically generated image with particle positions
and image captured from experiment: a) Image frame rendered using Blender with
dp=1 mm. b) Image frame captured in experiments using the high-speed camera with

dp=0.6 mm.

To quantify the correctness of the algorithms, two statistical error measures are defined:

the particle count error ecnt and the mean position error ēpos. The particle count error

is defined as the ratio between the number of particles that are visible in an image and

those that have been detected by the algorithm. Negative values indicate a fewer number

of detected particles and positive values indicate an excess:

ecnt =
Ndetected

Nvisible
− 1. (4.8)

The mean position error is the average distance of the detected particles j to their

nearest visible particle i and gives information about the accuracy of the detected particle

positions. The higher the value, the worse is the accuracy of the detection method:

ēpos =
1

Ndetected

Ndetected∑
j=1

mini||pdetected,j − pvisible,i||. (4.9)
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The evaluation of the error measures is given in table 4.1. It can be seen that both Hough

transform and blob detection detect more particles than visible in the image, whereby

the correlation detection algorithms only detect little less particles than visible.

Table 4.1: Error measures of particle detection on synthetically generated images
with ground truth data.

Method ecnt [%] ēpos [px]

Correlation (image pattern) −6.75 15.9

Correlation (synthetic pattern) −13.9 17.2

Hough Transform 68.2 16.7

Blob Detection 51.4 18.1

False positive counts of particle detection are considered worse than false negatives,

because it is possible to apply PTV with particle detection that omits many particles,

while a tracking of non-existing particles will have a negative effect on the accuracy of

the tracking algorithms. A comparison of the two pattern matching algorithms shows

a little smaller error for the manual pattern selection. Thus, this method was used

for particle detection in this thesis though it requires more time due to the necessary

selection by the user.

4.2.2 Particle tracking

As the particle detection has been performed, algorithms are needed to work on subse-

quent sets of particle positions to determine their velocities. The following notation is

used: S denotes the set of particle positions in the n−1-th frame and T denotes the same

in the n-th frame. The number of particles detected in frame S is denoted M. Different

PTV algorithms have been tested for their applicability on the spouted bed apparatus

as e.g. the correspondence problem and the variational framework. The algorithm of the

correspondence problem tries to find the optimal matching between each single particle

in S to a single particle in T . It has been found that the variational iterative PTV

approach shows highest tracking reliability, lowest mean particle velocity error and at

the same time the lowest computation time. Therefore, only this approach is presented

in detail. In contrast to the correspondence approach, the variational approach does

not try to find the correspondence between different frames but the ansatz is similar to

determining the optical flow in an image. Thus, the optical flow as the foundation of

the approach is first described in subsection 4.2.1.1 followed by its application to PTV

in subsection 4.2.2.2.
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4.2.2.1 Optical flow

Optical flow is the distribution of apparent velocities of movement in an intensity image

(Gibson, 1950). Under the assumption that the brightness level of one individual par-

ticle does not change over time, it is possible to determine the optical flow pattern by

matching each pixel in a frame to its corresponding pixel in the next frame. A method

for calculating the optical flow in an image sequence was proposed by Horn and Schunck

(1981). The method is based on the assumption of smoothness of the spatio-temporal

intensity gradients in the images. Optical flow is determined by assuming that the

brightness of a particular point in the image E is constant:

dE

dt
= 0. (4.10)

Because the point is moving through the image over time, the partial derivatives of its

motion have to be considered (Horn and Schunck, 1981):

∂E

∂x

dx

dt
+

∂E

∂y

dy

dt
+

∂E

∂t
= 0. (4.11)

Let dx
dt = ux and dy

dt = uy and denote partial derivatives ∂E
∂γ = Eγ , then equation 4.11

becomes

Exux + Eyuy + Et = 0. (4.12)

If each point in the image could move independently of each other, any arbitrary con-

stellation of point matching would be possible and a reconstruction of the trajectories

cannot be calculated. In order to enable the calculation, it is assumed that adjacent

points move in a similar way. This can for example be obtained with the assumption

that the difference between the velocity of any point and the average velocity of its

neighboring points is limited. For this purpose a cost function JHS is created:

JHS(ux, uy) = α2[(ūx − ux)
2 + (ūy − uy)

2] + [uxEx + uyEy + Et]
2, (4.13)

with ūx and ūy the average neighborhood velocities, which can be calculated by applying

a weighted average of the velocities of the surrounding pixels. In order to find the optical

flow, i.e. ux and uy, the minimum of the cost function needs to be found. To find the

minimum of JHS its derivatives with respect to ux and uy must vanish:

d

dux
JHS

!
= 0 ∧ d

duy
JHS

!
= 0. (4.14)

In a first step, the values of Ex, Ey, Et and ūx, ūy need to be found. For their ap-

proximation different convolution kernels can be used. Convolution is a common tool
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for working with image data numerically. The method combines each pixel of an image

with its neighboring pixels using a linear combination that is defined by a convolution

kernel K. Given an image M , the convolution of the image and a kernel of size m × n

yields

[M ∗K](x, y) =

m∑
i=0

n∑
j=0

M(x+ i− ai, y + j − aj)K(i, j), (4.15)

where ai and aj are the location of the center of the kernel K in x and y direction,

respectively.

Analogous, different convolution kernels for the approximation of the values of Ex, Ey,

Et and ūx, ūy can be used:

Kx =
1

4

[
−1 1

−1 1

]
,Ky =

1

4

[
−1 −1

1 1

]
. (4.16)

With these convolution kernels the spatial derivatives can be calculated by applying

them to the first frame In and the next frame In+1:

Ex = In ∗Kx + In+1 ∗Kx,

Ey = In ∗Ky + In+1 ∗Ky.
(4.17)

The temporal derivatives must have the same size as the spatial derivatives, which is

why the kernel Kt is applied in equation 4.18 before taking the differences in equation

4.19.

Kt =
1

4

[
1 1

1 1

]
, (4.18)

Et = In ∗Kt − In+1 ∗Kt. (4.19)

The average velocities ūx and ūy are approximated by using a 3 × 3 smoothing kernel

on the raw displacements:

ūx = ux ∗ 1

12

⎡
⎢⎢⎣
1 2 1

2 0 2

1 2 1

⎤
⎥⎥⎦ . (4.20)

The derivatives of equation 4.13 with respect to ux can be calculated by setting equations

4.21 and 4.22 to zero, which results in an equation system of the size twice the image

dimension.
dJHS

dux
= 2α2(ūx − ux) + 2(ūxEx + ūyEy + Et)Ex, (4.21)

dJHS

duy
= 2α2(ūy − uy) + 2(ūxEx + ūyEy + Et)Ey. (4.22)
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The equation system can be solved with the help of a standard matrix-inversion ap-

proach, as e.g. the Gauss-Jordan approach. As the size of the matrix discourages this

approach, an iterative method by Horn and Schunck (1981) is chosen, which results with

the iterative step k in the following values for ux and uy:

dk =
ūkxEx + ūkyEy + Et

α2 + E2
x + E2

y

, (4.23)

uk+1
x = ūkx − Exd

k, (4.24)

uk+1
y = ūky − Eyd

k. (4.25)

These equations can be iterated until convergence is obtained.

4.2.2.2 Variational particle tracking velocimetry

The application of variational methods to the particle tracking problem was first pro-

posed by Ruhnau et al. (2005) and Ruhnau (2006). Analogous to the classical optical

flow problem, the task of variational PTV is to find a particle displacement field �u(x, y)

that most closely represents the instantaneous velocity field of the particles in the frame.

For this purpose the distance measure dT(�s) is defined as

dT(�s) = min{||Ti − s||2}, i = 1, 2, ...,M. (4.26)

Then the optimization problem that attracts each particle from i = 1 to M of frame S

to its nearest neighbor in frame T can be defined as

J1(�u) =

M∑
i=1

[dT(�Si + �ui)]
2. (4.27)

The term in equation 4.27 vanishes for all �u, which match any particle in S to any other

particle in T . In order to represent the correct flow field similar to the approach of Horn

and Schunck (1981), a global regularization term that enforces an additional constraint

upon the flow field is established. One possible way to do this, is to penalize the summed

magnitude of the gradient of �u:

J2(�u) =

∫
Ω
〈∇�u(s),∇�u(s)〉ds, (4.28)

with the convex hull Ω (subset of an affine space that is closed under convex combinations

(Hazewinkel, 1995)) of the area, which contains all points �S+�u. The terms in equations

4.27 and 4.28 can be joined to an overall cost function J(�u) with a coupling constant λ:
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J(�u) = J1(�u) + λJ2(�u). (4.29)

The optical displacement field is then found by minimizing this cost function to:

argmin
u

J(�u). (4.30)

In 4.30 argmin
u

refers to the inputs of u, at which the function output is as small as

possible.

4.2.2.3 Iterative minimization

Cohen (1996) showed that variational problems consisting of a local deformation term

and a global regularization term - equations 4.27 and 4.28, respectively - can be for-

mulated as a multi-step iterative minimization using an auxiliary variable. Because

the term in equation 4.27 is non-convex, the splitting is necessary. Applying Cohen’s

approach to the term and introducing the auxiliary variable �uaux yields:

Jaux(�u, �uaux) =
1

2

M∑
i=1

[(1− α)[dS+�u(S + �uaux,i)]
2 + α[dT(S + �uaux,i)]

2] + λJ2(�u). (4.31)

The minimization of equation 4.31 is equivalent to subsequently minimizing two split

terms (Cohen, 1996):

EI(�uaux) =
1

2

M∑
i=1

[(1− α)[dS+�u(S + �uaux,i)]
2 + α[dT(S + �uaux,i)]

2], (4.32)

EII(�u) =
1

2

M∑
i=1

[dS+�u(S + �uaux,i)]
2 + λ

∫
Ω
〈∇�u(s),∇�u(s)〉ds. (4.33)

The term in equation 4.32 represents a local deformation of the flow field towards the

respective nearest neighbors of each particle, as described before. To minimize this

term iteratively, an update step can be designed. This method yields a value for �uaux

that reduces the values for dS+�u(S + �uaux,i) and dT(S + �uaux,i) simultaneously. When

iterating, it converges to the nearest neighbor solution closest to the initial �uaux. For the

determination of �u in equation 4.33 a smoothing of the gradients of �u is needed similar

to the approach shown in equation 4.20. Due to the inhomogeneous distribution of the

particles, the smoothing step cannot be performed using matrix convolution. Instead,

a distance based averaging approach has been applied in this thesis, which averages the

displacement field �u in the n nearest neighbors of each particle, using the distance of
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each particle pair as an inverse weight. The listings of the attraction step towards the

minimization of EI and the global regularization step towards minimizing EII are given

in the appendix D. It can be shown empirically, that the combination of both steps

converges towards the minimum of equation 4.31, even if only iterated for a short time,

i.e. 30 iterations.

4.2.2.4 Application to spouted bed apparatus

The presented particle tracking velocimetry algorithm was used to determine the thresh-

old velocity used for allocation of particles to the spout zone and thereby calculating

the circulation frequencies as described in section 3.5.2. Exemplary, the resulting data

is shown here for a gas volume flow rate of 120 m3 h−1. The velocities were measured

3 cm above the middle profile. From the plot shown in figure 4.5 a threshold velocity of

0.37 m s−1 is set for these conditions. For 70 m3 h−1 a threshold velocity of 0.28 m s−1

was determined and for 100 m3 h−1 it was found to be 0.32 m s−1. Every particle having

a positive velocity equal to or higher than the respective value was allocated to the spout

zone.
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Figure 4.5: Recording of spout velocities and averaging of those for an exemplary gas
volume flow rate of 120 m3 h−1.
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80 4 Digital image analysis

4.3 Quantification of coating quality

For quantification of coating quality with digital image analysis, the individual parti-

cles were detected with the particle tracking algorithm as described in section 4.2. As

the coating process is slow, the correlation based method still works if the particles’

brightness changes over time. After detection all particles are segmented and analyzed

individually. This allows the detection of even small scratches or uncoated spots instead

of just gaining information about the mean coating quality. After segmentation images

are normalized to reduce effects introduced by external lighting conditions. Lighting

fall-off along the spheres is compensated using a mask Mi,j that can be multiplied with

the particle fovea. The mask is pre-initialized to be a circular cut out of the particle size

dp:

Mi,j =

{
0 if ||[i− dp

2 , j − dp
2 ]|| > dp

2

1, else

}
. (4.34)

Then, a Gaussian lighting model of the spherical particles can be fitted to the mask to

compensate lighting fall-off:

MG
i,j = Mi,j ·

(
a · e

−r2p

2c2

)−1

. (4.35)

Equation 4.35 resembles the inverse of the lighting model used in the synthetic particle

detector from equation 4.4, with parameters a, rp and c selected appropriately.

After the particles are detected and normalized, each particle image is analyzed for its

respective coating fraction. As the coating layer thickness is not accessible via image

analysis, the coating layer is evaluated regarding the darkness of the particles and its

distribution. The relationship between particle coating thickness and particle color,

i.e. brightness, is assumed to be a linear interpolation from the lightest particle color

meaning 0 % relative coating and the darkest color meaning 100 % relative coating.

For each pixel of the normalized particle image, its brightness is clamped to an interval

Bp ∈ [0, 1] according to equation 4.36. Let B
′
p be the brightness of the normalized pixel,

then

Bp =
B

′
p −Bmax

Bmax −Bmin
, (4.36)

if B
′
p ∈ [Bmin, Bmax], otherwise the pixel is discarded. This has the effect, that specular-

ity on the particles is not misclassified as uncoated area. The values for Bmin and Bmax

can be configured and were inferred by evaluating histograms of particles with low and

high coatings, respectively. The values of Bp are then quantized into k bins of equal size.

To determine the value of αc, a threshold of the relative coating has to be fixed, which

classifies particles into coated and uncoated ones. This means that all particles with
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4.3 Quantification of coating quality 81

Bp ≤ Bcutoff
p are considered as coated. The cutoff value needs to be set with respect

to the target coating result, e.g. the complete covering of the particles meaning that

no pixels of the core material brightness should be detectable. The correlation between

layer thickness and brightness has to be determined, e.g. by electron microscopy and

the brightness of the target layer thickness is then set as cutoff value. The thicker the

required coating thickness, the darker is the target particle and therefore the Bcutoff
p

needs to be set to lower values.

As the particles are spherical and the evaluated pixels show the projection of a sphere

into a circle in the image plane, area normalization needs to be performed. Pixels near

the boarder of the circle correspond to a larger area of the sphere, which is visualized in

the error distribution in figure 4.6.
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Figure 4.6: The ratio of the area of the sphere in the projection plane versus the area
of the pixel is increasing the closer the pixel is to the boarder of the sphere. Pixels that

are only partially on the sphere are excluded from the evaluation.

