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“As far as the laws of mathematics refer to reality, they are not certain;
and as far as they are certain, they do not refer to reality”

Albert Einstein (1879 – 1955)
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Abstract

One-Shot co-injection is an efficient technology for molding filled confectionery prod-
ucts. By simultaneously dosing shell and filling, short processing times in the range
of 1 s are achieved. However, the formation of the product is highly dependent on
the rheological properties, which requires adaptation of the molding process. Al-
though One-Shot technology is widely used in industry, the process parameters are
still adjusted purely empirically. In this work we present a systematic approach for
optimizing the One-Shot co-injection process by experimental investigation and flow
simulation based on detailed material characterization. Molding is one of the final
steps in chocolate manufacturing. Due to the close relation between fluid properties
and process conditions, the scope of this work was extended to rheological charac-
terization of confectionery suspensions and analysis of the crystallization behavior of
cocoa fat systems.

Although the findings from cocoa butter crystallization were not directly incorpo-
rated in the One-Shot investigation, they provided valuable information with respect
to the precrystallization process which preceeds molding of chocolate. By simulta-
neously monitoring wide angle X-ray scattering (WAXS) patterns and rheological
properties, the crystal formation and transformation in cocoa butter was investigated
under steady shear flow conditions. We found that certain triacylglycerols (TAG)
fractionated during crystallization. The diffraction patterns provided evidence that
crystal form III of cocoa butter is a mixture of a bulk crystalline phase of the form
α and a fraction of trisaturated TAGs in form β′. In addition, there were strong
indications that the transformation at processing conditions from βV into the most
stable crystal form βVI is accompanied by fractionation. The complexity of fat crystal-
lization kinetics was also revealed by quiescent experiments using nuclear magnetic
resonance (NMR). In consequence, fraction formation is regarded as an important
factor influencing the flow properties of chocolate during manufacturing.

With regard to flow simulations, reliable information on the rheology of the phases
is essential. Due to the non-Newtonian fluid properties of confectionery suspensions,
measuring errors may gain in importance. Rotational rheometry with a vane geom-
etry combined with non-Newtonian shear rate correction produced well reproducible
results. The transient nature of the flow properties was relevant with respect to the
short process duration. We evaluated different model equations for fitting the flow
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curves. Yet, there was no physical model which described the shear viscosity of con-
fectionery systems accordingly well within the wide range of composition and shear
rates investigated. We used the Herschel-Bulkley equation as an overall satisfying fit
to implement the rheological properties into numerical analysis.

The experimental part of the One-Shot investigation involved the set-up of a stan-
dardized molding procedure and the development of an analytical method for quan-
tifying the spacial distribution of the shell thickness in the praline. All studies were
carried out with a filling mass volume fraction of 50 %. The flow simulations were
performed with the software package FLUENT, which is based on the finite volume
method (FVM). The design of the computational domain and the setting of appro-
priate model parameters is discussed in this work. Approaches for optimizing the
co-injection process were developed for masses with a large variety in flow proper-
ties. We obtained good correlation between most experimental and simulated results.
The time resolved phase distribution which resulted from flow simulation allowed for
target-oriented process adaptation. In addition, we explained why the flow behavior
of certain mass combinations was limiting processability and how dosing of the co-
injected masses and motion of the mold have to be optimized. With this work we
showed that the experimental expense can be significantly reduced by means of CFD,
even though the computational effort was substantial. However, further advances in
computational power will make flow simulation to an increasingly valuable tool for
future research on multi phase food applications and their optimization.
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Kurzfassung

Das One-Shot Giessverfahren erlaubt es, gefüllte Schokoladenartikel in einem Ar-
beitsschritt herzustellen. Dazu wird eine Schalen- und eine Füllungsmasse gleichzei-
tig in die Form eingespritzt. Ein dynamischer Abgleich der beiden Giessvorgänge ist
sehr wichtig, weil die Fliesseigenschaften einen wesentlichen Einfluss auf die räum-
liche Verteilung der beiden co-extrudierten Massen im Produkt haben. Obwohl die
One-Shot Giesstechnologie in der industriellen Fertigung bereits breite Anwendung
findet, werden die Prozesseinstellungen stets empirisch ermittelt. Die vorliegende Ar-
beit zeigt einen Weg auf, wie durch die Kombination von Giessexperimenten und
Strömungssimulation eine zielgerichtete Optimierung der Prozessparameter erreicht
werden kann.

Der Giessvorgang ist einer der letzten Prozessschritte in der Schokoladenherstellung.
Da sich die nicht-Newtonschen Fliesseigenschaften und die Prozesseinstellungen ge-
genseitig stark beeinflussen, wurde der Rahmen der Arbeit entsprechend weiter ge-
fasst. Rheologische Fragestellungen sowie Untersuchungen zur Kristallisationsdyna-
mik von Kakaobuttersystemen waren Teil der Arbeit. Obwohl die Resultate der Kris-
tallisation nicht direkt in die One-Shot Experimente einflossen, lieferten sie einen
wertvollen Beitrag zum Verständnis der Vorkristallisation von Schokolade, welche dem
Giessen unmittelbar vorgelagert ist und die Fliesseigenschaften der Systeme massge-
blich beeinflusst. Mittels Weitwinkel-Röntgenbeugungs-Spektrometrie (WAXS) und
der gleichzeitigen Messung der Fliesseigenschaften wurde die Kristallbildung und
-umwandlung unter Scherung untersucht. Hierbei erwies sich die Entstehung von
Triglycerid-Fraktionen als eine charakteristische Eigenschaft der untersuchten Kakao-
butter. Die zeitaufgelösten Röntgenbeugungsmuster gaben einen Hinweis darauf, dass
die Kristallform III aus einer Mischung von Kakaobutter in Form α und einer Frak-
tion dreifachgesättigter Triglyceride in der Form β′ besteht. Auch die Umwandlung
von Form βV zur höchstschmelzenden Form βVI unter Scherung wird gemäss gefunde-
nen Hinweisen mit grosser Wahrscheinlichkeit von Fraktionierung begleitet. Auch die
Untersuchungen zur isothermen Kristallisation unter statischen Bedingungen mittels
gepulster Protonen-Kernresonanz (NMR) liessen die heterogene Kristallisation ver-
deutlichen. Die Entstehung von Fett-Fraktionen ist somit ein wesentlicher Faktor, der
die Rheologie von Schokoladenmassen während der Verarbeitung beeinflusst.

Verlässliche Daten zu den Fliesseigenschaften sind insbesondere für die Einbindung
in Strömungssimulationen eine wichtige Voraussetzung. Aufgrund des nicht-Newton-
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Kurzfassung

schen Fliessverhaltens von konzentrierten Suspensionen, steigt der Einfluss von Mess-
fehlern stark an. Es konnte gezeigt werden, dass die Verwendung einer Flügel-Geometrie
mit anschliessender nicht-Newtonscher Scherratenkorrektur für rotationsrheologische
Untersuchung von Schokoladensystemen besonders gut geeignet ist. Für die in Giess-
prozessen relevante Zeitdauer von wenigen Sekunden wurde zudem die Zeitabhän-
gigkeit der Fliesseigenschaften berücksichtigt. Die Herschel-Bulkley Gleichung wurde
für die vereinfachte Einbindung in die Fluidsimulation verwendet, weil kein physika-
lisch begründetes Modell die grosse Bandbreite an Fliesseigenschaften gleichermassen
genau beschreiben konnte.

Für die experimentellen Untersuchungen wurde zunächst ein standardisiertes Giess-
verfahren definiert und eine Auswertemethode zur bildanalytischen Quantifizierung
der Schalendicke entwickelt. Alle Experimente waren auf einen Volumenanteil von
50 % Füllmasse ausgelegt. Die numerische Strömungssimulation wurde auf Basis der
finiten Volumen-Methode mit dem Software-Paket FLUENT durchgeführt. In der
Arbeit sind die Erstellung des Rechengitters, sowie die für die One-Shot-Anwendung
spezifischen Einstellungen beschrieben. Es wurden Optimierungsansätze für Massen-
kombinationen unterschiedlicher Fliesseigenschaften erarbeitet. Dabei zeigte sich eine
meist gute Übereinstimmung zwischen den experimentellen und den simulierten Er-
gebnissen. Die zeitaufgelöste Phasenverteilung aus der Simulation erlaubte es, Pro-
zessanpassungen für eine zielgerichtete Prozess- und Produktoptimierung abzuleiten.
Auch liessen sich auf den Fliesseigenschaften beruhende Einschränkungen des One-
Shot Prozesses begründen. Es konnte in der Arbeit gezeigt werden, dass der expe-
rimentelle Aufwand mittels Strömungssimulation deutlich verringert werden kann.
Aufgrund der fortlaufend steigenden Rechenleistung ist zu erwarten, dass computer-
gestützte Simulationen auch im Lebensmittelbereich für die Prozessauslegung von
Mehrphasen-Systemen zu einem zunehmend wichtigen Werkzeug werden. Mit dieser
Arbeit wurde ein Grundstein für weitergehende Optimierungen des One-Shot Giess-
prozesses gelegt.
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1 Introduction

The One-Shot co-injection technology is widely used for manufacturing filled confec-
tionery products. By simultaneously injecting shell and filling mass, multiple pro-
cessing steps can be combined in a single one, which allows to reduce processing
time, investment costs and space requirement. Until today, the process parameters
are adjusted empirically. This is a time consuming task and often only suboptimal
settings are obtained.

Since the multiple fluid phases are dosed within 0.5 – 3 s, the hydrodynamic fluid
interactions become a determining factor. Hence, knowledge of the rheological prop-
erties is indispensable for process optimization. As illustrated in Figure 1.1, the
composition of the chocolate system and the process steps upstream to molding de-
termine the microstructure of the fat continuous suspension. Structure defining unit
operations are grinding, refining, and conching. The resulting particle interactions
determine the flow behavior of a suspension. Precrystallization additionally influences
the microstructure in cocoa butter based confectioneries. Since it is one of the main
factors determining the quality and shelf life of the final product, we also shed light
on the formation of seed crystals and their impact on the rheology of chocolate.

Chocolate mass
manufacturing

Sugar
Cocoa mass
Milk powder

Cocoa butter
Emulsifiers

Microstructure Rheology

Precrystallization Molding

effects influences

defines

Solidification

Figure 1.1: Interrelation between processing, microstructure and fluid properties.
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1 Introduction

The subsequent molding process is again coupled to the flow behavior. In conse-
quence, the processing parameters have to be adapted accordingly. The main objec-
tive of this work was to develop process and product optimization criteria based on
the rheological information. Due to the complexity of food systems, systematic inves-
tigation under real processing conditions is often difficult to realize. Tools had to be
developed first for visualizing and quantifying the process-related product formation.
An approach combining experiment and computational fluid dynamics (CFD) was
chosen. Flow simulations are expected to provide time resolved information on the
injection process which allows to deduce optimization criteria. However, conclusions
drawn from computed results can only be applied to real systems, if the end product
characteristics are in accordance with the experiment.

Due to the strong interrelation between fluid properties and processing, three con-
nected aspects are discussed in this work—precrystallization, rheology and the co-
injection technology. Two topics on pre-crystallization of cocoa fat systems are
highlighted first: (i) crystal formation and transformation is investigated under the
application of shear in chapter 2, and (ii) the ongoing crystal growth at molding
temperature of the thermodynamically unstable chocolate suspension is discussed in
chapter 3. Although we used non-precrystallized masses in the One-Shot experi-
ments, fundamental aspect of the ongoing crystallization in chocolate systems were
obtained. Chapter 4 investigates the rheological measurements. Highly concentrated
suspensions are non-Newtonian which complicates the rheological analysis. The cor-
rect determination of the flow properties, however, is prerequisite when performing
flow simulations. In chapter 5 the experimental results of co-injection molding are
given and optimization criteria for process and product are derived. The method
used for flow simulation finally is described in chapter 6. A specific approach is given
for implementing the two main characteristics of the One-Shot technology, namely
the presence of three phases and displacement of the cavity during injection.

2



2 Shear-Induced Crystal Formation
and Transformation in CocoaButter∗

We investigated shear-induced crystal formation and phase transformation of cocoa
butter for a wide range of temperatures and shear rates. By simultaneously moni-
toring the wide-angle X-ray scattering pattern and the viscosity evolution, we char-
acterized different crystallization events. The initial formation of polymorph form
α and the transformation into the βV polymorph was confirmed up to 24℃. We
quantified the acceleration of phase transformation by shear in cocoa butter. We also
demonstrated that the same crystallization events are found in a highly concentrated
model suspension at low macroscopic shear, which represents the flow conditions of
chocolate in a temperer. There is strong evidence for fraction formation and composi-
tional changes during growth of the crystallites. This led to the proposition of phase
III being a mixture of cocoa butter in form α and a fraction of trisaturated triacyl-
glycerols in form β′. Moreover, we investigated the gradual formation of a βVI-like
diffraction pattern during conditioning of βV crystals under shear. Changes similar
to single components transforming into their most stable form were an indication of
local accumulation of higher melting triacylglycerols for the experimental conditions
used.

2.1 Introduction

Polymorphism of cocoa butter: Edible oils and fats primarily consist of a mixture
of triacylglycerols (TAGs) with a small amount of minor components (Himawan et al.,
2006). The three predominant TAGs in cocoa butter (CB) are POS, SOS and POP
(where P = palmitate, O = oleate, and S = stearate). They represent 79 − 89 % of its
components depending on the cultivar, the geographical location, and climatic factors
(Chaiseri and Dimick, 1989). The specific properties of fat crystals such as melting,
crystallization and phase transformation, crystal morphology and aggregation are
∗Published in: Padar, S., Y.Mehrle, and E. J.Windhab.Cryst. Growth Des., 2009, 9 (9), 4023–4031.
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2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

defined by the physical properties of the component TAGs as well as by the phase
behavior of the mixture (Sato, 2001).

Polymorphism of glycerides was first observed by the existence of multiple melting
points in the 19th century (Duffy, 1852). TAG molecules form lamellar structures by
stacking of two (2 L) or three (3 L) fatty acid lengths (Lutton, 1950). The longitudi-
nal stacking and the lateral packing of the fatty acid chains build up a characteristic
structure that can be mapped by the use of X-ray diffraction (XRD). Lutton (1950)
classified the three main crystal structures based on X-ray short-spacing diffraction
of the lateral fatty acid arrangement (also called the fingerprint area). They are des-
ignated α, β′ and β corresponding to hexagonal subcell H, the orthorhombic subcell
O⊥, and triclinic subcell T‖. By adding infrared absorption criteria, Larsson (1966)
further developed this classification of the three basic crystal subcells.

The TAG composition is the determining factor for the number and type of crys-
tal polymorph forms which can develop (Lovegren et al., 1976). In the review by
Himawan et al. (2006) literature is listed on the polymorphic and kinetic behavior
of binary mixtures of pure CB specific TAGs. On the basis of X-ray experiments,
Wille and Lutton (1966) described six crystal forms for CB and termed them form I
– VI in order of increasing melting temperature. This was confirmed by Huyghebaert
and Hendrickx (1971) using differential thermal analysis. However, the number of
crystal forms was occasionally debated (Loisel et al., 1998a; Merken and Vaeck, 1980;
Schlichter-Aronhime and Garti, 1988; van Malssen et al., 1996a). Merken and Vaeck
(1980) doubted the existence of forms III and VI and provided arguments by means
of differential scanning calorimetry (DSC) data. The complexity further increased by
the large variety of nomenclatures used by different authors such as Roman numbers
in different order or Greek letters (Huyghebaert and Hendrickx, 1971; Lonchampt
and Hartel, 2004). In this work, we used a mixed nomenclature (Mehrle, 2007; Zeng,
2000)—with increasing stability the phases are called γ, α (H), III, and βIV (the latter
two O⊥), βV and βVI (both T‖).

Differences in the XRD patterns for CB from different origins due to varying TAG
composition are reported by van Langevelde et al. (2001b). Based on time resolved
wide angle X-ray scattering (WAXS) measurements, van Malssen et al. (1999, 1996b)
showed the impact of cooling rate and the final temperature on the crystal forms
developing. The diffraction patterns for form β′ also showed considerable variation
depending on the cooling conditions. Thus, some variation in the spacings obtained
by XRD experiments can be expected.

Chocolate crystallization: CB corresponds to approximately one-third of the com-
position of chocolate. Its crystalline state defines the physical and thermal properties.
Only the βV form provides the desired gloss, firmness, melting characteristics, and
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2.1 Introduction

shelf life of chocolate products. Melting of CB in form βVI is perceived in a waxy
mouth-feel. Without introducing crystals of β-type (βV or βVI) prior to cooling, the
chocolate would crystallize in a less stable form such as form α. The subsequent trans-
formations within the finalized product into higher melting crystal structures—βIV
followed by βV and eventually βVI—lead to complete loss of the desired organoleptic
properties. Different industrial processes exist for precrystallizing chocolate (Talbot,
2003). Conventional tempering involves the creation of nuclei within the chocolate
mass (Nelson, 2003; Schlichter-Aronhime and Garti, 1988). By seeding, externally
produced crystals are added to the chocolate. Powders of pure TAGs or CB have
been investigated by Hachiya et al. (1989a,b). To improve mixing quality, fat slurries
can be used (Cain, 1991). Techniques where pure CB is transformed to a tailored fat
crystal suspension at high shear are described by Windhab and Zeng (2000); Zeng
(2000) and Maleky and Marangoni (2008).

Crystallization under shear: All continuous processes used by industry to produce
βV seed crystals have in common that shear is applied during cooling by pumping
and mixing. Shear fosters diffusion-controlled crystal growth by better overall mixing
(Stapley et al., 1999), it breaks up crystallites (secondary nucleation) and acceler-
ates polymorphic transformation. The impact of mechanical working on the crystal
form was first described by Feuge et al. (1962). CB initially solidified in form α
was reported to transform into form β after multiple extrusion. Experiments using
rotational rheometers were done later on by Ziegleder (1985) and Windhab (1992),
who performed controlled rate and controlled stress measurements, respectively. Both
authors claimed the accelerated phase transformation from βIV to βV at 20℃. How-
ever, their prediction was based on thermal analysis by DSC. Windhab et al. (1993)
and Bolliger et al. (1999) investigated the impact of high shear on the quantity and
stability of βV CB crystals in chocolate.

Fundamental studies on the impact of shear on CB crystallization and polymorph
phase transformation were performed by MacMillan et al. (1998, 2002) and Mazzanti
et al. (2003, 2004, 2005, 2007). MacMillan investigated the temperature range of
20 − 28℃ and applied low shearing rates of 3− 12 s−1 using a cone-plate geometry.
In time-resolved small-angle X-ray scattering (SAXS) investigations under shear, they
reported the initial crystallization in form III and the subsequent transformation into
βV, bypassing phase IV. The same phase transformation was mentioned by Mazzanti
et al. (2003) in a Couette geometry applying shear rates of 90 s−1 and 1440 s−1. Addi-
tionally, they observed crystallite orientation at high shear and discussed for plate-like
crystals the minimum size necessary so that ordering shear forces overcome the dis-
ordering Brownian forces. In later studies, they reported the phase transformation
from α to βV (Mazzanti et al., 2004), and presented a model describing the influence
of the phase transition on the solid fat content (SFC) for palm oil (Mazzanti et al.,
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2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

2005). The final stage of crystal growth correlated well with a diffusion-controlled
mechanism, so they adapted the model correspondingly (Mazzanti et al., 2008).

Sonwai and Mackley (2006) used a capillary rheometer for investigating the effect
of continuous shear at 20℃ on the polymorphic behavior of CB. Additionally, they
described the morphology of the crystallites formed under shear using optical mi-
croscopy. After the onset of crystal formation, they observed the formation of spheri-
cal aggregates at low shear. Smaller aggregates formed at high shear and at the onset
of α to βV phase transformation the agglomerates started to break apart, releasing
a high number of crystal fragments. Similar observations were reported by Mehrle
(2007).

Fractionation and compositional change during crystallization: Kleinert (1972;
1979) showed that the cyclothermic treatment of precrystallized chocolate, results in
a considerable increasing temperature stability of the CB crystal nuclei and a higher
storage stability of the finished product. From the today’s point of view this can
be explained not only by the transformation into the highest melting crystal form,
but also by local purification compositional changes and in the crystal structure.
Fraction formation and kinetic segregation taking place at the surface of the growing
crystallites are discussed for fat systems by Los et al. (2002). Davis and Dimick (1989)
investigated crystal nuclei formation in CB at 26.5℃. They observed melting ranges
up to 60 − 65℃ for CB nuclei formed in the early stage. The melting temperature was
found to decrease while the crystallites grew, which they attributed to the continuing
compositional change during growth. There is experimental evidence from fatty acid
composition of CB fractions (Lovegren et al., 1976) that stearic acid rich TAGs initiate
the crystallization process in CB systems. Dimick and Manning (1987) demonstrated
that the TAG composition of CB crystals formed statically between 26 − 33℃ was
up to 50 % higher in SOS concentration, while POP and polyunsaturated TAGs were
reduced in quantity. On the other hand, Loisel et al. (1998a,b) reported that the
main TAG segregation during CB crystallization at higher temperatures involved
trisaturated TAGs (SSS, PPS, PPP) which are present in CB in a small quantity
of 2− 3 % (Loisel et al., 1998a; van Malssen et al., 1996c). It supports the work by
Davis and Dimick (1989), since the melting range of SOS does not exceed 43℃ (Sato
et al., 1989).

van Malssen et al. (1996a) reported a short-term and a long-term memory effect af-
ter heating CB few degrees above their respective melting temperature. This is an
indication that both groups of TAGs, sss and sus (s = saturated and u = monounsat-
urated fatty acid), can initiate the crystallization, however on different time scales.
Based on SAXS measurements, van Langevelde et al. (2001a) attributed the short-
term memory effect to SOS-rich crystallites. The temperature history and the cooling
conditions decide which fraction initiates solidification in form βV.
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2.2 Experimental

Evidence for compositional differences within the crystalline phase was given by van
Malssen et al. (1996a). They reported continuously changing βIV patterns of CB
solidified at different temperatures and postulated that solid CB was a conglomerate
of crystallites with individual TAG composition.

There is more experimental proof for fraction formation during CB crystallization.
Marangoni and McGauley (2003) proposed that a fraction of γ-SOS formed under
static crystallization conditions between 25 − 26℃. Mazzanti et al. (2004) reported a
novel phase X under shear and a β′ phase which persisted at a higher temperature than
generally known for CB in form βIV. The small quantities (low XRD peak intensity)
and the presence in a limited range of temperature and shear rate are arguments
for fraction formation. Time resolved SAXS measurements by Mazzanti et al. (2005,
2007) provided evidence for compositional change during crystal growth. Variation
of the average lamellar thickness during crystallite growth was deduced from the
precise position of the diffraction peaks. From the initial decrease in average lamellar
thickness in phase α they concluded that larger molecules, such as SOS and SLS
(L = linoleic acid), crystallized first. However, the initially measured long spacings
could also be attributed to long chain trisaturated TAG, such as SSS, crystallizing in
form α.

Aim of the present work: In this paper we present systematic investigations on
the crystallization kinetics and polymorphic behavior of CB at temperatures between
15℃ and 24℃ and different shear rates using WAXS in order to get unambiguous
results on the crystal form. The evolution of the diffraction pattern of CB suspension
close to the melting temperature of βV is investigated. We discuss the position and
shape of the peaks in the diffraction pattern. The suspension state within a conven-
tional chocolate temper is imitated using a concentrated suspension of glass spheres
in CB in order to treat the fat system under realistic high “inner” shear conditions.

2.2 Experimental

Material: Cocoa butter was obtained from ADM Cocoa B. V. (Netherlands). Its
TAG composition (weight %) evaluated by gas chromatography was 44.3 % POS,
32.8 % SOS, 17.7 % POP, 3.2 % SOO, 2.0 % POO. Small quantities of other TAGs
were not determined. For the experiments using a model system, we suspended hollow
glass spheres (Sphericellr 110P8, Potters Europe, UK) in CB. The glass spheres had
a density of 1.1 g/cm3 and a volume specific size distribution given by x50,3 = 9.3µm
and the span x90,3/x10,3 = 1.7.
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2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

18,6°

4 mm

Figure 2.1: Schematic drawing of the concentric cylinder geometry for in-line X-ray
measurements.

Experimental set-up: Temperature controlled WAXS measurements were carried
out at the beamline “Material Science X04SA” of the Swiss Light Source (SLS) at
Paul Scherrer Institute (PSI, Villigen, Switzerland). The energy of the collimated
X-ray beam used in the experiments was 17.5 keV (λ=0.709 Å). A 1-D-Microstrip
detector (MythenI PSI, Switzerland) with a sample positioning error of 0.01° and an
angular resolution of 0.04° was used. The short spacing d was calculated from the
equation for the reciprocal lattice spacing q = 2π/d = (4π/λ) sin (θ), where 2θ is the
Bragg angle.

A specially constructed concentric cylinder geometry as shown in Figure 2.1 was
mounted on a Physica MCR 300 rheometer (Anton Paar Germany GmbH, Ostfildern,
Germany). Well-defined shear rates were applied while recording the torque simul-
taneously. The design of the measuring cell was adapted to X-ray diffraction experi-
ments. Aluminum was chosen as construction material due to the good heat transfer
characteristics, and because its diffraction pattern does not coincide with the one of
CB.

The rotor of the geometry, 28 mm in diameter, was constructed with an air chamber
in the center where the beam passed through. Diffraction occurred in the 1 mm shear
gap parallel to the velocity gradient direction. The double-walled stator, 30 mm
in diameter, was connected to the water circulation system. The total aluminum
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2.3 Results and discussion

thickness present in the beam path was 1.6 mm, resulting in 13 % transmission at the
wavelength used. The diffraction pattern from the first shear gap in beam direction
was absorbed by the rotating bob, so that exclusively the signal from the second gap
was detected.

The temperature was controlled by two recirculating thermostats—for melting the
samples at 55℃ and cooling to experiment temperature. The water circulation
through the measuring cell was switched by an electromagnetic valve assembly. This
allowed for a fast cooling rate and a concurrent start of the rheology and XRD mea-
surements.

Procedure: CB was melted at 60℃ in a heat cabinet and 25ml was added into
the measuring cell. We interposed a melting step when using a sample for several
experiments by switching the temperature control to the heating thermostat and
shearing at 10 s−1 for 15 min.

To start the experiment we simultaneously switched to crystallization temperature Tc
and started the rheological measurement. We applied constant shear rates at 10 s−1,
100 s−1 and 1000 s−1 and investigated crystallization and crystal transformation at
15℃, 18℃, 21℃, 23℃ and 24℃. For studying the transformation into the highest
melting crystal form, we raised the temperature to 30℃ or 32℃. In time intervals
of 15 s, we recorded the diffraction pattern and the shear stress. After correction
for empty cell scattering and the base signal of the liquid CB the data were section
averaged for further analysis.

2.3 Results and discussion

2.3.1 Influence of shear rate and temperature

We investigated the crystal formation and transformation by using WAXS and rheom-
etry simultaneously. All experiments under shear showed that the initial crystalliza-
tion was in form α, followed by the transformation into form βV. Since the polymorph
transformation was accompanied by a sudden increase in solids content, the rheolog-
ical measurements could directly be linked to the diffraction patterns. An example
of CB crystallized at 21℃ while sheared at 1000 s−1 is shown in Figure 2.2. The
diffraction pattern (a) is given as a function of time. We divided the corresponding
evolution of the shear stress (b) into three sections. The first elevation (i) was caused
by the cooling of the CB from 55℃ to the experiment temperature. The second
increase (ii) resulted from the formation of α crystals which was confirmed by the
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Figure 2.2: CB crystallization and crystal transformation under shear (1000 s−1) at
21℃. Time evolution of the XRD patterns (a) with the short spacings
of form α and βV in Å. The stress progression (b) is divided in three
sections: (i) initial cooling, (ii) primary phase crystallization, and (iii)
secondary phase crystallization.

presence of a single diffraction peak. The last section (iii) was governed by the for-
mation of phase βV. The sudden steep increase in shear stress was accompanied by
the appearance of the βV diffraction pattern and fading of the α-peak. The results
are discussed in the following paragraphs in more detail.

(i) Initial cooling: We set the temperature by switching from the heating to the
cooling thermostat at temperature Tc (15℃ to 24℃). This is the fastest method for
temperature adjustment. The cooling rate however is time dependent and mainly
governed by the design of the measuring cell and the material used. In contrast
to using a defined cooling rate, the time for reaching different temperatures varied
only little. The experimental temperature Tc was reached within 3− 4 min. At 15℃
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Figure 2.3: Inverse induction time for melt crystallization of form α as a function
of crystallization temperature at different shear rates. For 10 s−1 and
1000 s−1 trend lines are shown.

and 18℃, crystallization started during cooling of the sample. The shear stress rose
gradually and passed from the viscosity increase by temperature drop to particle
interaction during crystal formation. It is important to note that the experimental
setup determines the result. As a consequence, the onset times and the impact of
shear differ compared to other groups (MacMillan et al., 2002; Mazzanti et al., 2007;
Sonwai and Mackley, 2006).

(ii) Primary phase crystallization: As can be seen in Figure 2.2 (a), the crystal-
lization started with the formation of a single peak at the 2θ diffraction angle of
9.77° (short spacing of 4.16 Å). This diffraction pattern represents polymorph form
α which is in accordance with the findings in literature (Feuge et al., 1962; Mazzanti
et al., 2007; Sonwai and Mackley, 2006). As the intensity of the peak increased dur-
ing crystal formation, its position slightly shifted to a short spacing of 4.18 Å. Under
static conditions 4.21 Å was measured (Mehrle, 2007) for the same CB and similar
values are reported by other groups (Larsson, 1994; van Malssen et al., 1996b; Wille
and Lutton, 1966). The variation in peak position is discussed in the section 2.3.2,
Compositional changes. Since there were no additional peaks, the initial crystalliza-
tion in phase III as reported in literature (MacMillan et al., 1998, 2002) was ruled
out.

The results showed no impact of shear on the onset time of α crystal formation
up to a shear rate of 100 s−1. This is illustrated in Figure 2.3 where the reciprocal
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2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

onset time of α formation identified from the diffraction pattern is plotted against
the temperature. At a shear rate of 1000 s−1 we observed a significant acceleration
of the onset of primary phase crystallization. It confirms the result of Sonwai and
Mackley (2006) who reported an acceleration above 240 s−1. In contrast, Mazzanti
et al. (2005; 2008) did not find any effect on the onset of α nucleation in non-CB fats
even though they applied shear rates up to 2880 s−1. We used the inverse induction
time in Figure 2.3 to visualize the hyperbolic nature of the temperature dependency.
It seems that at high shear form α can crystallize up to higher temperatures. The
temperature limit for α-formation was slightly above 24℃.