To calculate the ratio between the pixel area and the area of the surface of the sphere

under the pixel, first the projection of the sphere onto the image plane has to be reversed.

For simplicity it is assumed that this projection is a parallel projection along the z-

axis. The corresponding point isp on the sphere from the point iimage can be found by

intersecting the ray �i with the sphere SP :

�i(t) = [x, y, a]T + t · [0, 0, 1]T . (4.37)
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Without loss of generality, let a = 0, then equation 4.37 becomes

�i(t) = [x, y, t]T . (4.38)

SP can be defined as

SP : R = ||�x− �xctr||, (4.39)

and again without loss of generality, �xctr = [0, 0, 0]T and R = 1. The intersection of the

ray and the sphere yields

�i = [x, y,±
√

1− (x2 + y2)]T . (4.40)

The image of the sphere has a finite resolution. The side length of each square pixel is

dsp, the area of a pixel is Spixel = d2sp. Therefore, the coordinates �pij of each corner of

the pixel at x and y are

�p11 = [x− dsp
2

, y − dsp
2

, 0], (4.41)

�p12 = [x− dsp
2

, y +
dsp
2

, 0], (4.42)

�p21 = [x+
dsp
2

, y − dsp
2

, 0], (4.43)

�p22 = [x+
dsp
2

, y +
dsp
2

, 0]. (4.44)

These points can be transformed back onto the sphere using equation 4.38. The resulting

points on the sphere are the border points of the sphere section that has the correspond-

ing area Asphere. For simplicity, the corresponding area is calculated by approximating

the area of the spherical section with a polygon spanned by �pij . The area of the polygon

can be calculated as following:

Ssp ≈ ||( �p11 − �p12)× ( �p21 − �p11)||+ ||( �p22 − �p12)× ( �p22 − �p21)||, (4.45)

where × denotes the vector cross product. The correction factor fcor between the area

of the pixel and the area of the sphere is simply the ratio between the two:

fcor =
Ssp

Spixel
. (4.46)

After normalizing with regard to brightness and covered area, the coating fraction αc

can be calculated by evaluating all particles in the image and adding up the ratio of the

coated area of the particle Acoated compared to the total particle surface area Ap.

αc =
Acoated

Ap
, (4.47)
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which for spherical particles becomes

αc =
Acoated

πd2p
. (4.48)

Besides the complete coating of all particles, it is beneficial, if all particles in the ap-

paratus have similar levels of coating. Therefore, not only the overall coating fraction

but also the uniformity of the coating uc is analyzed. It is defined as the coefficient of

variation of the particles’ coating fraction:

uc =
σc
μc

, (4.49)

where μc denotes the mean of the coating fraction and σc denotes its standard deviation.

Even though normalization is performed, the algorithm is limited to almost the same

experimental setup and camera settings every time as the lighting needs to be identical

for comparison reasons and qualitative statements.
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5

Characterization of laboratory

spouted bed

5.1 Introduction

This chapter presents the results that have been obtained by experimental and numer-

ical investigations on the ProCell R©5 apparatus. The experiments were performed with

both the laboratory plant from company Glatt and with the transparent replica made of

polycarbonate, which allows a more detailed investigation of the flow pattern as well as

high frequency pressure measurements. This chapter is organized as follows: In section

5.2 experimental investigations regarding the spouting stability of the ProCell R©5 appa-

ratus for both γ-Al2O3 particles with a size of 656 m and Cellets R©500 are presented.

Afterwards, special emphasis is placed on the numerical analysis of the process. Studies

regarding the mesh independence, simulation conditions and used models (turbulence

and drag models) are presented. Then, in subchapter 5.4, the results from simulations

under optimized conditions are shown and compared with experimental data. In sec-

tion 5.5 the influence of draft plates on the spout pattern is evaluated using numerical

and experimental data. The optimized configuration of the plates was designed using

simulations with the aim of a homogeneous spouting behavior.

5.2 Experimental determination of spouting stability

In a first step, the regimes of stable and instable spouting were experimentally deter-

mined by analysis of pressure drop signals and by visual observation of the spout pattern

and bed expansion height. By means of Fourier transform of the pressure drop signal

85

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



86 5 Characterization of laboratory spouted bed

and the resulting power plot, the stability was evaluated as a single narrow peak refers

to stable spouting and a broad peak distribution indicates instable spouting. A spout-

ing analysis with finding of stability dependencies has been performed by Gryczka et al.

(2009) and Salikov et al. (2015a) for pseudo two-dimensional apparatuses. In this thesis,

it was found that spout deflections or variations in bed expansion height also occur in

the third dimension indicating that it needs to be taken into account.

The spouting stability was investigated for both γ-Al2O3 and Cellets R©500 particles with

a particle bed mass of 1 kg. In both cases the dependence on the gas volume flow rate was

quantified, whereby the flow rate was increased in intervals of 10 m3 h−1. Additionally,

γ-Al2O3 particles with 1.8 mm and 3.0 mm were mixed with the smaller ones in different

concentrations in order to evaluate the influence of a binary or ternary mixture. For the

Cellets R©500 particles, which were later used for coating, the bed filling and thereby the

static bed height were varied as well in order to get a regime map indicating the range

of stable and instable spouting.

5.2.1 Experiments with γ-Al2O3 particles

Experiments with γ-Al2O3 particles were performed with a monodisperse system with

particles of 656 m size and with binary and ternary systems, where additional fractions

of 1.8 and 3.0 mm size were added.

5.2.1.1 Monodisperse system

Experiments with varying gas volume flow rates (20 - 170 m3 h−1) at a constant bed mass

of 1 kg with 656 m sized particles were performed. Up to a gas flow rate of 30 m3 h−1

the bed remained completely static and the measured pressure drop fluctuations were

irregular with low amplitudes. With increasing gas velocity small cavities were observed,

which turned into bubbles that ascended to the bed surface. The minimum spouting

velocity ums, which corresponds to the point of initial spouting, was determined at a

gas volume flow rate of 40 m3 h−1. Stable spouting occurred at gas flow rates between

40 and 70 m3 h−1. The corresponding pressure drop signals show regular fluctuations,

which result in single peaks in the power plots. From the power plot of a gas volume

flow rate of 50 m3 h−1 a main frequency of about 5 Hz can be determined. The power

plot and the corresponding snapshots, obtained by high-speed camera observation, are

shown in figure 5.1.

Further increase of the gas velocity results in irregular bed expansion heights and spout

deflections. This inhomogeneity is also visible in the irregular pressure drop fluctuations
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Figure 5.1: a) Snapshots obtained from experiment with 1 kg γ-Al2O3 particles
(656 m) at a gas volume flow rate of 50 m3 h−1 (stable regime) in time interval of 0.1 s

and b) corresponding FFT power plot with measured pressure drop fluctuations.

and the broad peak distribution in the power plot indicating the instable regime. Ex-

emplarily, the spout pattern at a gas volume flow rate of 100 m3 h−1 is shown in figure

5.2.

In former investigations of spouted bed processes a second stable regime (dilute spout-

ing) after the instable regime was described (Salikov et al., 2015b). This could not be

investigated in the regarded experiments as a gas volume flow rate above 170 m3 h−1

could not be adjusted due to particle elutriation.

In the final analysis, a dependency of the spouting stability on the gas volume flow rate

for the given bed material and spouted bed apparatus was obtained by plotting the

amplitude expressed as standard deviation of the pressure drop fluctuations against the

gas volume flow rate. The transition from bubbling to stable regime and from stable to

instable regime can be detected by a sudden increase in the standard deviation. During

stable spouting, the amplitude is almost constant as shown in figure 5.3.
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88 5 Characterization of laboratory spouted bed

Figure 5.2: a) Snapshots obtained from experiment with 1 kg γ-Al2O3 particles
(656 m) at a gas volume flow rate of 100 m3 h−1 (instable regime) in time interval of
0.1 s and b) corresponding FFT power plot with measured pressure drop fluctuations.
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Figure 5.3: The standard deviation of the pressure drop time series as function of the
gas volume flow rate for a bed mass of 1 kg γ-Al2O3 particles (656 m) indicating the

transition between bubbling, stable and instable spouting.
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5.2 Experimental determination of spouting stability 89

5.2.1.2 Binary system

In order to determine the influence of a binary mixture of particle sizes, experiments

were performed with 656 m and 3.0 mm sized γ-Al2O3 particles. For this combination

of particles three different mixtures were used in addition to the measurement of the

pure fractions as shown in table 5.1. In order to visually observe the flow pattern, the

small particles (656 m) were colored in yellow, whereas the big ones (3.0 mm) stayed

uncolored. By means of visual observation and high frequency pressure measurements

the stability range of each mixture was determined. The resulting gas volume flow rates

of stable spouting and the range of the interval are given in table 5.2.

Table 5.1: Experimental design for investigation of the influence of binary systems
on the spouting stability in ProCell R©5 apparatus made of polycarbonate.

Experiment No. 0.6 mm [wt.-%] 3.0 mm [wt.-%]

1 0 100

2 25 75

3 50 50

4 75 25

5 100 0

From table 5.2 it can be seen that the size of the interval of stable spouting is determined

by the small particle fraction. The stable range is more similar to that of the small

particle fraction than to that of the bigger particles. Nevertheless, a small increase of

the stable range of the small particles can be obtained by adding particles having its

stable regime at higher gas volume flow rates. On the other hand, the stability range of

the big particles is markedly reduced and shifted to smaller gas volume flow rates even

at a mass concentration of 25 wt.-% of the small particles. Additionally, segregation

was observed during experiments with binary mixtures. Bigger particles accumulated

in the spout region of the apparatus, whereas smaller ones were primarily visible in the

annulus zone.

5.2.1.3 Ternary system

As typical industrial processes include even more than two different particle sizes the

third particle size of 1.8 mm (according to manufacturers’ data) was added which was

colored in red. The conditions listed in table 5.3 were tested, which resulted in the

stability ranges given in table 5.4.

In case of the equivalent mixture of the three fractions, no stable spouting regime was

observed. This indicates that a dominant phase is required for obtaining a homogeneous
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Table 5.2: Experimental determined stability ranges for binary mixtures of different
compositions.

Composition
(656 m [wt.-%],
3.0 mm [wt.-%])

Stable range [m3 h−1] Interval size of stable
spouting [m3 h−1]

0, 100 100 - 170 70

25, 75 70 - 110 40

50, 50 50 - 80 30

75, 25 40 - 90 50

100, 0 40 - 80 40

spouting. From the three other cases it is concluded that the gas volume flow rates of

the stable regime are higher the bigger the particles of the dominant phase are. On the

other hand, the big interval of stable spouting that was measured for the 3.0 mm sized

particles, is decreased by adding the other two fractions. It can be summarized that the

stability range and the corresponding gas volume flow rates of small particles can be

increased by adding bigger particles but the range and the flow rates from big particles

are decreased by adding smaller particles. Similar to the binary mixtures, segregation

was observed, which is exemplarily shown in figure 5.4. The accumulation of big particles

in the spray zone could be critical when performing granulation experiments with a wide

range of particle sizes as a further increase of only the big particles might result in a

bed collapse.

Table 5.3: Experimental design for investigation of the influence of ternary systems
on the spouting stability in ProCell R©5 apparatus made of polycarbonate.

Experiment No. 0.6 mm [wt.-%] 1.8 mm [wt.-%] 3.0 mm [wt.-%]

1 33.3 33.3 33.3

2 60 20 20

3 20 60 20

4 20 20 60

Table 5.4: Experimental determined stability ranges for the different combinations of
ternary mixtures.

Experiment No. Stable range [m3 h−1] Interval size of stable
spouting [m3 h−1]

1 - -

2 30 - 90 60

3 50 - 100 50

4 60 - 110 50
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a) b) 

c) d) 

Figure 5.4: Segregation effects observed during experiment with a ternary mixture
of γ-Al2O3 particles; 1 kg; 20 wt.-% 656 m, 20 wt.-% 1.8 mm, 60 wt.-% 3.0 mm; gas

volume flow rate: 50 m3 h−1. The time interval between images is 30 s.

5.2.2 Experiments with Cellets R©500 particles

Analogous to the results with the γ-Al2O3-particles, the dependency of the spouting

stability on the gas volume flow rate was determined for Cellets R©500 particles with, in

the first step, a constant bed mass of 1 kg.

5.2.2.1 Constant bed mass of 1 kg

Up to a gas flow rate of about 30 m3 h−1 the bed remained again completely static.

The corresponding pressure fluctuations are irregular with low amplitudes resulting in a

broad distribution in the power plot with low intensities. With increasing gas velocity,

small cavities were observed above the gas inlet region. At a gas flow rate of about

30 m3 h−1 first bubbles were formed above the gas inlet, which ascended through the

bed to the surface. Up to a flow rate of 50 m3 h−1 the number of bubbles and their

intensities increased. Visual observations showed intermittent blocking of one of the gas

inlet slits, which could be unblocked by slightly increasing the gas velocity. Plugging of

the slits occurred randomly and was non-reproducible.

At gas flow rates between 50 and 70 m3 h−1, stable spouting with its typical well-

differentiated regions of spout, fountain and annulus was observed as shown in figure 5.5
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for a gas volume flow rate of 50 m3 h−1. The pressure drop signal and the corresponding

power plot of the flow rates belonging to the stable regime are also shown in figure

5.5. The pressure drop fluctuations are regular, which results in a narrow frequency

distribution with a slim peak at the main frequency. The main frequency of the pressure

fluctuations slightly increases from 4.5 to 6 Hz and also the intensities depend on the gas

volume flow rate. The gas volume flow rate of 50 m3 h−1 is the point of initial spouting

and corresponds to the minimum spouting velocity ums. The main frequencies in the

stable regime are similar to those determined by Freitas et al. (2004), Gryczka et al.

(2009) and Salikov et al. (2015a). Within the stable regime, the system is less chaotic

than in the previous regimes. Nevertheless, irregularities in the depth were observed.

The fountain was not constant in height over the depth of the bed but showed two

spouts with lower bed expansion in between. With increasing gas volume flow rate,

slight lateral spout deflections became apparent.

At gas flow rates exceeding 70 m3 h−1, the lateral deflections became more prominent and

random changes in the bed expansion height were observed as can be seen in figure 5.6.

Additionally, isolated ejections occurred, which resulted in elutriation of bed material.

The pressure signals and FFT plots concur with the visual observations. Exemplarily,

the plots for gas volume flow rates of 80, 110 and 140 m3 h−1 are also shown in figure

5.6. The fluctuations show high variations in amplitude and frequencies, which result

in additional peaks with smaller amplitude around the main frequency in the power

spectrum distributions. The main frequency increases with higher gas volume flow

rates, whereby the amplitudes of the additional peaks increase. Starting at a gas flow

rate of 150 m3 h−1, the variations in pressure drop amplitudes continue to increase,

resulting in a power plot where no main frequency can be identified anymore. The

distribution is broader than before and is slightly shifted to the right with increasing

flow rate up to 170 m3 h−1 as can be seen in figure 5.7. At the same time, the peak

at a frequency around 2.5 Hz appears and increases in the interval between 150 and

170 m3 h−1. With increasing gas flow rate within the instable region, the intensities

decrease, which indicates the initialization of another stable region, the dilute spouting.

This spouting regime could not be reached because of high particle elutriation at gas

flow rates exceeding 170 m3 h−1.

5.2.2.2 Varying bed mass

In order to obtain a regime map for the given spouted bed apparatus and the Cellets R©500

particles, the described experiments were repeated for bed masses of 1.25, 1.5, 1.75 and

2 kg. Again, the amplitude of the pressure drop fluctuations together with the visual ob-

servations and the power plots, as explained previously, were used to identify the borders
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Figure 5.5: FFT power plots with measured pressure drop fluctuations for the sta-
ble regime with selected gas volume flow rates of a) 50 m3 h−1, b) 60 m3 h−1 and
c) 70 m3 h−1 in time interval of 0.1 s for 1 kg Cellets R©500 particles. Examplarily, the

recorded flow pattern is shown for 50 m3 h−1.
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94 5 Characterization of laboratory spouted bed

Figure 5.6: FFT power plots with measured pressure drop fluctuations for the in-
stable regime with selected gas volume flow rates of a) 80 m3 h−1, b) 110 m3 h−1 and
c) 140 m3 h−1 in time interval of 0.1 s for 1 kg Cellets R©500 particles. Examplarily, the

recorded flow pattern is shown for 80 m3 h−1.
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Figure 5.7: FFT power plots with measured pressure drop fluctuations for the insta-
ble regime with selected gas volume flow rates of a) 150 m3 h−1, b) 160 m3 h−1 and

c) 170 m3 h−1 in time interval of 0.1 s for 1 kg Cellets R©500 particles.
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96 5 Characterization of laboratory spouted bed

of the different spouting regimes. Analogous to the evaluation of the experiments with

γ-Al2O3 particles, the standard deviation of the pressure time series is plotted against

the gas volume flow rate for identification of the regime ranges. This is exemplarily

shown in figure 5.8 for a bed mass of 2 kg. In the stable regime the amplitude is almost

constant, whereas instable spouting is marked by an increased standard deviation.
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Figure 5.8: The standard deviation of the pressure time series as function of the gas
volume flow rate for a bed mass of 2 kg Cellets R©500 particles.

By evaluating the amplitudes of the pressure drop fluctuations for different bed fillings,

a regime map (figure 5.9) showing the dependence of the spouting stability on the bed

mass and the gas volume flow rate was obtained, which indicates a maximized stable

spouting region for a bed filling of around 1.25 kg (Kieckhefen et al., 2018).

5.3 Simulation conditions

After the experimental characterization of the laboratory spouted bed, the focus is now

placed on its numerical investigation. As all simulations in this thesis, the evaluation of

applicable models and simulation conditions was performed with γ-Al2O3 particles with

mean particle size of d50,3 = 0.656 mm.

5.3.1 Mesh independence

In order to ensure that the simulation mesh does not have an influence on the numerical

results, a mesh independence study was performed. The geometry of the ProCell R©5
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Figure 5.9: Regime map obtained by visual observations and analysis of pressure
drop fluctuations (valid for Cellets R©500 particles in the ProCell R©5 apparatus (Glatt

GmbH)).

process chamber was supplied by Glatt Ingenieurtechnik GmbH (Weimar, Germany)

and constructed in CAD software SolidWorks. As described in section 3.3, the meshing

was performed in OpenFOAM meshing tool snappyHexMesh. In order to validate the

mesh independence of the flow on the grid cell size, five different refinement levels were

chosen (0, 1, 2, 3 and 4) for pure CFD simulations. The resulting cell numbers and the

simulation conditions are listed in table 5.5.

Table 5.5: Simulation conditions of CFD simulation for investigation of mesh inde-
pendence.

Refinement level 0 1 2 3 4

Number of cells 2644 4339 6208 22915 64379

Cell diameter [mm] 40 20 10 5 2.5

Air volume flow rate [m3 h−1] 125

CFD time step [s] 2.5× 10−4 5× 10−5 2× 10−5

Turbulence model realizable k-ε

For quantification and comparison, the vertical velocity profiles were recorded at two

different heights above the middle profile under steady state conditions as shown in

figure 5.10. The two zones are supposed to be zones with intense particle-fluid contact.

As can be concluded from the diagram, the velocity distributions above the width as

well as the spout get narrower with increasing refinement level. Especially the increases

from refinement level 2 to 3 and from 3 to 4, respectively show almost a doubling of the
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Figure 5.10: Vertical velocity profiles on two different heights (100 mm, 200 mm) for
different refinement levels of a pure CFD simulation; gas volume flow rate: 125 m3 h−1.

maximum velocity. Coupled CFD-DEM simulations are not applicable with refinement

levels of 3 or 4 as the numerical effort would be too high. Therefore, only levels below

3 were analyzed for evaluation of dependence of the results on the refinement with the

conditions given in table 5.6. The resulting vertical particle velocity profiles are given

in figure 5.11 for four different heights in order to cover the whole range of spouting

behavior from spout to fountain region.

Table 5.6: Simulation conditions of CFD-DEM simulation for investigation of mesh
independence.

Refinement level 0 1 2

Number of cells 2644 4339 6208

Cell diameter [mm] 40 20 10

Air volume flow rate [m3 h−1] 125

CFD time step [s] 1.25× 10−4

Turbulence model realizable k-ε

Mass of particles [kg] 1

Scaling factor δ 4

DEM time step [s] 1.25× 10−6

Drag model Koch-Hill
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The differences in the particle velocity profiles get bigger with increasing height. At

the smallest height of 50 mm the refinement level of 2 results in a precise spout profile,

whereas the profile is not that sharp for the lower refinement levels. At 300 mm only by

using a refinement level of 2 particles are recorded. As they were detected in experiments

at this height, a refinement level of 2 was chosen for all following simulations as it is

the best compromise between a precise representation of the spout and an adequate

simulation time.

5.3.2 Turbulence model

Based on a refinement level of 2, CFD-simulations with different turbulence models

(laminar, realizable k-ε and k-ω-SST) were performed with the simulation parameters

given in table 5.7. The resulting vertical velocity profiles for a height of 100 and 200 mm

are shown in figure 5.12.

Table 5.7: Simulation conditions of CFD simulation for investigation of turbulence
model.

Turbulence model laminar realizable k-ε k-ω-SST

Refinement level 2

Air volume flow rate [m3 h−1] 125

CFD time step [s] 2× 10−6 2.5× 10−4 1.25× 10−6

As can be seen from the two plots, the curves are similar for the turbulence models k-ε

and k-ω-SST. In contrast, the curves of the laminar model indicate a slimmer spout and

higher velocities in the center of the spout and a split in the spout profile. The broader

spout profiles from the k-ε and k-ω-SST models can be explained by the Eddy viscosity.

Paradoxically, the laminar model showed the biggest problems in terms of convergence.

For further investigations the realizable k-ε model was used.

5.3.3 Drag model

As mentioned in section 3.3 four different drag models have been evaluated regarding

their influence on the gas-solid flow behavior: the drag model of (i) Gidaspow et al.

(1991), (ii) Di Felice (1994), (iii) Koch and Hill (2001) and (iv) Beetstra et al. (2007).

The drag model of Beetstra et al. (2007) had not been included in the used software

version before but was implemented within this work. For comparison of the models

and for validation with experimental data, the bed expansion and qualitative spouting
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Figure 5.11: Vertical particle velocity profiles on four different heights (50 mm,
100 mm, 200 mm and 300 mm) for different refinement levels of a coupled CFD-DEM
simulation; gas volume flow rate: 125 m3 h−1, 1 kg γ-Al2O3 particles, particle diameter:

656 m.
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Figure 5.12: Comparison of the three different turbulence models by analysis of
the vertical particle velocity profiles at two different heights; gas volume flow rate:

125 m3 h−1.

behavior were used. Snapshots from simulation with a time interval of 0.2 s and the

corresponding images from experiments are shown in figure 5.13.

Both drag models by Gidaspow et al. (1991) and Di Felice (1994) underestimate slightly

the bed expansion height and show an elutriation of particles, which could not be ob-

served in experiments. The spout profile is more stable and homogeneous compared to

the deflections that can be seen in the snapshots from the laboratory process chamber.

The drag models of Koch and Hill (2001) and Beetstra et al. (2007) show a higher physi-

cal consistence with the experiments as both bed expansion height and spout deflections

are predicted in a similar way. Both Hill et al. (2001) and Beetstra et al. (2007) reported

that the Ergun equation underpredicted the drag force in case of low Reynolds numbers.

Hill et al. (2001) proposed as explanation that the particles used in the experiments

of Ergun were not as homogeneous and monodisperse as those used in the simulations.

Figure 5.14 shows the fluid void fractions αf occurring in the process chamber. It can

be seen that the fluid void fraction in the region of the spout is with values between
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Figure 5.13: Comparison of flow regimes from experiment and simulations with dif-
ferent drag models; gas volume flow rate: 125 m3 h−1, 1 kg γ-Al2O3-particles, particle

diameter: 656 m. The time interval between images is 0.2 s.
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0.8 and 0.9 high. Only sometimes high particle void fractions as e.g. seen in the right

pictures could be observed in the spout region.

Figure 5.14: Instantaneous void fractions of fluid phase; gas volume flow rate:
125 m3 h−1, 1 kg γ-Al2O3-particles, particle diameter: 656 m. The time interval

between images is 0.1 s.

A comparison of the momentum exchange coefficients depending on the particle Reynolds

numbers for a fluid void fraction of αf = 0.85 (figure 5.15) shows that this coefficient

is much lower for the Gidaspow and Di Felice drag model than for the Koch and Hill

respective Beetstra model. This might be the reason why the bed expansion in the spout

is underestimated with the first two models. Due to the above shown results, the drag

model of Beetstra et al. (2007) was chosen for further simulations.

5.4 Validation

In order to validate the numerical model, pressure data from simulations were compared

with experimental high frequency pressure measurements recorded in the transparent

replica. By means of the Fourier transform a comparison in the frequency domain is

possible. As base case, a bed mass of 1 kg γ-Al2O3 particles (656 m) at a gas volume

flow rate of 100 m3 h−1 was chosen. The pressure drop time series and the resulting

power plots are shown in figure 5.16.

As can be seen from the power plots, the main frequencies fit well in experiment and

simulation. Deviations occur in the measured amplitudes of the intensity. This can

be explained by the different sampling frequencies in simulation and experiment and by

variations in sampling time which encompassed 10 s in simulation but 30 s in experiment

allowing more three-dimensional fluctuations. Higher amplitudes in simulations than in

experiments were also observed by Salikov (2017). He explained the deviations by the

different locations of the pressure measurement. In order to measure the pressure drop

over the whole particle bed in the experiments, the high frequency pressure detector is
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Figure 5.15: Dependency of momentum exchange coefficient Kpf from particle
Reynolds number for different drag models for a fluid void fraction of αf=0.85.

located above the particle bed as the plant is operated in under-pressure mode. The

boundary conditions in simulations represent a pressure operation and the pressure drop

was measured below the particle bed at the height of the gas inlet slits.

5.5 Insertion of draft plates

As mentioned by Salikov et al. (2015b) the installation of draft plates can increase

the range of stable spouting. It has been reported that the spouting stability is very

sensitive to the size and positioning of the draft plates, which have to be adjusted

individually for a given type and bed inventory. In order to reduce the experimental

effort and due to limitations in reconstruction applicability, both the geometry and the

position were optimized in several simulations. Exemplarily, the test cases with the

geometric conditions given in table 5.8 are presented, whereby the height of the plates,

their distance to each other and the vertical position were varied. A sketch of the plates

and their installation in the process chamber is shown in figure 5.17. As demonstration

example the case with 1 kg γ-Al2O3-particles at a gas volume flow rate of 100 m3 h−1

is used, which was already chosen before for the validation of the numerical model.

As shown in section 5.4 the power plot of this gas volume flow rate is characterized
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Figure 5.16: Comparison of pressure drop fluctuations and FFT plots from exper-
iment (top, sampling frequency 400 Hz) and simulation (bottom, sampling frequency
1000 Hz); gas volume flow rate: 100 m3 h−1, 1 kg γ-Al2O3-particles, particle diameter:

656 m.

Table 5.8: Geometry and positions of draft plates that were used for simulations.

Name Height [mm] Width [mm] Distance from middle profile [mm]

Case A 80 55 10

Case B 80 55 30

Case C 50 55 10

Case D 60 45 10

by a broad peak distribution indicating the instable spouting regime, which might be

stabilized by the draft plates.

The horizontal distance of the plates was given by the maximum width of the gas

inlet zone and was only varied from 55 to 45 mm. In figure 5.18 snapshots from the

simulations are shown. It can be seen that with cases A, B, C and D the spout is more

stable compared to the original process chamber. In the case without draft plates, the

spout is deflected to the sides and deviations in bed expansion occur. In the chambers
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depth 
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Figure 5.17: A sketch of the geometry of the draft plates and their installation in the
process chamber of the ProCell R©5 apparatus.

with draft plates the bed expansion height is more homogeneous and less deviations

are observable. Nevertheless, a big influence of the plates’ geometry is detectable. A

comparison of the cases A and B shows that the higher distance from the middle profile,

as in case B, results in higher spout deflections, which might be explained by the higher

degree of freedom that the spout has in the zone between the middle profile and the

plates. Therefore, the distance of only 10 mm is favorable.

In case C the height of the plates is decreased compared to case A. It can be seen

that in both variants the bed expansion height is almost constant. As the heat and

mass transfer is affected by the plates, the smaller height is preferred for following

investigations with liquid injection. By detailed analysis of the spout profiles in cases

A and C, small pendular movements can be observed between the plates. In order to

reduce this, the gap between the plates was decreased to 45 mm in case D. Again, the

bed expansion is homogeneous and no deflections occur. Additionally, the velocity spout

profile is more homogeneous and less particles move directly above the plates back into

the annulus zone but follow the spout into the fountain height. As this seems promising

for processes with liquid injection in order to allow a sufficient drying after passing the

spray zone and before entering the annulus zone, the reduced gap size was chosen as

optimized configuration.

For validation of the conclusion from visual analysis, the pressure drop fluctuations were

recorded. The fluctuations are shown in figure 5.19 with the corresponding power plots.