The kinetics of α crystal formation is determined by the temperature and shear rate
applied. The impact of the crystallization temperature on the XRD signal intensity is
shown in Figure 2.4 for CB sheared at 1000 s−1. The onset of α-formation is marked
with a filled triangle. At 15℃ the peak intensity of phase α increased continuously
until the transformation into βV set in. At 21℃ and 23℃ the peak intensity of phase
α approached a plateau value. The temporary stable solids content was confirmed by
the constant viscosity as evident in Figure 2.5. At 23℃ and 24℃ an additional CB
fraction appeared during primary phase crystallization, represented by the uneven
viscosity progression. This topic is further discussed in section 2.3.2, Phase III or
fraction formation.
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Figure 2.4: Intensity of the main diffraction peak over time at a shear rate of 1000 s−1.
The nucleation and crystal growth of form α (full line, N = onset) is fol-
lowed by transformation into βV (dashed line, M = onset). The tempera-
tures shown are 15℃ (a), 21℃ (b), and 23℃ (c).
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Table 2.1: 2θ diffraction angle and short spacings of CB for different phases.

Phase 2θ (◦) spacing (Å)
α (9.77)a 9.72 (4.16)a 4.18
βV (8.93)b 8.90 (4.55)b 4.57

10.23 3.98
10.53 3.86
10.89 3.74
11.08 3.67

fraction 9.5c 4.3c

10.53 3.86

ainitial value
bat 15 ℃ and 18 ℃
capproximate value

(iii) Transformation into secondary phase: At 15℃ and 18℃ form βV had a
very strong peak at a diffraction angle of 8.93° (2θ) and a series of peaks between
10.2° and 11.2° of medium intensity. The corresponding short spacings are given in
Table 2.1. At higher temperatures the main peak was slightly shifted to a diffraction
angle of 8.90°. The corresponding short spacing of 4.57 Å is in accordance with static
measurements of the same CB (Mehrle, 2007). 4.58 Å is reported by other groups
(Larsson, 1994; Wille and Lutton, 1966). The spacings of the four peaks were also
very close to literature values given by Larsson (1994). Possible reasons for slightly
increasing short spacings at higher temperatures are compositional differences in the
crystalline phase or even lateral expansion of the glycerol chains.

The transformation from α to βV was accompanied by a steep increase in viscosity
as shown in Figure 2.5 for various temperatures. The stress response was closely
followed by the sudden appearance of the βV diffraction pattern (marked by the open
triangle in Figure 2.4), while the α peak intensity started to decay. However, phase
α never disappeared completely—a finding also stated by Mazzanti et al. (2007;
2008). A remnant of the α-peak persisted even when increasing the temperature
to 32℃. For high temperatures and high shear rates, a homogeneous CB crystal
suspension was obtained, and the viscosity approached an equilibrium value as shown
in Figure 2.2 (b).

At 15℃ and 18℃ we detected the change in viscosity 30 − 60 s before the βV diffrac-
tion pattern appeared. At higher temperatures the delay depended on the shear rate.
At 21℃ we measured approximately 350 s at a shear rate of 10 s−1 and 60 s for higher
shear rates. Sonwai and Mackley (2006) reported a delay of 1 min for SAXS experi-
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Figure 2.5: Viscosity evolution during CB crystallization at different temperatures
when applying a shear rate of 1000 s−1.
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Figure 2.6: Impact of shear rate on the onset time of βV formation. Power law fits
(dashed lines) are given for 15℃, 18℃ and 21℃.
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Figure 2.7: Diffraction pattern 120 s after the onset of crystal transformation. Crys-
tals of form βV developed while phase α (arrow) was diminishing.

ments. Hence, rheometry had a higher sensitivity on the crystal concentration than
the X-ray setup we used.

The acceleration of α to βV phase transformation by shear, as visualized in Figure 2.6,
can be described by a power law. We defined the onset time from the start of the
experiment when switching the thermostats. The exponent was−0.10 at 15℃, −0.11
at 18℃, and −0.17 at 21℃. From this data, we conclude that the impact of shear
is increasing for higher temperatures. The exponents measured by Mazzanti et al.
(2007) are lower (−0.20 at 17.5℃ and −0.27 for 20℃), mainly due to the different
definitions of onset time. A minor impact of viscous heating at 1000 s−1, however,
cannot be ruled out.
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2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

We also observed a temperature dependency of the βV XRD pattern. The peak
sequence between 10.2° and 11.2° was affected by the rate of crystallization. In
Figure 2.7 diffraction patterns of the emerging phase βV are given for different tem-
peratures. The measurements were taken 120 s after phase βV appeared first. Phase
α was still present in higher quantities at lower temperatures. The four peaks of
medium intensity could be identified clearly at 23℃ and 24℃. At lower tempera-
tures, however, the peaks overlapped and formed two bumps with maxima at 10.26°
and 10.93°. At 21℃ the four peaks gradually developed within a few minutes.

2.3.2 Heterogenous crystallization

Compositional changes: During formation of phase α, we measured a slight but
well reproducible shift of the peak position at which the corresponding short spacing
increased from 4.16 Å to 4.18 Å. The increase of the average distance between acyl
chains by 0.5 % is an indication for compositional changes during crystal growth.
However, the direct attribution of the molecular composition is only possible with
long-spacing data obtained by SAXS. Los et al. (2002) showed that compositional
changes are observed at the surface of growing fat crystallites and in the liquid phase.
Subsequently, we discuss two groups of TAGs (sss and sus) which might start CB
crystallization.

The initial short spacing of 4.15 Å we measured for phase α at 23℃ is identical to the
spacing found for trisaturated TAGs SSS, PPP, and mixtures thereof (Kellens and
Reynaers, 1992; Kellens et al., 1991) in the same crystal form. 4.18 Å is reported for
SSS enriched CB (Loisel et al., 1998a). On the other hand, Mazzanti et al. (2007)
investigated the lamellar thickness in phase α by computing the long-spacings from
SAXS experiments. They assigned the decrement by 2 % to the initial crystallization
of a larger portion of longer molecules such as SOS or SLS followed by an increase
of shorter molecules such as POP. Since SOS, POP, and mixtures of SOS/SSO have
a main short spacing of 4.21 Å in phase α (Sato et al., 1989; Takeuchi et al., 2002),
the initial crystallization of trisaturated TAGs is more likely to occur. It would also
explain why the α peak never disappeared completely after βV-formation, not even
when the temperature was raised to 32℃. In addition, it supports the work by Davis
and Dimick (1989) who reported significantly higher melting crystal nuclei than could
be expected for SOS.

During βV formation the position of the main peak did not change at all. Phase
βV seemed to crystallize homogeneously. At lower temperatures, however, the main
short spacing was slightly smaller. This temperature effect could not be attributed
to certain TAGs since 4.6 Å is reported (Arishima et al., 1991; Kellens et al., 1991;
Minato et al., 1997; Sato, 2001; Sato et al., 1989; Takeuchi et al., 2002; Ueno et al.,
1999) as short spacing of the main β peak of different CB TAGs (PPP, SSS, SOS,
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Figure 2.8: Primary phase crystallization at 23℃ showing the early stage of form α
(1) and the additional signal of the fraction in form β′ (2). The short
spacings are given in Å.

POP, POS). For PPP Kellens et al. (1991) ascribed the slight shift of the 010 reflection
at 4.6 Å to an increasing crystal perfection at higher temperatures. Additionally, we
observed sharpening of the peaks, which is an indication for the increasing crystal
lattice perfection.

Phase III or fraction formation: Up to 23℃ CB started to crystallize exclusively in
form α—independent of the shear rate applied. At 23℃ and 24℃ an additional peak
was detected (3.86 Å) and a shoulder developed at the α-peak (approximately 4.3 Å)
during primary phase crystallization. The diffraction patterns are given in Figure 2.8
and the corresponding peak information is listed in Table 2.1. The two peaks were
close to the values reported in the literature for phase III (Wille and Lutton, 1966),
which is 4.25 Å and 3.86 Å. The presence of the third peak of weak intensity at 4.62 Å
reported for form III could not be ruled out because of the expected signal intensity
close to the resolution limit. However, the existence of phase III is highly questioned
in literature (Merken and Vaeck, 1980; Schlichter-Aronhime and Garti, 1988; Wille
and Lutton, 1966). Wille and Lutton (1966) already suggested that form III could
be mixture of phase α and some higher melting state. We could demonstrate that a
fraction formed besides phase α at 23℃ and 24℃. The rheological response is given
in Figure 2.5. The formation of the fraction is expressed by the staggered development
of viscosity before the transformation to form βV set in. At 23℃ phase α was already
well developed when the diffraction pattern started to change after 1700 s, and at
24℃ both peaks developed simultaneously after approximately 6300 s.

We suggest that the α crystals formed close to their melting temperature had a
higher concentration of trisaturated TAGs. The initial short spacing of 4.15 Å and the
subsequent peak and shoulder formation at 3.86 Å and approximately 4.3 Å, provide

17



2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

strong evidence that an α to β′ transformation of trisaturated TAGs was taking
place. For form β′ of a SSS/PPP mixture Kellens and Reynaers (1992) reported short
spacings at 4.20 Å and 3.85 Å. Similar values were found by other groups (Cebula
and Smith, 1990; Chapman, 1962).

Loisel et al. (1998a,b) showed that phase separation of trisaturated TAGs systemat-
ically occurred during CB crystallization at higher temperatures. They proposed a
transformation of the fraction from α to β in SSS enriched CB (Loisel et al., 1998a).
Our experiments however showed strong evidence for a α to β′ transformation: (i)
The short spacings of form β are reported at 4.6 Å, and two narrow peaks at 3.9 Å
and 3.7 Å (Cebula and Smith, 1990; Kellens et al., 1991; Sato, 2001). (ii) Miscibil-
ity of different trisaturated TAGs is reported only in form α and β′ while demixing
is observed involving peak separation during transformation into form β (Kellens
and Reynaers, 1992). (iii) The melting temperature of either form β would be ex-
pected beyond 60℃ (Kellens and Reynaers, 1992). By using DSC (DSC822e, Mettler
Toledo GmbH, Switzerland), we measured a broad melting range between 40 − 55℃.
Another possibility discussed by Marangoni and McGauley (2003) under static crys-
tallization at 25 − 26℃ is the formation of γ-SOS crystals. The main peak at a
short spacing of 3.9 Å was matching. However, the second peak of γ-SOS at 4.7
– 4.8 Å (Sato, 2001; Sato et al., 1989; Takeuchi et al., 2002), was missing in our
experiments.

βV to βVI transformation: The change in the diffraction pattern close to the melt-
ing temperature of form βV was investigated while continuously shearing the sample
at 1000 s−1. Crystallization was monitored at 21℃ and after 30 min (approximately
4 min after the onset of phase βV) the temperature was increased to 30℃ or 32℃
at a rate of 1.2℃/min. In Figure 2.9 the diffraction pattern of the initial phase βV
and the modified pattern after 70 min at 32℃ are shown. XRD signals of similar
intensity were selected for better illustrating the variation. The intensity at the short
spacings of 3.66 Å and 3.87 Å increased significantly and resulted in a βVI-like pattern.
However, there was some deviation compared to the peak position given literature.
For phase βVI 3.70 Å for the smallest short spacing is given, and 3.99 – 4.04 Å for the
largest spacing in the fingerprint region (Mehrle, 2007; Wille and Lutton, 1966).

The differences in peak shape might be attributed to the TAG composition of domains
which transformed into the most stable crystal form. However, it is difficult to allocate
the diffraction pattern of certain pure TAGs. As shown by van Mechelen et al. (2006)
the βVI diffraction pattern of CB is comparable to form β1 of SOS. In fact, the peak at
3.65 Å of pure SOS increases significantly during β2 to β1 transformation (Sato et al.,
1989). POP and POS show some increase at 3.7 Å when transforming into the highest
melting crystal form (Arishima et al., 1991; Sato et al., 1989). Hence, it is likely
that a partial transformation of monounsaturated TAGs occurred in our experiment.
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Figure 2.9: Initial βV diffraction pattern (1) and after conditioning at 32℃ for 70 min
(2). The short spacings are given in Å.

The diffraction patterns of trisaturated TAGs, however, would also match. Their
short spacings after transformation into phase β are reported at 4.6 Å, 3.9 Å and
3.7 Å (Cebula and Smith, 1990; Kellens et al., 1991; Sato, 2001). These TAGs at
least explain the increase in chocolate viscosity observed in remelted chocolate during
multipass tempering—either in form β′ or β. The high melting shoulders and minor
peaks in the DSC melting curves of tempered chocolate presented by Stapley et al.
(1999) could also originate from a such CB fraction.

Simultaneous sampling of WAXS and SAXS data would be necessary to relate changes
in the diffraction pattern to certain CB fractions. Concerning to van Mechelen (2008),
during βV to βVI transformation half of the TAG three-packs have to flip over along
the axis perpendicular to the methyl end planes for reaching the energetic most fa-
vorable position. The rearrangement seems only possible in a partly liquidized state.
Hence, it is plausible that crystal transformation into the highest melting crystal
form is accompanied by Ostwald ripening and the depletion of less compatible TAGs
and other CB trace components, leading to enhanced crystallinity. At higher tem-
peratures, fraction formation is more likely to occur. Since CB is a multicomponent
system, it is difficult to clearly distinguish single crystallization events, especially
when they are superimposed.
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2 Shear-Induced Crystal Formation and Transformation in Cocoa Butter

2.3.3 Concentrated suspension

In order to learn about the crystallization in a conventional chocolate temperer, we
used a model suspension and applied low external shear. The suspension contained
55 % per unit volume of hollow glass spheres suspended in CB and was sheared at
10 s−1. In Figure 2.10 the shear stress evolution at 21℃ is compared with pure CB
crystallization at several shear rates. The increase in signal intensity was caused
by the initial cooling, phase α formation and the crystal transformation into βV.
The high solid volume fraction increased the suspension viscosity by a factor of 100,
resulting in a viscosity close to commercial milk chocolate at the given temperature.
After form α was developed we observed a shear thinning behavior over time. The
onset times for α formation and transformation into βV were similar for the suspension
and the CB sheared at 10 s−1 and 1000 s−1, respectively. The transformation into βV
started in the glass sphere suspension after 1400 s and in pure CB sample after 1490 s.
Only a small quantity of CB crystallized in the glass sphere suspension, which was
reflected by the weak signal intensity of the diffraction pattern.

At 23℃ the X-ray intensity was close to the resolution limit. The rheological infor-
mation, however, clearly showed a two-step evolution during primary phase crystal-
lization. A fraction crystallized in addition to phase α as we discussed for pure CB
crystallization in the previous section.

For suspensions the internal shear rate γ̇i has to be considered instead of the external
shear rate γ̇e applied by the rheometer (Windhab, 1986). It is depending on the solids
volume concentration φ and is given by

γ̇i = γ̇e/(1− φ/φmax) (2.1)

The maximum volume concentration of suspended particles, φmax, is between 0.45
and 0.70 (Windhab, 1986) and depends on the particle shape and size distribution as
well as the particle interaction. The calculated average internal shear rate within the
glass sphere suspension was approximately by a factor of 8 higher than the external
shear rate. However, when particles are passing each other in nonideal compact solid
layers, much higher local deformation rates occur.

2.3.4 Solid volume fraction before phase transformation

The peak intensity—peak height or area—is a measure for the crystalline volume
fraction of a certain CB phase. As presented in Figure 2.4 the signal intensity and
hence the quantity of phase α formed was strongly dependent on the temperature.
Since the rheological measurements (Figure 2.5) provided a higher sensitivity, we
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Figure 2.10: Shear stress evolution during α formation and the subsequent transfor-
mation into form βV for CB crystallized under shear at 21℃. Measure-
ments of pure CB at different shear rates (full lines) are compared to a
glass sphere suspension (dashed line).

calculated the solid volume fraction of phase α at the onset of βV formation by
considering the relative viscosity

ηr = η/ηs (2.2)

where η is the viscosity of the suspension at the onset of transformation, and ηs
is the viscosity of the continuous phase. For 15℃ and 18℃ we extrapolated the
equilibrium viscosity of liquid CB using the exponential relation between temperature
and viscosity (Padar et al., 2008). The Krieger-Dougherty equation (Krieger and
Dougherty, 1959) is widely used for relating the suspension viscosity to the volume
fraction of dispersed phase

ηr = (1− φ

φmax
)−k·φmax (2.3)

where φmax is the maximum packing fraction of solids and k is the intrinsic viscosity.
For random close packed mono disperse solid spheres a maximum volume fraction of
φmax,RCP = 0.637 is given in the literature. Pusey and van Megen (1986) presented the
“freezing concentration” φmax = 0.407 for soft interacting colloidal particles. We used
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Table 2.2: Relative viscosity and solid phase volume fraction at the onset of phase
transformation for CB sheared at 1000 s−1 at different temperatures.

T (℃) ηr (–) φ (%)
15 5.1 16
18 2.6 10
21 1.6 5.7
23 1.3 2.7
23 a 1.7 5.9
24 a 1.5 4.4

aphase α and CB fraction

this value since no data for fat crystal suspensions are available. In combination with
the intrinsic viscosity kCB = 7.99 measured by Bolliger et al. (1999) for a CB crystal
suspension we estimated the solid volume fraction. In Table 2.2 the relative viscosity
and the calculated solid volume fraction at the onset of phase transformation is given
for CB crystallization at 1000 s−1. We obtained maximum α crystal contents between
16 % at 15℃ and 2.7 % at 23℃. The cocrystallizing CB fraction during primary
phase crystallization at 23℃ and 24℃ represented more than 50 % of the solid fat
content. Similar findings based on nuclear magnetic resonance (NMR) are reported
by Mazzanti et al. (2007). At 17.5℃, they measured 8.5 % solid concentration in
form α under shear and 10.1 % under static conditions.

The result is determined by the model equation used for calculating the solid volume
fraction, the design of the experiment, and the TAG composition of the CB. Our
rheological experiments were more sensitive to the crystal content than the XRD
signals. We estimated a sensitivity limit of 1− 2 % solid fat for the X-ray setup we
used.

2.4 Conclusions

By simultaneously collecting X-ray diffraction patterns and rheological data, we de-
scribed CB crystallization under shear and assigned different crystallization events.
We confirmed the initial formation of crystals in form α and the subsequent trans-
formation into phase βV as well as the acceleration by shear. The initial formation
of phase III was not observed. However, the fraction formed close to the melting
point of form α provided some evidence for its origin. At 23℃ and 24℃ we observed
the development of additional diffraction peaks that could be related to form β′ of
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trisaturated TAGs. Hence, we suggest that phase III is a coexistence of CB in form
α and some domains enriched with trisaturated TAGs in form β′. The diffraction
pattern of phase βV was dependent on the temperature. High crystallization kinet-
ics at low temperature introduced more defects in the crystal lattice. After crystal
transformation into βV was completed, some signal intensity remained about the pre-
vious α diffraction angle. We consider form α or even β′ of trisaturated TAGs to be
responsible for this phenomenon.

The phase βVI-like diffraction pattern obtained under shear close to its melting tem-
perature showed some difference in the fingerprint region compared to literature val-
ues. It is likely that compositional changes occurred in the crystallites close to their
melting temperature, accompanied by the transformation into the most stable crystal
form. At room temperature a more homogeneous TAG distribution can be expected
within the crystallites after transformation into phase βVI due the reduced mobility
of the molecules.

The same crystallization behavior was observed for CB in a concentrated suspension
at low external shear. The rigid particles of the suspension increase the internal
shear rate depending on the solid volume concentration. Although an average value
can be estimated, high local shear rates determine the crystallization behavior. The
acceleration mechanisms under dynamic conditions result from the combination of
shear rate and stress. The shear rate dominates the α nuclei formation in case it is
diffusion controlled. If orientation of the molecules is relevant, a critical stress has
to be exceeded before alignment is obtained during the subsequent deformation. A
similar mechanism is expected if, for example, TAG molecules need to be relatively
shifted within previously formed α crystallites for initiating the transformation into
phase βV. A separate investigation of both parameters is difficult under experimental
conditions, since shear rate and shear stress are interdependent.
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3 CrystallizationKinetics of Cocoa Fat
Systems: Experiments&Modeling∗

Isothermal crystallization kinetics of unseeded and seeded cocoa butter (CB) and
milk chocolate is experimentally investigated under quiescent conditions at different
temperatures in terms of the temporal increase in the solid fat content. The theoreti-
cal equations of Avrami based on one-, two- and three-dimensional crystal growth are
tested with the experimental data. The equation for one-dimensional crystal growth
represents well the kinetics of unseeded CB crystallization of form α and β’. This is
also true for CB crystal seeded milk chocolate. The sterical hindrance due to high
solids content in chocolate restricts crystallization to lineal growth. In contrast, the
equation for two-dimensional crystal growth fits best the seeded CB crystallization
kinetics. However, a transition from three- to one-dimensional growth kinetics seems
to occur. Published data on crystallization of a single component involving spherulite
crystals are represented well by Avrami’s three-dimensional theoretical equation. The
theoretical equations enable the determination of the fundamental crystallization pa-
rameters such as the probability of nucleation and the number density of nuclei based
on measured crystal growth rate. This is not possible with Avrami’s approximate
equation although it fits the experimental data well. The crystallization can be rea-
sonably well defined for single component systems. However, there is no model which
fits the multicomponent crystallization processes as observed in fat systems.

3.1 Introduction

Polymorphism of CB: Chocolate and many confectionery products contain CB,
which is a mixture of triglycerides of stearic, palmitic, oleic and other fatty acids. The
physical and textural properties of this food ingredient depend on the microstructure
formed during the crystallization of liquid fat below the respective melting temper-
ature and are affected by the processing and storage conditions. Fats, in general,
feature a complex polymorphism, which is strongly influenced by its triacylglycerol
∗Published in: Padar, S., S. A.K. Jeelani, and E. J.Windhab. J. Am. Oil Chem. Soc., 2008, 85,
1115–1126.
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(TAG) composition and heat, mass, and momentum transfer during crystallization.
The three main fat crystal polymorphs are, in order of increasing stability, the α
(hexagonal subcell), several β’ (orthorhombic), and several β (triclinic) forms (Maz-
zanti et al., 2003).

The fat phase in chocolate mainly consists of CB. At room temperature it is in a
crystalline solid state. Polymorphism of CB is an important material characteristic
in chocolate manufacturing as it is directly linked to product quality and processing
performance. From the six crystal forms confirmed in CB (Lovegren et al., 1976; Wille
and Lutton, 1966) only form βV—the second most stable crystal form—is desired in
the final product. For initiating this crystal form, a precrystallization process has to
be applied before the chocolate is molded and solidified. Without introducing crystals
of β-type prior to cooling, the fat phase in chocolate would solidify in the less stable
crystal form α under industrial processing conditions. The subsequent transformation
into the higher melting β’ polymorph (βIV) followed by the two β crystal forms (βV
and βVI) would lead to a complete loss of the organoleptic properties of commercial
chocolate. Hence, quiescent experiments for characterizing the crystallization in form
βV need to be carried out with precrystallized samples.

Measurement of the solid fat content: Himawan et al. (2006) recently reviewed
the various thermodynamic and kinetic aspects of fat crystallization and emphasized
that the complexity of crystallization of fats is associated with not only the polymor-
phism but also the several components of the fat system. Since CB is a mixture of
TAGs, a melting range exists rather than a melting point (Marangoni and McGauley,
2003). Consequently, a temperature and time dependence of the mass fraction of solid
fat is observed and is usually quantified by the solid fat content (SFC).

The experimental investigation of the kinetics of isothermal crystallization is usually
carried out by measuring the time dependency of the SFC, which is often a sigmoidal
curve. The methods used are nuclear magnetic resonance (NMR) (Marangoni and
McGauley, 2003; Zeng, 2000), differential scanning calorimetry (DSC) (Metin and
Hartel, 1998; Ziegleder, 1990) and X-ray diffraction (Mazzanti et al., 2005).

Modeling the crystallization kinetics: Deterministic, numerical and stochastic
models (Foubert et al., 2002, 2003; Rousset, 2002) have been developed for the inter-
pretation of the experimental results. Avrami (1939; 1940) was the first to present a
deterministic model for single component isothermal crystallization, which allowed for
instantaneous nucleation, and growth and impingement of crystal grains. He derived
theoretical equations for the increase with time in the volume fraction of crystallized
phase for linear one-dimensional (1-D), plate-like two-dimensional (2-D) and sphere-
like three-dimensional (3-D) growth of crystal grains. By truncating the power series
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of an exponential function of time and replacing it by a power law, he obtained
an approximated equation (referred in the present work as the Avrami approximate
equation).

Avrami (1939; 1940) developed the model for the kinetics of crystallization of low
molecular weight materials such as metals. It was subsequently extended to the crys-
tallization of different high molecular weight polymers by Mandelkern et al. (1954)
and to palm oil (a mixture of triacylglycerides) by Kawamura (1979). Although the
experimental sigmoidal crystallization curve was usually well fitted by Avrami ap-
proximate equation, the two parameters involved are empirical and do not directly
explain crystallization physically. In spite of this, Avrami’s approximate equation
was widely used. Several explanations were deduced how nucleation kinetics affected
the Avrami exponent. Sharples (1966) used a first order nucleation kinetics to intro-
duce sporadic nucleation. Impingement, however, was neglected. Marangoni (2005)
applied an analogy theory using the chemical diffusion equation based on Fick’s first
law. The increase in solid content was calculated from the change in surface area.
These approaches made assumptions based on analogies instead of physical evidence.
The assumption of a linear temporal increase in number of nuclei during sporadic
nucleation and ignoring the effect of impingement can only be applied to the early
stage of crystallization when the crystal concentration is low. Consequently, such as-
sumptions are not realistic at high crystal concentrations. Several authors (Christian,
2002; Foubert et al., 2003; Marangoni, 2005; Sharples, 1966) have tabulated the values
of the exponent in Avrami’s approximate equation corresponding to the nucleation
kinetics and shape of the crystals. Sharples (1966) gave the causes for limitation of
the classification. Spatially not randomly distributed nucleation, time dependence of
the nucleation or the growth-process or changes in density of the growing bodies can
result in a continually changing value of the Avrami exponent. Moreover, the simul-
taneous development of different crystal forms and growth of similar crystals from
different types of nuclei (sporadic and instantaneous) were mentioned by Christian
(2002). Marangoni (2005) identified remarkable changes of the Avrami exponent by
the degree of supercooling for milk fat crystallization. All these aspects were consid-
ered to contribute to the fractional nature of the exponent. Hence, the same values of
the Avrami exponents may be obtained as a result of different mechanisms (Pradell
et al., 1998). Deeper insight into the fundamental relationships during crystallization
is necessary for improving the existing models. Kinetic aspects, for example, the
diffusion rate of the molecules within the liquid, the orientation or the attachment
are as important as thermodynamic factors (Himawan et al., 2006).

Some authors (Khanna and Taylor, 1988; Ng, 1975) reparameterized the Avrami’s
approximate equation. The so called Erofeev model was used by Ng (1975) to de-
scribe the thermal decomposition in the solid state. Marangoni (1998) considered the
reparameterization of Avrami’s approximate equation by these authors was arbitrary
and did not have any theoretical justification.
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Another explanation for fractional values of the Avrami exponent was stated by Liu
and Sawant (2002). When applying Avrami’s approximate equation to a supramolec-
ular material which is building up a fractal fibrous network during gelation, they
could show that the exponent is related to the fractal dimension of branching events.
Marangoni and Ollivon (2007) presented the fractal nature of TAG spherulites due
to nucleation kinetics in a non crystallizing diluent.

Foubert et al. (2002, 2003) proposed a deterministic mathematical model by analogy
with reversible reaction kinetics, which generally fits well with experimental sigmoidal
data but the parameters do not have as much physical meaning as those of the
Avrami model. Other deterministic models derived for the rates of flocculation and
aggregation of colloidal particles in liquids, and rates of bacterial growth were used by
Berg and Brimberg (1983), and Kloek et al. (2000) respectively to fit the experimental
crystallization results. These authors claimed an analogy with the crystallization
mechanisms.

The numerical model, although theoretically similar to the deterministic model, uses
complicated equations for nucleation and growth rates of crystal grains. Conse-
quently, the resulting equations, which cannot be solved analytically, must be numer-
ically integrated (Rousset, 2002). In contrast, stochastic models consider nucleation
and growth as statistical or probabilistic events. A two- or three-dimensional space
is defined in which the temporal evolution of the solid/liquid interface, and hence the
solid content, can be obtained.

The present chapter investigates experimentally the kinetics of isothermal crystalliza-
tion of precrystallized CB and milk chocolate. This involved two precrystallization
techniques—seeding with cocoa butter crystal suspension (CBCS) and conventional
chocolate tempering. In addition, unseeded CB crystallization kinetics is also investi-
gated. We demonstrate that only one of the three theoretical equations of Avrami fits
well the experimental single component crystallization kinetics data. This provides
the fact that the crystallization is either in 1-D, 2-D or 3-D. In contrast, although
Avrami’s approximate equation also fits the data, it does not enable to know the
exact type of crystal growth. We confirm the method of theoretical analysis using
the experimental data published by Manchado et al. (2000) on the kinetics of crystal-
lization of polypropylene melt involving growth of spherulite-shaped crystal grains.
This is corroborated by the microscopic information of the shape and rate of crystal
growth. In contrast, we find fractionation during crystallization of multicomponent
cocoa fat systems and the observed bimodal kinetics is described by double-Avrami
fits.
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3.2 Modeling of isothermal crystallization

As discussed above, there are deterministic, numerical and stochastic models for the
kinetics of crystallization. The present work focuses on deterministic models such as
that of Avrami, which is described below for the sake of better understanding.

3.2.1 Avrami’s theoretical model

Avrami’s (1939; 1940) model for the kinetics of isothermal crystallization allowed
for nucleation, crystal growth and impingement. Nucleation was considered to be
either sporadic (in which number N of nuclei per unit volume increases linearly with
time) or instantaneous (in which N is created initially which is equivalent to a seeded
crystallization). After formation, the radii of the nuclei were assumed to grow at a
constant rate to determine the volume of crystals, which did not involve impingement.
Avrami subsequently allowed for the impingement of the crystals, a summary of the
equations is given below.