Again, it is obvious that case B with its spout deflections comes along with the highest

instability. All other cases are defined by slim single peaks and therefore correspond

to stable spouting. Due to the more homogeneous velocity distribution and the higher

bed expansion, which seems promising for a high heat and mass transfer with a liquid

phase, the configuration D was still found best and chosen for further investigations. It

can be concluded that heights of the sheets of 60 mm, a gap of 45 mm between both
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without draft plates 
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-0.7      0       0.7     1.4 

up,y [m/s] 
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Figure 5.18: CFD-DEM simulation of instantaneous particle positions and velocity
distributions in the original apparatus and in the geometry with inserted draft plates;
gas volume flow rate: 100 m3 h−1, 1 kg γ-Al2O3-particles, particle diameter: 656 m.

The time interval between images is 0.1 s.
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Figure 5.19: Pressure drop fluctuations and corresponding power plots of the chamber
configurations with inserted draft plates; gas volume flow rate: 100 m3 h−1, 1 kg γ-
Al2O3-particles, particle diameter: 656 m. The time interval between images is 0.1 s.
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parallel plates and a distance of each sheet from the middle profile in vertical direction of

10 mm were found to result in the highest spouting stability. The plates were produced

and inserted into the original laboratory spouted bed. It can be seen in figure 5.20 for

both the experiments and the corresponding simulations that the spouting behavior is

stabilized by the draft plates (Pietsch et al., 2017).

0       0.4    0.8    1.2     1.6     2.0   2.4 

simulation: geometry with inserted draft plates 

simulation: original apparatus 

experiment: original apparatus 

experiment: geometry with inserted draft plates 

up,y [m/s] 

Figure 5.20: Experiments and CFD-DEM simulation of instantaneous particle posi-
tions and velocity distributions in the original apparatus and in geometries with different
draft plate configurations; gas volume flow rate: 100 m3 h−1, 1 kg γ-Al2O3-particles,

particle diameter: 656 m. The time interval between images is 0.2 s.

The optimized configuration will be further investigated in chapter 6 to evaluate the

influence of the draft plates on the coating progress. Before, it was checked whether the

draft plates affect the liquid injection. Therefore, the spouted bed was used for coating

of 1 kg γ-Al2O3-particles with water containing methylene blue. After the experiment

was stopped, no particles were sticking at the plates and no blue color was observable

on them as shown in figure 5.21. It can be concluded that the draft plates do not impair

the spray zone.
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110 5 Characterization of laboratory spouted bed

Figure 5.21: a) Particle bed in the apparatus after coating. b) Empty apparatus
after coating. No droplets or sticking particles are detectable on the draft plates after
coating of particle bed with methylene blue, 1 kg γ-Al2O3-particles, particle diameter:

656 m.

5.6 Binary system

Previous numerical investigations were focused on the handling of monodisperse particle

beds in the laboratory prismatic spouted bed. In order to evaluate the influence of

the bed composition, simulations with γ-Al2O3-particles of two different sizes, 1.8 mm

(white colored) and 3.0 mm (red colored) were performed analogous to the experimental

work in section 5.2.1.2. Similar to the experimental results, segregation of particles

can be observed from the snapshots shown in 5.22, where almost no small particles are

detectable. The segregation might influence the droplet deposition as bigger particles

seem to accumulate near the nozzle. This should influence the particle growth during

granulation. As the experiments and simulations in this thesis were performed with

almost monodisperse particles and the layer increase due to the coating was small, this

influence was neglected for further investigations.

1.8 mm 
3.0 mm 

Figure 5.22: CFD-DEM simulation of instantaneous particle positions in the original
ProCell R©5 apparatus; gas volume flow rate: 125 m3 h−1, 1 kg γ-Al2O3-particles, 50 wt.-
% 1.8 mm (white colored) and 50 wt.-% 3.0 mm (red colored). The time interval between

images is 0.2 s.
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Coating process

6.1 Introduction

The previous chapter was focused on stability analysis of the laboratory prismatic

spouted bed. This chapter is dedicated to the efficiency of the apparatus for spray coat-

ing and the resulting coating quality. The presented results are referred and connected to

the stability investigations in order to understand the link between the spouting behavior

and the deposition behavior of droplets. The liquid injection was investigated with both

numerical and experimental analysis. By numerical investigations the residence times of

single particles in the spray zone and their time-dependent mean liquid surface coverage

was determined. The application of the rCFD method allowed determination of the

surface coverage for a duration of the real process. For experimental investigation, the

digital image analysis algorithm introduced in chapter 4 was applied. Additionally, the

coated particle fractions were analyzed off-line with the CamSizer XT device and mi-

croscopes. The quantitative results are compared to coating layer thicknesses measured

with OCT method that was introduced in subsection 2.5.1.

6.2 Numerical investigations

All numerical investigations regarding spray coating were performed with 1 kg γ-Al2O3

particles (656 m) as already used for stability analysis in chapter 5. Though the mate-

rial contains open pores, the porosity was neglected in simulations and layer formation

around the core particles without a penetration into them was assumed.

111
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112 6 Coating process

6.2.1 Droplet injection

As described in section 3.4, liquid droplets with a rate of 5 gmin−1 were injected in

simulations during post-processing. Gas volume flow rates of 70 m3 h−1 (stable regime),

100 and 120 m3 h−1 (instable regime) were chosen for comparison. Additionally, simula-

tions with the optimized process chamber geometry with draft plates as found in section

5.5 were performed for a flow rate of 120 m3 h−1. By means of the post-processing

liquid injection, the cumulative number distribution of surface coverage of the particles

(Q0) was determined every 0.05 s within a simulation time of 10 s. Exemplarily, this

distribution is shown in figure 6.1 for a gas volume flow rate of 120 m3 h−1 for selected

time points. The function is shifted to the right hand side meaning to higher surface

coverage with increasing simulation time. Additionally, a simulation snapshot showing

the particles (black dots) and the droplets (colored dots) with their age after injection

is shown in figure 6.1.
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Figure 6.1: Time-dependent cumulative number distribution Q0 of particle surface
coverage; 1 kg γ-Al2O3 particles (656 m), 120 m3 h−1 with a snapshot of liquid injec-

tion in post-processing step.

To determine the deposition efficiency for the different gas volume flow rates, the corre-

sponding rates are shown as moving average of ten values in figure 6.2 for a simulation

interval of 1.5 s. It can be seen that the deposition rate is most homogeneous in case
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Figure 6.2: Liquid deposition rates during a simulation interval of 1.5 s; 1 kg γ-Al2O3

particles (656 m), different gas volume flow rates, spray rate = 5 gmin−1.

of stable spouting (70m3 h−1), which can be explained by the regular spouting behav-

ior that benefits a homogeneous amount of particles in the spout zone without events

of drop or sudden increase in bed expansion and resulting moments with low or high

deposition rates. In case of irregular spouting (100 and 120 m3 h−1), the deviations in

deposition rates are higher and the deposition is more inhomogeneous probably caused

by spout deflections and varying bed expansion heights.

To quantify the influence of the spouting stability and the corresponding droplet depo-

sition homogeneity on the particle surface coverage, the respective distributions for a

simulation time of 10 s are given in figure 6.3. A comparison for the original chamber

geometry shows that in case of stable spouting (70m3 h−1) around 50 % of the particles

are uncoated after 10 s, while about 32 % are completely uncoated in instable regime

(120 m3 h−1). Nevertheless, the number of particles with a surface coverage of almost

6 % is comparable for both regimes. This means that the distribution of surface coverage

is slimmer and the coverage more homogeneous in case of instable spouting. The curve

of the optimized chamber geometry with draft plates is similar to that of the stable

spouting, which again indicates the stabilizing effect of the draft plates. Similar to the

stable regime, a lot of uncoated particles (around 56 %) remain after 10 s, which again

shows the big distribution and thus inhomogeneity of coverage during stable spouting.

It should be pointed out that the simulation time of 10 s is very short and that it does

not allow the investigation of a real-time coating process, which needs more time for
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Figure 6.3: Cumulative number distribution Q0 of particle surface coverage after 10 s;
1 kg γ-Al2O3 particles (656 m); 70, 120 m3 h−1 and 120 m3 h−1 with draft plates.

the given bed filling and the spray rate. Considering the pressure drop fluctuations and

their frequencies, it can be assumed that the circulation of particles is slower in stable

regime. This would explain the broader distribution of surface coverage within the first

seconds as the movement of particles is slower and therefore their probability of crossing

the spray zone not at all in the first seconds is higher.

6.2.2 Circulation frequencies

In order to determine the movement of particles and thus the throughput through the

spray zone, the circulation frequencies were calculated for three different cases (figure

6.4) as described in subsection 3.5.2. In case of stable spouting (70 m3 h−1) the main

frequency is about 1 Hz. The distribution shows tailing of the respective peak up to

around 7 Hz. In the instable regime (120 m3 h−1), the distribution is shifted to the

right and it is markedly broader. The broad distribution indicates instable spouting

due to inhomogeneous spouting events and is in agreement with visual observations and

pressure measurements. The distribution of the optimized apparatus shows a high slim

peak at a frequency of about 1.5 Hz, which is lower than in the original apparatus. The

peak distribution is narrower compared to the original apparatus at 120 m3 h−1, which

reaffirms the stabilizing effect of draft plates. Again, the curve of the optimized chamber

is more similar to that one of the stable regime. As assumed, the circulation frequencies
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Figure 6.4: Intensity distribution plot of circulation frequencies; 1 kg γ-Al2O3 parti-
cles (656 m); 70, 120 m3 h−1 and 120 m3 h−1 with draft plates.

are reduced in stable regime and in the stabilized system, which explains the higher

number of uncoated particles in figure 6.3 as a lot of particles have not encountered the

spray zone within the first ten seconds due to the slower movement. Nevertheless, a

long-term investigation is necessary in order to validate whether the more homogeneous

spouting results in a homogeneous liquid layer formation or whether this is benefited by

instable spouting.

The distribution of the vertical particle velocities is shown in figure 6.5 for a gas volume

flow rate of 120 m3 h−1 for the original and the modified process chamber. It can

be seen that in the optimized chamber the particle velocity is homogenized and more

particles have a velocity of around zero indicating more particles in the packed annulus

region with slow downwards movements. The assumption that more particles reside

in the unfluidized annulus region in the optimized chamber is also confirmed by the

number density distribution of the relative spout residence times in figure 6.6, which

gives the ratio between the residence time in the spout and the total residence time.

This quantity is almost halved by the installation of draft plates. The relative residence

time and the velocity distribution indicate that the reduced circulation frequency in the

optimized chamber is caused by lower particle concentrations in the spout and by reduced

velocities. The reduced vertical particle transport might occur due to the restricted flow

pattern by the plates, which strictly separate the regions of up- and downflow.

As shown before, the draft plates come along with a homogenized velocity distribution

and homogenized circulation frequencies regarding the entire particle bed but also with

a broader coating distribution and reduced residence times in the spout. The latter
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increases the risk of agglomeration as the highest packing and therefore the most particle-

particle contacts occur in the annulus zone, which enables adhesion of wet particles. The

particle contacts acting at a certain time step can be visualized by force chain networks,

which are shown in figure 6.7 for the different spouting regimes. Extensive force chain

networks appear during stable spouting in the annulus region and persist through the

entirety of the process. During instable spouting (100 and 120 m3 h−1) the bulk is

frequently interrupted by lateral ejections reducing the risk of agglomeration. Again,

the similarity of the stable spouting and the stabilized chamber with draft plates can

be seen as extensive contact networks also occur in the optimized chamber. To evaluate

the risk of agglomeration, liquid evaporation was modeled and the resulting liquid mass

distribution is shown in figure 6.8 for a gas volume flow rate of 100 m3 h−1. Only a

miniscule particle population is wetted at a given point in time. Equilibrium is reached

after a simulation time of 3 s with a total liquid water mass of 4.99 · 10−5 mg. This

indicates that particle drying takes place before entering the annulus zone and thus the

risk of agglomeration can be excluded for the given particle type and the injection of

pure water. The consistently low liquid content in the system validates the assumption

of neglected liquid bridges.

By means of the surface coverage analysis it was shown that the coating process is slower

and more inhomogeneous within the first ten seconds for the stable regime and the sta-

bilized system compared to the instable regime. The reason for the slower progress

was found in the circulation frequencies, which are lower in stable regime resulting in a

slower movement and a slower throughput through the spray zone (Pietsch et al., 2018).

Due to the higher relative residence time in the spout zone during instable spouting, the

particles have longer contact times with the droplets, which seems promising for achiev-

ing a homogeneous coating layer on the particles of the entire bed. As the CFD-DEM

simulations go along with high computational effort, it is not possible to simulate the

duration of a real-time coating process. In order to investigate the long-term behavior,

the performed CFD-DEM simulations were used to obtain a recurrence plot, which then

allows the performance of an rCFD simulation as described in section 3.6.

6.2.3 Spray coating analysis with rCFD

The simulation conditions and the setup of the rCFD simulation are described in detail

in the work of Kieckhefen et al. (2018). Here, just a short overview is given. In order

to ensure the validity of the rCFD simulations and avoid overpacking, the intensity of

the velocity fluctuations was calibrated. For this, simulations using different diffusion

coefficients in the range of 0 ≤ D0 ≤ 1× 10−2 m2 s−1 were performed for a duration of

35 s. By means of the ability to reproduce the instantaneuous volume fractions at probe
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a) 70 m³/h, stable 

b) 100 m³/h, instable 

c) 120 m³/h, instable 

d) 120 m³/h, stabilized by draft plates 

Figure 6.7: Simulation images of force chain networks for the different spouting
regimes (a) stable, b) instable, c) instable, d) stabilized by draft plates); time interval

between snapshots is 0.2 s; 1 kg γ-Al2O3 particles (656 m).
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Figure 6.8: Cumulative mass distribution Q3 of liquid mass deposited on single par-
ticles; 1 kg γ-Al2O3 particles (656 m); 100 m3 h−1.

locations relative to the recurrence fields and the time-averaged volume fraction, as well

as to predict accurately the residence time in the spray zone the method was validated.

It was found that a diffusion coefficient of D0 = 5× 10−4 m2 s−1 is the lowest viable one

as lower coefficients result in high, unphysical tracer volume fractions near the walls and

subsequently lower bed concentrations and expansions in the spout region. With the

mentioned diffusion coefficient rCFD simulations of the previously described CFD-DEM

cases of 120 m3 h−1 with and without draft plates were performed. The time-dependent

particles’ surface coverage distribution, which is shown in figure 6.9, was again calculated

according to Kariuki et al. (2013) as described in section 3.4.