The number density N , decreases with time t as some nuclei grow due to free energy
fluctuations with probability of occurrence p per unit time and some impinge with
other nuclei. If v(τ, z) is the volume of a crystal grain at a characteristic time τ = p t,
which grows from a nucleus at time z, then the total extended volume Ve (representing
the volume of the grains if their growth is unimpeded) of crystals per unit volume of
suspension is given by

Ve =
∫ τ

0
v(τ, z)N(z)dz (3.1)

The number density N(z) of grains was assumed to decrease exponentially with time
z as:

N(z) = N0e−z (3.2)

so that Eq. 3.1 becomes
Ve = N0

∫ τ

0
v(τ, z)e−zdz (3.3)

In order to allow for the impingement of crystals, Avrami assumed that the volume of
crystals increases linearly with the volume fraction of remaining liquid and obtained
the following equation for the volume V of the crystalline phase per unit volume of
suspension:

V = 1− e−Ve (3.4)

This enables the determination of the kinetics of crystallization in which Ve can be
obtained using Eq. 3.3. The latter, in turn, is determined by the time dependent
increase in the volume v(τ, z) of crystal grains as discussed below.
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The crystal grains can grow in one or two or three dimensions, respectively termed
as lineal (rod-like), plate-like or pseudospherical (or polyhedral) shapes. The length
l of the crystal grain growing at a rate l̇ at time τ , which grows from a nucleus at
time z, is given by:

l(τ, z) =
∫ τ

z

l̇

p
du (3.5)

The factors influencing the growth of the nuclei and crystal grains were considered to
be similar so that p and l̇ were assumed to be proportional over the whole range of
temperature and concentration. Thus, assuming l̇/p to be constant for a substance
in the isokinetic range, Avrami obtained:

l(τ, z) = l̇

p
(τ − z) (3.6)

He also assumed the rates of growth to be the same in all directions for crystal grains
growing in two and three dimensions. Thus the volumes of crystal grains growing in
one or two or three dimensions, are respectively given by

v(τ, z) = σ1l = σ1l̇

p
(τ − z) (3.7)

v(τ, z) = σ2l
2 = σ2l̇

2

p2 (τ − z)2 (3.8)

v(τ, z) = σ3l
3 = σ3l̇

3

p3 (τ − z)3 (3.9)

σ1 is the cross-sectional area of the rod-like crystal grain growing along its length
while σ2 is the thickness of the plate-like crystal grain growing in two dimensions.
For a crystal grain growing in three dimensions, σ3 is the shape factor which is equal
to 4π/3 for a sphere.

Thus substitution of Eqs. 3.7, 3.8 and 3.9 in Eq. 3.3 and integration resulted in the
total extended volume Ve of crystal grains growing in one or two or three dimensions
respectively as

Ve = σ1l̇N0

p

{
e−τ − 1 + τ

}
(3.10)

Ve = 2σ2l̇
2N0

p2

{
−e−τ + 1− τ + τ 2

2

}
(3.11)

Ve = 6σ3l̇
3N0

p3

{
e−τ − 1 + τ − τ 2

2 + τ 3

6

}
(3.12)

which are valid until the time τ = τ of exhaustion of germ nuclei. Substituting the
above equations in Eq. 3.4 gives the corresponding theoretical equations of Avrami
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for the volume fraction of crystalline solid phase for one- or two- or three-dimensional
growth of crystals respectively. Equation 3.4 was derived assuming that the maximum
volume fraction of crystallizable solid is unity for crystallization from melts. However,
in general, the maximum volume fraction of the crystallized fat Vmax is less than unity,
which depends on the degree of super-cooling or the presence of polymorph crystals
or even impurities at the particular constant temperature. Consequently, Eq. 3.4 can
be rewritten as

V = Vmax(1− e−Ve) (3.13)
Substituting Eqs. 3.10, 3.11 and 3.12 in Eq. 3.13 gives the volume fraction of crys-
talline solid for one- or two- or three-dimensional growth of crystals respectively as

V = Vmax

[
1− e−(σ1 l̇N0/p){e−τ−1+τ}

]
(3.14)

V = Vmax

[
1− e−(2σ2 l̇2N0/p2){−e−τ+1−τ+(τ2/2)}

]
(3.15)

V = Vmax

[
1− e−(6σ3 l̇3N0/p3){e−τ−1+τ−(τ2/2)+(τ3/6)}

]
(3.16)

in which τ = p t. The above equations for one- or two- or three-dimensional growth
of crystals can be also used in terms of the mass fraction of the crystallized solid S
by replacing V and Vmax by S and Sm respectively, where Sm is the maximum value
of the mass fraction of the crystalline solid phase.

3.2.2 Avrami’s approximate equation

Avrami obtained an approximate equation by considering two limiting cases. When
τ = p t is small (i), he truncated the terms higher than fourth order in the power
series of the exponential term e−τ , the first four terms of which cancelled with the
four terms in the bracket of Eq. 3.16 for the three-dimensional growth of crystals to
obtain:

V = Vmax
[
1− e−(6σl̇3N0/p3)(τ4/24)

]
(3.17)

Very small values of τ = p t could be due to either small values of p which he attributed
to sporadic nucleation or small values of time t.

When τ = p t is very large (ii), due to very large values of p which can be attributed
to instantaneous nucleation, he neglected the exponential term e−τ and the terms up
to the order of τ 2 in Eq. 3.16 to obtain:

V = Vmax
[
1− e−(6σl̇3N0/p3)(τ3/6)

]
(3.18)

As mentioned by Foubert et al. (2003), Avrami did not consider the possibility of
intermediate values of τ . The relationship between V and τ = p t for intermediate
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values of τ (due to intermediate values of p and t) was assumed to lie between those
described by Eqs. 3.17 and 3.18. Thus, in general, the following approximate equation
for the whole range of τ was presented:

V = Vmax
[
1− e−ktm

]
(3.19)

which is generally known as the Avrami equation. However, we would rather refer to
this as the Avrami approximate equation in order to distinguish it from the Avrami
theoretical Eqs. 3.14, 3.15 and 3.16 for one-, two- and three-dimensional growth of
crystals respectively.

According to Avrami, the exponentm should be an integer, the value of which depends
on the type (sporadic or instantaneous) of nucleation and morphology of crystalline
particles. The rate constant k depends on the rates of nucleation and growth of crystal
grains. Fitting of experimental data to Eq. 3.19 often resulted in non-integer values of
m, which have been explained by several authors (Christian, 2002; Long et al., 1995;
Sharples, 1966; Supaphol and Spruiell, 2000). There is however no physical evidence
to do so.

It is not clear why several authors have been using Avrami’s approximate Eq. 3.19 for
fitting and interpreting the experimental data on the kinetics of crystallization even
though it does not provide the exact values of the nucleation rate parameters p and
N0, and crystal growth rate l̇. In fact, the use of the theoretical Eqs. 3.14 or 3.15 or
3.16 of Avrami for fitting the experimental data on the variation in crystal content
with time can give not only the information on whether the crystal growth is one-
or two- or three-dimensional but also the exact values of the nucleation and growth
parameters.

3.3 Experimental

3.3.1 Material

CB was obtained from ADM Cacao B. V. (Netherlands). Its TAG composition
(weight %) evaluated by gas chromatography is as follows: 44.3 % POS, 32.8 % SOS,
17.7 % POP, 3.2 % SOO, 2.0 % POO (P: palmitic, O: oleic and S: stearic fatty acid).
Small quantities of other TAGs were not determined.

We used a commercial milk chocolate (Chocolats Halba AG, Switzerland) with a
cocoa content of 33.6 % (41.4 % sugar, 23.2 % whole milk powder, 17.7 % cocoa mass,
15.9 % cocoa butter, 1.3 % skimmed milk powder and 0.5 % soya lecithin).
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3.3.2 Precrystallization

Two main processes exist for creating the βV crystal nuclei in chocolate—generating
the nuclei in the bulk by conventional mass tempering, and seeding with crystals
in the crystal form to be favored, as described by Zeng (2000). For conventional
precrystallization we used a chocolate temperer AMK50 (Aasted-Mikroverk ApS).
Concerning the generally applied quality specification for precrystallized chocolate
(Beckett, 2003), we adjusted the processing conditions to obtain a well tempered
chocolate. All experiments with milk chocolate were performed at 28℃ which was
identical to the outflow temperature of the chocolate temperer.

In the experiments with seeded chocolate we compared two different devices. The
single-stage SeedMaster Cryst-Mix (Bühler AG, Switzerland) produces the CBCS
batchwise while the two-stage SeedMaster Compact (Bühler AG, Switzerland) works
continuously. In both processes the CBCS is manufactured in a high shear scraped
surface heat exchanger (first stage) at 15℃ wall temperature. In the single-stage
system the subsequent conditioning step happens in a temperature controlled vessel
for 2 h at 31.5℃ applying low shear. In the continuous two-stage process conditioning
is performed within the second stage of the scraped surface heat exchanger at high
shear.

The CBCS consists of finely dispersed βV-crystals and with a SFC of 12 % for the
single-stage crystallizer. Based on the fat concentration in the sample we added 2.4 %
of CBCS for precrystallization (2.4 % for pure CB and 0.8 % for chocolate) and used
an anchor stirrer at 180 rpm for 60 s to get a homogeneous distribution. An SFC of
17 % was obtained in the two-stage process. According to the criteria of well tempered
chocolate we determined a seeding quantity of 0.4 %.

3.3.3 Measuring procedure

We measured the SFC with a low resolution impulsional NMR Bruker Minispec NMS
120 (Bruker Optik GmbH, Germany) operating at 20MHz. Slight adaptions were
necessary between the two measurement methods used—the direct and the indirect
method, respectively (AOCS Official Method Cd 16b-93, 1999a,b). The filling height
in the sampling tube of 10 mm diameter was approximately 40 mm for the direct and
10 mm for the indirect method. For each experiment we performed 6 or 8 replicates.
The samples and the probe head were temperature controlled using external water
baths. We investigated isothermal crystallization at 20℃ and 25℃ for unseeded CB,
at 28℃, 30℃ and 32℃ for seeded CB and at 28℃ for conventionally precrystallized
and seed tempered chocolate.

33



3 CrystallizationKinetics of CocoaFat Systems: Experiments & Modeling

Direct method

We applied the direct measuring method as described by van Putte and van den En-
den (1974). The instrument calculates the SFC based on the calibration performed
prior to the experiments. The calibration standards with defined solids contents (plas-
tic material Celloron immersed in paraffin oil) have a similar relaxation behavior as
fat systems. We determined a correction factor (f -value) of 1.52 for approximating
the initial signal intensity. Each sample was measured in 3 repetitions with a recy-
cle delay of 6 s. This is in accordance with the findings of van Putte and van den
Enden (1974), who proposed a prolongation of the recycle delay up to 8 s for higher
crystal polymorphs. As summarized by Timms (2003), the spin-spin relaxation time
T2 is influenced by the distance between the nuclei and their mobility. Hence, the
magnetization decay depends on temperature, crystal polymorph and crystal size.

Indirect method

The indirect method only considers the signal of the liquid fat 70µs after the 90°
pulse and therefore avoids the impact of the crystalline state. However, a second
measurement of the melted sample is required for calculating the SFC. After melting
for 30 min at 60℃ we exposed the sample for 3 min to crystallization temperature
prior to remeasuring. The time was short enough for temperature adaption without
recrystallization, making temperature correction unnecessary. The indirect method
is accurate but more time consuming and is generally used as a reference method for
verifying the quicker direct method.

Approximated SFC in chocolate

For chocolate we used the simplified method as described by Ziegleder et al. (1996)
for measuring the SFC. It is based on the direct method. Due to the additional non-
fat solid components a “solid proton content” resulted instead of the SFC. A second
measurement of the molten sample was necessary for calculating the approximated
SFC as given in Eq. 3.20. Some systematic error might come about as the ingredients
influence the result as a whole.

SFCa = (NT −NM) · 100
100−NM

(3.20)

SFCa is the weight percent of crystalline fat at measuring temperature T based on
the fat content of the chocolate. NT and NM represent the solid proton content of
the crystallizing and the molten sample at measuring temperature.
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3.4 Results and discussion

3.4.1 Polypropylene crystallization data published in the
literature

There is extensive experimental data published in the literature on isothermal crys-
tallization kinetics where only Avarami’s approximate analytical equation is widely
used instead of his theoretical equations. Consequently, the present work analyzes
the published experimental data on isothermal crystallization kinetics involving three-
dimensional growth of spherulite shaped crystals and uses the corresponding Avrami’s
theoretical equation. Figure 3.1 shows the experimental (symbols) increase with
time in the relative fraction of crystallinity during the isothermal crystallization of
polypropylene under quiescent conditions at different temperatures measured by Man-
chado et al. (2000).
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Figure 3.1: Isothermal crystallization of polypropylene under static conditions at dif-
ferent temperatures (symbols: data of Manchado et al. (2000)). Com-
parison of Avrami’s 3-D theoretical (continuous line) and approximate
equation (dashed line).

These authors investigated the spherulite-shaped, three-dimensional crystal growth
using optical polarizing microscopy and found linear increase in the radius of the
spherulite with time, the rate of growth l̇ being listed in table 3.1. The figure also
shows the variations obtained by fitting the data to Avrami’s theoretical Eq. 3.16
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(continuous lines) for three-dimensional growth of crystals in addition to the approx-
imate Eq. 3.19 (dashed lines).

It is clear that only Avrami’s theoretical equation for the three-dimensional growth
describes well the experimental data of the spherulite shaped polypropylene crystals
during isothermal crystallization. This is confirmed by the fact that the regression
coefficient is higher and the sum of squares of the errors (SSE) is smaller than for the
one- or two-dimensional growth. Avrami’s approximate equation also fits the data
well although its quality of fit is not as good as the theoretical equation. Additionally,
Avrami’s theoretical equation also enables us to determine the physical parameters
of crystallization such as the probability for the growth of nuclei p and the number
density of nuclei N0 formed initially as listed in table 3.1. As expected, both the prob-
ability of nucleation p, the rate of growth of crystal radius l̇ and the number density
of nuclei N0 decrease with increase in temperature. In contrast, the determination of
these parameters using Avrami’s approximate equation cannot be accurate since the
index m is usually not an integer value. However, from the fitted values between 3
and 4, a 3-D growth can be expected.

Table 3.1: Values of fitted parameters for the sphere-like (3-D) crystal growth model
of Avrami for isothermal polypropylene crystallization at different temper-
atures corresponding to Fig. 3.1 (data of Manchado et al. (2000)).

Parameter Temperature, ℃

125 127 130 132

Experimental value:
l̇ (µm/min) 16.2 10.9 5.60 3.60
3-D crystal growth:
p (min−1) 2.028 2.715 1.183 0.6853
6σ3l̇

3N0/p
3 0.350 0.0294 0.0439 0.0505

N0 (ml−1) 27.3× 106 18.0× 106 16.4× 106 13.9× 106

Regression coefficient 0.9987 0.9988 0.9995 0.9990
Approximate equation:
m 3.60 3.39 3.42 3.44
k (min−m) 0.174 0.0459 0.00388 0.000669
Regression coefficient 0.9983 0.9984 0.9992 0.9986
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3.4.2 Present results

The crystallization kinetics of seeded and not-precrystallized CB was investigated.
In both systems, the solidification progressed in two steps. At higher temperature,
these steps were more strongly pronounced. Compared to the final SFC, the quantity
of the initially crystallizing fraction was found to be up to 20 % (Figures 3.3, 3.4, 3.5
and 3.6).

These findings are in accordance with the work of Dimick and Manning (1987) who in-
vestigated quiescent crystallization of not-precrystallized CB between 26℃ and 33℃.
In the same sample they observed the formation of crystals of different shape and
TAG composition. Zeng (2000) divided the crystallization curve of not-precrystallized
CB into three stages—initial, main and final crystallization. He attributed the initial
stage to nuclei formation, and neglected the final stage for curve fitting.

We were able to show in experiments using Differential Scanning Calorimetry and
X-Ray Diffraction (XRD) analysis (see chapter 2) that a fraction of higher melt-
ing triglycerides can form. It is most probable that the fractionation corresponds
to higher melting SOS triglycerides. XRD revealed a peak at 3.86 Å, similar to the
peak of strongest intensity measured by Sato et al. (1989) for SOS in form γ. Like
form βV of CB, γ-SOS is stacked in a triple chain length. However, as the sub-cell is
orthorhombic, the triclinic crystallization of βV in the bulk is neither induced nor ac-
celerated by this fraction. Similar observations are reported by other authors (Dimick
and Manning, 1987; Marangoni and McGauley, 2003) for statically crystallized CB
in the melting range of the βV crystal form (25℃ – 33℃). Therefore we treated the
two main steps as independent crystallization events. We applied a double Avrami-
fit (Marangoni, 2005) to the data where the bimodal crystallization was developed.
No discrimination was performed if the primary fractionation crystallization was not
clearly distinguishable (Fig. 3.5).

The viscosity relates to the molecular interaction and the diffusion, which control
the crystallization of a melt. Without any crystalline fractions, a Newtonian fluid
behavior and a distinct temperature dependency are observed in fat melts. The
exponential relation between temperature T and viscosity η is given by

η = A · eEa/RT (3.21)

where the factor A is a measure for the molecular interaction and Ea is the activation
energy. For visualization an Arrhenius plot is appropriate. Figure 3.2 shows the
viscosity of CB between 20℃ and 50℃. Above 27.5℃ we observed that the data
fitted well to Eq. 3.22. The activation energy Ea represented by the slope of the dashed
line is 23 kJ mol−1, which is close to the value reported by Windhab in Weipert et al.
(1993).
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Figure 3.2: Temperature dependency of the CB viscosity. Arrhenius fit between 50℃
and 27.5℃ (dashed line).

The deviation from the linear curve progression below 27.5℃ can be attributed to a
decreasing mobility of the TAG molecules, as by preorientation or even the onset of
nucleation.

We used a temperature controlled cone-plate geometry with a diameter of 25 mm at
a shear rate of 150 s−1 to allow for temperature adaption within a few seconds. The
impact of shear may also significantly shorten the induction time.

Unseeded cocoa butter

The experimental data on the time dependent evolution of the SFC for unseeded CB
at 20℃ and 25℃ are given in Figures 3.3 and 3.4, respectively. There is clear bimodal
crystallization behavior, which allows to apply double-Avrami fits. The parameters
obtained by fitting the main crystallization event to the 1-D theoretical model of
Avrami and the approximate equation are listed in table 3.2. Since the 2-D and
3-D models poorly fitted the data, a lineal crystal growth is evident. The major
crystallization domain will consist of crystals in form α at 20℃ and form βIV at
25℃. However, the beginning of α to βIV transformation at 20℃ is possible.

At 20℃ the two crystallization steps can easily be separated. At 25℃ however,
there is a gradual transition from the fraction crystallization to the main crystal-
lization of the bulk. We conclude that the two crystallization events have different
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Figure 3.3: Isothermal crystallization of unseeded CB at 20℃ (triangles with stan-
dard deviation) under static conditions. Comparison of Avrami’s 1-D the-
oretical (continuous line) and approximate equation (dashed line) when
applying double-Avrami fits.
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Figure 3.4: Isothermal crystallization of unseeded CB at 25℃ (squares with standard
deviation) under static conditions. Comparison of Avrami’s 1-D theo-
retical (continuous line) and approximate equation (dashed line) when
applying double-Avrami fits.

39



3 CrystallizationKinetics of CocoaFat Systems: Experiments & Modeling

induction times. Before nucleation starts, a stationary distribution of embryos has to
be established which is observed by the presence of an induction time. As described
by Rousset (2002), the induction time for large molecules can be considerable as the
reorientation of the molecules depends on their mobility. At higher temperature how-
ever, the impact of Brownian motion counteracts the molecular alignment, resulting
in a considerable increase of the induction time. As can be seen in table 3.2, the
probability of nucleation p of α crystals at 20℃ is higher than that of βIV crystals at
25℃.

Table 3.2: Values of fitted parameters for the rod-like (1-D) crystal growth model of
Avrami for isothermal crystallization of unseeded CB bulk phase at 20℃
and 25℃ corresponding to Figs. 3.3 and 3.4.

Parameter Temperature, ℃

20 25

Initial conditions:
Sm0 0.106 0.0647
t0 (h) 0.533 12.8
Rod-like 1-D crystal growth:
Sm − Sm0 0.642 0.338
p (h−1) 1.59 0.938
σ1l̇N0/p 3.40 0.183
Regression coefficient 0.9981 0.9988
Approximate equation:
Sm − Sm0 0.637 0.330
m 1.83 1.26
k (h−m) 2.99 0.0901
Regression coefficient 0.9973 0.9974

Seeded cocoa butter

The CB seed crystals from the single-stage device develop a “sheaf” shaped or flake
like morphology during conditioning. At conventional processing conditions the size
of the crystals from the single-stage system is larger (number based median of 7.5µm)
than from continuous two-stage crystallizer (4.1 µm) as shown by Mehrle (2007).

The results of quiescent crystallization of seeded CB at 28℃, 30℃ and 32℃ are
given in Figures 3.5 and 3.6. We used the direct method for measuring the SFC
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Figure 3.5: Isothermal crystallization of seeded CB at 28℃ (squares with standard
deviation) and 30℃ (circles with standard deviation) under static con-
ditions. Comparison of Avrami’s 2-D theoretical (continuous line) and
approximate equation (dashed line).

0

0.02

0.04

0.06

0.08

0.10

0.12

0 20 40 60 80 100 120 140 160 180 200 220
Time (h)

M
as

s 
fra

ct
io

n 
of

 s
ol

id
 fa

t 

Figure 3.6: Isothermal crystallization of seeded CB at 32℃ (triangles with standard
deviation) under static conditions. Comparison of Avrami’s 1-D theo-
retical (continuous line) and approximate equation (dashed line) when
applying double-Avrami fits.
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Figure 3.7: Isothermal crystallization of seeded CB at 28℃ (squares), 30℃ (circles)
and 32℃ (triangles) in the rearranged double logarithmic representation.
Differentiation in the initial fraction crystallization (closed symbols) and
the subsequent bulk crystallization (closed symbols).

in this series. At higher temperature the two-step solidification behavior is stronger
pronounced. We applied double-Avrami fits to the experimental data at 32℃ for
both the approximate and 1-D theoretical equations. This was not possible for 28℃
and 30℃ since the start of bulk crystallization was overlapping with the fraction
crystallization. For these experiments the solidification showed the best agreement
with the 2-D growth of Avrami’s theoretical equation. However, even for the 2-D
model the 95 % intervals of the fitted parameters are substantial, so that we can
not declare the Avrami model to be appropriate for quantifying the crystallization of
seeded CB samples.

The experimental data shown in Figures 3.5 and 3.6 are represented in a different
way in Figure 3.7. By double logarithmic transformation of Eq. 3.19, Avrami’s ap-
proximate equation can be linearized by

ln(− ln(1− V

Vmax
)) = ln(k) +m ln(t) (3.22)

which allows to visualize time dependency of the crystallization kinetics (Avrami
exponent m) by variation of the slope. It can be seen that a similar slope exists for all
three temperatures when the fraction crystallizes (closed symbols) at the beginning.
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Figure 3.8: βV crystallization at 23℃ on a CB seed crystal (single-stage).
Time: left 0 min, center 8 min, right 13 min.

A 1-D growth kinetics seems to fit quite well, even though scattering is stronger
pronounced at low solids content. The subsequent bulk crystallization (open symbols)
starts with a higher order growth which is continuously decreasing. This was also
observed during isothermal crystallization of unseeded CB by Zeng (2000) and for
palm oil by Ng and Oh (1994). Hence, a transition from 3-D to 1-D crystal growth
could be assumed. The same conclusion can be drawn from the data in Figure 3.5.
At the maximum growth rate the slope in the experiment is steeper than the 2-D
Avrami fit indicating a higher order growth. When approaching the maximum volume
fraction of crystalline phase the experimental data show a lower flattening tendency
compared to the fitting models, indicating a transition to a lower rate of growth. The
transition takes place during bulk crystallization after 3 h (26 % SFC) at 28℃, 7.5 h
(17.5 % SFC) at 30℃ and 130 h (9.2 % SFC) at 32℃. In long term observations the
SFC rose above 50 % at 28℃ and 29 % at 30℃ after 3 days. We conclude that, the
growth rate already changes after half of the bulk phase crystallizes. Impediment of
the growing crystals, purification and removal of imperfections in the crystal lattice
driven by diffusion and the onset of βV to βVI transformation are possible effects for
this phenomenon.

Additional microstructural information using optical microscopy is necessary to de-
termine the dimensionality of growth. The crystal growth arising from a seed crystal
at 23℃ observed using optical microscopy is visualized in Figure 3.8. Although a
three-dimensional (spherulitic) growth of fat crystals occurs the sub-units of the fat
crystals have a hair like morphology. Depending on the crystallization rate the crys-
talline filaments can be densly packed or build a looser assembly. A high branching
probability would result in an increased order crystallization kinetics.

A high portion of liquid fat appears to be enclosed in the spherical shaped crystal en-
tity. Consequently, the 3-D approximation of the crystallization by the Avrami model
is not realistic. In fact, no theoretical model exists for such complex multi component
TAG systems. The development of any other type of model would depend on more
fundamental mechanistic information like diffusion of the TAGs, orientation, cooling
rate to reach the crystallization temperature as well as material specific knowledge
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about the TAG composition and other components (free fatty acids, mono- and di-
acylglycerides). Additionally, precrystallization (number and size distribution of the
seed crystals) will influence the growth kinetics. Although the seed concentration is
the same, the induction time before bulk crystallization starts is higher. The preorien-
tation time of the TAG molecules is longer at higher temperatures. This agrees with
the formation of a lamellar arrangement of the TAGs in the melt before crystallization
can start, as proposed by Larsson (1972).

Milk chocolate

Different methods of precrystallization are compared with respect to isothermal crys-
tallization of chocolate at 28℃. For all measurements Avrami’s 1-D theoretical equa-
tion best fitted the experimental data. In Figure 3.9 the results of the indirect and
the direct measured variations of the SFC of conventional precrystallized chocolate
are compared. Averaging of the solidification curves of indirect measured samples
was omitted due to the delay between the single measurements. Similar parameters
for the maximum mass fraction of crystalline phase Sm, probability of nucleation
p, initial number of germ nuclei per unit volume N0, and rate of growth of crystal
length l̇ were evaluated for both methods as given in Table 3.3. Since we found no
considerable difference between the two NMR measuring methods, the approximated
SFC was computed in the subsequent experiments using Eq. 3.20 based on the direct
method.

Figure 3.10 compares the results of the seeded milk chocolate using the single-stage
batch process (triangles) and the continuous two-stage process (squares). Due to the
overlapping standard deviation within the measurements, we found no significant dif-
ference between the two techniques of seed crystal formation. As expected, the mass
fraction of seed crystals can be reduced without significantly changing the solidifica-
tion kinetics when a smaller grain size is added. The values of σ1l̇N0 obtained from
Table 3.3 are about the same for conventional precrystallized chocolate and for seeded
samples. However, the numerical values of the fitted parameters should be interpreted
with prudence as there is a certain standard deviation within the measurements.

The favored 1-D growth of the crystals might be caused by the high concentration
of solid ingredients present in chocolate. The molten milk chocolate we used has a
volume fraction of 56 %. Hence, spherulitic 3-D crystal growth is impeded, especially
by the sugar crystals, cocoa fibers and milk proteins. Additionally, if we assume
regions to be present in which the continuous fat phase is immobilized (e. g. in
milk powder particles), the free volume for crystal growth is further reduced. As a
consequence 1-D growth of the crystals is a reasonable finding.
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Figure 3.9: Isothermal fat crystallization in conventional tempered milk chocolate at
28℃ under static conditions. Direct (circles with standard deviation) and
indirect measuring method (dots) for SFC quantification with Avrami’s
1-D theoretical (continuous line) and approximate equation (dashed line).
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Figure 3.10: Isothermal fat crystallization in seeded milk chocolate at 28℃ under
static conditions. Single-stage (triangles with standard deviation) and
the two-stage device (squares with standard deviation) with Avrami’s 1-
D theoretical (continuous line) and approximate equation (dashed line).
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Table 3.3: Values of fitted parameters for the rod-like (1-D) crystal growth model of
Avrami for transient SFC measurement during isothermal crystallization of
precrystallized milk chocolate at 28℃. Conventional tempering: compar-
ison of SFC measuring methods (Fig. 3.9), Precrystallization by seeding:
comparison of different seeding devices (Fig. 3.10).

Precrystallization method Conv. tempering Seeding

Comparison of: Indirect SFC Direct SFC Two-stage Single-stage

Rod-like 1-D crystal growth:
Sm 0.259 0.252 0.2466 0.259
p (h−1) 0.0817 0.103 0.313 0.148
σ1l̇N0/p 59.8 35.9 5.07 20.9
Regression coefficient 0.9853 0.9985 0.9983 0.9963
Approximate equation:
Sm 0.258 0.251 0.244 0.256
m 1.98 1.96 1.86 2.00
k (h−m) 0.194 0.183 0.227 0.212
Regression coefficient 0.9853 0.9984 0.998 0.9964

3.5 Conclusions

From a descriptive point of few, it is of interest to quantify crystallization processes
with physical parameters as given in Avrami’s theoretical equations for one-, two- and
three-dimensional crystal growth. Although Avrami’s approximate equation usually
fits the sigmoidal crystallization well in the experiments, the two parameters involved
do not represent physical properties. The validity of Avrami’s theoretical equation
for 3-D growth was verified with data from the literature on polypropylene crystal-
lization.

Solidification of unseeded and seeded CB revealed the complexity of this fat sys-
tem. We observed a time lag before crystallization started and the segregation of
a crystalline fraction. At a low solids growth rate of CB crystals in form βV (no
precrystallization, high temperature) the fractionation is more strongly pronounced.
The kinetics of crystallization for unseeded CB in form α at 20℃ and βIV at 25℃
are well represented by Avrami’s 1-D theoretical equation.

For pure CB crystallization of seeded samples, we observed a transition from 3-D
to 1-D growth during the main crystallization event. This might be a result of the
increasing sterical hindrance of the growing crystals when approaching the final SFC.
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3.5 Conclusions

Solidification of precrystallized chocolate at 28℃ is found to be best described by
a 1-D growth. The dispersed solid particles significantly determine the crystalliza-
tion kinetics of the continuous fat phase. Moreover, we have shown that there is no
significant difference between different SFC measuring methods and precrystalliza-
tion processes for a commercial milk chocolate. In general, Avrami’s model did not
describe the overall crystallization kinetics of precrystallized CB and chocolate.

CB has a narrower triglyceride spectrum compared to other vegetal or animal fats.
However, especially at higher temperatures, a complex crystallization behavior is pro-
nounced. Obviously, the overall phenomenology observed during the phase change at
different temperatures cannot be reduced to a single kinetics equation. Especially for
higher crystallization temperature, the side effects such as fractionation, refinement
of the crystal lattice and crystal polymorph transformation gain in impact.
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(LMVT). I am grateful for his modeling and authoring contribution. I also thank
Dr. P.Braun (Bühler AG, Switzerland) for providing the seeding equipment and
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4 Rheology of Confectionery Systems

4.1 Background

4.1.1 Introduction to rheology

Rheology is the science of the deformation and flow of matter (Barnes et al., 1989).
The manner in which materials respond to applied stress or strain is studied. All ma-
terials have rheological properties which range between a purely viscous fluid and a
fully elastic solid. Rheometry is the analytical technique for quantifying the rheolog-
ical properties under well defined boundary conditions. Due to the close correlation
between microstructure and rheological properties rheometry is relevant in many fields
of study, such as polymer sciences, bioengineering, earth sciences or food science.