Similar results to the analysis in figure 6.3 were obtained showing a broader distribu-

tion of the surface coverage in case of the inserted draft plates, meaning the stabilized

systems. Thus, the results from section 6.2.1 are not attributed to start-up effects. In

fact, the draft plates result in a broader surface coverage distribution even though the

circulation pattern is homogenized. Therefore, not the stability of spouting but a high

relative residence time in the spout zone near the nozzle (figure 6.6) seems advantageous

for a homogeneous coating. As this zone is characterized by improved heat, mass and

momentum transfer due to the flow pattern, a smaller relative residence time seems

disadvantageous as the longer stay in the annulus zone with its high packing has no
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Figure 6.9: Cumulative number distribution of relative spout residence time af-
ter 3600 s simulation time with rCFD approach; 1 kg γ-Al2O3 particles (656 m);

120 m3 h−1 with and without draft plates.

positive effect. Thus, for the given process conditions, the instable regime is recom-

mended when conducting spray coating. Nevertheless, when handling sticky or cohesive

materials, the lowered residence time in the spout and a reduced circulation frequency

seem still promising as the wet and dry particles are physically separated reducing the

risk of agglomeration. Under that circumstances, the slightly broader surface coverage

distribution should be acceptable when avoiding unwanted agglomeration at the same

time.

6.3 Experimental analysis of coating quality

In this section, the real-time coating process in the laboratory spouted bed ProCell R©5

is investigated. The analysis was performed with digital image analysis introduced in

section 4.3. As this method allows the measurement of coating quality but not of quan-

tity, additional investigations were performed with in-line optical coherence tomography

(OCT) as well as off-line measurements with particle size and microscopic analyses in

order to measure the coating thickness. As described in section 3.2 the alumina particles

are characterized by open pores. As this would affect the coating behavior due to the

penetration of liquid into the pores, all experiments were performed with Cellets R©500
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particles. Due to their non-porous structure the coating is mainly characterized by layer

build-up without diffusion of suspension into open pores.

6.3.1 Digital image analysis

The described image analysis algorithm from chapter 4 was used to monitor the coating

progress in two exemplary experiments conducted in the ProCell R©5 apparatus.

6.3.1.1 Experimental procedure

Experiments were performed with 1 kg particles. The gas volume flow rate was set to

120 m3 h−1, which yields, as described in subsection 5.2.2.1, instable spouting but intense

particle-fluid interactions and homogeneous layer coverage. The operation conditions of

the two experiments, named Coating 1 and Coating 2, are summarized in table 6.1.

Table 6.1: Process conditions for the two conducted coating experiments Coating 1
and Coating 2.

Parameter/setting Coating 1 Coating 2

Gas volume flow rate [m3 h−1] 120 120

Nozzle pressure [kPa] 4600 4600

Nozzle air flow rate [m3 h−1] 4 4

Coating composition [wt.-%] Water (98.3),
methylene blue
(1.7)

Water (71),
PEG (13.65),
titanium dioxide
(13.65),
methylene blue
(1.7)

Temperature of suspension [◦C] 21 40

Agitation of suspension No agitation Magnetic stirring

Liquid injection rate [gmin−1] 5 5

Total amount of liquid injection [g] 500 50

Process duration [min] 100 10

One used coating suspension (Coating 1 ) consisted of water with 1.7 wt.-% methylene

blue and a second one (Coating 2 ) of polyethylene glycol (PEG 6000) (13.65 wt.-%),

titanium dioxide (13.65 wt.-%), water (71 wt.-%) and methylene blue (1.7 wt.-%). For

production of Coating 1, the methylene blue was dissolved in distilled water during

stirring and afterwards stored at room temperature (Troom = 21◦C) without preheating

and stirring. For production of the coating suspension with PEG, the pure water was

heated up to a temperature of Tliq = 40◦C. PEG, titanium dioxide and methylene

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



122 6 Coating process

blue were added consecutively during stirring. After suspending, the coating agent

was directly used in the process, whereby it was stored under magnetic stirring at a

temperature of 40◦C in order to decrease its viscosity. In both cases, the suspensions

were injected with a rate of around 5 gmin−1 with a peristaltic pump (Medorex TB,

Germany). The temperature in the process chamber was set to 50◦C as it is limited by

the melting point of PEG (Tm = 55− 60◦C). For later digital image analysis the whole

coating process was recorded by the high-speed video camera IDT NX4 S2 (Imaging

Solutions GmbH, Germany) with the same Sigma 50 mm f/2.8 macro lens used for

particle tracking velocimetry and an installed global shutter, which exposes all pixels

simultaneously. The resulting data was simultaneously saved on an external hard disk

drive. The quality of the captured image data is critical to the following steps, because

all errors that are introduced in the acquisition step can propagate up. To be able

to evaluate the coating layer with good precision, a tradeoff between high resolution

per particle and a high number of observed particles has to be made. The resolution

per particle must be high enough to distinguish it from disturbances, like e.g. scratches

or dirt, on the observation window. A high number of particle observations can be

achieved by increasing the frame rate of the acquisition or by observing a larger area

of the apparatus, which then comes along with a decreased resolution per particle. As

good particle detection could be achieved in preliminary tests with a particle resolution

of 30 px, the camera was positioned with the corresponding distance of the lens to

the window and the frame rate was set to 2 Hz. The main factor on observing the

coating quality is the particles visual appearance, i.e. its color and the distribution of

the color on the surface. As the sensor of the used high-speed camera is a monochrome

sensor only, a color filter was used. If a color filter is used in front of the sensor, the

absorption of this specific color will be rendered as darker pixels in the acquired images,

thus the contrast in the relevant range increases. If the color filter is chosen according

to the coating color, the brightness of the particles can be used as indicator of the

coating level. For the used methylene blue dye, a yellow – the complimentary color of

blue – filter was used. The resulting raw data was characterized by a very high noise

distribution. In order to extract usable information, a Kalman filter was implemented.

Most parameters used to link the brightness of the particles to the coating quality are

based on assumptions as mentioned in section 4.3. Therefore, both experiments have

been evaluated using the same but arbitrary set of parameters. This means that the

presented results give a qualitative interpretation of the actual state of particle coating

fraction but do not contain quantitative information about the layer thickness. For

quantification, calibration experiments for linking the brightness to the coating thickness

have to be conducted for every coating agent used. This is in so far difficult as the same

lighting conditions have to be achieved as those obtained by using the lights in front of
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the apparatus window. At the same time a method is needed to create defined layer

thicknesses in m-range on the particles.

6.3.1.2 Raw measurements

An estimation of the number of particles in the experiment is needed to reason about

the distribution of coating levels in the set of particles. The Cellets R©500 particles were

in a diameter range of 500 to 710 m. The mean of the particle diameter was determined

experimentally to d50,3 = 0.57 mm.

N =
mbed
π
6d

3
pρp

≈ 1kg
π
6 · (0.57 · 10−3m)3 · 1515 kg

m3

≈ 6.8 · 106 (6.1)

As the total number of particles N is very large due to the small particle diameter, a

reasonable assumption for the distribution of αc is a normal distribution. Any image

frame captured through the observation window of the ProCell R©5 apparatus shows

n̄ ≈ 220 particles on average. This is a small amount when compared to the total

number of particles in the system and explains the high noise distribution that was

already mentioned and that is shown in figure 6.10a.

6.3.1.3 Statistical filtering

In order to estimate the coating fraction from the raw measurements and to handle

the high noise, a Kalman filter was implemented. A Kalman filter is a solution to the

discrete-data linear filtering problem (Welch and Bishop, 2006). For one-dimensional

data, two parameters, the process variance PV and the measurement variance P , are

needed. The measurement variance is a tuning parameter, which influences how fast

the estimated signal responds to changes in measurement input. The Kalman filter will

yield the least-squares optimal estimation of the actual coating fraction, assuming the

measurement and process noise are guided by a normal distribution (Kalman and Bucy,

1961). For the coating experiments, the process variance was estimated based on the

variance of the raw signal obtained after the liquid injection was stopped meaning that

the color, i.e. brightness of the particles, should not change anymore. The resulting

coating fraction distribution after application of the Kalman filter with the mentioned

values is shown in figure 6.10b. The noise was markedly reduced and the coating process

is well detectable with time.
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Figure 6.10: Effect of Kalman filter on raw measurement data. a) Due to the bad
ratio of the simultaneously observed particles n and the total number of particles in the
process chamber N , a high noise distribution is obtained in the time dependent analysis
of coating fraction. b) By statistical filtering with Kalman filter with PV = 1 × 10−5

and MV = 0.32 the coating fraction can be estimated.
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6.3.1.4 Coating experiments

During the experiment with water and methylene blue as coating agent, the increase of

blue particles in the process chamber was observed. The resulting plot of the coating

fraction in figure 6.11a shows a rather linear raise of the coating fraction with time

within the first hour. The corresponding plot of the coating uniformity uc shows a very

slow decrease as presented in figure 6.11b. Afterwards, the coating fraction and the

uniformity are only slightly increasing and decreasing, respectively. This indicates that

the color change happens not linearly but gets slower the more color is already deposited

on the particles. This goes along with the fact that the increase in coating layer thickness

is also nonlinear as the particle diameter and therefore the spheres’ surface is increasing

over time and more coating has to be added to achieve the same increase in diameter as

for smaller spheres. After switching off the nozzle, the coating fraction and uniformity

remain constant as expected. In total the blue intensity of the coated particles was

not as strong as the color of the dyed water solution. This is due to the fact that the

solution consisted mostly of water that was evaporated during coating. Therefore the

layer formed around the particles had a little solids concentration resulting in small layer

thicknesses. In order to obtain a thicker layer with higher color intensity, the experiment

Coating 2 with a higher solids concentration due to the PEG and the titanium dioxide

was performed.

The observed progress in color change during the injection of coating suspension with

PEG, titanium dioxide, water and methylene blue was much faster than in the experi-

ment before though the weight concentration of methylene blue in the suspensions was

the same. The different behavior is based on the fact that the increased solids content

in the suspension of Coating 2 allows a better application of the dye on the particles.

A higher solids content at the same flow rate results in a bigger layer around the core

particles, which then shows a higher color intensity. After around five minutes, the flow

rate decreased from the adjusted 5 gmin−1 to less than 1 gmin−1 indicating a blockage

of the nozzle. After the experiment, the particles were collected from the process cham-

ber and the blockage of the nozzle could be observed in reality. The plot of the coating

fraction over time is shown in 6.12a. It can be seen that the change in coating fraction

is slow during the first minute. After around 60 s a quick increase was observed, where

the coating fraction starts to increase in a linear manner. It is assumed that the quick

increase occurred due to a temporary blockage of the nozzle, which could be loosened

but again occurred. After 240 s, the increase comes to a stop, which correlates with the

observed decrease in liquid injection due to the assumed blockage of the nozzle. Due

to the blockage, the injection needed to be stopped after around 400 s. The injection

was stopped by switching off the pump. In order to avoid ingress of particles into the
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Figure 6.11: Experimental results for the coating experiment with methylene blue in
water (Coating 1 ) using digital image analysis. a) Time-dependent coating fraction. b)

Time-dependent coating uniformity.
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Figure 6.12: Experimental results for the coating experiment with suspension of PEG,
titanium dioxide, water and methylene blue (Coating 2 ) using digital image analysis.
The blockage of the nozzle after around 240 s can be seen by the stop in the diagrams.

a) Time-dependent coating fraction. b) Time-dependent coating uniformity.

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



128 6 Coating process

nozzle tip, the nozzle air was not stopped during the following four minutes needed to

cool the process before opening the chamber. Due to the ongoing under-pressure in the

nozzle and the compared to pure water higher viscosity and reduced flowability, a small

amount of coating was still injected though the pump was turned off. This can be seen

by the small increase in coating fraction and the decrease in coating uniformity after the

end of spraying. The increase and decrease, respectively gets smaller over time as the

liquid holdup in the tube is limited. Around 200 s after the end of spraying the coating

fraction and uniformity are constant indicating a dry running of the pump.

From the plot of the coating uniformity it is obvious that the coating fraction seems to

be connected to the uniformity of the coating of the particles in the apparatus. The

sudden increase in coating fraction after 60 s is associated with a sharp increase in the

plot of coating uniformity. This seems logical, as an intense burst of spraying would color

a small badge of particles very intensely, while leaving the remaining particles uncoated.

If the spraying process is slow and more homogeneous as afterwards during the linear

increase of coating fraction, all particles build up a coating layer more consistently with

smaller coefficients of variations.

The main focus of the application of digital image analysis to spouted bed coating was

the determination of coating quality. As no calibration regarding the coating fraction

and the layer thickness was possible with the tested experimental setup, as e.g. coating

of cellulose plates in the spin coater SPIN150 (SPS-Europe B.V., the Netherlands),

the values of αc and uc just give qualitative information. The method is applicable

but suitable calibration experiments for the certain material and coating suspension

need to be found in order to obtain quantitative information about the coating layer

thickness. In order to get information about the layer thickness and structure, additional

methods were applied in this thesis, which include OCT, particle size measurements and

microscopic analyses that are described in the following subsections.

6.4 Experimental analysis of coating quantity

The previously described image analysis based method allows the time-dependent track-

ing of the coating quality. By means of that the minimum process duration for a complete

coating of all particles in a charge can be found or problems, as e.g. blocking of the nozzle

or partial spraying of one part of the bed, can be determined. Nevertheless, a measure-

ment of the layer thickness and its deviation needs intense calibration work, which has

to be conducted every time the core material, the coating suspension or the exposure is

changed. In this section, the optical coherence tomography (OCT) is applied in order

to measure the layer thickness by in-line monitoring as described in section 2.5.1. For
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validation purposes, off-line measurements were performed and a theoretic growth model

was applied.

6.4.1 Optical coherence tomography

The optical coherence tomography (OCT) is a widely applied method for medical pur-

poses but has found application in process engineering as described in 2.5.1. In this

thesis, the general applicability for monitoring the coating layer thickness in a spouted

bed is evaluated by one exemplary presented experiment. Within the first trials of using

the OCT sensor for the spouted bed apparatus problems occurred during image cap-

turing due to particles sticking to the window or droplets polluting the glass. Again,

Cellets R©500 were used as core particles. The coating suspension consisted of PEG

(28 wt.-%) in water (72 wt.-%). No titanium dioxide was used as this would negatively

affect the measurement of the refraction. Additionally, no dye was needed as the method

is not based on optical analysis. As the coating suspension was assumed to produce a

sticky layer, the draft plates, as described in section 5.5, were installed in order to reduce

the circulation frequency and to physically separate the wetted particles from dry ones.

The experiment was conducted until the observation window was too dirty for analysis,

which was equal to a total injection of 2300 g coating suspension. The experimental

setup of the experiment is shown in figure 6.13.

Figure 6.13: Experimental setup of in-line coating layer measurement by OCT in the
laboratory spouted bed ProCell R©5.
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6.4.1.1 Validation

During in-line OCT measurements, the displayed coating layers showed a high noise.

Due to the different particle velocities, particles appeared in varying sizes in the images.

Especially for small appearing particles, the ellipsoidal shape was not suitable for layer

shape representation, which resulted in a lot of wrongly determined layer thicknesses.