Shear stress and deformation rate tensors

The isothermal flow behavior of fluids is determined by two physical laws—the mass
conservation and the momentum conservation. The relationship which describes the
response of the material on stress, called the constitutive equation, is incorporated
in the momentum conservation equation (section 6.1.2). The tensor notation of the
total stress acting on a fluid element is given by

π =

πxx πxy πxz
πyx πyy πyz
πzx πzy πzz

 (4.1)

The six components acting tangential on the fluid element illustrated in Figure 4.1
are the shear stresses. They are created by the flow only. The normal stresses πij, i=j
are caused by the combination of the hydrostatic pressure, p, and the extra normal
stresses, σi, the latter being also generated by the flow in viscoelastic fluids. The
total stress tensor can therefore be written as the sum of the hydrostatic pressure
tensor, p, and the shear or extra stress tensor, τ
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π = p+ τ =

−p 0 0
0 −p 0
0 0 −p

+

σx τxy τxz
τyx σy τyz
τzx τzy σz

 (4.2)
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Figure 4.1: Components of the stress tensor for a cubic fluid element.

For the rheological description, only the extra stress tensor is relevant. The shear
rate, γ̇, is the derivative in space of the deformation γ. In the tensor formulation it
is given by

γ̇ =

γ̇xx γ̇xy γ̇xz
γ̇yx γ̇yy γ̇yz
γ̇zx γ̇zy γ̇zz

 (4.3)

For uniaxial flow of purely viscous (Newtonian) fluids the shear stress and the shear
rate tensors reduce to the components τxy and γ̇xy. Hence, the scalar representation
is sufficient. For viscoelastic fluids, the normal stresses and the normal components
of the deformation rate tensor have to be considered too.

Simple shear flow

For simple shear flow experiments, the material is sheared in a gap between two
parallel plates. As illustrated in Figure 4.2 (a) one plate is fixed and the other plate
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is displaced with a defined tangential force, FT. The shear stress, τ , has the same
dimension as a pressure. It is defined by

τ = FT

A
(4.4)

where A is the area on which the tangential force is acting. The shear stress induces
a translational velocity, v(y). The velocity gradient is defined as the shear rate γ̇

γ̇ = v

H
= d vx(y)

d y (4.5)

The plastic viscosity (or shear viscosity) relates the applied shear stress to the re-
sulting shear rate if the deformation is permanent. “It is synonymous with internal
friction and is a measure of resistance to flow” (Barnes et al., 1989).

η = τ

γ̇
(4.6)

In contrast, for an elastic solid the shear stress τ applied to the surface results in
reversible deformation. The elastic properties are characterized by the shear modulus,
G, given by

G = τ

γ
(4.7)

where γ is the deformation. If viscous and elastic properties are coexisting, a fluid is
called viscoelastic.

4.1.2 Rheology of non-colloidal suspensions

A suspension is a homogeneous fluid containing solid particles of a particle size which
is usually larger than 1µm. The flow behavior of concentrated suspensions is complex
because it is dominated by particle interaction. “In addition to particle crowding, hy-
drodynamic, gravitational and Brownian forces bring particles close to each other and
short range polar interactions maintain them in contact in the form of agglomerates
or a sample spanning network depending on the flow conditions” (Servais et al., 2004).
Hence, the rheology is affected by numerous factors, like the chemical properties of
the continuous phase and the dispersed particles, the solids volume concentration, the
particle-particle and the particle-fluid interactions, as well as the stress-strain history.
Several of these aspects are discussed in more detail in the sections below.
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Figure 4.2: Uniaxial shear flow between two parallel plates (a). Model which shows
the increased inner shear rate in a fluid containing a solid fraction (b).

Solid voume concentration

Figure 4.2 (b) illustrates the shear conditions in a fluid containing a solid fraction.
The shear rate in the fluid is increased since the free volume of liquid flow is reduced
by the volume of the solid particles. As presented by Windhab (1986), the solid phase
is simplified by introducing solid layers. The internal shear rate γ̇i is calculated on
basis of the reduced free gap width

γ̇i = v

H − (n · h) (4.8)

where n · h is the total representative height of the solids in gradient direction. The
general simplified expression considering the solids volume concentration φ and the
maximum packing fraction φmax is given by

γ̇i = γ̇/(1− φ

φmax
) (4.9)

The effect of solids volume concentration on the viscosity of Newtonian liquids was
first predicted by Einstein (1906, 1911). For dilute suspensions (volume fraction
φ < 1 %) of rigid particles, he derived the equation to quantify the suspension viscosity
η based on the viscosity of the continuous phase ηs taking hydrodynamic particle
interaction into account:

η = ηs (1 + kE φ) (4.10)

52



4.1 Background

The Einstein coefficient, kE, is 2.5 for spherical monodispersed and non-interacting
particles. Simha (1940) investigated kE for rods and disk-like particles by considering
the impact of Brownian motion.

As the solids concentration is increased, suspended particles start to interact and
the viscosity increases more than proportional with the volume fraction. Interaction
effects in concentrated systems can be accounted for by power series expansion of
Eq. 4.10. However, due to the complexity of calculating higher order coefficients,
semi-empirical models are usually applied (Liu and Masliyah, 1996). The model by
Krieger and Dougherty (1959) is frequently used for concentrated suspensions

ηr = η

ηs
= (1− φ

φmax
)−k·φmax (4.11)

where ηr is the relative viscosity, φmax is the maximum packing fraction of solids,
and k is the intrinsic viscosity. For mono disperse solid spheres k equals kE and
φmax is 0.637 for random close packing of the particles. In real systems maximum
volume concentrations between 0.45 and 0.70 are observed (Windhab, 1986). The
value depends on the particle shape, the size distribution (Chang and Powell, 1994),
and the particle interaction. In addition, de Kruif et al. (1985) demonstrated that
the maximum packing fraction is also dependent on the shear rate and hence on the
suspension structure. φmax is increasing with higher shear rates. This is one major
factor for the shear thinning behavior of concentrated suspensions.

Particle morphology

For noninteracting rigid spheres of narrow size distribution, the particle size has no
influence on viscosity (Krieger, 1972). If particles are interacting, like hydrophilic
sugar particles in the hydrophobic continuous phase of confectionery systems, then
the flow behavior is strongly affected by the particle size. By reducing the particle
size at a given volume concentration, the mean distance between particle surfaces
is decreasing. “The probability that any two particles will come within the sphere
of each other’s attraction increases rapidly with decreasing particle size” (Michaels,
1958). A layer of fluid is immobilized at the particle surface, which reduces the
amount of fluid available for flow (Beckett, 2000; Windhab, 2000). For these reasons,
the reduction in particle size increases the viscosity of a suspension.

If the particles are anisometric (e. g. plates or rods), the abnormalities in rheological
behavior of the suspension are even stronger pronounced. Although some type of non-
spherical particles could be packed more tightly than randomly arranged spheres, they
would start to interact at lower concentrations. The volume specific surface area is
higher than for spherically shaped particles, making the interparticle attractive and
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repulsive forces more important. Anisometric particles can approach one another
more closely by random rotation. Thus, the mean distance between the particles is
reduced which leads to an increase in viscosity (Michaels, 1958). For fibres, Metzner
(1985) found an almost linear decrease of φmax with an increase in aspect ratio.

Hydrodynamic effects

The rheological behavior of a suspension is closely related to its structure. It is
the result of the balance between structure preserving forces by particle interaction
and external destructive forces. Figure 4.3 schematically illustrates the suspension
structure for attracting particles when varying the intensity of shear. Explanations
for the different states are:

A Hydrodynamic forces can be neglected at very low shear rates. The rheological
properties are therefore dominated by structural forces. Particles adhere in
an edge-to-face manner (Michaels, 1958). The formation of such card-house
aggregates is responsible for the yielding behavior of confectionery systems.

B The rest structure breaks up when increasing the shear stress beyond the yield
stress. The size reduction of particle aggregates releases entrapped fluid which
further reduces viscosity.

C Particle aggregates are completely disrupted.

D Orientation of the particles under shear further reduces the plastic viscosity. In
contrast, dilatant flow behavior is observed for suspensions containing charged
repulsing particles due to rupture of ordered structures (Hoffman, 1982) or the
formation of a flow induced superstructure at high shear.

A B C D

Figure 4.3: Structure of a suspension at an increasing intensity of shear. A: card-
house aggregation at rest, B: ruptured rest structure at the onset of plastic
deformation, C: break-up of particles is completed at intermediate shear,
and D: oriented particles at high shear.
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In case the structure transformation is instantaneous and only depending on the shear
rate or shear stress, the fluid is called shear thinning or shear thickening. If time
dependency is important, the terms thixotropy and rheopexy are used (see section
4.1.3).

Particle orientation: The orientation of suspended particles depends on the inter-
action of shear, inter-particle forces and Brownian motion (Larson, 1999). Large
particles are oriented already at low shear rates. The Péclet Number (Pe) is a dimen-
sionless number relating the rate of advection of a flow to its rate of diffusion. The
sensitivity to shear (crossover from Brownian to non-Brownian behavior) is described
by the rotational Pe number. In this approach Pe relates the ordering forces by shear,
F , to the Brownian force (kB T )/dp where dp is the particle diameter

Pe = F dp
kB T

= γ̇

Dr
(4.12)

Pe can also be expressed in terms of deformation rate, γ̇, and rotary diffusivity by
Brownian motion, Dr, which is given for circular plate-like particles by

Dr = 3 kB T
4 ηs dp3 (4.13)

In this expression ηs equals the viscosity of the continuous phase. Concerning to
Larson (1999), orientation effects become obvious if Pe>10. For particles with a
diameter of 1 µm this critical value is reached at a shear rate of approximately 0.7 s−1

at room temperature. Particles > 10µm can generally be considered non-Brownian.

Fluid immobilization: Windhab (2000) developed a model to describe the suspen-
sion viscosity by considering fluid immobilization under shear. It is based on the
equation by Krieger and Dougherty (1959) (Eq. 4.11) and accounts for aggregate
size, particle orientation and time dependency of structure formation.

η(φ, γ̇, t, δ) = ηs

(
1− φeff(φ, γ̇, t, δ)

φmax(γ̇, t, δ)

)−k(δ)·φmax(γ̇,t,δ)

(4.14)

ηs is the viscosity of the continuous phase and δ represents the particle orientation.
The effective volume fraction, φeff, is given by the sum of the solids volume fraction,
the immobilized fluid fraction at the particle surface, the immobilized fluid fraction
in the particle aggregate, and the hydrodynamically immobilized fluid fraction.
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Particle interactions

At low deformation rates, the impact of hydrodynamic forces diminishes and inter-
particle forces begin to dominate the flow behavior of concentrated suspensions. In
case of attraction they lead to a flocculated fluid structure. If the forces are repulsive,
a temporarily stable dispersed particle arrangement occurs.

The attractive van der Waals forces between molecular entities are caused by per-
manent dipole-dipole interaction or by instantaneously induced dipole moments (Mc-
Naught and Wilkinson, 1997). The instantaneously induced dipole forces are also
called London forces or dispersion forces. They act between all atoms, molecules
and particles (Israelachvili, 1985). The total attraction force between two neighbor-
ing particles is the integrated interaction between all dipoles. Repulsive electrostatic
forces are usually observed in aqueous systems. They arise when surfaces have a
net electric charge. The charge is compensated by counterions from the surrounding
liquid which accumulate at the surface. A narrow double layer is formed at the par-
ticle surface. Outside this layer, the concentration of counterions gradually decreases
and finally reaches the concentration of the surrounding liquid. The combination of
these two opposing interactions forms the basis of the DLVO theory—termed after its
originators Derjaguin, Landau, Verwey, and Overbeek. Israelachvili and McGuiggan
(1988) described additional forces in aqueous solutions like the solvation force, in
which the liquid medium no longer can be treated as a continuum. Forces between
particle surfaces are discussed by Israelachvili (1985) in detail.

4.1.3 Flow characteristics of chocolate

Rheology plays a vital role in chocolate processing and in the sensory acceptability of
its texture (Wilson et al., 1993). Chocolate and chocolate-like confectionery masses
are in general suspensions of emulsifier-coated sugar and other solid particles (cocoa
particles, milk powder, etc.) in liquid fat. The hydrophilic solid particles interact
with each other and determine the flow properties. In consequence, the rheology is
dependent on the shear rate and the flow history. Shear thinning, thixotropy as well
as the yielding behavior at rest are characteristic for chocolate systems.

Shear rate dependency and flow history

Non-colloidal suspensions show different type of flow behavior which are related to the
fluid structure. Thixotropy and rheopexy describe the time dependency at a constant
shear rate, shear thinning (also called structural viscosity) and shear thickening rep-
resent the dependency on the shear rate. Shear thinning behavior is the reduction in
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viscosity when increasing the shear rate, while shear thickening relates to an increase
in viscosity. Shear thickening is also observed in concentrated suspensions—however,
only when exceeding a critical shear rate (Barnes, 1989). At the deformation rates
and time scales applied during chocolate processing, shear thinning and thixotropy
are most relevant.

Barnes (1997) pointed out that “all materials that are shear thinning are thixotropic,
in that they will always take a finite time to bring about the rearrangements needed
in the microstructural elements that result in shear thinning.” Hence, it is a question
of time scale used for observing the flow. Scott-Blair (1944) already stated that if
“recovery is very rapid, the phenomenon is observed as structural viscosity; if slow,
it is observed as thixotropy.” Only reversible changes of fluid viscosity are considered
in this classification. Hence, both conditions have to be met—structure break down
at constant shear and structure build-up at rest (Mezger, 2000).

As reviewed by Mewis (1979) the nature of such systems is generally heterogeneous.
Thixotropy and shear thinning are often pronounced in dispersions of anisometric
particles. As illustrated in Figure 4.3 microscopic processes determine the change in
consistency. In the absence of flow, particles (or molecules) link together and build a
network. The structure formation is determined by the balance between attractive van
der Waals forces and electrostatic repulsion. Either a particulate network structure
or the formation of isolated large flocs will result. A yield stress would be expected
in the first case and a more fluid-like behavior in the second case. The linking forces
can be broken up under shear if the hydrodynamic forces are large enough. As a
result, the resistance against flow decreases with the reducing size of the associated
structural units.

The relation between structure and rheology is illustrated schematically in Figure 4.4
for a thixotropic fluid. As reported by Cheng and Evans (1965), more than one type
of structure can exist in a fluid each being differently affected by the shear rate. The
time dependent behavior arises only because of the changes in structure of the fluid
as a result of shear. Corresponding to the structures A –D in Figure 4.3 flow curves
of constant structure are schematically shown in Figure 4.4 (a).

Cheng and Evans (1965) presented a method for measuring the flow curves of constant
structure. A fluid is first pre-sheared at a certain shear rate until an equilibrium
value is reached. After a sudden change in shear rate, the shear stress is determined
as a function of time. This is repeated for different shear rate steps. The initial
values obtained by extrapolation to time zero refer to the flow properties of constant
structure (curves A – D). Figure 4.4 (a) also shows the difference between flow curves
of constant structure and the equilibrium flow curve (EFC) of a shear thinning fluid
(dτ/dγ̇ < 1). The EFC (solid line) cuts across the curves of constant structure
(dashed lines). Its structure is in equilibrium with the shear rate and the shear
stress does not vary in time. For a shear thickening fluid (dτ/dγ̇ > 1) the EFC cuts
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Figure 4.4: Flow curve/structure relationship in a shear thinning fluid: (a) flow curves
of constant structure (A –D) and equilibrium flow curve (EFC). (b) Build-
up of the yield stress τ0, B after pre-shearing at different shear rates.

the flow curves of constant structure from the opposite side. The time scale of the
measurement has to be selected long enough so that steady state conditions are met.
Conditions above the EFC pertain to ongoing structure break-up. The shear stress
would decrease if the rate is held constant. Below the EFC structure is recovering,
resulting in an increase in shear stress until the EFC is met (Cheng, 1986; Cheng
and Evans, 1965). Due to the limited time of observation, the EFC can only be
approximately measured in reality. This implies that the flow and thermal history
must be taken into account when making predictions of the flow behavior.

One of the favorite way for describing thixotropy is to perform hysteresis loop tests.
Barnes (1997), however, questioned this method since shear rate and time are changed
simultaneously. The interpretation of the hysteresis loop is difficult since its position,
its shape and area reflect an integral information on structural transformation and
the flow history. Instead, Barnes recommends step-wise experiments where the shear
rate or stress is changed from one constant value to an other.

Yield value

Suspensions which are dominated by the particle interaction, often show yielding
behavior. The yield value and the plastic viscosity are important parameters for
chocolate processing. In enrobed products they define the correct weight and the
appearance (Beckett, 2000). The minimum stress required to start shear flow is
called yield value τ0. A shear stress lower than the yield value may only cause elastic
deformation and no permanent deformation (Fincke and Heinz, 1957).
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However, there was lively discussion among the scientists whether yield stress exists in
reality. Barnes and Walters (1985) categorically rejected the existence of a true yield
stress. They considered the yield stress as idealization, obtained from extrapolating
flow curves. For high resolution shear rate measurements down to 10−6 s−1 they
reported that no yield stress was observed. They conjectured that viscosity is always
finite and that it approaches a very high, but constant value in the so-called creep
region. For curve fitting they used the Cross model, which combines a lower and
an upper Newtonian plateau with a power-law type of flow behavior. In contrast,
Astarita (1990) and Schurz (1992) fully accepted the existence of yield stress in an
engineering sense. Later on Barnes (1999) refined the discussion by considering the
characteristic time of observation. Although being convinced that no true yield stress
exists, he stated that “the concept of a yield stress has proved. . . very useful in a whole
range of applications. . . ”. If for engineering purposes short timescales are important,
the concept of yield stress is meaningful for mathematical description. However,
flow properties should not be predicted beyond the shear range of the measurement.
Predictions over long timescales where creep effects dominate should be done without
using the concept of yield stress.

Cheng (1986) pointed out “. . . that the choice of the observation time or shear rate
to use should be related to the characteristic time of the flow process to which the
result is applied. . . ”. He discussed the dependency of the yield stress on the fluid
structure. Similar to the variation of flow curves of constant structure (Figure 4.4 a),
a structure related yield value exists. In thixotropic fluids structure formation—and
consequently the yield stress—is a function of time. After previous structure break-up
under shear, the yield stress approaches an equilibrium value at rest as schematically
shown in Figure 4.4 (b). Moreover, Cheng (1986) distinguished between a static yield
stress as a characteristic of the undisturbed material and a dynamic yield stress found
by extrapolating the EFC to zero shear rate. Schurz (1992) proposed to use the term
apparent yield stress to indicate that it is unknown how the material behaves below
this shear stress limit.

An additional apparent yield stress well below the true yield stress was investigated
by Windhab (1986) and later on by Meeker et al. (2004b) in highly concentrated
suspensions where wall slip is dominating the rheological measurement. It represents
the minimum stress required to start wall slip and is caused by the van der Waals
attraction between the wall and the particles. Windhab (1986) quantified its depen-
dency on the solid volume concentration and the roughness of the wall. However, if
wall slip occurs, the fluid cannot any more be considered as a continuum.

For chocolate, the history of shear and its influence on the yield stress was already
discussed by Fincke and Heinz (1957). They reported that molten chocolate which
has not been agitated has a significantly higher yield value than a previously sheared
sample. However, they also mentioned an increase in yield value after intensive

59



4 Rheology of Confectionery Systems

shearing. Due to the huge variation when measuring the yield stress, they concluded
that the sample preparation and flow history have to be stated additionally to the
yield value itself. The impact of vibration on the flow properties of chocolate was
investigated by Bartusch and Heiss (1961). They showed that the viscosity decreased
and that the yield stress even was evanescent.

There exist different techniques for measuring the yield stress with conventional
rheometers. Most common is the indirect technique, for measuring the dynamic
yield stress. It involves extrapolation of the flow curve to zero shear rate and relies
on accurate experimental data in the low shear rate range. Wall slip, fracture, and
expulsion of the sample are problems commonly encountered at low shear rate range
(Liddel and Boger, 1996). The direct measurement of the yield stress is based on
the assessment of the stress at which the material starts to flow. The most common
methods are (i) stress relaxation after rotating at a constant rate, (ii) stress growth
where the material is sheared at a low and constant shear rate, and (iii) creep test
where the deformation is investigated in several steps of constant stress. Baravian
et al. (2002) reported differences up to 30 % between the different direct methods.

We conclude that the yield stress concept is useful for practice related investigations,
although yielding cannot be represented by one single value.

4.1.4 Wall slip

Measurement of the flow curve of multi-phase systems at low shear rates and quan-
tification of the yield value is often difficult when using conventional rheometer ge-
ometries with smooth surfaces. In most cases the basic requirements of wall adhesion
and the continuum concept are not met. Instead, slip effects are observed. Close
to the wall of the measuring device a film enriched in continuous phase develops
due to depletion of suspended particles. Flow then mainly occurs in the lubricating
thin layer, which results in a much lower torque signal or even the absence of the
yield value (Heimann and Fincke, 1962). The apparent flow can be markedly dif-
ferent from that of the bulk, which has important implications with regard to the
rheological characterization and processing of such materials.

The slip—or better depletion effects—arise from steric, hydrodynamic, viscoelastic,
chemical and gravitational forces (Barnes, 1995). Because the suspended particles
cannot penetrate solid walls there is already a static depletion of particles at the
wall. The isotropy of Brownian motion is also destroyed, which has to be considered
for small particles below 1 µm. Gravitational effects can get relevant for horizontally
aligned geometries like parallel plates and cone-plate.

The slip velocity can be significantly reduced by roughening or profiling of the walls.
Fincke and Heinz (1961) showed that the elaboration of ribbing (width of bar and
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groove) are relevant for the extent of slip formation. Furthermore, the slip velocity
is depending on the shear stress acting of the fluid as shown by Windhab (1986).
This explains why roughening or profiling the rotating inner geometry in concentric
cylinder rheometers is often sufficient to eliminate slip effects.

Mooney (1931) developed formulas for calculating the slip velocity as a function of
the wall shear stress vs = f(τw) for pressure driven capillary viscosimeters and for ro-
tating cylinder viscosimeters. Later on, Rautenbach and Schlegel (1969) investigated
wall slip of concentrated suspensions with the three-gap method for rotating cylin-
der flows. Gleißle and Windhab (1985) presented the “twin-capillarry” rheometer, a
simple device to separate shear and slip-flow. This rheometer was used by Windhab
(1986) to investigate the slip velocity and the film thickness for concentrated suspen-
sions depending on the wall shear stress. He showed that the slip velocity is inverse
proportional to the viscosity of the continuous phase. Moreover, the slip velocity is
scaling with the particle size, and the minimum shear stress to start wall slip is re-
duced when increasing the mean particle size. The findings were confirmed by Barnes
(1995) and Meeker et al. (2004a; 2004b). Meeker et al. (2004b) discussed the wall
slip occurring in soft particle pastes and presented a model to predict slip properties.
They showed that well above the yield stress, the relative contribution of slip to the
deformation by flow is negligible. In contrast, at and below the yield stress, the bulk
flow ceases and the apparent motion is entirely due to wall slip. They compared
results of the slip layer thickness given in different works. Most authors reported a
thickness between 1− 5 % of the particle size. This is based on the assumption that
the slip layer consists of continuous phase only, which in reality does not necessarily
have to be the case. The slip layer gets thinner when increasing the volume concen-
tration of dispersed phase. However, due to the enormous increase in bulk viscosity
the wall slip effect gets more important.

4.1.5 Models for fitting the flow curve of chocolate systems

The correlation between shear stress, τ , and shear rate, γ̇, defines the flow curve of a
fluid and is usually measured by rotational rheology. There exists a large variety of
rheological models for characterising the flow behavior of all kind of fluids. Empirical
models are mathematical fitting functions while phenomenological models incorporate
physical fluid properties into the model equation. A main feature of suspensions is
the presence of a yield value. The simplest model which considers yielding is the
Bingham equation

τ = τ0 + η · γ̇ (4.15)

61



4 Rheology of Confectionery Systems

where τ0 is the yield value and η the plastic viscosity. In most cases however, ductile
fluids do not show a linear behavior at low deformation rates. Extrapolation of the
Bingham equation to zero shear usually results in a yield values which is too high.

Often used models in confectionery systems which also take the shear thinning be-
havior into account are the equations by Casson, Windhab, Herschel-Bulkley, and
Tscheuschner. They are presented below. However, only the Windhab model relates
all constants to physical system characteristics. Additional models used for choco-
late are mentioned in literature, such as the equation by Elson (Chevalley, 1975), a
composite Ellis model (Roberts et al., 2001) or a piecewise regression combining the
Casson and the Bingham model (Wilson et al., 1993).

Casson model

Casson initially developed a flow equation for pigment suspensions which involved a
linear relationship between

√
τ and

√
γ̇ (Heinz, 1959).

√
τ = √τCA +

√
ηCA · γ̇ (4.16)

where τCA describes the yield value and ηCA represents the plastic viscosity. Steiner
(1958) suggested to use this equation for chocolate systems. For rotational viscosime-
ters using a concentric cylinder geometry, he proposed to calculate the shear rate at
the rotating inner cylinder, taking the ratio of the radii ε = Ri/Ra into account.

(1 + ε)
√
τ = 2√τCA + (1 + ε)

√
ηCA · γ̇i (4.17)

He showed that the given simplified correction was appropriate for ε > 0.5 and shear
rates above 1 s−1. This Casson relationship has been adopted as the official method
for the measurement of chocolate viscosity by the Office International du Cocoa et
Chocolat in 1973 (OICC, 1973). The method involved measuring the shear stress
within the shear rate range of 5 s−1 to 60 s−1.

However, not all chocolates flow curves conformed with the Casson equation 4.17.
Especially for milk chocolate and cocoa mass the extrapolated Casson yield value
τCA was significantly lower than the yield value τ0 measured in relaxation experiments
(Heimann and Fincke, 1962). The generalized form of the Casson equation proposed
by Heinz (1959) for pigment suspensions has three parameters.

τm = τmCA + (ηCA · γ̇)m (4.18)
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The exponent m is called flow index. Chevalley (1975) pointed out that the value,
generally found in the range of 0.5 – 0.75, depends on composition and temperature
of the melted chocolate and can be related to the structure (state of agglomeration).
Later on, Chevalley (1991) proposed to use a flow index value of m = 0.6.

Aeschlimann and Beckett (2000) investigated the reproducibility of the Casson flow
parameters in several ring tests between 23 laboratories. They reported a range of
up to seven-fold for the Casson yield value and two-fold for the Casson plastic vis-
cosity although the precision of individual data points was within a range of 12 %.
Differences higher than 20 % were considered to be unacceptably high. They con-
cluded that the Casson model does not exactly fit the flow curve of chocolate. For
improving interlaboratory agreement they proposed to report the shear stress mea-
sured at several specific shear rates. Although the low level of reproducibility and
fair description of chocolate viscosity using the Casson equation has been reported in
literature (Aeschlimann and Beckett, 2000; Chevalley, 1991; Wilson et al., 1993) this
model equation is still often used in industry.

Windhab model

The revised standard method by the International Office of Cocoa, Chocolate and
Sugar Confectionery IOCCC (2000), formerly OICC, suggests the model developed
by Windhab as alternative to reporting the shear stress at certain shear rates. The
four parameters are related to actual physical properties

τ(γ̇) = τ0 + (τ1 − τ0) ·
[
1− e−

γ̇
γ̇?

]
+ η∞ · γ̇ (4.19)

where τ0 is the yield value and τ1 denotes the shear stress which leads to a maximum
shear induced restructuring (represented by the intersection of the tangent to the
flow curve at high shear rates with the τ -axis). η∞ equals the equilibrium viscosity
at high shear rates. γ̇? is the characteristic shear rate at τ ? = τ0 + (τ1− τ0) · (1− 1/e)
at which 63.2 % of total fluid restructuring is completed. The model describes three
segments of the flow curve:

1. At zero shear, the shear stress is equal to the yield value τ0.

τ(γ̇) = τ0, for γ̇ = 0 (4.20)

2. At very high shear rates, chocolate is Newtonian and the flow curve can be
represented by the Bingham equation.

τ(γ̇) = τ1 + η∞ · γ̇, for γ̇ →∞ (4.21)
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3. The shear induced restructuring is described by the exponential term.

Eischen and Windhab (2002) approximated the parameters τ0, τ1 and η∞ using ex-
perimental values at the lowest and highest measured shear rates, which allowed to
create a one-parameter fitting model for γ̇?. Considering the viscosity distribution
within a concentric cylinder shear gap, they applied a shear rate correction for non-
Newtonian fluids. The correction of the flow curve and the one-parameter fitting was
implemented into a computer program (http://www.rheoiccc.ethz.ch).

Tscheuschner model

Tscheuschner presented an equation for fitting the flow curve of chocolate down to a
shear rate of 1 s−1, in a modified form down to 0.1 s−1 (Tscheuschner, 1994; Weipert
et al., 1993). Similar to Eq. 4.19 it involves the yield value τ0, the Newtonian viscosity
at high shear rates η∞ and a term which describes the shear induced restructuring of
the fluid.

τ(γ̇) = τ0 + ηstr1 · γ̇1−n + η∞ · γ̇ (4.22)

ηstr1 is the structure depending viscosity at a shear rate of γ̇1 = 1 s−1. n represents
the flow exponent which quantifies the restructuring process. It is empirical and
has no direct physical interpretation. The modified equation allows to incorporate
the yield value approximately measured at γ̇0.1 = 0.1 s−1. However, in this modified
formulation a shear rate correction is required.

τ(γ̇) = τ0 + ηstr1 ·
[
γ̇ − γ̇0.1

γ̇1

]−n
· (γ̇ − γ̇0.1) + η∞ · (γ̇ − γ̇0.1) (4.23)

Herschel-Bulkley model

An common model for shear thinning fluids with apparent yield stress is the Herschel-
Bulkley model.

τ(γ̇) = τHB + ηHB · γ̇p (4.24)

In this equation τHB stands for the Herschel-Bulkley yield value. The consistency
coefficient ηHB in Pa sp, also called Herschel-Bulkley viscosity, represents the plastic
viscsosity. The flow behavior index p (Herschel-Bulkley index) describes the impact
of shear on the viscosity. Although the equation has no direct physical interpretation,
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p < 1 represents a shear thinning fluid and p > 1 a shear thickening fluid. For p = 1
the Bingham equation is obtained.

The Herschel-Bulkley model is not commonly used for chocolate suspensions. How-
ever, Briggs and Wang (2004) stated the potential of the Herschel-Bulkley constitu-
tive equation for describing the steady-state behavoir of tempered milk chocolate. By
statistical analysis, Sokmen and Gunes (2006) showed that the Herschel-Bulkley well
represented the flow behavior of chocolate containing different bulk sweeteners.

4.1.6 Rotational rheology

There exist several rheometer geometries which are constructed for the large variety
of fluid systems. The size of the particles and the formation of a slip layer at even
measuring geometries have to be taken into account when choosing the geometry.
For a higher ratio of contact surface to sample volume, wall slippage is stronger
pronounced. In addition, the design of the geometry defines the strain and stress
distribution within the gap. Different measuring systems are described in the sections
below.

Cone-plate

A cone-plate geometry has the advantage of a homogeneous shear rate within the
gap. The shear stress and the shear rate are calculated by

τ = 3 ·M
2 π ·R3 (4.25)

γ̇ = vmax

hmax
= ω

tanα (4.26)

where M is the torque, R the radius of the geometry, ω the angular viscosity and α
the cone angle.

The particle size is a constraint when measuring dispersions, due to the small gap
at the center of the geometry. The apex usually is truncated, resulting in a gap at
the center of 50µm. Concerning to Mezger (2000), the particle size should be smaller
than 1/5 of minimal gap width. The particle size of commercial milk chocolate with
an x90, 3 of approximately 30 µm does not meet this requirement. Consequently, the
free volume between the particles will be reduced and the flow behavior is affected.
The cone-plate geometry is therefore not suitable for confectionery suspensions.
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Parallel plates

The parallel plates geometry is defined by the plate radius R and the gap H. For
Newtonian fluids the shear rate and shear stress are given by

τ(R) = 2 ·M
π ·R3 (4.27)

γ̇(r) = ω · r
H

(4.28)

where r is the radial position on the plate. In general, the flow parameters are
calculated at r = R, the outer edge of the plate. For non-Newtonian fluids the
radial gradient of shear stress and shear rate can affect the result substantially. The
advantage of the parallel plate geometry is the free adjustment of the gap width. This
allows to measure dispersions with large particles. Additionally, by roughening of the
plate surfaces wall slip can be prevented easily.

Concentric cylinders

In concentric cylinder measuring systems either the inner (Searle type) or the outer
cylinder (Couette type) is rotating. Most rheometers are based on the Searle design.
The construction is simpler and the resolution is higher. However, at high Re numbers
Taylor vortices are forming (Mezger, 2000).

The curvature of the shear gap results in a shear rate and shear stress distribution
given by

τ(r) = M

2 π · L · r2 (4.29)

γ̇(r) = 2 ·Ri
2 ·Ra

2

r2 · (Ra
2 −Ri

2)
· ω (4.30)

whereM is the torque, L the length of the rotating cylinder, r the radial position and
ω the angular velocity. Ri and Ra are the radii of the bob and the cup, respectively.
For a low aspect ratio, δ = Ra/Ri ≤ 1.1, the non-linear velocity gradient within
the shear gap can be neglected. The standardized aspect ratios in the design of the
geometry are given in the regulations DIN 53019-1 (1980) and ISO 3219 (1993). The
shear rate and shear stress is calculated either at the rotating inner cylinder or at
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the position within the shear gap where the deviation due to non-Newtonian flow
behavior is least (Giesekus and Langer, 1977). The so called representative values,
τrep and γ̇rep, are approximated by

τrep = τi + τa
2 (4.31)

γ̇rep = γ̇i + γ̇a
2 (4.32)

By considering the radius aspect ratio δ of the concentric cylinders the equations can
be written as

τrep = 1 + δ2

2 δ2 ·
M

2 π · L ·Ri
2 · cL

(4.33)

γ̇rep = 1 + δ2

δ2 − 1 · ω (4.34)

where cL is a correction value for the end planes of the concentric cylinder (cL =
1.10 for ISO geometries). For high aspect ratios (δ>1.2), shear rate correction is
recommended (section 4.1.7) and the flow behavior is calculated at the rotating bob.

Vane geometry

The vane is often used for non-Newtonian fluids which display considerable slip ef-
fects at smooth geometries (Barnes and Nguyen, 2001). The vane geometry consists
of usually 2 to 8 rectangular blades which are mounted on a shaft. It is a simpli-
fication of the ribbed cylinder geometry which has been investigated extensively by
Fincke and Heinz (1961) for measuring the yield stress. In contrast to cylindrical ge-
ometries, the vane allows to introduce a testing element into a structured liquid with
a minimum of disturbance of the sample (Barnes and Nguyen, 2001). A wide range of
application from inorganic colloidal dispersions to food systems is reviewed by Barnes
and Nguyen (2001). Liddel and Boger (1996) compared yield stress measurements
using the vane geometry with rate and stress controlled rheometers. They showed
that the yield stress is not depending on the dimensions of the vane geometry, which
supports the concept that the yield stress is a material parameter. Alderman et al.
(1991) suggested that the vane method is most suitable for measuring yield stress
values higher than 10 Pa, whereas for yield values below 2 Pa the concentric cylinder
geometry is preferable.
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The fluid is embedded between the blades of the vane. Numerical simulations by
Barnes and Carnali (1990) showed that for highly shear thinning materials the fluid
within the periphery of the blades is essentially trapped. It can be approximated by
an equivalent cylinder which turns with the vane geometry as solid body. Although
the stream lines are slightly bent for Newtonian solutions, Baravian et al. (2002)
confirmed that the vane geometry can be accurately modeled by a coaxial cylinder
geometry. For the calculation they used an effective radius which was close to the
inscribed circle in the hexagon formed by the six blades.

The drag on the fluid below and above the geometry introduces some error. By
applying end effect correction this additional resistance to flow can be subtracted.
Sherwood and Meeten (1991) calculated the torque end correction for finite vane
geometries with a different number of blades. The results are summarized by Barnes
and Nguyen (2001). For a Newtonian and a power-law fluid Barnes and Carnali
(1990) reported errors of approximately 4 % for a vane with the ratio L/R = 5.6,
where L is the blade length and R the radius of the circumscribing circle.

4.1.7 Shear rate correction for non-Newtonian fluids

The concentric cylinder or the vane geometry are often best suitable for measuring the
rheological properties of dispersions. There is however the drawback, that the shear
stress and the shear rate are not uniformly distributed in the fluid annulus. In con-
sequence, there is no exact method for calculating the shear rate from the measured
quantities, unless the fluid model is known in advance (Nguyen and Boger, 1987).
Due to increasing complexity when investigating non-Newtonian fluids, the flow con-
ditions are calculated at the inner cylinder instead of using representative values. As
summarized by Nguyen and Boger (1987), general approaches for calculating the true
shear rates are deduced from the equation which correlates the rotating speed Ω to
the shear stress as presented by Krieger and Elrod (1953)

Ω =
Ra∫
Ri

γ̇ dr

r
= −1

2

τa∫
τi

γ̇(τ) dτ
τ

(4.35)

The equation cannot be solved analytically for the shear rate at the inner cylinder
unless the rheological model γ̇(τ) is known. Several approximation methods have
been developed based on the Euler-Maclaurin series for non-Newtonian fluids without
yield stress (Krieger and Elrod, 1953; Krieger and Maron, 1954; Yang and Krieger,
1978). This approach does not require knowledge on the correct model equation. The
solution presented by Krieger and Elrod (1953) is sufficient for radius ratios δ ≤ 1.2.
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γ̇i = Ω {n−1 + n−2(1− n′ n−1) ln δ/3 + 1/ ln δ} (4.36)

where δ represents the radius ratio Ra/Ri, and the derivatives of the flow curve
are n = d lnT/d ln Ω and n′ = dn/d ln Ω. Nguyen and Boger (1987) proposed this
approximation even up to a radius ratio δ ≤ 1.5. A power law approximation of
Eq. 4.35 was discussed by Yang and Krieger (1978), given by

γ̇i = 2 Ω
n (1− δ−2/n) {1− C1 n

′ n−1 + 3 (C2 + C3)(n′ n−1)2 − C2 n
′′ n−1} (4.37)

The third order derivative n′′ = dn′/d ln Ω and the coefficients Ci are series functions
of n and δ and can be found in the work of Yang and Krieger (1978). Concerning
to Nguyen and Boger (1987) this equation can accurately be applied to large gap
systems with δ ≤ 2.

Eqs. 4.36 and 4.37 are valid only as long as the fluid is not yielding under the given
flow conditions. This flow condition is schematically illustrated in Figure 4.5 (a).
Although the shear stress is decreasing from the rotating bob to the cup, the shear
stress does not fall below the yield point within the gap (τi/τ0 ≥ δ2). The flow gets
more complex if the shear stress at the outer cylinder falls below the yield value
(τi/τ0 < δ2). For τa < τ0 < τi, only the inner part of the fluid close to the rotating
bob is sheared.
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Figure 4.5: Illustration of the flow in a concentric shear gap, (a) for shear flow over
the whole gap, and (b) under partially sheared conditions (τi/τ0 < δ2).
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As shown in Figure 4.5 (b), the particles in the outer layer of the suspension build up
a network where shear is inhibited. The resulting variable effective gap width, which
is depending on the angular velocity, has to be taken into account.

The correct determination of the shear rate of yield stress fluids therefore requires a
two-step procedure. For the partial shear condition, which presupposes knowledge of
the yield stress, Eq. 4.35 can be solved exactly. Nguyen and Boger (1987) proposed
the formulation

γ̇i = 2 τi dΩ
dτi

= 2 Ω
n

(4.38)

Correction approaches for specific flow models are also given in the literature. They
all imply that the yield value is known in advance. Kelessidis and Maglione (2008)
derived equations for calculating the true shear rate at the rotating bob for Herschel-
Bulkley fluids. They found good agreement with other mathematical methods. Joye
(2003) developed shear rate correction factors for Casson fluids based on the method
of Reiner and Riwlin (1927). For chocolate they reported that the data were not
reliable at low shear rates—most probably, because the Casson equation did not
represent the flow curve well enough. A different mathematical approach for Casson
fluids in the annular space between co-axial rotating cylinders was presented by Batra
and Das (1992). Glenn et al. (2000) applied a mixer viscosimetry approach for power
law fluids using the vane geometry. The basic assumption was that the shear stress
at the bob is equal to the shear stress at the edge of the vane blades when operating
at the same shear rate.

4.2 Materials and methods

4.2.1 Compound masses

For the One-Shot experiments and the rheological characterization compound masses
were used. The continuous phase was palm fat (Akomic2800, Aarhus Karlshamn
AB, Denmark). Unlike CB based masses, no precrystallization was required prior to
molding. The masses were provided by Bühler AG (Uzwil, Switzerland). In Table 4.1
the composition of the basic masses used in the experiments is given.

The emulsifier Palsgaardr 4150 (Palsgaard A/S, Denmark) was used. This polyglyc-
erol polyricinoleate (PGPR, E476) consists in minimum of 75 % di-, tri- and tetraglyc-
erols and contains less than 10 % of heptaglycerols or higher polymers. We added
PGPR in combination with fat for lowering the yield value and the plastic viscosity.
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Table 4.1: Ingredients of the basic masses used as shell and filling mass.

CMM CMS CMW CMWh
Shell Shell Filling Filling

Cocoa powder 20.0 % – – –
Skim milk powder 15.1 % 21.0 % 21.0 % 21.5 %
Sugar 38.1 % 49.1 % 49.1 % 50.3 %
Palm fat Akomic2800 26.6 % 29.7 % 29.7 % 28.0 %
Lecithin 0.2 % 0.2 % 0.2 % 0.1 %
Carbon black – 0.03 % – –
Total fat content 29.0 % 30.0 % 30.0 % 28.3 %

For increasing the viscosity, we added a portion of the pasty compound mass CMWh
which was low in fat and lecithin content.

Two different series, each with five formulations of shell and filling mass were de-
veloped. Series 1 covered a very broad range of flow properties and was used to
demonstrate the influence of the flow properties on a standard One-Shot product.
Systematic optimization was realized with the masses of series 2. The formulations
are given in Tables 4.2 and 4.3. In series 1, we used the shell mass based on CMM,
which contained cocoa powder for coloring. Due to the significantly different particle
interaction compared to the filling mass CMW, it was difficult to adapt both masses
to similar flow properties. In series 2 we stained the mass CMW with 0.03 % carbon
black Monarch (Sika AG, Switzerland) and used it as shell mass.

The term “normal viscous mass” was used as synonym for the masses W-3 and M-3
in series 1 and W-C and S-C in series 2. These masses have similar flow properties
(τ0 and η∞) like the standard milk chocolate (Chocolats Halba, Switzerland) used in
the crystallization experiments.

We studied the impact of PGPR on the rheological properties, using different mixtures
of fat and PGPR. The mixing ratios are given in Table 4.4. We added defined
quantities (0.5 %, 1 %, 2 %, 4 %, 8 % and 16 %) of these solutions to the basic mass
CMW and monitored the impact on the yield value and the viscosity.
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Table 4.2: Series 1: Filling (W) and
shell mass (M) based on
CMW and CMM. Content
of added fat, PGPR and
CMWh in the final solution.

Code Fat PGPR CMWh

W-1 – – 35 %
W-2 – – 11 %
W-3 2.0 % –
W-4 3.0 % 0.1 % –
W-5 7.0 % 0.5 % –
M-1 – – 20 %
M-2 – – –
M-3 1.5 % 0.05 % –
M-4 3.0 % 0.2 % –
M-5 12 % 0.6 % –

Table 4.3: Series 2: Filling (W) and
shell mass (S) based on
CMW and CMS. Content of
added fat in the final solu-
tion.

Code Fat
W-A –
W-B 1.2 %
W-C 2.2 %
W-D 4.0 %
W-E 8.0 %
S-A –
S-B 1.2 %
S-C 2.2 %
S-D 4.0 %
S-E 8.0 %

Table 4.4: Fat (Akomic2800) to emulsifier ratio of the three solutions used.

Solution Fat PGPR
Solution 1 39 : 1
Solution 2 19 : 1
Solution 3 9 : 1

4.2.2 Cocoa butter and chocolate

For investigating the static and dynamic crystallization of cocoa fat systems we used
pure CB (ADM Cocoa B.V., Netherlands) and a commercial milk chocolate (Choco-
lats Halba AG, Switzerland). The TAG composition of the CB and the composition
of the chocolate are given in section 3.3.1. The chocolate contained an extra amount
of 0.8 % CB for compensating the fat addition in precrystallized masses by seeding.
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Figure 4.6: Four bladed vane
geometry (ST22-4V-40).

Figure 4.7: Plate geometry laminated
with sandpaper (PP25SP).

4.2.3 Rheometer geometries

The flow characteristics were measured using a rotational rheometer PHYSICA MCR
300 (Modular Compact Rheometer, Anton Paar GmbH, Germany). The instrument
was equipped with a Peltier tempering unit and a water cooling system. For measure-
ments with the parallel plate geometry, additionally the tempering hood (THP 150)
was mounted. The software US 200/32 (V2.50, Anton Paar GmbH, Germany) was
used to define the measuring conditions and to record the angular velocity and the
torque. Experiments with compound masses and molten chocolate were performed at
40℃. For precrystallized chocolate 28℃ was chosen. The geometry was preheated
to the respective experiment temperature before loading.

Vane geometry

When using the vane geometry the probe volume of 40 ml was poured into the cup.
The cup was slightly vibrated to remove air bubbles. The vane geometry ST22-4V-40
(Anton Paar GmbH, Germany) was mounted and immersed by 10 mm from the sur-
face level. As shown in Figure 4.6, the geometry consisted of 4 wings. The length was
40.0 mm and its encompassing cylinder rv had a radius of 11.0 mm. In combination
with the cup radius rc of 14.46 mm a radius ratio δv = 1.315 resulted.
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Concentric cylinder geometry

The bob of the concentric cylinder geometry CC27 (Anton Paar GmbH, Germany)
had a length of 40.0 mm and a radius of 13.33 mm. In combination with the cup
(radius of 14.46 mm) the radius ratio of δcc = 1.085 was obtained and the probe
volume was 20 ml.

Parallel plate geometry

The parallel plate geometry PP25 (Anton Paar GmbH, Germany) with a diameter of
25.0 mm was used. Both plates of the geometry were laminated with discs of sandpa-
per to avoid wall slip as shown in Figure 4.7. The roughness of 400 corresponded to
a grain size of approximately 64 µm. By inhibiting wall slippage flow characteristics
could be measured down to low shear rates. Considering the particle size distribution
in the chocolate masses, a gap width of 300µm was used which is approximately 10
times the size of the largest sugar particles.

A probe volume of approximately 1 ml was put on the lower plate. The upper plate
was lowered to a gap of 350µm. Excess chocolate discharged from the gap was
wiped off with a spatula. Subsequently, the upper geometry was first lowered to
the measurement position (gap width of 300µm). For maintaining the experiment
temperature, we covered the geometry with the tempering hood.

4.2.4 Flow curve measurement

Equilibrium flow curve

Due to the time dependent flow properties of confectionery suspensions, the flow curve
is also sensitive to the rheological method used. A standard method for measuring
the viscosity of cocoa and chocolate products was developed in 1973 (Chevalley, 1975)
and revised in 2000 by the IOCCC. The method involves measuring the shear stress,
τ , within the shear rate range of 2 s−1 to 50 s−1 in 3 min after pre-shearing up to
15 min at 5 s−1. If curve fitting is applied, at least 10 recording preferentially from
the downwards ramp are suggested. Aeschlimann and Beckett (2000) showed that
the downwards ramp is more reproducible than the upwards ramp.
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We used modified shear rate profiles as given in Table 4.5 for the parallel plate and
the vane geometry. Modifications to the IOCCC method were applied with respect
to:

1. an extended shear rate range

2. better approximation of the steady state conditions

3. prolonged pre-shearing at the high shear rate

Two steps of pre-shearing were applied. The first step lasted for 5 min at 5 s−1. It
helped to reach the equilibrium temperature and to release air bubbles. After the
ascending ramp a second step of pre-shearing was performed. Since restructuring
is depending on the stress acting on the particles and the deformation by shear,
the shear rate for structure break-up was set to a higher value than the maximum
shear rate of the measuring ramp. The upper limit was defined by the geometry.
For preventing low viscous samples draining from the gap, a maximum shear rate of
200 s−1 was defined for the parallel plate geometry. For the vane geometry, the shear
rate was restricted to 250 s−1. The relative deviation within the range of shear rate
investigated was below 1 % for a Newtonian calibration standard (DKD 5000AW,
ZMK-Analytik-GmbH, Germany).

Table 4.5: Shear rate profiles for measuring the flow curves using the parallel plate
and the vane geometry.

Step Duration Parallel Plates Vane Geometry
Preshearing I 5 min 5 s−1 5 s−1

Upwards ramp 1 min 5 – 200 s−1 5 – 250 s−1

Preshearing II 3 min 200 s−1 250 s−1

Measuring ramp (30 Pt) 15 min 150 – 0.05 s−1 200 – 0.01 s−1

The measuring section involved 30 data points on the down-curve with logarithmic
shear rate distribution. The shear rate was reduced step-wise as illustrated in Fig-
ure 4.8 (a). The holding time of 30 s before the data point was recorded allowed the
fluid to approach its equilibrium structure. Although steady state conditions can not
be reached completely for real systems, the result was termed equilibrium flow curve
(EFC).

Transient flow curve

For quantifying the transient flow behavior it was necessary to apply a comparable
flow history to each point in the flow curve. The mass was first pre-sheared at 150 s−1
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Figure 4.8: Shear rate profile (full line) for measuring the equilibrium flow curve (a)
and the transient flow curves (b). Open circles indicate the moment of
data acquisition.

for 5 min. The measurement started with a shear rate step. As schematically shown
in Figure 4.8 (b) data was collected for 30 s. Subsequently, the shear rate was set
back to 150 s−1 for 10 s for breaking up the structures which built-up at the foregoing
measurement. We performed 16 steps between 100 s−1 and 0.06 s−1. From the time
resolved measurements, flow curves at the same time step were generated. The result-
ing curves represented the time dependency of structure formation. In this method
we assumed that the flow history can be neglected and that the structure recovered
completely during the intermediate short exposure to high shear. We used the data
after 1 s to quantify the short time flow behavior. It approximately represented the
structure flow curve.

Data processing for flow curve determination

Due to the non-Newtonian flow behavior of chocolate and the high radius ratio of the
vane geometry we used, a correction of the flow curve as discussed in section 4.1.7
was required. For this correction it was assumed that the fluid between the blades
of the vane was rotating as a solid body. The flow behavior was calculated from the
angular velocity and the torque at the cylinder which borders the vane blades. A
MATLAB (MathWorks, Natick, USA) based script with a Graphical User Interface
(GUI) shown in Figure 4.9 was developed for (i) correction of the flow curve, (ii)
curve fitting to the Windhab, Herschel-Bulkley, extended Casson and Tscheuschner
equation, and (iii) data visualization.
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Figure 4.9: MATLAB GUI for shear rate correction and curve fitting of the flow curves
of confectionery masses.

We used the shear rate correction method proposed by Nguyen and Boger (1987).
Under complete shear condition, i. e. τi/τ0 > δ2, the simple approximation by Krieger
and Elrod (1953) given in Eq. 4.36 was used. For τi/τ0 ≤ δ2 where the material is
only partially sheared in the cylinder gap, the relation of Eq. 4.38 was applied. For
defining the transition, the yield value was initially estimated by linear extrapolation
of the last 5 data points below 0.1 s−1. The local gradient n and its derivative n′ were
obtained from a spline approximation (stepwise power law) of the logarithmic flow
curve. Curve fitting was performed after shear rate correction. All model parameters
were fitted.

4.2.5 Crystallization of cocoa fat systems

The crystallization of pure CB under shear is reported in chapter 2. The shear-
induced crystal formation and transformation was investigated by WAXS experiments
in a concentric cylinder geometry.

In section 4.5, we studied the ongoing crystallization of precrystallized milk chocolate
under shear. Details on the different precrystallization methods we used are given in
chapter 3. The samples were sheared in the rheometer using a parallel plate geometry
laminated with sandpaper (see section 4.2.3). At seven logarithmic distributed shear
rates between 0.1 s−1 and 100 s−1 the shear stress was monitored in intervals of 15 s.
For all experiments the temperature was held constant at 28℃.
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Figure 4.10: Flow curves of the compund mass CMW2 measured with four different
geometries: parallel plates (PP25), parallel plates laminated with sand-
paper (PP25SP), concentric cylinder (CC27), and vane (without shear
rate correction).

4.3 Phenomenological results

4.3.1 Comparison of different rheometer geometries

For quantifying the rheological properties of fluids with yielding behavior, the flow in-
formation at low deformation rates is of interest. Rheometer geometries with smooth
surfaces, however, show wall slip at low shear rates when measuring these fluids.
The impact of wall slip is shown in Figure 4.10 for highly viscous compound mass
CMW measured with different geometries. Single measurements are given, since the
standard deviation was within the size of the symbols. The parallel plate and the
concentric cylinder measuring system clearly showed wall slip below 1 s−1 and 0.2 s−1,
respectively. At low shear rates, the solid particles tend to separate from the wall, so
that the deformation mainly occurs within the continuous fat layer.

By laminating the parallel plates with sandpaper, the impact of wall slip was signif-
icantly reduced. As shown by Windhab (1986), increasing the roughness of the wall
reduces the slip velocity at a given shear stress. In addition, the onset of slip is shifted
to a higher stress. Sugar particles are embedded in the gaps of the granular surface
and form a shearing plane with identical material characteristics as the sample. For
highly viscous masses the shear stress even increased slightly below 0.2 s−1. This
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artifact was caused by the shear rate gradient across the parallel plate geometry and
the non-Newtonian flow behavior. When the shear rate was lowered, the boundary of
yielded chocolate mass moved from the center in radial direction. Thus, the amount
of the yielded volume strongly increased. For highly viscous masses the data points
below 0.2 s−1 had to be discarded before fitting the flow curves to model equations.

The best result was obtained with the vane geometry. The shear stress was leveling
off and approached the yield value when lowering the shear rate. Only for very highly
viscous masses the flow curve was slightly bending upwards at low shear rates. This
was probably caused by a yield layer which started to expand from the outer cylinder
wall for τ < τ0. Consequently, a few data points had to be omitted for fitting.
We assumed a concentric shear gap and applied the shear rate correction described in
section 4.1.7. The corrected flow curve obtained with the vane geometry well matched
the flow curve measured with the concentric cylinder geometry above the transition
to wall slip. The transition point was difficult to predict since it depends on the
radius ratio of the geometry and the flow properties of the fluid. For masses with
high yield value we observed considerable wall slip up to 0.6 s−1. The transition was
shifted to lower shear rates if lower yield values were present. This explains why the
IOCCC measuring interval is limited to 2 s−1 (1 s−1 in the extended range). However,
the fitted yield values obtained by measuring with the official IOCCC method were
up to 50 % higher and the upper Newtonian viscosities were up to 30 % higher than
the results obtained with the vane method. Causes are the higher intensity of pre-
shearing and the wider range of shear rates investigated with our method. The vane
geometry has the advantage that the transition to wall slip does not have to be known.
In addition, due to the higher number of data points at low shear rates, the resulting
yield value is more reliable.

4.3.2 Yield stress

For the One-Shot experiments and the fluid simulation it was important that exact
information on the flow curves of the masses was available. The yield stress was
extrapolated by curve fitting from the EFC, which is called indirect method. Fig-
ure 4.11 (a) shows the shear rate corrected EFC for the highly viscous mass W-A.
The Windhab model well described the flow curve of this mass and resulted in a
yield stress of 22 Pa. With the Herschel-Bulkley equation we obtained a yield stress
of 25 Pa. For this highly viscous mass, values of the flow curve below 0.1 s−1 had to
be omitted because the flow curve slightly bended upwards as the shear rate was de-
creasing. Cheng (1986) postulated that the static yield stress is gradually approached
under such experimental conditions.

We exemplary measured the yield stress directly by applying the shear rate controlled
method proposed by Liddel and Boger (1996) and Tung et al. (1990). In Figure 4.11
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Figure 4.11: Yield stress determination of the mass W-A. (a) Indirect method by
extrapolating the ECF. (b) Direct measurement at different rotational
speeds (circles: 0.002 min−1, squares: 0.005 min−1) after a rest time of
10 min (open symbols) and 100 min (closed symbols).

(b) the results are given for rotation speeds of 0.002 min−1 (circles) and 0.005 min−1

(squares). After pre-shearing for 1 min at 5 s−1, the mass was left at rest for 10 min
(open symbols) or 100 min (closed symbols) before the measurement was taken. The
bend within the first 20 s is a start-up artifact which originated from the instrument.
The maximum stress in the stress-time profile was defined as yield stress. A clear
stress maximum was observed for rotation speeds up to 0.005 min−1. For lower values
we observed a decrease in peak strain, which is disadvantageous for quantifying the
yield stress. Liddel and Boger (1996) investigated the impact of rotational speed on
peak stress for different types of rheometers. The peak values we measured were
between 9− 15 Pa which is 30 – 70 % lower than the yield stress obtained by extrap-
olation of the EFC.

Thus, the rate controlled experiments are not suitable for measuring the yield stress
of chocolate systems. Even low deformations result in an instantaneous modification
of the fluid structure. The stress maximum observed in our experiments probably
represents the stress overshoot during orientation of the particles (Eischen, 2000) in-
stead of the disruption of the structure at rest. Creep experiments would be more
suitable. Ziegleder et al. (1990) performed stress relaxation experiments for direct
determination of the yield stress. The results from the direct yield stress determi-
nation were 20 − 40 % lower than the extrapolated values obtained from the Casson
equation. In contrast, Tung et al. (1990) reported directly measured yield stresses,
which were almost twice as high as the extrapolated values from the flow curve. Due
to the large variations obtained with slightly different rheological methods reported
in literature, we desisted from the separate quantification of the yield stress. The
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indirect method by extrapolation of the shear stress to zero shear rate was simple,
well reproducible and sufficiently exact for the flow simulations.

4.3.3 Selecting the model equation

A series of compound masses, from highly viscous to very low viscous samples,
was measured and fitted to the model equations by Windhab, Herschel-Bulkley,
Tscheuschner and the generalized form of Casson. The fitting quality was assessed,
by the relative error between the experimental and the fitted values and by the spread
of the 95 % confidence interval. The fitting quality is presented for a selection of com-
pound masses. The corrected flow curves of these masses are plotted in Figure 4.12
and the corresponding relative error of fitting to different models is illustrated in
Figure 4.13.
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Figure 4.12: (a) Flow curves of compund masses based on CMM containing 4 % of
fat/PGPR solution to modify the yield value, (b) masses based on CMW
with modified viscosity.

We studied the impact of the yield value on the fitting error by diluting the basic
mass CMM with 4 % of a solution containing different amounts of fat and PGPR
(composition see Table 4.4). Between the addition of fat and solution 1, and between
solution 1 and solution 2 we measured a decrease of the yield value by 80 %. The
viscosity η100 dropped less than 25 %. In Figure 4.13 (a – c) it can be seen, that
models which fitted well at higher yield values showed poor results when the yield
value was low.

The second series based on the mass CMW illustrates the impact of the viscosity on
the fit quality, although the yield value shifted by about the same factor. A similar
trend was found for a given model for all three masses, but the magnitude of the
relative error differed (Figure 4.13 d – f).
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Figure 4.13: Fitting quality for the models by Windhab, Herschel-Bulkley, extended
Casson model, and Tscheuschner represented by the relative error for
different masses: CMM with addition of 4 % (a) fat, (b) Solution 1, (c)
Solution 3. CMW with (d) 20 % CMWh, (e) pure CMW, and (f) with
8 % fat (corresponding to the flow curves in Figure 4.12).
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We compared the quality of fit within a large variety of compound masses. Due to
the largely different shaped flow curves, there was no single flow model which well
described the rheology of all masses. However, there were some trends.

Highly viscous mass: The Herschel-Bulkley and the Tscheuschner equation well fit-
ted the flow curve (Figure 4.13 d). The Casson and the Windhab model pro-
duced higher relative errors.

Normal viscous masses: For high yield values (Figure 4.13 a), the order of decreas-
ing fit quality was: Tscheuschner, generalized Casson, Herschel-Bulkley, and
Windhab model. For moderate yield values the Windhab equation produced
the lowest relative error, however, only in combination with broad 95 % confi-
dence intervall for τ1 and γ̇?.