Therefore, the data was reevaluated by applying a filter in order to stabilize the analysis

system. By means of that the time-dependent coating layer thicknesses from the in-line

data were determined.

The layer thickness measurement itself was manually validated by image analysis tool

ImageJ. This validation is demonstrated here with one exemplary picture: The image

shown in figure 6.14 was found to be positive by the OCT system. It can be seen that

the coating layer, which is marked by the green ellipse, was detected correctly. The

thickness was measured by the internal OCT algorithm to 36.68 m. The analysis with

measuring tool ImageJ gave a value of 37.63 m, which is equal to a deviation of less

than 3 %. Discrepancies might be caused by the ellipsoid shape of the mark by OCT,

which seemed not sufficient to represent the coating layer in detail. Nevertheless, it can

be assumed that the distance measurement is conducted correctly by the OCT system.

core particle 

coating layer 
layer 

detection 

observation 
glass 

Figure 6.14: Exemplary coating layer detection performed by in-line OCT analysis.

6.4.1.2 In-line measurements

The OCT method gives reliable results from coating layer thicknesses of at least 20 m.

Therefore, the data sampling was started after the minimum necessary layer thickness

was achieved for most of the particles in the bed. The resulting plot showing the increase

of layer thickness with time is shown in figure 6.15. From the plot an increase in coating

layer thickness with time can be determined, which is characterized by a high deviation.

At the end of the experiment, layer thicknesses between 30 and 105 m were measured.
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Figure 6.15: Increase of coating layer thickness determined by analysis of previously
filtered in-line data with optical coherence tomography (OCT).

6.4.1.3 Off-line measurements

Representative samples were extracted from the process and analyzed on the rotary plate

after the injection of 900, 1300, 1700 and 2100 g. The measured thicknesses are plotted

in figure 6.16. The data agree well with corresponding points from in-line measurement

indicating the in-line applicability of the OCT method with the sensor. The off-line data

are in general a bit lower than the in-line measurement values. This might be caused by

the extraction process as the device for particle sampling is positioned at the top of the

process chamber promoting the output of smaller particles as they are usually higher

fluidized.

6.4.2 Theoretical growth model

The particle growth or the layer thickness, respectively, were predicted with a theoretical

growth model presented in section 2.5.3 analogous to the calculations in the work of

Markl et al. (2014). The time-dependent coating thickness can be calculated according

to equation 2.37 to:

sc(t) = rcore

((
χ
ṁc · x
mbed

p

ρcore
ρc

+ 1
) 1

3 − 1
)
=

285 μm
((

0.95
9 g
min0.28 · 308min

1150g
· 1515
1232

+ 1
) 1

3 − 1
)
= 60.5 μm.

(6.2)
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Figure 6.16: Increase of coating layer thickness determined by off-line optical coher-
ence tomography (OCT) as described in section 2.5.1.

The theoretical coating layer thickness for the presented OCT experiment was deter-

mined according to equation 6.2, whereby the suspension mass deposited on the particle

bed was assumed as 95 %. The theoretical coating layer is smaller than those values

determined with OCT. This is logical as the model assumes a homogeneous layer around

the particles and a spherical shape. But as seen from OCT data, the particles are char-

acterized by surface irregularities, which results in spots with thicker layers that might

be detected by the OCT as well. Additionally, the model assumes a constant bed mass

during the whole spray coating process but in the conducted experiment, part of the bed

material (in total about 200 g) was removed for off-line analysis, which again results in

a higher coating layer in practice especially at the end of the experiment.

6.4.3 Light microscope

As additional validation method, some representative particles were sliced and its inner

cross-section and structure were analyzed with light microscope BX51 (Olympus, Ger-

many). Two exemplary cuts are shown in figure 6.17 indicating on the one hand the

increase in particle size and on the other hand the increasing surface inhomogeneities

due to different layer thicknesses on one particle with time.
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200 m 

Figure 6.17: Results from cross-section analysis of sliced Cellets R©500 particles, total
injection of a) 115 g and b) 690 g coating suspension per batch.

6.4.4 X-ray microtomography

For micro-CT analysis, particles from the end point of the process were chosen. In

total, 21 representative particles were investigated, whereby 20 of them were analyzed

as collective and the other one was measured separately in order to judge the coating

homogeneity on one single particle. The layer thickness was determined by analyzing

the particle diameter in ImageJ. Therefore, one slice from the middle of the particles

showing the cross-sectional area was selected from the data. In order to enhance the

contrast between the core particle and the coating layer, the contrast was increased by

5 % and a binary image was produced afterwards. Then, the diameter was measured

randomly meaning that a stochastic line was plotted through the cross-section and the

distance was measured. This is exemplarily shown for one particle from the collective

in figure 6.18.

By applying the random diameter measurement to all the particles shown in the picture,

the plot given in figure 6.19 was obtained. From the plot, a high deviation can be ob-

served, which is in accordance with the deviations measured with OCT. Even though the

particles are extracted at the same time and in the same way from the process, the mea-

sured thicknesses vary significantly by more than factor 2 when referring to the smallest

measured layer. The variation was previously explained by the surface inhomogeneities

of the particles and the resulting variations in coating layer thickness on single particles

and on particles of the same batch. In order to corroborate this hypothesis, the thickness

on one single particle at ten random positions was evaluated based on the increase in
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1 mm 

Figure 6.18: Exemplary determined diameter by analyzing the cross-sectional area of
the particle from the micro-CT data. The image was binarized and its contrast enhanced
for visualization purposes. The core particle is almost completely dark, whereas the

coating layer appears brighter.

mean particle diameter as shown in figure 6.20. It can be seen that the coating layer

thickness depends on the point where the measurement was conducted. The thickness

measurement via the determination of the particle size includes two coating layer thick-

nesses. It has to be mentioned that this results in deviations from the true thicknesses

but this method was found to be less sensitive to errors than the measurement of the

coating layer itself as this includes only some pixels. Again, high deviations can be seen

which emphasizes the inhomogeneuos layer formation on single particle scale and the

resulting high deviations in the measurements.

6.4.5 Particle size analysis

Samples were taken at different time points during the process and analyzed with Cam-

Sizer XT. The coating layer thickness was determined as the difference between the

mean particle diameter d50,3 of the raw material and that of the coated particles. The

resulting layer thickness increase referred to the injected coating suspension after every

500 g and at the end of the process is shown in figure 6.21. It can be seen from figure

6.21 that the increase ascends steeply and almost linear at the beginning. As the volume

of the sphere is increasing, the amount required for a total layering of the surface is also

increasing and therefore the reduced growth rate with time is as expected. Even though

particles are extracted from the process for off-line analysis, the particle growth rate is
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Figure 6.19: Coating layer thicknesses determined by off-line analysis with X-
ray microtomography. Analyzed were particles from the end of the process

(msuspension=2300 g).
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Figure 6.20: Coating layer thicknesses determined by off-line analysis with X-ray
microtomography at different positions on one single particle. Analyzed was one rep-

resentative particle from the end of the process (msuspension=2300 g).
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Figure 6.21: Coating layer thicknesses determined by off-line analysis with particle
size distribution measurement device CamSizer XT.

decreasing with time. In total, the measured values are in the range of the data ob-

tained by OCT. With OCT, a higher scattering was observed especially with increasing

time. This is probably caused by the uneven layer formation and the resulting struc-

ture inhomogeneity on the scale of single particles. As with CamSizer XT the xarea

was calculated, which is equivalent to the diameter of the area equivalent circle, every

time the whole particle with its high unevenness is analyzed. Therefore, all spots with

high or low coating fraction are taken into account resulting in a more homogenized

average layer thickness. Additionally, the measurement of the whole particle results in

average in a higher calculated layer thickness as with OCT randomly spots with thick

or thin layer are measured, which gives then smaller values. Nevertheless, with regard

to the variation, the values are in the same range as determined from OCT, validate the

applicability of the measurement method.

Last but not least, it can be concluded that the OCT approach can be used for mon-

itoring in-line the layer thickness in the spouted bed apparatus. The detected layer

thicknesses were measured correctly and the in-line data was validated by off-line OCT

analysis, particle size measurement and microscopic analyses. The detection algorithm

operates reliably with layer sizes of at least 20 m. Therefore, it seems more promising

for granulation of multilayer-components than for coating processes as the granulation

comes along with higher target layer thicknesses. Additionally, the shape of layer de-

tection needs to be improved for future work in order to model the uneven and not

homogeneous shape of the layer. Nevertheless, the method has a high potential for

in-line measurements as it gives not only qualitative but also quantitative information.
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7

Continuous process in pilot scale

spouted bed

7.1 Introduction

After investigation and characterization of the laboratory scale prismatic spouted bed

in the previous chapters, the focus is now set on the pilot scale apparatus, namely

ProCell R©25. In the first section 7.2, the novel method for production of tracer particles,

as already introduced in section 2.4.1, is discussed and validated regarding the tracers’

suitability. In the following section, experimental residence time measurements under

different process conditions and with different transfer geometries in the plates are pre-

sented and compared with each other. As the residence time distribution itself and also

the characterization with the dimensionless Bodenstein number offered no precise in-

formation about the back-mixing in the system, additional experimental work in batch

operation was performed, which is presented in section 7.4. In a first step the rotary

valve was included in the investigations, whereas in a second step (section 7.5) the valve

was closed in order to fulfill the requirements of a closed-closed system without particle

flow via the in- or outlet, which is necessary when applying Fick’s laws.

7.2 Tracer characterization

As described in subsection 2.4.1 the tracer particles were produced by coating the bed

material, namely Cellets R©500 particles, with a magnetizable paint in the laboratory

prismatic spouted bed ProCell R©5.

137
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138 7 Continuous process in pilot scale spouted bed

Despite the small size of the particles, they can be easily separated from the uncoated

particles by applying a magnet. A small-scale demonstration in a Petri dish is shown in

figure 7.1. All coated particles stick to the magnet and are separated completely. When

handling bigger sample sizes, as e.g. the 1 kg samples from residence time measurements,

a bigger magnet needs to be applied. Thus, a magnetic rodMTN 25/200 N (Sollau s.r.o.,

Czech Republic) was used with which the sample could be separated in one iteration

(figure 7.2). In order to determine the minimum coating amount necessary for adhering

of the particle bed to the magnetic rod, samples were taken from the coating process

every two minutes. All particles of a sample adhered to the magnetic rod after 50

minutes, which is equal to a liquid injection of 250 g coating agent. Under the assumption

Mix of magnetizable (grey) 
and pure (white) Cellets®500 Magnet 

Complete separation 
Coated particles stick to 
magnet 

Figure 7.1: Separation of magnetizable tracer particles from small scale mixed sample
with uncoated Cellets R©500 particles. Separation by a pinboard magnet.

Figure 7.2: Principle of tracer separation from bed material in a mixed sample by a
magnetic rod.
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of non-porous Cellets R©500, this led to an increase in particle mean diameter of 23 m to

d50,3,coated = 612 m. The comparison of the particle size distribution of uncoated and

coated particles is shown in figure 7.3. The deviation of both distributions is with mean

values below 5 % small. Thus, it is assumed that the variation in particle size does not

influence the fluidization behavior of tracer particles, which could result in segregation

during the process. Size variations are not observable under the light microscope and

even uncoated Cellets R©500 deviate from the ideal spherical shape. The sphericity, as

determined using the CamSizer XT, decreased from 0.956 to 0.936 during the coating

process.
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Figure 7.3: Cumulative particle mass size distribution for uncoated Cellets R©500 and
Cellets R©500 with a coating layer thickness of 11.5 m and light microscope image show-
ing the comparison of coated (right) and uncoated (left) Cellets R©500 (magnification

10 x).

In figure 7.4 the particle densities of uncoated particles and particles with the minimum

required thickness of 11.5 m are compared. The standard deviation from triple de-

termination is in the range of 1.5 kgm−3 and therefore almost not visible in the plot.

Densities were measured using helium pycnometry to 1455 and 1623 kgm−3, respec-

tively. To evaluate whether the density increase of 11.5 % causes segregation effects in

fluidization behavior, a 50:50-mixture (wt.-%) was fluidized in the GF3 insert of the

laboratory fluidized bed system ProCell R©5 for 30 min. Visual observation showed a

homogeneous mixture of particles without clustering or segregation effects. Thus, it is

concluded that the particle density difference is uncritical for the flow behavior and the

tracer criterion is fulfilled regarding this property.
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Figure 7.4: Particle density of uncoated Cellets R©500 and Cellets R©500 with a coating
layer thickness of 11.5 m.

For characterization of the coating layer texture and consistency, scanning electron mi-

croscope (SEM) images were taken from the coated tracer particles. From figure 7.5 it

can be seen that the whole particle surface is covered with magnetizable paint. The sur-

face roughness is increased in contrast to the smooth surface of uncoated Cellets R©500,

which is accompanied by the reduced sphericity. Small variations are assumed to cause

negligible differences in fluidization behavior. In order to validate if the increased rough-

ness is associated with dust production due to abrasion, tracer particles were fluidized

for five hours in the laboratory fluidized bed GF3. After the experiment, no dust was

found in the installed filter cartridges and all particles were still magnetizable indicating

that stress due to particle-particle or particle-wall collisions does not affect the coating

layer and its functionality. Thus, it is assumed that the tracer is re-usable for several

RTD experiments.

Figure 7.5: SEM pictures of coated Cellets R©500 with a coating layer thickness of
11.5 m (left: magnification 100 x, electronic high tension 5 kV; right: magnification

1000 x, electronic high voltage 5kV).
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As a developed method should ideally be applicable for a wide range of applications other

bed material particles were also investigated. Coating of γ-Al2O3 particles resulted in

an even smoother surface (figure 7.6) due to the higher porosity of the material. Coated

glass particles could also be used for RTD measurements but showed some abrasion

during experiments. An additional coating with a protection layer of shellac successfully

prevented the loss of magnetizable material. The density increase of 2 % compared to

1.6 % for regular coating is negligible and did not show changes in fluidization behavior

or induced segregation.

Figure 7.6: SEM pictures of coated γ-Al2O3 particles of d50,3 = 1.8 mm size (left:
magnification 100 x, electronic high voltage 5 kV; right: magnification 1000 x, electronic

high voltage 5kV).

7.3 Residence time measurements

As described in section 2.4.2 residence time distributions were measured during con-

tinuous operation of ProCell R©25 with a bed mass of 10 kg Cellets R©500 particles and

additional 3 kg in the rotary valve. The original configuration of unseparated chambers

was compared with the results of chambers separated by plates with defined transfer

geometries. In total, four additional configurations were tested: (i) an inclined plane,

(ii) the geometry of (i) in a meandering pattern, (iii) a centered hole with 2 cm diameter

(iv) and a hole with 1 cm diameter. The geometry (i) was constructed based on results

from simulations, which showed lowest back-mixing for this geometry. As its detailed

geometry cannot be mentioned due industrial secrecy reasons, it is named geometry (i)

in the following. Each separation plate consisted of two of the planes, one on the right

and one on the left side. In case of the meandering pattern, one side was closed by

sticking plasticine into the opening.