Low viscous masses: All models provided a similar fitting quality if a yield value was
present (Figure 4.13 b). The Windhab equation fitted best, closely followed by
Herschel-Bulkley, generalized Casson and Tscheuschner. When lowering the
yield value, the Casson model poorly fitted the flow curve. The Tscheuschner
equation produced plastic viscosities η∞ which were unrealisticly high. In low
viscous samples with evanescent yield stress, negative values were obtained
for the parameter τ1 in the Windhab equation and τstr1 in the Tscheuschner
equation. For these flow curves, the Herschel-Bulkley flow index p exceeded the
value of 1.

In most cases, the relative errors were not normal distributed, but showed a systematic
pattern. This proved that the used model equations did not exactly reflect the flow
behavior. In most cases the relative error was within the band of ±10 %. The
extended range of shear rates we investigated (after correction between 0.04 – 0.7 s−1

and 200 s−1) was the major cause. In the limited range between 2 s−1 and 50 s−1 as
proposed in the official method by IOCCC (2000) the relative error for most flow
curves was within the band of ±3 %. It is obvious that the fitting quality improves
when the measuring range is reduced. Sokmen and Gunes (2006) who measured flow
curves of chocolate between 5 s−1 and 60 s−1 even reported a random distribution of
the residuals when fitting to the Herschel-Bulkley equation.

Depending on the viscosity range, the apparent yield value and restructuring by shear,
different models proved to be favorable. However, for comparing the flow properties
of different masses, the rheological data had to be processed equally and fitted to
the same model. We decided to use the Herschel-Bulkley equation for all measure-
ments related to the One-Shot experiments. It allowed to describe the large variety
of flow curves satisfactorily and implementation in the flow simulations was simple.
Although the Herschel-Bulkley model often did not produce the lowest relative errors,
it provided reproducible results with the most narrow 95 % interval for all three fit
parameters. The Windhab equation showed lowest relative errors for normal viscous
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Figure 4.14: Impact of different quantities fat/PGPR mixtures on the flow properties
of the compound CMW. Mean values of duplicates are given.

masses and for masses with low yield value. Since the Windhab equation has four
fitting parameters, the spread of the 95 % interval was wider and the reproducibil-
ity was less compared to the Herschel-Bulkley model (see Tables 4.6 and 4.7). The
generalized Casson and the Tscheuscher equation provided poor results for low vis-
cous masses. Due to the limitation to yield stress fluids the equations by Windhab,
Tscheuschner and Herschel-Bulkley showed the tendency to shear thickening flow
behavior for evanescent yield values.

4.3.4 Impact of PGPR on the flow properties

We added defined amounts of fat and mixtures of fat and PGPR (as given in Table 4.4)
to the basic mass CMW for quantifying the influence on the flow properties. In
Figure 4.14 the results are summarized. By fitting the flow curves to the Herschel-
Bulkley equation, the yield value τ0 was obtained and the viscosity η100 at a shear
rate of 100 s−1 was calculated. The dotted lines indicate different solutions and the
solid lines represent equal percentage of addition. The values given in the figure refer
to the mass fraction in the enriched mass. As an example, 100 g filling mass with 1 %
of Sol 3 equals 99 g basic mass CMW and 1 g Solution 3 consisting of 0.9 g fat and
0.1 g PGPR.
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The skewness of the grid reflects the enhanced reduction in yield value compared to
the viscosity when adding PGPR. A final concentration of 0.1 % PGPR (4 % of Sol 1,
2 % of Sol 2 or 1 % of Sol 3) reduced the yield value by approximately 80 % and the
viscosity by 30 % compared to the addition of pure fat. It is known that PGPR most
effectively reduces the yield value and to a lower extent the viscosity of chocolate
(Karnjanolarn and McCarthy, 2006; Schantz et al., 2003).

Due to the nonlinearity of the effects, such dilution diagrams can be used to adjust
the flow properties of confectionery masses. However, it has to be measured for each
recipe. In addition, the large variety of flow curves for different chocolates can not
be reduced to a pair of parameters. At least a three dimensional plot results, if the
curvature is considered, for example by indication of the Herschel-Bulkley index p.

4.4 Flow properties of compound masses used for
One-Shot experiments

For specifying the rheological properties of the compound masses used for molding,
we measured the flow curves as explained in section 4.2.4. Smooth rheometer geome-
tries, like concentric cylinders, are sensitive to wall slip when measuring concentrated
suspensions. Therefore, we used two different geometries. For the first set of ex-
periments parallel plates laminated with sandpaper were used. The rough surface
structure eliminated wall slip completely. However, the radial shear rate gradient is
a disadvantage—especially when non-Newtonian fluids are measured. For the subse-
quent experiments related to optimization and simulation of the One-Shot process,
a vane geometry was used. The labeling of the masses in the two series was differ-
ent. In the first set of experiments shell and filling mass were denoted as M-i and
W-i. i is a number between 1 and 5, which covers the range of increasing fluidity
(decreasing plastic viscosity and yield stress). The masses in the second series used
for process optimization were termed S-j and W-j, where j is a letter between A and
E in the order of increasing flowability. The range of flow properties was narrower in
the second series and allowed optimization of all mass combinations.

The reliability of fitting to the model equations was represented by the factor s95,
which is the ratio of upper to lower bounds of the 95 % confidence interval (s95 =
c95,max/c95,min) of each parameter. Values close to 1 were always rounded up to
1.05 and higher values were rounded up to one decimal place. The coefficient of
determination R2 was generally higher than 0.9996. The sum of squared errors (SSE)
was not an appropriate measure for comparing the fit quality since it was sensitive
to the magnitude of stress, τ . Deviations from the model equation had a stronger
impact on the SSE for higher than for lower values of τ .
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4.4.1 Rheology of the compound masses M/W (Series 1)

The masses of series 1 covered a wide range of flow properties. We investigated the
applicability of the flow models (section 4.3.3) and visualized the effect of different
mass combinations on the One-Shot products (section 5.6). The flow parameters of
filling (W) and shell (M) mass given Tables 4.6 and 4.7 were measured by parallel
plates and the vane geometry, respectively. The flow curves were fitted to the Wind-
hab and the Herschel-Bulkley models (Eqs. 4.19 and 4.24). Most measurements were
performed in triplicate. The normal and low viscous samples measured with the vane
geometry were performed in duplicate since they were well reproducible.

The highly viscous mass W-1 was difficult to measure. At high shear rates repro-
ducibility decreased. In addition, below 0.5 s−1 the shear stress increased again. Since
this phenomenon is not covered by the model equations, the data points at low shear
rates had to be omitted. Cheng (1986) explained this effect with the gradual forma-
tion of the static yield stress.

Table 4.6: Flow values of filling (W) and shell (M) of the flow curves measured with
parallel plates. The quality of fit is given by the spread s95.

Code Windhab Herschel-Bulkley
τ0 s95 η∞ s95 τHB s95 ηHB s95 p s95
(Pa) (Pa s) (Pa) (Pa sp) (–)

W-1a,b 180 2.3 3.1 >3 190 1.6 6.3 2.1 0.94 1.2
W-2 60 1.3 3.8 1.2 59 1.3 7.3 1.3 0.89 1.05
W-3 16 1.2 2.1 1.2 17 1.2 3.2 1.2 0.92 1.05
W-4b 4.4 1.5 1.5 >3 4.1 1.4 1.6 1.2 1.0 1.05
W-5b, c 0.40 1.7 0.84 1.1 0.43 1.6 0.62 1.2 1.05 1.05
M-1 96 1.2 4.5 1.2 88 1.1 21 1.2 0.73 1.05
M-2 66 1.2 3.5 1.1 62 1.2 14 1.2 0.75 1.05
M-3 17 1.2 2.3 1.1 17 1.2 3.7 1.2 0.91 1.05
M-4c 1.8 1.2 1.5 1.1 1.9 1.3 0.96 1.2 1.08 1.05
M-5b, c 0.32 1.4 0.67 1.2 0.45 1.6 0.43 1.1 1.06 1.05

aMeasurement above γ̇rep = 0.5 s−1
bWindhab: γ̇∗ and/or τ1 with s95 > 3
cWindhab: τ1 < 0, Herschel-Bulkley: p > 1
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Table 4.7: Flow values of filling (W) and shell (M) of the corrected flow curves mea-
sured by vane geometry. The quality of fit is given by the spread s95.

Code Windhab Herschel-Bulkley
τ0 s95 η∞ s95 τHB s95 ηHB s95 p s95
(Pa) (Pa s) (Pa) (Pa sp) (–)

W-1a,b 116 1.6 4.1 2.0 72 2.3 34 1.8 0.67 1.2
W-2b 25 2.3 4.0 1.3 34 1.6 5.6 1.8 0.94 1.2
W-3 12 1.2 2.8 1.1 15 1.2 3.6 1.2 0.96 1.05
W-4b, c 2.3 1.2 1.9 1.05 2.5 1.1 1.7 1.05 1.02 1.05
W-5c 0.31 1.6 0.98 1.05 0.30 1.9 0.70 1.05 1.06 1.05
M-1b, d 110 1.4 4.6 2.0 85 1.5 34 1.9 0.68 1.3
M-2 62 1.3 4.3 1.1 57 1.3 18 1.4 0.76 1.1
M-3 17 1.2 3.1 1.1 16 1.2 5.7 1.2 0.90 1.05
M-4b, c 2.3 >3 2.3 1.05 1.5 >3 2.0 1.2 1.02 1.05
M-5c 0.20 1.4 0.80 1.05 0.27 1.5 0.54 1.1 1.06 1.05

aMeasurement and correction above γ̇rep = 0.5 s−1
bWindhab: γ̇∗ and/or τ1 with s95 > 3
cWindhab: τ1 < 0, Herschel-Bulkley: p > 1
dCorrection above γ̇rep = 0.2 s−1

The results obtained with parallel plates generally showed higher yield values and
lower plastic viscosities. The upper Newtonian viscosity obtained from the Windhab
equation was 15 – 30 % lower when measured with the parallel plates. Also the
Herschel-Bulkley viscosity confirmed this trend. However, the direct comparison of
ηHB is not meaningful since the real viscosity is coupled with the flow behavior index
p. In contrast, the yield value was up to twice as high for both models, compared
to the results obtained with the vane geometry. The difference was higher for the
filling, than for the shell mass. Deviations to this general trend were caused by the
low fitting quality of the Windhab equation at very high viscosities and the wide
spread of the 95 % confidence interval at low viscosities. For low and very low viscous
masses, a negative value of the parameter τ1 in the Windhab equation was obtained
and the flow index p of the Herschel-Bulkley model exceeded the value of 1 which are
indications for shear thickening. This is rather an artifact from fitting than a material
characteristic, since the models are not appropriate if no yield stress is present.
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4.4.2 Rheology of the compound masses S/W (Series 2)

Masses in the second series covered a smaller range of flow properties. The shell
mass based on CMM was replaced because the rheological adaption to the filling was
difficult to achieve. Instead, the filling mass CMW was stained with carbon black
when used for the shell. The Herschel-Bulkley flow parameters of the filling (W)
and shell (S) are listed in Table 4.8. The mean values of triplicate determination
for highest viscosities and duplicates of the other masses are given. In addition,
the viscosity η100 calculated with the fitted parameters is listed. It facilitates the
differentiation of the masses and it considers the Herschel-Bulkley index p. η100 was
used in the simulation when liquifying the product after molding for flattening the
cover.

The maximum variation in viscosity and yield stress was approximately 1 : 4. All fits
showed narrow 95 % confidence intervals with s95 < 1.5 for the yield value and the
Herschel-Bulkley viscosity and s95 < 1.1 for the flow index.

Table 4.8: Flow values of the filling (W) and shell (S) of the corrected flow curves
measured with the vane method. s95 represents the quality of fit.

Code Herschel-Bulkley fit parameters Disc. value
τHB s95 ηHB s95 p s95 η100
(Pa) (Pa sp) (–) (Pa s)

W-A 26 1.5 5.2 1.5 0.95 1.1 4.4
W-B 18 1.4 4.3 1.5 0.94 1.1 3.4
W-C 14 1.2 3.6 1.2 0.92 1.05 2.7
W-D 11 1.2 2.5 1.2 0.94 1.05 2.0
W-E 5.6 1.2 1.4 1.2 0.94 1.05 1.1
S-A 25 1.2 7.1 1.2 0.90 1.05 4.8
S-B 18 1.2 5.4 1.2 0.87 1.05 3.2
S-C 16 1.2 4.2 1.2 0.89 1.05 2.7
S-D 11 1.2 3.0 1.2 0.90 1.05 2.0
S-E 5.9 1.2 1.4 1.2 0.93 1.05 1.1

4.4.3 Transient flow properties

Shear rate step experiments provided information on the transient properties of rhe-
ology. We observed remarkable changes of the flow curve within few seconds due to
thixotropy of the masses. The time response was significantly different for high and
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Table 4.9: Herschel-Bulkley flow parameters of the corrected transient flow curve after
1 s for filling (W) and shell (S) masses measured with the vane geometry.
The quality of fit is given by the spread s95.

Code Herschel-Bulkley fit parameters Disc. value
τHB s95 ηHB s95 p s95 η100, 1s
(Pa) (Pa sp) (–) (Pa s)

W-A1s 29 1.4 14 1.4 0.78 1.1 5.5
W-C1s 14 1.5 7.6 1.3 0.80 1.1 3.2
W-E1s

a 5.4 1.2 1.9 1.2 0.90 1.05 1.2
S-A1s 32 1.4 20 1.3 0.73 1.1 6.3
S-C1s 14 1.7 8.2 1.5 0.80 1.2 3.4
S-E1s

a 5.7 1.3 1.8 1.2 0.89 1.05 1.2

aCorrection above γ̇rep = 1 s−1

low viscous samples. Figure 4.15 illustrates the time evolution of the flow curves for
highly viscous compound mass W-A (subfigure a) and low viscous mass W-E (subfig-
ure b). The only difference in composition is the fat content (see Table 4.3). The yield
value of the highly viscous sample increased slightly and at high shear rates, the flow
curve shifted towards the EFC (dashed line). A significant offset between the flow
curve after 31 s and the EFC remained due to the different shear history. In contrast,
the low viscous mass W-E showed a considerable increase in shear stress at low shear
rates whereas at high shear only minor change could be observed. In Figure 4.16 an
improved time resolution for both masses is given at three different shear rates. It
can be seen, that the trend even reversed during the measurement for certain shear
rates. For example at 0.67 s−1, the representative shear stress increased initially for
both masses. After 3− 7 s a gradual decrease could be observed. This indicates that
structure transformation at high shear rates did not reach equilibrium. Hence, after
the reversible viscosity increase the irreversible structure break-up continued. The
impact of flow history and thixotropy proved to be more important for highly viscous
samples.

The transient flow curve of the low viscous mass at short times (Figure 4.15 b) and
the EFC measured with the concentric cylinder geometry (Figure 4.10) were similar
in shape. However, there were two major differences: (i) the flow curves measured
with the vane geometry were bent at low shear rates for low viscous masses only, and
(ii) the shear stress increased within few seconds, approaching the equilibrium value.
In contrast, wall slip developed only for normal to highly viscous suspensions when
using the smooth concentric cylinders or parallel plates. The slip layer developed
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Figure 4.15: Time evolution of the flow curve (symbols) compared to the EFC (dashed
line), shown for (a) the highly viscous mass W-A and (b) the low viscous
mass W-E.
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Figure 4.16: Time evolution of the shear stress for the highly viscous sample W-A
(open symbols) and the low viscous sample W-E (closed symbols) at
three representative shear rates: 79 s−1 (diamonds), 0.67 s−1 (squares),
and 0.062 s−1 (triangles).

within few seconds, which was expressed by the decreasing shear stress at low shear
rates. Both phenomena, although acting in the opposite direction, might be related
to yielding. They were completed within approximately 20 s.

Time dependent changes were also reflected by the Herschel-Bulkley flow parameters
ηHB (or η100) and p. The fitted parameters after 1 s are given in Table 4.9. The
transient flow curves showed for all masses a gradual increase of the yield value due
to structure recovery of the thixotropic fluids. The change in curvature is represented
by a decreasing ηHB in combination with an increasing Herschel-Bulkley index p.

4.5 Solidification of chocolate under shear

In addition to the static crystallization of chocolate and cocoa butter presented in
chapter 3, we performed dynamic experiments with precrystallized milk chocolate.
We investigated the proceeding crystallization of conventional tempered and seed
precrystallized milk chocolate at 28℃. The experiments were performed with par-
allel plates laminated with sandpaper at several constant shear rates. The stress
evolution at shear rate of 1 s−1 is exemplary given in Figure 4.17 for both methods of
precrystallization. For the same chocolate composition, the initial viscosity of seeded
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Figure 4.17: Shear stress evolution during CB crystallization in milk chocolate under
shear (γ̇ = 1 s−1) at 28℃. The mean value and standard deviation is
given for conventionally tempered (full lines) and seed precrystallized
chocolate (dashed lines).

samples was between 15 % and 35 % lower than for conventional tempered chocolate.
At high shear rates lower differences were obtained, probably due to partial melting
of CB crystals in the conventional precrystallized sample by viscous heating. In the
experiments given in Figure 4.17 the difference in viscosity was 30 %.

The increase in viscosity due to crystal growth progressed in two steps. The first step
was stronger pronounced for conventional tempered chocolate at all shear rates inves-
tigated. A bimodal crystallization kinetic was also reported for static crystallization
of CB in chapter 3. On the basis of XRD data we proposed in chapter 2 it is pro-
posed that a fraction of trisaturated TAGs is responsible for the first elevation. The
recirculation of the conventional tempered chocolate between the tempering column
and the melting tank might explain the difference. Possibly, the CB fraction was not
completely re-melted at 46℃. In consequence, crystals of a higher melting fraction
remained and accelerated the initial crystallization step.

The flow curves in Figure 4.18 were obtained by collecting shear stress information
from constant shear rate measurements at specific points in time. Average values with
standard deviation are given for triplicates. It can be seen that the initial viscosity
of the tempered samples was higher. In addition, significant changes were observed
earlier than for seeded chocolate. An increase by 50 % was reached after 400 – 1000 s
for the tempered and after 800 – 3000 s for the seeded chocolate. For higher shear
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Figure 4.18: Flow curves of chocolate crystallizing under shear at 28℃ after 100 s
(circles), 1000 s (squares), and 3000 s (triangles). (a) Conventionally
tempered chocolate (filled symbols) is compared to (b) seeded chocolate.

rates it took longer due to viscous energy dissipation. Under static conditions at 28℃,
the flow behavior of precrystallized chocolate remained constant for approximately
300 s if conventionally tempered and for 500 s if precrystallized with seed crystals.

4.6 Conclusions

The rheological characterization of confectionery systems is challenging. The size
of the suspended solid particles and the particle interaction implicate complex flow
properties. Wall slip is encountered when measuring with conventional rheometer
geometries and shear rate correction gets important due to the non-Newtonian flow
behavior. The vane geometry proved to be applicable for measuring the equilibrium
flow curve of the large variety of masses we investigated. We suggest to constrain the
shear rate range to 0.1 – 200 s−1 so that shear rate correction can be applied to all
masses without any difficulties. The direct measurement of the yield stress would be
desirable in order to reduce the number of parameters for fitting flow curves. However,
we did not obtain reliable results with the rate controlled method. In consequence,
all model parameters were fitted. We investigated different model equations. Most of
them were fitting well in a limited range of flow properties. But there was no model
which could be designated best suitable for confectionery suspensions. This is the
reason why several authors recommend to compare different chocolates by reporting
the shear stress at distinct shear rates (Aeschlimann and Beckett, 2000; Servais et al.,
2004). We selected the Herschel-Bulkley model since it was applicable to the wide
range of masses we investigated. Fitting was more robust compared to the other
models and it could be easily implemented in the flow simulations. The transient
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flow behavior is also typical for this type of fluids. In processes where abrupt changes
of shear conditions occur, the flow behavior at short time scales is relevant. Hence,
few seconds is the time frame of interest for molding confectionery products, like for
One-Shot co-injection molding. We applied shear rate step experiments to describe
the transient nature of the flow curve. The results can be considered as a rough
approximation to the real processing conditions.
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This chapter summarizes the results obtained with the One-Shot co-injection tech-
nology. The method we developed for systematic analysis is presented in detail. We
discuss the impact of several process parameters on the performance of co-injection
and the final product quality. The flow behavior of shell and filling is most important
for shell formation and its spatial distribution in the final product. By covering a
wide range of rheological properties, we developed approaches for process optimiza-
tion. We discussed this aspect by directly comparing experiments and numerical
solutions.

5.1 Background

The manufacturing process of chocolate and confectionery masses involves several
basic operations like preparation and mixing of ingredients, refining the mixture,
pasting and partial liquefaction of the refined mixture by conching. During thermic
and mechanical treatment in the conche, the final texture and flavor is developed
(Minifie, 1989). Chocolate needs to be precrystallized in a temperer before molding.
This allows the cocoa butter to set in the crystal polymorph βV during solidification.
Different processes for precrystallization are presented in chapter 3. The chocolate
may be mixed with nuts, raisins or small pieces of hard confectionery and is then
deposited into molds. After cooling the solidified tablets, bars or pralines are knocked
out of the mold and can be packed.

First, we will discuss conventional chocolate molding and several technologies used
for filled products. In the following, the focus is directed towards the One-Shot co-
injection process.

5.1.1 Conventional molding process

Plain chocolate tablets are produced on conventional molding lines. The molds often
are pre-heated a few degrees below the temperature of the precrystallized chocolate.
For many years metal molds were used. The polycarbonate molds used nowadays
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have several technological advantages although thermal conductivity is approximately
80 times lower than for stainless steel. After positioning the mold below the depos-
itor, the confectionery mass is fed through a number of nozzles into the cavities. A
rod of liquid chocolate is deposited along the indents as the molds move forward.
After the exact weight is injected, either the mold is lowered or the depositor is lifted.
This breaks remaining strands of chocolate which are attached to the nozzles. The
chocolate then needs to be spread evenly and air bubbles have to be eliminated by vig-
orously vibrating the mold (Beckett, 2008). As shown by Bartusch and Heiss (1961),
the plastic viscosity is lowered significantly and the yield stress almost disappears
under certain vibrating conditions. Barigou et al. (1998) reported Newtonian flow
properties for chocolate vibrated at an amplitude of 0.1 mm and a frequency of 50 Hz.
The molds then enter the cooling tunnel where the chocolate solidifies. The latent
heat of fat crystallization and the specific heat of temperature reduction is removed
within 20 – 30 min at air temperatures between 7℃ and 15℃.

5.1.2 Molding of filled chocolates

Filled products cover a substantial portion of chocolate confectionery market. Choco-
late containing a contrasting filling can be obtained by enrobing a solid core or by
molding. The advantage of molded products is the high variability in shape and
surface structure. However, shell molding production lines are more complex. The
traditional method of producing filled chocolates is to form a shell that is later filled
and backed off (Beckett, 2009). This involves several process steps. The cavities of
the mold are first filled almost to the top. The mold is then vibrated to remove air
bubbles. Subsequently, it is inverted and shaken to drain out all but a thin shell of
chocolate. The flow properties have to be adjusted before to meet the required final
weight. The mold is then turned back and cooled. After dosing the center mass an
additional vibration and cooling step is performed. An additional amount of shell
mass is deposited on top for backing and excess chocolate is scraped off. The product
is vibrated, cooled and finally demolded. There exist several other methods for shell
forming on the market. They are summarized by Gray (2009):

Book molding is similar to conventional shelling. Once the shell has been formed
and possibly filled, two matching halves of the mold are pressed together like a
book. A slight but continuous and even chocolate lip is needed for sealing.

Cold stamping allows to create an accurate shell thickness. After the chocolate is
deposited into the cavity of the mold, a plunger at around −20℃ is pushed
in for distributing and solidifying the mass. Although very low temperatures
are applied, no increase in fat migration or bloom formation was observed by
Ziegleder and Hornik (2003). After the filling is injected, a second chocolate de-
positing unit is required for backing-off as for traditional shell molding. Some

96



5.1 Background

commercial systems are denoted FrozenConer (Aasted-Mikroverk ApS, Den-
mark), Cold Pressr (Knobel Confiseriemaschinen AG, Switzerland) or Cool
CoreTM (Bühler Bindler GmbH, Germany).

Moldless cold forming A chilled former is dipped for a controlled time into pre-
crystallized chocolate. The chocolate shell is then ejected directly onto the
conveyor belt. With this technique thin shells are formed, which are filled and
often enrobed afterwards. Frozenshellr (Chocotech GmbH, Germany) is one
commercial name for this technique.

One-Shot molding enables to deposit both shell and center simultaneously in a sin-
gle work step. The technique is discussed in section 5.1.3 in more detail. The
systems available on the market allow to deposit up to four masses.

Spinning is used for hollow articles. Liquid chocolate is placed in one half of the
mold, which is then closed and spun on two axes.

5.1.3 Chocolate molding by One-Shot co-injection

The One-Shot technology (also called Single-Shot) enables to produce a wide range
of filled articles in a high pace by a much shorter process. Since two masses are co-
injected simultaneously, high demands on mechanical and system controlling have to
be met. In addition, adaptions to the fluid characteristics are required. First purely
mechanical systems have been used by Cadbury Ltd. (UK) already in the 1930s
(Minifie, 1989). But they have only been available at large to confectionery industry
since the 1970s. In recent years the precision and flexibility increased dramatically
by the use of servo drives and computer based control systems (Heller, 2000).

1 2 3 4

Figure 5.1: Schematic illustration of the One-Shot co-injection technology.
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The principle of the One-Shot injection molding process is shown in Figure 5.1. The
concentric double-nozzle is initially lowered into the cavity of the mold (1). Molding
starts by injection of shell mass through the tubular outer nozzle. After a predeter-
mined time the center is co-injected. At the nozzle this results in a ring of shell mass
which is surrounding a rod of filling (2). Subsequently, filling injection stops and a
plug of shell mass is deposited on top to complete the praline. The nozzle is lifted
during injection and finally backed out of the cavity in order to break the strand of
chocolate attached to the nozzle (3). Afterwards, the mold is vibrated for leveling
out the surface and to eliminate air bubbles (4). Cooling and demolding are similar
for all molding techniques. Cooling time is usually longer for One-Shot articles to
avoid cracking of the chocolate.

By merging several process steps into a single operation, the One-Shot technology is
fast and highly flexible. Space requirements, investment costs and energy consump-
tion are lower. However, there are some limitations as summarized by Kniel (2001)
and Beckett (2009):

Temperature of depositing: In case of using precrystallized chocolate as shell mass,
the temperature of the center must not be higher. This is a significant restriction
for molding e. g. hard toffee centers. Since the viscosity is highly temperature
dependent, these fillings can be molded at higher temperatures if conventionally
produced.

Rheology of the masses: The process operates only within a limited range of flow
properties. Also the relative difference in viscosity is a limiting factor. There-
fore, it is often required to adapt the rheology of the masses.

Size of inclusions: It is possible to include only small pieces, such as bits of nuts.
However, even small pieces might block the central channel or break the outer
chocolate layer.

Volume ratio of filling: Early depositors allowed for filling ratios of about 40 %.
For electronically controlled depositors it has been increased to 80 % (Mätzler,
1999). The maximum volume ratio of filling is also depending on the shape of
the articles.

Tailing: A string or “tail” of filling mass is often observed in the cover of the product.
It develops if the filling strand does not break instantly after injection. A tail
can form a passage through the shell layer which results in leakage of the filling
or drying-out during storage if the core is water based.

Crack formation: One-Shot products have to be cooled gently and long enough be-
cause heat transfer from the center needs time. Cooling times of 40 – 60 min are
normally required. At high cooling rates, the formation of cracks is often ob-
served. If the filling starts to contract after shell solidification, the low-pressure
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is equalized by cracking or by bending inward of the free surface. If the con-
tracting shell encloses a non contracting (e. g. water based) core, leakage of the
center mass might occur. A uniform shell thickness and low tendency to tailing
help to prevent cracking.

Oil migration: Oil migration is enhanced during One-Shot co-injection compared to
conventional molding. Ziegleder et al. (2005) and Rohm et al. (2005) showed
that the firmness of One-Shot pralines with a triolein rich filling was signifi-
cantly lower direct after molding. The firmness of conventional molded samples
dropped strongly during storage. Long-term observations showed an equaliza-
tion in firmness and the SFC in the shell layer. Fat bloom formation was even
retarded for the One-Shot pralines, however, only at the laboratory conditions
investigated.

There are more than 20 manufacturers of One-Shot depositors (www.hyfoma.com).
In recent years some further developments have been presented. The Triple-Shot
process (Winkler und Dünnebier Süßwarenmaschinen GmbH, Germany) is designed
for co-injecting three masses with independent drives. By center-in-center injection
it is possible to create a subshell which acts as diffusion barrier (Nöbel et al., 2009).
The name Quadro-Shot (AWEMA AG, Switzerland) is used for a One-Shot depositor
which allows to co-inject up to four different masses. However, like other One-Shot
devices, it is constructed with two independent drives. With each drive two masses
are injected simultaneously.

5.2 Material

All experiments were performed with compound masses which contained palm fat as
continuous phase. Unlike cocoa butter based chocolates, no precrystallization was
required prior to molding. The composition of the base masses is given in Table 4.1
(chapter 4.2.1). The recipes and labeling of the masses we used in both experimental
series are listed in Tables 4.2 and 4.3.

5.3 Process

5.3.1 One-Shot depositor

The experiments were carried out with the One-Shot depositor GKH-ed (Bühler
Bindler GmbH, Bergneustadt, Germany) as shown in Figure 5.2. The system run
with Windows 95 (Microsoft Corp., USA) and a SIMATICPCFI 10 (Siemens AG,
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Figure 5.2: One-Shot depositor GKH-ed (Bühler Bindler GmbH, Germany).

Germany) control panel. The machine could be operated either with constant or
variable dosing velocities. We used the operational mode center deposit filling (CDF)
which allowed for exact proportioning of the mass flow rates.

A graphical user interface was available to set the velocity profiles for dosing shell
and filling mass and the vertical displacement of the lifting stage. As shown in
Figure 5.3, the velocity (in mm/s) was defined piecewise over the molding time (in
ms). Each velocity profile was set by a sequence of linear, quadratic, sinusoidal or
eulerian segments.

In addition, several process parameters had to be set for defining the whole molding
cycle. The volume fraction of the filling was set by the traveling distance of both
dosing pistons. Vertical displacement was performed with a lifting stage. Its base
position, starting position and displacement during injection had to be defined. After
injection the mold was lowered to the base position and a short drawback of the
pistons enabled breakage of the chocolate rod. The parameters involved were the
holding time between injection and breakage of the filament, the displacement and
velocity of draw back. All settings were stored together with the velocity profiles as
“recipe”. The default settings are given in Table 5.1 on page 104.
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Figure 5.3: Graphical user interface for setting the molding profiles.

5.3.2 Data acquisition system

For process control we measured the displacement of the pistons and the lifting stage
as well as the pressure in the feed cylinders. The distance measurement involved
three Micropulse displacement transducers BTL5 (Balluff GmbH, Germany). The
devices were mounted at the frame and floating magnets were attached to the mov-
ing parts. An accuracy of 0.1 mm was achieved at a sampling rate of 10 kHz at stan-
dard processing conditions. Two pressure transducers XTM-190M-17-bar-SG (Kulite
Semiconductor Products Inc., USA) were mounted close to the exit of the dosing
cylinders. Hardware and software for data acquisition were provided by Bühler AG
(Switzerland). The application DAQ-OneShot.exe based on LabView (Version 7.1.1,
National Instruments Corp., USA) was used to initiate data acquisition and to visu-
alize and record the displacement and the pressure signals simultaneously. The data
was analyzed with a MATLAB script (MathWorks, USA). Graphic illustration of the
results and target-performance comparison were obtained.
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5.4 Methods

5.4.1 Molding profiles

There exist innumerable possibilities for setting up molding profiles of two co-injected
masses. In order to reduce complexity, some restrictions were applied. We defined
default settings for the process parameters and the velocity profiles. They were used
for investigating the influence of rheological properties as presented in series 1. All
modifications for product optimization in series 2 based on these standard velocity
profiles.

Standard velocity profiles
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Figure 5.4: (a) Cumulative volume distribution of shell and filling mass with (b) the
corresponding standard velocity profiles which were defined.

By neglecting the flow properties and the hydrodynamic effects, standard velocity
profiles were defined with regard to an even shell formation. It was assumed that
the fluid leaving the nozzle immediately accumulated in the mold. The shape of the
product consisted of a hemisphere with a radius of 14 mm and a cylindrical extension.
Figure 5.4 (a) illustrates the cumulative distribution of the masses along the height
of the praline with a 50 % volume fraction of the filling. The subfigure shows the
corresponding cross-section which was computed by volume integration. A total
injection volume of 9 cm3 resulted in a calculated praline hight of 19 mm with a shell
thickness of 2.36 mm. We applied a molding duration of 1500 ms and restricted the
shell injection velocity to a constant value. The resulting velocity profiles of filling,
shell and lifting stage are shown in Figure 5.4 (b). The velocity values were related
to the cross-sectional area of the nozzles. Consequently, the area enclosed by the
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velocity profiles was different for both masses. Since we assumed idealized molding
conditions, the deviation from homogeneous shell distribution was of hydrodynamic
origin.

The molding process started with injection of shell mass to create the bottom layer of
the hemisphere. When the shell thickness was reached, injection of the filling started.
Within the spherical segment the velocity profile was represented by a second order
polynomial. In the cylindrical part, the velocity was constant as long as both fluids
were co-injected. After depositing the required volume, the filling injection abruptly
stopped and the final shell layer was deposited. The mold which was placed on the
lifting stage was lowered during injection by 20 mm. The standard velocity profile
of the lifting stage involved linear change in velocity at the beginning and the end
of injection (200 ms each) and a constant intermediate segment. After molding was
completed, the lifting stage was lowered for another 40 mm for breaking the mass
filament between nozzle and product. Breakage was supported by a slight drawback
of the pistons, which is represented by the negative velocity during 50 ms.

Profile generator

For process optimization, all velocity profiles were subdivided into linear segments.
As presented in Figures 5.14 – 5.21, the injection profiles consisted of up to 8 segments
for the shell and 5 segments for the filling mass. One additional segment of constant
velocity was used for sucking back each fluid. Lowering the lifting stage involved 7
segments (3 each for injection and descent during filament breakage and 1 for the dwell
time in between). A MATLAB (MathWorks, USA) script was created to calculate
the parameters of the linear segments. The data was adapted to the cross-sectional
area of the pistons used in the experiments. For the flow simulation, adaption to the
cross-sectional area of the nozzles was required.

Default process parameters

In addition to the standard velocity profiles given in Figure 5.4, default process param-
eters had to be defined. Table 5.1 lists the standard parameters used and additional
specifications of the article and the dosing system are given. A low charging velocity
was used to prevent aspiration of air while charging the barrel. Modifications of the
process parameters were restricted to the velocity profiles, injection time, dwell time
before drawback and drawback displacement.

103
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Table 5.1: Specifications and default settings for the molding experiments.

Article filling volume fraction 50 %
resulting shell thickness 2.36 mm
total volume 9 cm3

dimensions d = 28 mm, h = 19 mm
Depositor piston diameter 6.0 mm

center nozzle r = 2.0 mm
ring nozzle ri = 3.0 mm , ra = 4.5 mm

Dosage molding duration 1500 ms
shell injection/drawback 38.0 mm/0.7 mm
filling injection/drawback 37.8 mm/0.7 mm
drawback velocity 15.0 mm/s
dwell time before drawback 710 ms
charging velocity 10 mm/s

lifting stage operating position 77 mm
initial distance to mold 10 mm
injection displacement 20 mm
filament breakage displacement 40 mm

5.4.2 Sample preparation

The ingredients of the filling and the shell mass were mixed and melted in double-
walled vessels at 45℃ using a water bath (Julabo F10, Julabo Labortechnik GmbH,
Germany). The suspensions were stirred with anchor agitators for 1− 2 h at 120 rpm
(IKA RW20 and IKA RE166, Huber & Co.GmbH, Switzerland) in order to homog-
enize the masses and elimininate air bubbles. The reservoirs and the valve block of
the One-Shot depositor were preheated to 40℃ using a water bath (Lauda UKS 1000
PH, Lauda Dr. R. Wobser GmbH, Germany). Subsequently, the suspensions were
filled into the reservoirs. Approximately 100 ml of each mass was ejected initially
until an even outflow was observed.

Single molds made of polycarbonate (Max Riner AG, Switzerland) were placed with
a centering element on the lifting stage as shown in Figure 5.5 (a). The volume of
the cavity was 11.05 cm3 and the radius of the hemisphere was 14.1 mm (Figure 5.5
b). By contraction of the praline during solidification a radius of 14.0 mm resulted.

After injection, the molds were vibrated with a vibrating table (HVL 8/2, Vibra,
Germany) until the surface of the product was plane. The duration of vibration
was adapted to the viscosity of the masses. For low viscous masses, no vibration
was needed, whereas for high viscosities, approximately 6 s were applied. For each
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(a) (b)

Figure 5.5: (a) Polycarbonate mold centered below the nozzle on the lifting stage.
(b) Technical drawing of the cavity (Max Riner AG, Switzerland).

experiment the first two pralines were discarded. Subsequently, eight replicates were
molded. The pralines were cooled in a fridge at 10℃. After 30 – 40 min they were
solidified and could be removed from the mold. Once they reached room temperature
each sample was cut along the center line. The analysis of the products is described
in the next section.

5.4.3 Image analysis

The pralines were cut by hand along the center line with a cutter. An accurate
cross section was important for the subsequent data evaluation. The halved pralines
were digitized with a flat bed scanner (CanoScan LiDE 70, Canon Inc., Japan) and
stored in the JPEG file format. A styrofoam box was used to cover the samples. It
allowed for uniform illumination of the background. A MATLAB (MathWorks, USA)
based GUI was developed for measuring the shell thickness of the praline as shown
in Figure 5.6. The following steps were carried out:

1. Reading the image

2. Manual improvement of the border detection by modifying the bounding box

3. Detection of the outer and inner shell boundaries

4. Calculation of the wall thickness in the cover and the hemisphere

5. Data export as text file and PDF
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Figure 5.6: GUI osim1 for analyzing the shell thickness of the product in the hemi-
sphere and the cover.

The shell thickness was evaluated separately for the hemisphere and the cover. In
the hemisphere the data was given clockwise along the angle, and in the cover from
left to right along the diameter. For each experiment, eight replicates were analyzed
and the average and standard deviation were calculated.

5.5 Impact of process parameters

5.5.1 Displacement during molding

We measured the displacement of the pistons and the lifting stage to check the per-
formance of the One-Shot depositor. Figure 5.7 (a) shows the measured absolute
displacement of the pistons and the lifting stage during an entire molding cycle.
When starting the molding process, the lifting table was first elevated to the start
position. The stage was lowered during injection. The second drop of the lifting
stage represents the movement back to the initial position which helps to break the
chocolate filament. After a short drawback, the pistons moved back to their initial
position and reloaded the cylinders for the next cycle.

A significant offset was identified by target-performance comparison. The target
value of both pistons was 50 mm and 59 mm were measured. We found that for travel
distances between 10 mm and 50 mm the effective displacement was 12 − 18 % higher.
The deviation for filling injection was slightly lower than for the shell. The lifting
stage showed differences between −3 % and 6 %. Figure 5.7 (b) shows the velocity

106



5.5 Impact of process parameters

0 0.5 1.0 1.5
–20

0

20

40

60

80

100

Molding time t  (s)

D
is

pl
ac

em
en

t v
el

oc
ity

  v
 (m

m
/s

)  shell

 filling (a)  (b)

 lifting stage

0 1 2 3 4 5 6

0

10

20

30

40

50

60

70

80

–10

Time t (s)

D
is

pl
ac

em
en

t  
x 

(m
m

)

Figure 5.7: (a) Displacement of the pistons for filling and shell injection and of the
lifting stage, and (b) corresponding velocity profiles (line: nominal curve,
symbols: measured values).

profiles during injection which corresponds to the displacement shown in subfigure
(a) for 2 s < t < 3.5 s. The deviation between nominal and measured values is
indicated with arrows. The differences probably originated from inexact conversion
of the digital values into analogue motor steps. The transformation from rotational
to a linear displacement could also be a reason. Since the deviation was constant for
a given setting, the piston stroke could be corrected accordingly.

5.5.2 Drawback suction

After completing the injection, the pistons were moved for a short distance in the
opposite direction in order to retract the filling into the inner nozzle and to provoke
breakage of the filament. As shown in the previous section, a significant deviation
between set and actual displacement was observed. This was also relevant for the
small drawback movements. Figure 5.8 compares the set value and the effective
drawback suction. As can be seen, settings below 0.5 mm for the shell and below
0.2 mm for the filling had no effect. Only above these threshold values, a displacement
was carried out. No dependency on the mass rheology was observed. The optimal
settings for the standard injection profiles was 0.7 mm for both masses. The resulting
effective displacement was 0.3 mm for the shell and 0.5 mm for the filling.
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Figure 5.8: Comparison of set and actual displacement during drawback given for the
shell mass (closed symbols) and the filling (open symbols).

5.5.3 Pressure measurement

The pressure recordings provided time resolved information on the pressure drop in
the feed channel and the nozzle. The pressure was nearly proportional to the velocity
profiles. Figure 5.9 shows exemplary the pressure evolution during an entire injection
cycle measured for normal viscous masses (S-C/W-C). Due to the relative shift, only
pressure differences were considered. The events represented in the figure are:

(1) rotary valves turn into molding position

(2) start of shell injection

(3) start of filling injection

(4) end of shell injection

(5) end of filling injection

(6) simultaneous backdraw of both masses

(7) rotary valves turn into suction position

Minor relaxation effects were observed after the sudden pressure drop at the end of
shell (4) and filling injection (5). Most important was the information on maximum
pressure difference during injection. The main factors relevant for the pressure build-
up in the duct were the viscosity of the mass and the injection velocity. A maximum
pressure difference of 7.5 bar was measured in the experiments as discussed in sec-
tion 5.5.4. A highly viscous filling was injected with the optimized molding profile at
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Figure 5.9: Pressure evolution during a molding cycle with a normal viscous filling
and shell mass using the standard settings.

a molding duration of 750 ms. Injection of the low viscous shell resulted in a pressure
difference of 0.9 bar. We conclude that the pressure can reach considerably high val-
ues. This is especially for industrial depositors of importance, if multiple nozzles are
fed by a single dosing systems.

5.5.4 Molding duration

The molding duration between 750 ms and 3000 ms had only minor impact on the
product. Cross-sections of pralines consisting of low viscous shell mass and highly
viscous filling are given in Figure 5.10. Fast molding resulted in a wrinkled interface
but the overall mass distribution was similar. For other mass combinations (data not
shown) the shell thickness was significantly reduced in the hemisphere at a molding
duration of 500 ms. Hence, only at very high injection velocities, the increasing
momentum of the fluids affected the mass distribution in the praline.

750 ms 1500 ms 3000 ms

Figure 5.10: Little influence of the injection time between 750 ms and 3000 ms on the
shell formation (S-E/W-A).
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5.5.5 Air inclusions

We observed three different types of air inclusions. Air bubbles can be introduced
during mass preparation and transfer into the hopper. A single bubble can form
either during molding or while cooling of the sample. Origin and prevention of these
defects are discussed in more detail. For illustration cross sections are shown in
Figure 5.11.

(a) (b) (c)

Figure 5.11: Different types of air inclusions: (a) Air bubbles introduced during mass
preparation, (b) process related bubble ascending into the filling, and
(c) air inclusion due to crack formation (S-C/W-C).

Introducing air with the masses: Numerous air bubbles were randomly distributed
within the praline as shown by sample (a). Usually they were smaller than 2 mm
in diameter. They were introduced by mixing and pouring of the masses into the
reservoir of the One-Shot depositor. Only in low viscous masses, the bubbles escaped
by buoyancy. This was however not possible for suspensions with yield value. To
avoid this type of air inclusions, masses were poured slowly along the wall of the
tempered reservoir. The bubbles introduced during mixing could escape.

Process related air inclusion: A single air bubble on the center axis was introduced
at the beginning of the injection process. It formed when the drawback was too strong.
In this case no droplet remained at the nozzle and air even entered the center nozzle.
At the onset of injection, the tubular jet of shell mass enclosed an air cushion between
shell and filling. Vibration of the product before cooling allowed the bubble to rise.
When entering the core, the bubble dragged a filament of shell mass into the filling as
can be seen in sample (b). The length of the drawback suction was therefore crucial
for preventing process related air inclusions.

Air entrance during cooling: We also observed irregular shaped air inclusions close
to the cover of the praline, illustrated by sample (c). The air pocket was always
connected to the exterior—mostly by a hair crack in the shell. We observed that the

110



5.5 Impact of process parameters

cracks formed during cooling. The occurrence was depending on the composition of
the masses and the cooling conditions. The cracks were not only observed in filled
articles. Also for manually poured plain shell mass this type of air inclusions was
observed.

The formation of a homogeneous crystalline network is important for avoiding these
air inclusions. A lower cooling temperature causes a higher nucleation rate and a
higher firmness of the shell. However, by increasing the temperature gradient, stress
cracks were even more likely to occur. Hence, we slowed down the cooling prcess.
The molds were left at room temperature for 20 min before placing them in the fridge
at 12℃. Detachment from the mold was worse in this case.

5.5.6 Crack formation

We observed two different types of cracks. As shown in Figure 5.12, either a hair
crack (a) developed close to the center involving the formation of an air pocket (see
section 5.5.5), or a circular crack (b) appeared. The latter was observed mainly if the
filling well expanded into the edge of the cover, forming a weak spot.

Rapid cooling enhanced cracking. The shell started to crystallize first and built a
solid layer while the core was still liquid. When the core solidified, the contraction
induced a vacuum acting on the solid outer layer. If detachment from the mold did
not start yet, the stress caused breakage of the cover and air was sucked in or a disc
of shell mass lowered into the product. Low viscous masses with a high fat content
were prone to both types of crack formation.

(a) (b)

Figure 5.12: Crack formation during cooling (S-E/W-E). (a) Hair crack in the center,
and (b) circular crack.

111



5 One-Shot Experiments

5.6 Influence of rheology

In the first series, the shell mass M (based on CMM) and the filling W (based on
CMW) were used to investigate the influence of rheology on the product. We used
the standard velocity profiles and process parameters introduced in section 5.4.1.
The composition and the corresponding rheological properties are given in chapter 4
(Tables 4.2 and 4.7). In Figure 5.13 the result is summarized. The viscosity ratio
between shell and filling (measured at a shear rate of 100 s−1) ranged from 9.3 (M-
1/W-5) to 0.088 (M-5/W-1). The viscosity ratio along the diagonal pointing upwards
to the right was approximately 1. With the standard settings, the combination of
normal viscous shell and slightly higher viscous filling (M-3/W-2) provided the best
result. The effect of the different mass combinations is discussed briefly, based on the
rheology of the shell.

M-1/W-5 M-1/W-4 M-1/W-3 M-1/W-2 M-1/W-1

M-3/W-5 M-3/W-4 M-3/W-3 M-3/W-2 M-3/W-1

M-5/W-5 M-5/W-4 M-5/W-3 M-5/W-2 M-5/W-1

increasing filling viscosity
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Figure 5.13: Influence of viscosity ratio on the arrangement of shell and filling within
the praline. Shell (M) and filling (W) mass of different viscosities (5:
low, 1: high) are combined.
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Low viscous shell (M-5): If the viscosity of the shell mass was low, a very thin
shell layer resulted in the hemisphere. The injection of the filling pushed the shell
mass aside causing an accumulation of shell mass in the cover. This was strongest
pronounced in combination with a highly viscous filling. For the low viscous filling,
the shell was evenly distributed in the cover. In contrast, the highly viscous filling
piled up during injection so that the low viscous shell mass accumulated in the corner.
After evening out the surface on the vibrating table, a very thin shell layer resulted
in the center of the cover. Also in combination with the normal viscous filling piling
up was strongly developed.

Highly viscous shell (M-1): The pralines had a thick shell layer at the bottom of
the hemisphere and a wavelike shell distribution in the cover. The accumulation in
the hemisphere originated from the droplet at the nozzle and the initially injected
amount of shell mass. The indentations in the cover were caused by the last step
of shell injection. The resistance to flow of the low viscous filling was not sufficient.
As a result, the shell mass was pushed into the core and formed a depression. In
addition, the filling was pressed into the edge of the cover, unaffected by the filling
viscosity. By increasing the filling viscosity, an improvement in the shell regularity
was obtained.

5.7 Process optimization

The aim of process optimization was to obtain a uniform shell thickness in the pralines
for different mass combinations. This involved adaption of the velocity profiles and
the timing for both masses. Also the displacement of the lifting stage and the timing
of drawback showed to be important.

The following sections discuss the adaptions performed based on the standard set-
tings. Composition and rheological properties of the masses used in this series are
given in chapter 4 (Tables 4.3 and 4.8). For each product the information is pre-
sented in a subdivided illustration (Figures 5.14 to 5.16 and 5.21). The cross-sections
of a praline molded with the standard profile and the optimized settings are given.
For comparison, the contour plot of phase distribution obtained by flow simulation
is shown in the corresponding box. In addition, the shell distribution in hemisphere
and cover is quantified for the experiments and the simulation. The experimental
data are given by the average and standard deviation of 8 replicates. The equilib-
rium flow curve (EFC) values were generally used for flow simulation. For some mass
combinations also the transient flow curves (TFC) given in Table 4.9 were used. Fur-
thermore, the optimized velocity profiles for both dosing systems and the lifting stage
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are plotted. Finally, the droplet at the nozzle is given for the experimental and the
computed result for visualizing the initial phase distribution.

5.7.1 Normal viscous shell / normal viscous filling

Standard settings: As can be seen from Figure 5.14, the mass combination S-C/W-
C showed a considerable accumulation of shell mass in the cover (a1). The indentation
was stronger developed in the simulation. Also the difference between high and low
shell thickness in the hemisphere was stronger pronounced in the computed result
(a2). The white spots at the border of the hemisphere represent air inclusion which
was associated with the impingement of the droplet at the mold in the beginning of
shell injection. In the experiments, this phenomenon was not observed.

Adaptions: The injection profile of the filling was expanded by 250 ms which reduced
the maximum injection velocity by 26 %. Instead of abruptly ceasing the injection,
50 ms were allowed for termination. The displacement of the lifting stage was kept at
20 mm. Shortening the displacement prevented the filling to advance into the edge
and increasing resulted in a higher standard deviation of the shell thickness in the
cover. In this case, the filament which formed at the end of injection flipped over
instead of immersing along the center line.

Optimized product: In the experiments (b1) the shell thickness increased to at
least 2 mm and the depression in the cover was less developed. The result obtained
by flow simulation (b2) improved in the same domains of the product. However, the
thinnest part in the hemisphere only measured 1.3 mm. In the simulated product
the filling was not pushed as deep into the edge as in the experiment. Only minor
improvement was achieved when using the transient flow curve for simulation (b3).
The air inclusions were present in all computed results. They probably influenced
the mass deposition in the bottom of the hemisphere.

Droplet at nozzle: The droplet obtained in the experiment (f1) was converted into
a polynomial and defined as initial condition for flow simulation (f2). No droplet
remained after computing the injection process (f3) because the filament broke close
to the nozzle. The droplet shape is highly depending on the point of filament breakage
which is governed by the rheology and the interfacial fluid properties. The simulation
could not predict the size of the droplet. The shape of the interface between shell
and filling, however, matched well the initial conditions.
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Figure 5.14: Product optimization and comparison between experiment and simula-
tion for normal viscous shell and filling (S-C/W-C). Results obtained
with (a) standard, and (b) optimized settings. Shell thickness in (c) the
hemisphere, and (d) the cover. (e) Optimized velocity profiles. (f) Shape
of the droplet at the nozzle.
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5.7.2 Low viscous shell / low viscous filling

Standard settings: The results of the mass combination S-E/W-E are shown in
Figure 5.15. The experimentally obtained shell thickness in the hemisphere was
between 1.5− 2 mm and the depression in the cover measured up to 6 mm (a1).
These findings were in accordance with the flow simulation (a2). The main difference
to the experiments was the slanted phase boundary in the edge of the cover.

Adaptions: The main approach for optimizing co-injection of low viscous masses
was to delay the start of filling injection to 200 ms (e). Furthermore, the end of
filling injection was prolonged to 150 ms without significantly increasing the shell
accumulation in the edge. Less shell mass was initially deposited since the droplet
at the nozzle was small. In addition, a part of the fluid close to the wall was pushed
sideways during injection due to the low viscosity and low yield stress. For even lower
viscous masses, the delay of filling injection had to be further increased (data not
shown). For the mass combination M-5/W-5 (approximately 30 % lower in viscosity
η100), a delay of 1000 ms was necessary for compensating the displacement of shell
mass to the top.

Optimized product: The experiment (b1) and simulation (b2) showed good agree-
ment. The shell in the hemisphere was homogeneously distributed with a thickness
of approximately 2 mm. The tail of filling mass pointing outwards could not be pre-
vented. It locally reduced the shell thickness to 1.3 – 1.8 mm.

Droplet at nozzle: Due to the low viscosity of the shell mass, only a small droplet
was formed (f1). In the flow simulation the filament broke at the nozzle and no
droplet remained (f3). Air even entered the inner nozzle which was not confirmed by
the experiment.

5.7.3 Low viscous shell / highly viscous filling

Standard settings: The results of the mass combination S-E/W-A are shown in
Figure 5.16. The filling mass formed an almost spherical core with the standard
settings. This resulted in a thin shell layer at the bottom and the top of the praline. In
the hemisphere, the low viscous shell was displaced by the highly viscous filling. This
was corroborated by a deformation rate of approximately 40 s−1 at the shell/filling
interface as calculated by flow simulation. The shell mass drained from the top of the
elevated core and accumulated in the edge. The core computed by flow simulation was
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Figure 5.15: Product optimization and comparison between experiment and simula-
tion for low viscous shell and filling (S-E/W-E). Results obtained with
(a) standard, and (b) optimized settings. Shell thickness in (c) the hemi-
sphere, and (d) the cover. (e) Optimized velocity profiles. (f) Shape of
the droplet at the nozzle.

117



5 One-Shot Experiments

slightly compressed. It was covered with a thick shell layer and showed a indentation
from the end of filling injection.

The experimental results were similar to the mass combination M-5/W-1 shown in
Figure 5.13. However, the flow behavior of the highly different masses in series 1 was
out of range for optimization.

Adaptions: The aim was to increase the shell thickness in the hemisphere, to reduce
shell accumulation in the edge and to minimize the protuberance of filling mass in the
cover. The start of filling injection was shifted to 750 ms (e). Dosing the filling within
500 ms almost doubled the maximum injection velocity. During filling injection, the
shell injection velocity was reduced by 50 %. Consequently, the mass flow rate of the
shell increased at the beginning and the end of product formation. The displacement
of the lifting stage was reduced by 32 % to 13.6 mm. In addition, the drawback of the
filling was conducted during the final step of shell injection.

Optimized product: Several modifications were necessary for product optimization.
However, as can be seen from the cross-section (b1), the protuberance of the filling,
which resulted in a very thin shell layer, could not be prevented. Only the shell
distribution in the hemisphere could be improved by increasing the amount of shell
mass before the filling injection started. It was also possible to push the filling into the
edge by reducing the displacement of the lifting stage. The magnitude of drawback
of the filling proved to be important as explained below.

The solution obtained by flow simulation and based on the EFC (b2) revealed a
considerably higher shell thickness in the hemisphere compared to the experimental
result. Significant improvement was obtained by introducing the transient flow prop-
erties after 1 s into the simulation. A good agreement between flow simulation and
experiment was achieved as shown in subfigures (c) and (d).

Droplet at nozzle: The computed droplet at the nozzle (f3) correlated quite well
with the experimental result (f1). The contour plot also shows that the filament
of filling mass penetrated the droplet. Breakage of the filling strand was obviously
impaired by the huge difference in flow behavior.

Further possibilities for optimization: It was not possible to avoid the protuber-
ance in the cover by adapting the process parameters for the mass combination S-
E/W-A. Even when increasing the quantity of shell mass in the cover, the shell thick-
ness in the center remained below 0.3 mm. By flow simulation, we could show that
the high yield value of the filling was the determining factor. If the flow properties

118



5.7 Process optimization

0 0.5 1 1.5 2
0 0

0.4

0.2

0.8

0.6

1.0

1.2

0.05

0.10

0.15

Time  t  (s)

Ve
lo

ci
ty

 v
s, 

v f
  (

m
/s

) shell
filling

lifting stage v ls
  (

m
/s

)

0 5 10 15 20 25
0

1

2

3

4

5

6

7

8

Diameter  d (mm)

C
ov

er
  c

  (
m

m
)

0 20 40 60 80 100 120 140 160 180
0

1

2

3

4

5

6

7

8

Angle  a  (°)

H
em

is
ph

er
e 

 h
  (

m
m

)

Exp. (b1)
Sim. (b3)

Exp. (b1)
Sim. (b3)

(a)    Experiment Simulation

(b)    Experiment Simulation

(c)

(e)

(d)

(f)

(f2) t = 2.4 s(f2) t = 0 s

(a2) EFC(a1)

(b1) (b2) EFC (b3) TFC

(f1) Exp.

Figure 5.16: Product optimization and comparison between experiment and simula-
tion for low viscous shell and highly viscous filling (S-E/W-A). Results
obtained with (a) standard, and (b) optimized settings. Shell thickness
in (c) the hemisphere, and (d) the cover. (e) Optimized velocity profiles.
(f) Shape of the droplet at the nozzle.
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Figure 5.17: Shell distribution obtained by flow simulation by co-injecting the masses
S-E/W-A with the optimized velocity profiles. The shell thickness in
the hemisphere (a) and the cover (b) are calculated for the EFC, the
transient flow properties at 1 s (TFC) and for a Newtonian case.

were set Newtonian using the viscosity at a shear rate of 100 s−1, the computed shell
distribution in the cover improved. Figure 5.17 shows that the protuberance could
be significantly lowered without changing the optimized molding parameters. It can
be predicted that the shell would reach at least 2 mm in any part of the praline. In
practice, repression of the yielding behavior can be obtained by applying vibration
during molding. Transmission of vibration from the lifting table to the mold might
be simpler to realize than vibrating the nozzle plate.

Drawback of the filling: As shown by flow simulation in Figure 5.16 (f3), the filling
filament extended far into the droplet. The drawback is therefore an important
parameter for breaking the filament. Figure 5.18 shows cross-sections of pralines
molded with different drawback displacements. The set values of 0.4 mm, 0.7 mm
and 1.5 mm corresponded to actual values of 0.2 mm, 0.5 mm, and 1.4 mm. For the
smallest displacement a continuous filament must have remained in the droplet. It
was deposited at the onset of injection connecting the core to the bottom. In the
cover the filament was also extended to the surface. When increasing the drawback,
break-up occurred and a droplet of filling was enclosed in the shell. At high drawback,
a spike developed in the hemisphere which was comparable to the peak observed in
the flow simulation (b3) in Figure 5.16. The optimum was obtained at a setting of
0.7 mm.
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(a) (b) (c)

Figure 5.18: Impact of the drawback suction on the filament breakage for the
mass combination S-E/W-A. Effective displacements of (a) 0.2 mm, (b)
0.5 mm, and (c) 1.4 mm.

5.7.4 Low viscous shell / normal viscous filling

In section 5.7.3 we discuss the limits for optimizing pralines with a low viscous shell
and a highly viscous filling. In the following experiments we varied the flow properties
of the filling without changing the shell mass. The optimized velocity profiles obtained
for the mass combination S-E/W-A given in Figure 5.16 (e) were used for molding.
Figure 5.19 shows the cross-section of representative pralines molded with the filling
mass W-A, W-B and W-C. It can be seen that the shell mass in the hemisphere
was displaced less when lowering the viscosity of the filling. The shell thickness
increased and the core experienced a higher deformation. Only little, but significant
improvement in the cover was obtained. For the mass combination S-E/W-B, it was
possible to lower the protuberance in the cover so that a weak spot in the center
could be avoided.

(a) (b) (c)

Figure 5.19: Variation of the filling mass and its influence on the shell distribution.
The filling mass W-A (a), W-B (b) and W-C (c) was injected with shell
mass S-E applying the optimized velocity profiles for S-E/W-A.

Adaptions: The pralines produced with the mass combination S-E/W-C were op-
timized. Based on the improvements for S-E/W-A, the start of filling injection was
shifted to 400 ms as shown in Figure 5.20 (a). The prolongation of filling injection
reduced the maximum velocity by 33 %. In addition, timing of the shell mass was
adapted to the filling injection profile.
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Figure 5.20: Product optimization of the mass combination S-E/W-C. (a) Optimized
velocity profiles, (b) comparison between experiment and simulation.
Evaluation of the shell thickness in (c) the hemisphere and (d) the cover.

Optimized product: Adaption of the velocity profiles produced good agreement
between experiment and simulation as shown in Figure 5.20 (b – d). The thinnest
part in the center of the cover reached 1.6 mm. The depression caused by the final
step of shell injection was stronger developed in the experiment.