During investigation of the transfer geometries, in a first step, the separation plates

were inserted only in the region of the process chamber. By means of discontinuous
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operation of the spouted bed, it was found that particles move from one chamber to

another one even though the holes or inclined planes were closed. It was concluded

that the particles move above the plates via the freeboard zone into the other chambers.

Therefore, the height of the plates was increased resulting in a complete separation of

the chambers from the bottom to the top. For handling reasons the plates were inserted

in form of three pieces: The lowest part (1) had the prismatic form and contained the

hole and geometry (i), the second rectangular plates (2) ranged from the process to the

expansion chamber and the third and biggest plates (3) were positioned at the top of the

expansion chamber in the broadest part (see figure 7.7). The following discontinuous

experiment showed a reduced particle transport through the basically closed plates but

nevertheless some particles moved into the next chambers. It was concluded that the

particles were transported through small slits between the plates and the apparatus.

On the one hand small spaces existed between the plates and the apparatus walls due

to manufacturing reasons and on the other hand particles could move under the lowest

plate slightly above the movable cylinders. Thus, in a next step, the entire slits were

sealed using plasticine. The resulting validation experiment showed no particle transport

between the chambers. Therefore, every time the plant was operated in the spouted bed

configuration with plates, the plates needed to be sealed with the plasticine in order to

force the particles to move only through the designated transfer geometry.

3 

2 

1 

Figure 7.7: Plates for separation of chambers consisting of three pieces. The lowest
part (1) consisted of the certain transfer geometry.
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During experiments 1 kg Cellets R©500 particles were fed into the process every minute

and 1 kg was extracted at the outlet via the rotary valve. Thus, hydrodynamic residence

times of 13 min were expected due to the 10 kg bed mass in the process chamber and

additional 3 kg in the rotary valve. At a defined time point, t = 0, the feed of this

minute consisted of 500 g pure Cellets R©500 particles and 500 g tracer particles. All

experiments were conducted for 23 min. The conditions of the performed experiments

are listed in table 7.1 together with the indeed measured mean residence times. It can

be seen that the exact hydrodynamic residence time was not obtained. The deviations

from the hydrodynamic residence time in the cases open, geometry (i) and hole d = 2 cm

are small and probably caused by measurement mistakes and by the data extrapolation

process. The deviations in the two other cases indicate that material accumulated in

part of the apparatus, which inhibited the particle transport.

Table 7.1: Process conditions for the performed residence time measurements in
cotinuously operated pilot scale spouted bed ProCell R©25 and measured mean residence

times.

Configuration Total bed mass [kg] V̇ [m3 h−1] t̄ [min]

Open 13 125 13.75

Geometry (i) 13 125 12.98

Geometry (i) meandering pattern 13 125 15.30

Hole d = 2 cm 13 125 13.75

Hole d = 1 cm 13 125 14.87

To evaluate the influence of the transfer geometries, first of all an experiment without

plates, termed as open, was performed. The resulting residence time density distribu-

tion with extrapolation is shown in figure 7.8. In the experiment about 80 % of the

tracer particles were found in the outlet after the experiments which gave the need

for extrapolation that was performed with the Weibull scheme as described in section

2.4.3. Deviations from an ideal shape occur as ups and downs are detectable especially

at subsequent time points. Nevertheless, a similarity to the density distribution from

a continuous stirred tank reactor is obvious, which is validated by the corresponding

dimensionless plot shown in figure 7.9. In contrast to the CSTR model a slight shift to

the right hand side is observable, which can be explained by the undefined flow pattern

in the rotary valve resulting in a delayed outflow. The flow behavior in the rotary valve

is in-between the plug flow and the CSTR as especially near the walls good mixing was

observed, whereas in the center a tunnel flow was detected. Nevertheless, the rotary

valve cannot be stated as an additional stirred tank reactor as otherwise the similarity

with a cascade with 2 tanks would be higher.
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Figure 7.8: Residence time distribution measured with magnetizable tracer par-
ticles in the original chamber configuration of continuously operated ProCell R©25
and corresponding Weibull extrapolation of experimental data; V̇gas = 125 m3 h−1,

ṁp = 1 kgmin−1.
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Figure 7.9: Dimensionless residence time distribution of the original chamber con-
figuration in comparison with the cascade model with one CSTR: V̇gas = 125 m3 h−1,

ṁp = 1 kgmin−1.
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The residence time distributions of the two configurations with geometry (i) are shown

in figure 7.10. As the geometry (i) had shown most promising in terms of back-mixing

during simulations, this configuration was chosen for proving the repeatability and re-

producibility and was performed three times. It can be seen that the standard deviation

is at every time point below 12 %, which allows the assumption of reproducibility of all

experiments. Within the first minutes, the measured values are coincident and in com-

parison to the open configuration almost no tracer material is detectable at the outlet

within the first two minutes. This is advantageous as no particles should leave the pro-

cess chamber directly after insertion as this would increase the risk of uncoated material

or insufficient drying. When comparing the distributions of the two planes with each

other, the geometry (i) configuration results in a narrower distribution, which equates to

a homogeneous product. Nevertheless, when comparing the Bodenstein numbers given

in table 7.2 the meandering pattern seems advantageous in terms of back-mixing as

a higher value and therefore a lower axial dispersion is obtained with the meandering

configuration. On the other hand, when remembering the mean residence times, it was

assumed that material accumulated in the chamber, which would make this configuration

not useful. The flow through the meandering pattern is definitely slowed in comparison

to two openings on each plate. Nevertheless, the constant outflow of 1 kgmin−1 could be

maintained during the experiment. The bed distribution after the experiment is shown

in figure 7.11. It is obvious that the particle mass in the fourth chamber is the smallest,

which confirms the assumption that a long-term operation of the meandering pattern

is not possible as the transport is slowed by the closed side resulting in an unwanted

accumulation in the first chambers.

In figure 7.12 the residence time distributions with their extrapolations for the two hole

configurations are shown. Again, the outflow of particles within the first two minutes

is minimized compared to the configuration open. When looking at the shape of the

two curves a narrower one can be detected for the hole with the bigger diameter (hole

d = 2 cm). No quantitative comparison via the Bodenstein number is possible as they

are in the same range (table 7.2). During process operation in the configuration hole

d = 1 cm, the time interval of the outflow needed to be extended as otherwise the

flow rate could not be maintained anymore. This indicates that the opening diameter

is too small for the desired flow rate. This assumption is confirmed by the bed mass

distribution after the experiment that shows a strong material accumulation in the first

chamber and almost no material in the fourth chamber (figure 7.13). Thus, the smaller

hole size is not suitable for the desired process conditions.

In summary, both the geometry (i) and the hole configurations reduce back-mixing,

which was confirmed by the longer time interval without tracer outflow at the beginning

of the experiment and the higher Bodenstein numbers. With the smaller hole and the
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Figure 7.10: Residence time distribution measured with magnetizable tracer particles
in the configurations geometry (i) and geometry (i) meandering pattern of continuously
operated ProCell R©25 and corresponding Weibull extrapolation of experimental data;

V̇gas = 125 m3 h−1, ṁp = 1 kgmin−1.
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Figure 7.11: Bed mass distribution at the beginning and the end of continu-
ous operation of ProCell R©25 with configuration geometry (i) meandering pattern;

V̇gas = 125 m3 h−1, ṁp = 1 kgmin−1.
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Figure 7.12: Residence time distribution measured with magnetizable tracer particles
in the configurations hole d = 2 cm and hole d = 1 cm of continuously operated
ProCell R©25 and corresponding Weibull extrapolation of experimental data; V̇gasp =

125 m3 h−1, ṁp = 1 kgmin−1.
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Figure 7.13: Bed mass distribution at the beginning and the end of continuous
operation of ProCell R©25 with configuration hole d = 1cm; V̇gas = 125 m3 h−1,

ṁp = 1 kgmin−1.
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Table 7.2: Charactersitic values obtained from residence time measurements in con-
tinuously operated pilot scale spouted bed ProCell R©25.

Parameter Open Geometry
(i)

Geometry (i) me-
andering pattern

Hole
d=2cm

Hole
d=1cm

tmin [min] 1 2 2 2 1

Emax(t) [1/min] 0.074 0.08 0.067 0.085 0.071

Bo 0.36 3.92 6.82 4.4 4.77

meandering pattern of geometry (i) the desired flow rate could not be maintained during

long-term operation making these options not suitable. Thus, they are not further

investigated in this thesis. In contrast, the bigger hole and the geometry (i) could

maintain the desired flow rate. As the Bodenstein numbers are in the same range a

further quantification of back-mixing was necessary as explained in the next section.

7.4 Back-mixing: qualitative description

In order to describe and compare the axial mixing behavior and to evaluate the risk of

back-mixing from one chamber into the previous one, discontinuous experiments without

in- and outlet flow were performed. As the open configuration comes along without

a chamber separation, no comparison experiments could be performed. Instead, the

following results act as comparison of the different transfer geometries geometry (i) and

hole d = 2 cm. For qualitative description, the rotary valves and the four chambers

were filled with the partial amount of bed material (3 kg in the rotary valve and 2.5 kg

in each chamber), whereby the bed mass of the third chamber contained 500 g tracer

particles as sketched in figure 7.14. The process was started up and conducted for two

minutes. After shutdown, the bed masses of each chamber and the rotary valve were

extracted and the tracer amount was measured.

The tracer concentrations xT in the chambers and the rotary valve after the experiments

with the geometry (i) and the hole d = 2 cm configurations are plotted in figure 7.15

for the two transfer configurations. A comparison of the tracer concentration in the

first chamber shows that in case of the geometry (i) configuration almost no tracer is

detectable, which is advantageous in terms of back-mixing. The tracer concentration is

higher with the hole d = 2 cm in all chambers (except in chamber 3) and the rotary valve

indicating a more random particle flow in both directions also without convective flow.

In both cases tracer was detected in the rotary valve, which shows that the chambers

cannot be seen as a closed system. For both configurations the bed mass distribution was

measured after the experiment (figure 7.16). Obviously, the bed mass is almost constant
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Figure 7.14: Experimental setup for qualitative analysis of the axial mixing behav-
ior in ProCell R©25 apparatus. All chambers and the rotary valve were filled with
Cellets R©500 particles, whereby a defined amount of tracer was added in the third
chamber. The process was started up and stopped after 2 min.V̇gas = 125 m3 h−1.

when using the hole d = 2 cm configuration. With the geometry (i) configuration a

preferred transport into the forward direction is observable. This indicates that the

particle transport into the direction of the outlet is enhanced by the configuration of

the inclined plane even though no convective flow is applied. After this qualitative

description of back-mixing and of the direction of particle transport, a quantitative

comparison is pursued in the next subsection. In order to find a quantitative value for

the back-mixing, namely the dispersion coefficient, similar experiments were performed

but without the rotary valve involved.

7.5 Back-mixing: quantitative description

For quantitative description by means of the dispersion coefficient, the experimental

setup was changed as shown in figure 7.17. From figure 7.15 it was observed that the

particle flow between the chambers and the valve influences the tracer concentration.

As the flow behavior in the rotary valve is not predictable, the valve was closed. An-

other difference compared to the former experiments is that the process was started

up and the tracer was injected afterwards into the fourth chamber. Again, the process
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Figure 7.15: Tracer concentration after discontinuous operation of ProCell R©25 with
the configurations geometry (i) and hole d = 2cm; V̇gas = 125 m3 h−1, tprocess =2 min.
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Figure 7.16: Bed mass distribution after discontinuous operation of ProCell R©25 with
the configurations geometry (i) and hole d = 2cm; V̇gas = 125 m3 h−1, tprocess =2 min.
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Figure 7.17: Experimental setup for quantitative analysis of axial mixing behavior in
ProCell R©25 apparatus. All chambers were filled with Cellets R©500 particles, whereby
a defined amount of tracer was added in the fourth chamber after start-up. The rotary

valve was closed, tprocess =2 min, V̇gas = 125 m3 h−1.

was conducted for two minutes and the tracer distribution was determined afterwards.

Analogous to the explanations in section 2.4.4.3 initial conditions are defined according

to the setup:

t = 0, 0 ≤ x ≤ L1;C = 1 t = 0, L1 ≤ x ≤ Lbed;C = 0, (7.1)

with L1 the length of the fourth chamber and Lbed the length of the whole spouted

bed. The dimensionless concentration is determined by correlating the tracer mass

concentration to the concentration at the beginning of the experiment:

C =
cT
cT,0

. (7.2)

As mentioned before, the dispersion coefficient is obtained by means of the least square

method meaning that the residual sum of squares of the experimental data and the

objective function is minimized. The obtained experimental data of dimensionless tracer

concentration and the fitted curves with the corresponding dispersion coefficients are

shown in figures 7.18 and 7.19.
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Figure 7.18: Fitting of experimental data to the equation of dispersion for the con-
figuration hole, d = 2 cm.
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Figure 7.19: Fitting of experimental data to the equation of dispersion for the con-
figuration geometry (i).
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sand particles with a mean diameter of 491 m in a fluidized bed without separation

plates. Also Bachmann and Tsotsas (2015) found similar values for a continuously

operated fluidized bed. Thus, it can be concluded that the diffusion, here termed as

dispersion, model is also applicable for spouted beds and the parameter is accessible

by discontinuous operation of the plant. Obviously, the highest axial dispersion occurs

with the configuration hole, d = 2 cm as the dispersion coefficient is more than doubled

compared to the geometry (i) configuration. From the diagram referring to the geometry

(i) configuration, it is obvious that the fits show only low agreement. The fitting of the

curve for the hole configuration shows higher consistence. A reason for the low fitting

might be the directed configuration of the inclined planes, which is discussed in the

following.

Besides a low back-mixing, here characterized by the tracer distribution, the distribution

of the bed mass is a characteristic of the process configuration. In figure 7.16 the bed

mass distribution after the discontinuous experiment was shown. It was concluded that

the configuration geometry (i) enhances the particle transport toward the outlet. As no

convective transport by particle feed or output was given, the directed transport is at-

tributed to the inclination of the planes. The transport reduces dispersion in backwards

direction and is therefore beneficial regarding the back-mixing but on the other hand,

the bed mass is not homogeneously distributed over the whole bed length, which dissents

the assumptions of the diffusion model and causes the bad fitting results. In addition,

the process chamber contains three transfer geometries making a quantification of the

entire dispersion coefficient difficult. Nevertheless, the obtained values can be seen as

comparable parameter.

Besides the chosen standard condition of 125 m3 h−1 (u− umf = 0.59 m s−1) two other

gas volume flow rates, namely 90 (u − umf = 0.42 m s−1) and 160 m3 h−1 (u − umf =

0.75 m s−1) were tested regarding the influence of the gas velocity on the back-mixing.

The resulting plots with the dispersion coefficient curves are shown in figure 7.20 for

both configurations, hole, d = 2 cm and geometry (i). It can be seen that the dispersion

is increased with increased gas volume flow rate, which meets the expectations as the

increased fluidization results in a higher transfer probability due to an increased mobility.

The dependence is almost linear. This trend was also found by Kato et al. (1985) and

Shi and Fan (1985) for fluidized beds.

7.6 Conclusions

It can be concluded that the geometry (i) configuration shows the lowest back-mixing

as the particle transport into the forward direction is forced by the slant of the planes.

The coefficients are in the range of the values obtained by Shi and Fan (1985) for
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Figure 7.20: Experimentally determined dispersion coefficient for continuously oper-
ated ProCell R©25 apparatus with the transfer geometries geometry (i) and hole d = 2 cm

in dependence on the gas velocity.

The meandering pattern showed no advantage in terms of back-mixing. Additionally,

problems during long-term operation occurred as the maintenance of the mass flow rate

was not possible due to material accumulation. The hole configurations show no de-

sired transport direction and therefore a more constant bed mass distribution during

experiments. Nevertheless, a strong axial dispersion and back-mixing were observed.

Back-mixing was reduced by a smaller diameter of the hole but then the desired particle

transport could not be maintained, which makes the geometry not suitable. In total, the

geometry (i) showed best results in terms of a reduced back-mixing and good applica-

bility for continuous operation. The results were quantified using the dispersion model.

Nevertheless, the obtained values can only be seen as estimations as the regarded entire

apparatus is characterized by three transfer geometries making it difficult to define an

overall dispersion coefficient. The found influencing shape of the transfer geometry and

the cross-section are not included in the underlying theory of Fick’s law. Thus, the cor-

relation can be used for a quantitative comparison but the results cannot be correlated

to the physical theory.
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Conclusions

In this thesis prismatic spouted beds were investigated both experimentally and nu-

merically. Besides the batch operated laboratory scale apparatus ProCell R©5 and a

transparent replica of that kind the pilot scale plant ProCell R©25 was used for contin-

uous experiments. On laboratory scale the coating quality was investigated and pilot

scale experiments were focused on measuring of residence time distributions with the

aim of back-mixing minimization.

The laboratory scale apparatus was investigated by means of high frequency pressure

drop measurements and following Fourier transform in the transparent replica. For

two Geldart B particle systems the range of stable and instable spouting was deter-

mined. The stability interval was increased by installing two parallel draft plates into

the chamber. The fluidization behavior was simulated by means of the coupled CFD-

DEM approach and a coarse-graining method for handling high numbers of particles was

applied. The draft plates enforced a more homogeneous circulation frequency distribu-

tion and a reduced main frequency. The residence time in the spout zone was found

to be smaller in the chamber geometry with plates. CFD-DEM simulation predicted

a broader surface coverage distribution with installed draft plates. This was validated

for a real process time of 60 min by recurrence CFD (rCFD) simulations. The broader

liquid distribution in the stable regime was hypothesized to occur due to the lower resi-

dence times in both spout and spray zone, which results in an inhomogeneous exposure

of the particles as the mixing in the depth of the apparatus is reduced. Nevertheless,

the increased residence time outside of the spray zone seems promising for coating ex-

periments in which a sufficient drying is inevitable in order to prevent agglomeration.

For further investigations the installation of several nozzles in the process chamber with

draft plates might be promising as thereby the probability of crossing the spray zone

could be increased for all particles in the bed.
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The investigation of the coating process was the main application of the prismatic

spouted bed in this thesis. In order to validate the coating quality, a digital image

analysis algorithm was implemented. By analyzing high-speed camera images with the

algorithm, the change of particles’ brightness over time was recorded. With that ap-

proach the coating fraction and uniformity could be determined and the blockage of

the nozzle during the experiment was detected. For measurement of the coating layer

thickness a calibration method is needed to link the color or brightness with the layer

thickness. In this work the coating layer thickness was monitored in-line with optical co-

herence tomography (OCT). The applicability of the method was validated by external

microscopic and particle size analyses.

In this thesis a novel method for experimental quantification of residence time distri-

butions was developed in which part of the bed material is coated by a magnetizable

paint allowing a fast separation of this tracer material from the samples after pass-

ing the process. The magnetizable coating is abrasion resistant and can also be used

for processes with higher humidity. Residence time distributions were measured in the

ProCell R©25 apparatus with additional investigation of the influence of separation plates

with different transfer geometries between the four chambers. By means of discontinu-

ous experiments, the back-mixing was quantified via the dispersion coefficient. It was

found that the dispersion and therefore the unwanted back-mixing is lowest with two

inclined surfaces in the plates making this configuration promising for industrial scale

applications in order to obtain a high throughput with constant product quality. When

performing continuously operated experiments it was shown that not only the back-

mixing is a quality criterion but the desired particle flow rate must be feasible for a long

time. If the transfer geometry is too small for the flow rate, bed material accumulates

in some of the chambers which causes a collapse of the fluidization after a while.

Especially when performing granulation experiments, the influence of the particle size

distribution on the flow behavior and the liquid deposition needs to be taken into account

in future work. Thus, processes with higher liquid injection as needed for granulation

purposes should be investigated with focus on the possible accumulation of bigger parti-

cles in the spray zone and the resulting risk of defluidization due to an excessive growth

of the coarse particle fraction. In addition, the influence of non-spherical particle shapes

needs to be determined as in industry often non-spherical products are handled, which

might influence the fluidization behavior and the process stability.
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Appendix A

Specifications of used equipment

A.1 Components of laboratory ProCell R©5

Air ventilator:

Elektror Hochdruckventilator HRD 60 FU – 105/4,0

Air heater:

Leister Lufterhitzer Typ 40 000, 3x 400 V, 11.2 kW elektrische Leistung

Air filter:

Mahle Entstaubungselement (conical shape) Type 852 903 TI 07/1 – 0.5 + DRG V4A

FRV

Two-fluid nozzle:

970.0/0-S4 Schlick

Temperature sensor:

Rössel Messtechnik Mantel-Widerstandsthermometer (PT 100), Ø 3 mm

Peristaltic pump:

Medorex TBE / 200 84 – 1 – 8 – 4.8 x 1.6

Balance:

Kern DS, 30 kg ± 0.1 g

A.2 Components of transparent replica

Air ventilator:

Elektror Hochdruckventilator HRD 60 FU – 105/4,0

High frequency pressure sensor:

Type PD-23/8666.1, Keller
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158 A Specifications of used equipment

A.3 Components of pilot scale ProCell R©25

Rotary valve:

Type ZRD 150-630 with drive, coperion

Flowmeter:

COMBIMASS basic, AL IP, BINDER

Two-fluid nozzle:

GKWZ 2.10, Schlick
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Appendix B

Behavior of the empty

transparent replica

As all presented experiments were performed with the maximum slit height of 3.5 mm,

only the pressure drop dependence from the gas volume flow rate for this slit height is

presented here (figure B.1 and table B.1).
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Figure B.1: Pressure drop of the empty transparent replica of laboratory ProCell R©5
with a slit height of h = 3.5 mm.
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160 B Behavior of the empty transparent replica

Table B.1: Pressure drop and and pressure loss coefficients for different gas vol-
ume flow rates measured in the empty transparent replica of laboratory spouted bed

ProCell R©5.

Volume flow rate
[m3 h−1]

Velocity
[m s−1]

Pressure drop
[Pa]

Pressure loss coef-
ficient [-]

10 0.87 77.38 170.56

20 1.74 94.93 52.32

30 2.60 112.43 27.54

40 3.47 140.12 19.30

50 4.34 167.64 14.78

60 5.21 196.89 12.06

70 6.08 245.42 11.04

80 6.94 291.12 10.03

90 7.81 345.52 9.40

100 8.68 411.43 9.07

110 9.55 481.56 8.77

120 10.42 557.46 8.53

130 11.28 644.94 8.41

140 12.15 732.96 8.24

150 13.02 861.55 8.44

160 13.89 964.58 8.31

170 14.76 1071.68 8.17
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Appendix C

Liquid injection in CFD-DEM

simulations

Calculation of the wet bulb temperature (Twb) as mentioned in section 3.4. The enthalpy

of the moist air is calculated as:

h1+x(Y, T ) = cpf(T − Tref ) + Y
(
cpv(T − Tref ) + Δhlv

)
, (C.1)

with Y the water loading of air, Tref the reference temperature 273.15 K, cpf the specific

heat of constant pressure of air (1004 J kg−1K−1), cpv the specific heat of constant

pressure of water vapor (1900 J kg−1K−1) at 273.15 K and the vaporization enthalpy

of water (ΔhLV = 2500 kJ kg−1K). The enthalpy of the air bulk h1+x(Y, T ) is set to

be equal to the enthalpy of fully saturated air h1+x(Ysat,wb, Twb), which surrounds the

particles liquid layer. h1+x is calculated iteratively to yield the wet bulb temperature.

The saturation loading is calculated according to:

Ysat,wb =
0.622
p

psat(Twb)
− 1

, (C.2)

where psat is the saturation pressure. The saturation pressure is calculated with the

Antoine equation and the parameters of A, B and C given in (Stull, 1947):

psat = 105Pa · 10(4.6543− 1435.364
T−64.848). (C.3)

To eliminate the effort of iteration, a 2D Taylor series was fitted to the data with the

following equation:

Twb = α0+α01T +α10Y +α11Y T +α21Y
2T +α12Y T 2+α22Y

2T 2+α2
20+α02T

2, (C.4)
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162 C Liquid injection in CFD-DEM simulations

with α0 = −31.66, α01 = 1.675, α10 = 1198, α11 = −61.44, α02 = −0.00209, α12 =

0.08229, α22 = −1.087, α21 = 796.7 and α20 = −150000. The fitting is shown in figures

C.1 and C.2.
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Figure C.1: Dependence of temperature T , the wet bulb temperature Twb and the
water loading of air Y .
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Figure C.2: Fitting of a 2D Taylor series in order to determine Twb.
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Appendix D

Algorithms used for PTV

1 de f a t t r a c t i o n s t e p (u , u aux , S , T, alpha =0.8) :

2 ne i ghbor s su = (S + u) . n e a r e s t n e i ghbo r t o (S + u aux )

3 ne i ghbo r s t = (T) . n e a r e s t n e i ghbo r t o (S + u aux )

4

5 re turn alpha ∗ u aux \
6 + (1 − alpha ) / 2 ∗ ( n e i ghbo r s t − S) \
7 + (1 − alpha ) / 2 ∗ ( ne i ghbor s su − S)

Listing D.1: Attraction step towards minimizing EI .

1 de f g loba l smooth ing (u , S , alpha =0.9) :

2 avg u = np . z e r o s (np . shape (u) )

3 f o r i , p a r t i c l e in enumerate (S) :

4 ne ighbors , d i s t = (S) . g e t n n e a r e s t n e i g hbo r s ( p a r t i c l e , n=3)

5 f o r k in range ( l en ( ne ighbors ) ) :

6 avg u [ i ] += 1 / d i s t [ k ] ∗ matching u ( ne ighbors [ k ] , u )

7

8 re turn alpha ∗ u + (1 − alpha ) ∗ avg u

Listing D.2: Global regularization step towards minimizing EII .
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Koller, D. M., Hannesschläger, G., Leitner, M., and Khinast, J. G. (2011). Non-

destructive analysis of tablet coatings with optical coherence tomography. European

Journal of Pharmaceutical Sciences, 44(1-2):142–148.

Launder, B. E. and Sharma, B. I. (1974). Application of the energy-dissipation model

of turbulence to the calculation of flow near a spinning disc. Letters in heat and mass

transfer, 1(2):131–137.

Lee, M.-J., Seo, D.-Y., Lee, H.-E., Wang, I.-C., Kim, W.-S., Jeong, M.-Y., and Choi,

G. J. (2011). In line NIR quantification of film thickness on pharmaceutical pellets

during a fluid bed coating process. International Journal of Pharmaceutics, 403(1):66–

72.

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Bibliography 171

Levenspiel, O. (1999). Chemical reaction engineering. Wiley, Hoboken, NJ, 3rd edition.

Li, S., Xin, F., and Li, L. (2017). Reaction Engineering. Elsevier Science.

Li, Z., Kind, M., and Gruenewald, G. (2011). Modeling the growth kinetics of fluidized–

bed spray granulation. Chemical Engineering & Technology, 34(7):1067–1075.

Lichtenegger, T., Peters, E., Kuipers, J., and Pirker, S. (2017). A recurrence CFD study

of heat transfer in a fluidized bed. Chemical Engineering Science, 172:310–322.

Lichtenegger, T. and Pirker, S. (2016). Recurrence CFD – A novel approach to simulate

multiphase flows with strongly separated time scales. Chemical Engineering Science,

153:394–410.

Link, J. M. (2006). PhD thesis: Development and validation of a discrete particle model

of a spout-fluid bed granulator. PhD thesis, University of Twente, Enschede.

Link, J. M., Godlieb, W., Deen, N. G., and Kuipers, J. (2007). Discrete element study of

granulation in a spout-fluidized bed. Chemical Engineering Science, 62(1-2):195–207.

Liu, G.-Q., Li, S.-Q., Zhao, X.-L., and Yao, Q. (2008). Experimental studies of particle

flow dynamics in a two-dimensional spouted bed. Chemical Engineering Science,

63(4):1131–1141.

Liu, M., Wen, Y., Liu, R., Liu, B., and Shao, Y. (2015). Investigation of fluidization

behavior of high density particle in spouted bed using CFD–DEM coupling method.

Powder Technology, 280:72–82.

Lu, L., Yoo, K., and Benyahia, S. (2016). Coarse-grained-particle method for simu-

lation of liquid–solids reacting flows. Industrial & Engineering Chemistry Research,

55(39):10477–10491.

Lundberg, J. and Halvorsen, B. M. (2008). A review of some exsisting drag models

describing the interaction between phases in a bubbling fluidized bed. Proc. Scand.

Conf. Simulation and Modeling, Oslo University College, Oslo, Norway, 2008(49):7–8.

Luo, B., Lim, C. J., Freitas, L. A. P., and Grace, J. R. (2004). Flow characteristics in

slot-rectangular spouted beds with draft plates. The Canadian Journal of Chemical

Engineering, 82(1):83–88.

MacMullin, R. B. and Weber, M. (1935). The theory of short-circuiting in continuous-

flow mixing vessels in series and the kinetics of chemical reactions in such systems.

Trans. Am. Inst. Chem. Eng, 31(2):409–458.

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



172 Bibliography
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