5.7.5 Highly viscous shell / low viscous filling

Standard settings: The combination of highly viscous shell mass and low viscous
filling (S-A/W-E) resulted in a very uneven shell distribution. The experimental
sample and the simulated result shown in Figure 5.21 both show a considerable ac-
cumulation of shell mass at the bottom of the hemisphere and in the cover. Between
bottom and top the shell was wrinkled and its thickness was partly below 1 mm. The
experiments showed a good reproducibility of wrinkling. This type of instability cre-
ated difficulties in the flow simulation. In some parts, the convergence criterion was
not reached within 150 iterations. The presence of irregularities could be predicted

122



5.8 Conclusions

by flow simulation, however not their exact position. Air inclusions were obtained in
the simulation, visible as white spots at the bottom of the hemisphere. They were
not in accordance with the experimental finding.

Adaptions: The main aspect for optimization was the prolongation of filling injec-
tion from 50 ms to 1450 ms, which reduced the maximum injection velocity by 32 %.
The gradual increase during 550 ms proved to be important. The lifting stage was
reduced by 32 % and the same timing was chosen as in section 5.7.4.

Optimized product: Significant improvement in the overall shell distribution was
obtained. The earlier start of filling injection reduced the shell mass accumulation
at the bottom of the hemisphere. Prolonged molding reduced the depression in the
cover. The additional reduction of the displacement of the lifting stage to 13.6 mm
significantly improved the regularity of the product. Thinning of the shell along the
hemisphere was stronger developed in the flow simulation. An asymmetrical shell
distribution was found in the experiment. This was probably caused by slight off-
centered mounting of the nozzles.

A tail of filling mass—approximately 3 mm in length—reached into the cover. Obvi-
ously, breakage of the filling strand was impaired by the highly differing flow proper-
ties. By increasing the drawback suction to 1.5 mm, tailing could not be eliminated.
In contrast, the regularity of shell distribution in the hemisphere worsened.

Droplet at nozzle: A stable droplet of 10 mm length remained at the nozzle (f1).
The experimental result and flow simulation (f3) showed quite good accordance. A
thick strand of filling mass inside the droplet corroborates the finding of poor filament
break-up stated above. The shape of the phase boundary, however, significantly
deviated from the initial condition (b2). Recalculation with an updated initial phase
distribution is desirable.

5.8 Conclusions

The One-Shot technology was discussed for filled pralines, consisting of a core en-
closed by shell mass. We presented an approach for systematic product optimization,
involving image analysis of experimental samples and flow simulation. For quanti-
fying the spatial shell distribution of One-Shot products, a method was introduced.
Overall, there was a good agreement between experimental results and flow simula-
tion when considering the cross section of the final product. Minor differences were
observed, such as the intensity of certain shell distribution patterns or the inclusion
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Figure 5.21: Product optimization and comparison between experiment and simula-
tion for highly viscous shell and low viscous filling (S-A/W-E). Results
obtained with (a) standard, and (b) optimized settings. Shell thickness
in (c) the hemisphere and (d) the cover. (e) Optimized velocity profiles.
(f) Shape of the droplet at the nozzle.
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of air in the simulation for some mass combinations. Higher deviations were found
in the droplet which developed at the nozzle after breakage of the mass strand. The
location of break-up is sensitive to rheology and surface properties of the masses.
These parameters were probably not accurate enough for computing the final process
step—provided that the flow calculation was exact. However, it is possible that the
mesh width of 0.25 mm at the nozzle was still too coarse. In addition, computational
fluid dynamics is based on the continuum approach, whereas a multitude of particles
and molecules interact in reality.

Optimization was achieved mainly by stretching or compressing the injection velocity
profile of the filling. In addition, displacement and timing of the lifting stage was
important. For pralines with a low viscous shell and a highly viscous filling, the limit
of optimization was discussed. The poor break-up of the filling filament and the high
yield value of the core resulted in a thin spot in the center of the cover. Improvement
by adapting the process parameters was not successful. However, by flow simula-
tion we showed that significant improvement should be achievable if yielding can be
suppressed.

Flow simulation helps to visualize and to understand the hydrodynamic fluid interac-
tion during co-injection molding. Time resolved information on the phase distribution
facilitates target-oriented process optimization. Further information, as e. g. tracking
of single fluid elements, would be desirable.

Although the molding duration of 1500 ms was kept constant for most experiments,
acceleration of the molding cycles should be possible. An overall process speed-up
can be applied in case the viscosities are not too low. An other possibility would be
the acceleration of single-phase injection, as during the initial and final stage of shell
injection.
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6 One-Shot CFD Simulation

Computational fluid dynamics (CFD) is particularly dedicated to fluids that are in
motion. Process engineers want to find out how the fluid flow behavior is influencing
processes that may include heat transfer or even chemical reactions. The physical
characteristics of fluid motion which govern the process of interest can be described
by fundamental mathematical equations. These governing equations are implemented
in computer programs, allowing to apply them to a large variety of specific flow prob-
lems. Through CFD one can gain an increased knowledge on how system components
are expected to perform, in order to design more efficient processes.

Simulation driven product and process development aims to reduce development cy-
cles and to lower cost while time consuming experiments can be replaced. CFD is
already used for a large variety of food processes as summarized by Sun (2007). In
this work the One-Shot process is optimized aided by flow simulation. Time resolved
information on the spatial distribution of the shell and filling mass are obtained. This
provides a basis of decision for target-oriented adaptations. Beforehand, the simu-
lation has to be set up and the quality of the result has to be judged. Of course,
a direct deduction of the optimal process parameters would be desirable. However,
since chocolate molding is an irreversible process with a high degree of interrelation
between the many parameters, no predefined approach exists.

In this chapter, the approach used for simulating One-Shot co-injection of filled choco-
late products is described in detail. The molding process, which applies time depen-
dent velocity profiles and movement of the cavity, is simulated with the commercial
CFD code Fluent (ANSYS Inc., U. S.A.). The main challenge is the deformation of
the computational domain during simulation. This requires special treatment for the
mesh and the simulation set-up. A method for tracking interfaces is applied since
multiple phases—shell, filling, and air—are involved.
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A  pre-processor B  solver

C  post-processor (9)
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mesh generation (2)

material properties (3)

boundary conditions (4)
Solver Settings:

initialization (6)

solution control (7)
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Figure 6.1: Interconnection of the elements involved in CFD analysis, modified from
Tu et al. (2008).

6.1 Background

6.1.1 Basic steps for the CFD solution procedure

This section gives a general overview for setting up a flow simulation. Details to the
application to One-Shot are given in section 6.3. A CFD analysis involves the three
elements pre-processor, solver, and post-processor. As illustrated in Figure 6.1 they
can be further divided into several steps. The main procedures are:

1 creation of geometry: The geometry represents the computational domain in
which the flow is calculated. In order to reduce computational effort, the real
physical domain is simplified so far that the result is not significantly influenced.
The reduction from tree to two dimensions and the consideration of symmetries
speeds up the computation or improves the accuracy. For internal flow prob-
lems (e. g. pipe flow), the dimension of the geometry has to be chosen such that
the flow dynamics are sufficiently developed over its length.

2 mesh generation: CFD requires the subdivision of the computational domain
into a number of smaller, nonoverlapping subdomains in order to solve the flow
physics within the geometry. A mesh has to be created which covers the entire
geometry. Single cells are called control volumes. Later on, the discrete flow
values, such as velocity, pressure, temperature and other transport parameters,
are calculated numerically for each cell. The accuracy of a CFD solution is
governed by the number of cells within the computational domain.

3 material properties: The fluid properties such as density and viscosity have to be
specified. If heat transfer is involved, additional parameters such as the thermal
conductivity and the specific heat coefficient are required.
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4 boundary conditions: If a fluid is entering and leaving the flow domain an inflow
and (for incompressible fluids) an outflow boundary is required. At the inflow
boundary the fluid velocity or the pressure is specified. By definition, the rela-
tive velocity is zero at solid walls. Open boundaries should always be located
far enough from the region of interest to prevent artifacts.

5 flow physics: Information on the flow physics is required for correctly computing
the characteristics of the fluid flow. It has to be specified whether

– the simulation is for transient or steady solutions

– the fluid is inviscid or viscous

– viscous fluids exist in their laminar and/or turbulent state

– the fluids are compressible or incompressible

– heat transfer has to be considered

– the flow is classified as internal or external

6 initialization: Starting conditions, such as the initial phase distribution, need to
be defined for transient simulations. For steady-state solutions, a good initial
guess results in quicker convergence and less computational effort.

7 solution control: Almost all general purpose commercial codes adopt the finite
volume method (FVM) as their standard numerical solution technique (Tu
et al., 2008). The algebraic forms governing the fluid flow are approximated
by the application of finite-difference-type of approximations to a finite volume
cell in space. At each face of the cell volume, surface fluxes of the transport
variables can be determined through different interpolation techniques such as
first or higher order upwind schemes. A solution procedure (such as the SIM-
PLE or, PISO algorithm) is used for iteratively obtaining the solution. The
method links between pressure and velocity, which predominantly accounts for
the mass conservation within the flow domain. Further information on inter-
polation schemes and pressure-velocity-coupling are given in sections 6.1.4 and
6.1.5.

8 convergence criteria: Convergence of the iterative process and grid independence
are the two main aspects characterizing a successful computational solution.
Convergence is assessed by tracking the imbalances during advancement of the
numerical calculations of algebraic equations through each iteration step. The
imbalances, also called residuals, measure the overall conservation of flow prop-
erties. A converged solution is achieved when the residuals fall below some
convergence criteria (tolerance value).
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9 post-processing: Different methods exist for analyzing and visualizing the many
physical characteristics of the solution. Vector plots and contour plots provide
a global description of the fluid flow condensed in one picture, while X-Y-plots
are more adequate for quantitative representations. Animations are a compact
way for visualizing transient solutions.

6.1.2 Flow equations

In order to describe the flow of a fluid, a set of conservation equations and a constitu-
tive equation describing the rheological behavior of the fluid are required. Conserva-
tion equations represent mathematical statements of the conservation law of physics.
The three most important physical laws are conservation of mass, conservation of
momentum, and conservation of energy. If temperature effects can be neglected, con-
servation of mass and momentum are the only equations governing the fluid transport.
Transport phenomena are mathematically described with balance equations. They
are based on the following consideration: a conserved quantity can change in a con-
trol volume by flux through its boundaries and due to sources or sinks (Paschedag,
2004).

Continuity equation

Mass conservation in time and space is known as continuity equation. Since mass can
neither be created nor destroyed, mass conservation requires that the rate of change
of mass within a control volume which is fixed in space and whose boundary is also
fixed in space, equals the mass flux crossing the surface S of the control volume V .
The integral form of the continuity equation is given by

d
dt

∫
V

ρ dV = −
∫
S

ρv · n dS (6.1)

where ρ is the density, v is the velocity vector, and n is the unit normal vector
pointing outwards from the boundary of the control volume. By applying the Gauss’s
divergence theorem to the right hand side (RHS) of Eq. 6.1, we get

d
dt

∫
V

ρ dV = −
∫
V

(∇ · ρv) dV (6.2)

Gauss’s theorem states that the volume integral of the divergence of a vector field
inside the surface is equal to the outward flux of a vector field through the surface
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of the control volume. Since V is a volume which is fixed in space, we can bring the
time derivative inside the integral on the left hand side (LHS) to obtain the integral
form of the continuity equation

∫
V

[
∂ρ

∂t
+∇ · (ρv)

]
dV = 0 (6.3)

Eq. 6.3 is valid for an arbitrary control of volume V . Therefore we can eliminate the
integral sign which gives the differential form of the continuity equation

∂ρ

∂t
+∇ · (ρv) = 0 (6.4)

If the fluid is incompressible and has a constant density, the continuity equation
reduces to

∇ · v = 0 (6.5)

Momentum equation

Since the motion of the fluid is of interest, the velocity field is important and therefore
the momentum conservation has to be satisfied. The momentum equation is based
on a generalized form of Newton’s second law: F = m a, where F is the force vector,
m the mass point, and a the acceleration. The generalization of Newton’s second law
for fluids is given by

F = D I
Dt = D

Dt

∫
V

ρv dV (6.6)

where I is the momentum vector, V is the volume of the fluid element moving with
the flow, ρ is the fluid density, and Dv

Dt is the substantial derivative of the velocity
with respect to time. It is defined as following

D
Dt = ∂

∂t
+ v · ∇ (6.7)

where ∂/∂t is the local derivative and v · ∇ the convective derivative. It allows to
formulate a time derivative as we follow a volume element in the flow (Lagrangian
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viewpoint) in Eulerian variables. Eq. 6.6 can be reformulated considering the def-
inition of the substantial derivative in Eq. 6.7 and by applying Gauss’s divergence
theorem:

D I
Dt = d

dt

∫
V

ρv dV
︸ ︷︷ ︸

(1)

+
∫
S

ρv v · n dS
︸ ︷︷ ︸

(2)

(6.8)

Term (1) denotes the change of momentum of a fluid element fixed in space. It is also
called local rate of change. Term (2) represents the net flux of the momentum through
the bounding surface S of the volume V . For obtaining the momentum equation we
must account for any type of momentum flux that occurs due to the transfer of mass
through the boundaries of a control volume. The change of momentum of a fluid
element fixed in space (1) results from

(2) the net flux of the momentum through the bounding surface S (also called
convective term),

(3) external surface forces acting on the bounding surface S which are exerted by
the surrounding fluid by collision and interaction of the molecules,

(4) and the external body forces, which act on the fluid in the volume V (e. g. grav-
ity).

Hence, the conservation of momentum can be written similar to the approach used
for the mass balance conservation 6.1 under consideration of these three forces:

d
dt

∫
V

ρv dV
︸ ︷︷ ︸

(1)

= −
∫
S

ρv v · n dS
︸ ︷︷ ︸

(2)

+
∫
S

π · n dS
︸ ︷︷ ︸

(3)

+
∫
V

ρg dV
︸ ︷︷ ︸

(4)

(6.9)

π is the total stress tensor and g is the gravity field, which can be replaced by any
external body force. By applying the Gauss’s divergence theorem to the surface
integrals and bringing the time derivative on the LHS inside the integral (since V is
a fixed volume in space), we obtain the integral form of the momentum equation:

∫
V

∂(ρv)
∂t

dV = −
∫
V

∇ · (ρv v) dV +
∫
V

∇ · π dV +
∫
V

ρg dV (6.10)

For an arbitrary control volume, Eq. 6.10 can be simplified to the differential form of
the momentum equation
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∂(ρv)
∂t

= −∇ · (ρv v) +∇ · π + ρg (6.11)

which is valid for any kind of fluid (compressible, incompressible, Newtonian and
non-Newtonian). Most of the terms in the equation involve the quantities v, ρ and
∇ which are straightforward to relate to flow problems. The term ∇ · π represents
molecular contributions, which include pressure and viscous force per unit volume

∇ · π = −∇p+∇ · τ (6.12)

τ is called the viscous stress tensor or extra-stress tensor. It links the set of conser-
vation equations with the constitutive equation describing the rheological properties
of the fluid (see section 4.1.1).

Special case for incompressible Newtonian fluids: By using the constitutive equa-
tion τ = η γ̇ when assuming a Newtonian fluid, the expression ∇ · τ becomes

∇ · τ = η∇ · γ̇ = η∇2v (6.13)

When considering Eq. 6.13 for Newtonian flow and Eq. 6.3 for incompressible fluids,
Eq. 6.11 can be transformed into the Navier-Stokes equation.

ρ

(
∂v
∂t

+ v · ∇v
)

= −∇p+ η∇2v + ρg (6.14)

6.1.3 Discretization methods

For complex flow problems, no analytical solution can be derived. Hence, the govern-
ing equations have to be discretized in space and time, resulting in a discrete solution
at a finite number of locations (Ranade, 2001).

The process for obtaining a computational solution consists of two stages. The first
stage involves the conversion of the partial differential equations (from the conser-
vation laws) and auxiliary equations (representing boundary and initial conditions)
into a system of discrete algebraic equations. This stage is called discretization. In
the second stage, numerical methods are implemented to provide a solution of the
system of algebraic equations.
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There exist different methods for discretization, such as finite-difference (FDM),
finite-volume (FVM) or finite-element (FEM). They are briefly described in the fol-
lowing sections. All methods yield the same solution if the grid (number of discrete
locations used to represent the differential equations) is adequately fine. However,
some methods are more suitable to particular classes of problems than others (Ranade,
2001).

Finite-difference method

The FDM is the oldest method for the numerical solution of partial differential equa-
tions. In this method the solution domain (computational nodes) lies on top of the
grid intersection points as shown in Fig. 6.2 (a). The differential equations are ap-
proximated at each grid point in terms of variable values of neighboring grid nodes.
Starting point to the representation of the partial derivatives in the governing equa-
tions is the Taylor series expansion. The partial derivative is replaced by a suitable
algebraic difference quotient. For example at the position (i, j) (in Figure 6.2 (a), the
first-order derivative in x-direction of a generic flow field variable φ can be expressed
by

(
∂φ

∂x

)
= φi+1, j − φi−1, j

2 ∆x +O(∆x2) (6.15)

In this case, a central difference approximation was used. It depends on values at both
sides to the node in x-direction. The term O(∆x2) represents the truncation error of
the finite-difference approximation. It measures the accuracy of the approximation
and determines the rate at which the error decreases as the spacings between the
points is reduced (i. e. the grid is refined). Eq. 6.15 is considered to be second
order accurate. Forward difference and backward difference are considering only
one neighboring value in addition to the value φi, j and therefore are only first-order
accurate.

For simple geometries with orthogonal grids, the FDM is very simple and effective.
However, conservation is not enforced, which is a major limitation of this method.

Finite-volume method

The computational domain is subdivided into a finite number of contiguous control
volumes. Since the FVM uses the integral form of the conservation equations as
its starting point, the conservation of relevant properties is ensured in each control
volume and also globally.
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Figure 6.2: Two dimensional cartesian grids for (a) the finite difference method, and
(b) the finite volume method using compass notation. Full symbols mark
boundary nodes and open symbols the computational nodes.

The differential equation is integrated over the volume of each computational cell
to obtain the algebraic equations. As illustrated in Fig. 6.2 (b), variable values are
stored at the cell centers. Values at cell faces for computing the fluxes across the
border are approximated by using cell center values of neighboring cells. Surface and
volume integrals are approximated with suitable quadrature formulae. As a result,
an algebraic equation is obtained for each control volume, in which a number of the
neighboring nodal values appear.

The FVM can be applied to any type of grid (structured or unstructured), since it
works with control volumes instead of grid intersection points used in FDM. This is
a big advantage when complex geometries are investigated. This method has been
implemented in many CFD applications due to the close correlation between math-
ematical approach and physical interpretation. A disadvantage compared to FDM
schemes is that higher than second-order differencing approximations are difficult to
develop, especially in three dimensions.

Finite-element method

The FEMwas originally used for solving problems in structural mechanics (Paschedag,
2004). The solution approach is based on subdividing the flow domain into a discrete
number of elements. Within each element, the flow equations are discretized by
approximating the unknown dependent variables with interpolation functions. The
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discretization transforms the flow equations into a set of algebraic equations which
can be solved numerically. Since the interpolation functions are usually chosen to
be of lower-order, the resulting system of algebraic equations is well structured and
hence can be solved efficiently.

Since the approximation is applied to each element, FEM does not have any restric-
tions on the type of mesh used. The number of nodes can be adapted in each element
which results in a higher accuracy without causing adverse coupling to neighboring
cells. This facilitates parallelization of the code considerably.

6.1.4 Spatial and temporal discretization

Discretization comprises all terms of the continuity and the momentum equation. In
the FVM the discrete values of the scalar φ is stored at the cell centers. However, the
face values are required for the diffusive and the convective terms (see Eq. 6.9). They
must be interpolated from the cell center values. For the convective term there exist
several schemes. Upwinding schemes which consider the direction of flow are usually
applied. Upwinding means that the face value is derived from the quantities in the
cell upstream, relative to the direction of the normal velocity. There exist several
upwind schemes, like first- and second-order upwind, power law and quadratic inter-
polation for convective kinetics (QUICK) (Fluent 6.3 Documentation, 2009). First
order upwind differencing is a simple and robust procedure. It assumes that the cell
center value represents a cell-average value which is valid for the entire cell. Thus, the
face value of φ is set equal to the cell-center value in the upstream cell. Higher order
discretization schemes include additional cell center values to approximate the values
at the faces. QUICK is of third order and often used for finite volume simulations. It
is based on a weighted average of second-order upwind and central interpolation.

For transient simulations, the governing equation must be discretized in both space
and time. Temporal discretization involves the integration of every term in the dif-
ferential equation over a time step ∆t. If the derivative is discretized using backward
differences, the first-order accurate temporal discretization of a variable φ is given
by

φn+1 − φn

∆t = F (φ) (6.16)

where n + 1 is the current time step (Fluent 6.3 Documentation, 2009). There are
also higher order discretization schemes. Time discretization has the advantage that
there is only one coordinate and that it has a direction. It is given by the time steps
which can be either equidistant or variable. Detailed information on different FVM
discretization schemes is given by Paschedag (2004).
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6.1.5 Solution algorithms

Numerical problems are particularly difficult when solving the momentum equation
for incompressible fluids (Pascau et al., 1996). The computation of pressure causes
difficulty because there is no independent conservation equation for calculating it.
In each of the momentum equations, the fluid flow is driven by the contribution of
the pressure gradients (Tu et al., 2008). With the additional equation provided by
the continuity equation, the system of equations is self-contained. It is therefore
necessary to calculate the pressure field in such a way that the resulting velocity
field satisfies the continuity equation. A special treatment is needed to convert the
indirect information in the continuity equation into a direct algorithm to calculate the
pressure. In compressible fluids, the pressure is related to density and temperature
through the thermodynamic equation of state p = p(ρ, T ), where the continuity
and the energy equations are the transport equations for density and temperature,
respectively. In incompressible flows, the pressure is not related to the density and
hence cannot be obtained from an equation of state.

Most CFD applications allow to choose between two numerical methods (1) the
pressure-based solver and (2) the density based solver. The pressure-based solver
was originally developed for low-speed incompressible flows while the density-based
approach was mainly used for high-speed compressible flows (Fluent 6.3 Documenta-
tion, 2009). In the pressure-based approach, the pressure field is extracted by solving
a pressure or a pressure correction equation which is obtained by manipulating the
continuity and the momentum equation.

The pressure based solver uses a solution algorithm where the governing equations are
solved sequentially (i. e. segregated from one other). Because the governing equations
are non-linear and coupled, a solution loop must be carried out iteratively in order
to obtain a converged solution.

Two widely used pressure-velocity coupling algorithms, namely SIMPLE and PISO,
are briefly discussed. Both are segregated methods, which solve the pressure-velocity
coupling by using a predictor-corrector algorithm (Pascau et al., 1996).

Semi-implicit method for pressure-linked equations (SIMPLE): The SIMPLE
algorithm was developed by Patankar and Spalding (1972) for incompressible fluids
and is designed for staggered grids. The velocity compenents at the edges of the
control volumes are necessary for calculating the convective fluxes (Paschedag, 2004).
In the general procedure, the velocity values would be interpolated from the nodal
values, which often leads to convergence problems and oscillating solutions. In a
structured and staggered mesh, the nodes of the velocity components are shifted by
half of the cell size in their respective coordinate direction. All quantities except
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the velocity components are stored at the nodal positions. The general solution
procedure is repeated until convergence is reached. For the SIMPLE algorithm it can
be summarized as follows:

1. Make a guess for pressure p and the velocity field (u, v, w), using the initial
value or the corrected value from the former iteration step: p∗, u∗, v∗, w∗

2. Use the guess p∗ to solve the momentum equation. In case of nonlinearity, the
current guess of the velocity components u∗, v∗, w∗ is also required.

3. Solve the pressure correction equation deduced from the continuity equation to
get the pressure correction field p′.

4. Correction of pressure (p = p∗ + p′) and velocities to get p, u, v, w.

5. Solve all other discretized transport equations φ.

6. Convergence check: if convergence is not yet achieved, restart the iteration
process .

The velocity correction neglects neighboring nodes. This simplification gives approxi-
mate solutions of the discrete momentum equations which makes an iterative solution
procedure necessary.

In many cases the SIMPLE algorithm does not show a stable convergence. Improve-
ment is achieved by adjusting the change of a variable φ. The so called under-
relaxation factor ω is defined by

φ(i+1) = (1− ω)φ(i) + ω φ(i+1)∗ (6.17)

The value of the new iteration step φ(i+1) is combined from the value of the last
iteration step φ(i) and the present value φ(i+1)∗ computed with the given algorithm.
A value of ω between 0 and 1 can improve convergence and oscillating solutions can
be dampened.

Pressure-implicit with splitting of operators (PISO): Another pressure correc-
tion procedure is the PISO algorithm proposed by Issa (1986). This pressure-velocity
calculation procedure was originally developed for noniterative computation of un-
steady compressible flow. Nevertheless, it has been adapted to iterative solution and
is nowadays recognized as an extension of the SIMPLE algorithm. In the Fluent
solver, two additional correction steps are performed in order to enhance conver-
gence. One additional loop of the PISO algorithm is called neighbor correction. It
decreases the number of iterations required for convergence. The second correction,
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called skewness correction, reduces convergence difficulties encountered in distorted
meshes (Fluent 6.3 Documentation, 2009).

The PISO algorithm with neighbor correction is highly recommended for all transient
flow calculations. It supports a stable calculation for momentum and pressure, even
for larger time steps and an under-relaxation factor of 1.0. For steady-state prob-
lems, PISO with neighbor correction does not provide any noticeable advantage over
SIMPLE or SIMPLEC with optimal under-relaxation factors.

6.1.6 Multiphase systems

For multiphase systems, the conservation equations are in the same form as for sin-
gle phases. However, additional information on the interface can be extracted. A
detailed computation of immiscible-fluid and free-surface flows require an accurate
representation of the interface separating two fluids. The flow problems include phe-
nomena like fluid coalescence and breakup, which requires an accurate and sharp
interface definition. Gopala and van Wachem (2008) summarized different methods
for interface tracking. They can be classified in two groups: surface methods and
volume methods.

Surface methods are fitting the interface which is represented by massless marker
particles. Interpolation (e. g. piecewise polynomial) is used to approximate the
points in between the markers. If the interface is highly deforming during the
calculation, the accuracy is decreasing.

Volume methods either use an indicator function for the interface or employ marker
particles on either side of the interface. The volume of fluid method (VOF) uses
a scalar indicator function between zero and one to distinguish between two flu-
ids. In the marker-and-cell method (MAC), particles are scattered initially to
identify each material region in the calculation. These particles are transported
in a Lagrangian manner along with the materials. Their presence in a compu-
tational cell indicates the presence of the material. According to the particle
density in mixed cells, the material boundary is reconstructed. This technique
is very accurate and robust. However, it is computationally very expensive.

We used the VOF method in the present work. This method was first proposed by
Hirt and Nichols (1981) for flow problems in which the free boundaries undergo such
large deformations that Lagrangian methods cannot be used. It is applied to a fixed
Eulerian mesh and is designed for two or more immiscible fluids where the position
of the interface is of interest. For each additional phase a variable αN is introduced
which represents the volume fraction of the phase N in the computational cell. The
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flow equations are volume averaged in order to obtain a single set of equations. The
interface is tracked by the phase indicator function αN . It is defined as

αN = 0 the cell is empty of the N th fluid
αN = 1 the cell is full of the N th fluid

0 < αN < 1 the cell contains an interface between the N th fluid

As a result, the volume fraction of all phases in each cell sum up to unity. The
tracking of the interface between phases is accomplished by the solution of a modified
continuity equation for the volume fraction of each additional phase. If mass trans-
port through the cell faces and between the phases is neglected, the volume fraction
equation is given by

∂αN
∂t

+∇ · (αN vN) = 0 (6.18)

Material properties appearing in the transport equation are determinated by the
presence of the component phases in each control volume. In a two-phase system, for
example, where the volume fraction of the second phase is tracked, density in each
cell is given by

ρ = α2 · ρ2 + (1− α2) · ρ1 (6.19)

In addition to the volume fraction in each cell, knowledge on the exact position of
the interface is of interest. Thus, special advection schemes are required to keep
the interface sharp. Over the years different techniques have been developed. The
Donor-Acceptor Scheme (Hirt and Nichols, 1981), the scheme by Youngs (1982), or
the Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM) by
Ubbink and Issa (1999) are often used. Gopala and van Wachem (2008) discussed
the advantages and limitations of several interface tracking schemes. The geomet-
ric reconstruction approach (Geo-Reconstruct) used in Fluent is based on Youngs
method. It is a generalized scheme which can also be used for unstructured meshes.
The interface is represented with piecewise linear elements along the control volumes
with a phase volume fraction 0 < αN < 1.

6.1.7 Error considerations

Computed results by flow simulation always have to be checked for reliability. A
simulation is regarded as significantly accurate, if the important questions of a flow
problem can be answered. This is usually the case if agreement between experiment
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and simulation is satisfying. If the accuracy is not satisfying, the sources of error
have to be evaluated. Paschedag (2004) referred to four groups of errors:

Model errors arise from differences between reality and the mathematical model used
for description. This includes simplifications and assumptions for the boundary
conditions.

Discretization errors origin from the approximation when transforming partial dif-
ferential equations (which describe a continuous domain) into a system of finite
algebraic equations.

Convergence errors originate from the iterative solution process (e. g. with the SIM-
PLE algorithm). Since the solution is approached asymptotically, the iteration
is stopped as soon as the correction value (difference between current and pre-
vious iteration) falls below a predefined value.

Truncation errors occur because computers have only a limited storage capacity for
each number. If the 64-bit representation of numbers (19 decimal digits) is
used, this type of error is almost negligible.

Errors can be reduced, but they cannot be eliminated competely. For improving the
solution process, origin and the impact of the errors have to be figured out first.

6.2 Material properties

When performing CFD analysis some material characteristics like density, viscosity,
and interfacial properties are required. The rheology of the masses used in the ex-
periments and for the simulation is given in chapter 4. The following sections discuss
the measurement of interfacial tension and contact angle at a solid wall. Mainly the
contact point between shell mass and air at the cavity is important. But also the
contact angle at the nozzle is considered in the simulation.

6.2.1 Interfacial tension

Method: TheWilhelmy plate method was applied for measuring the surface tension.
We used the Tensiometer K100 (KRÜSS GmbH, Hamburg, Germany) which was
controlled with the software LabDeskTM (Version 3.1, KRÜSS GmbH). Since highly
viscous fluids cannot be accurately measured, the base mass CMM was diluted with
14.5 % Akomic 2800 and 0.5 % PGPR (for specifications see section 4.2.1 on page 70).
The instrument was set to 40℃. Approximately 100 ml melted sample was filled into
the preheated container and placed in the sample holder. A platinum plate was
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washed with acetone and rinsed with distilled water, then dried by flaming until
red-hot before each measurement. Five replicates were measured.

Results: The surface tension, σ, of CMM diluted with 14.5 % fat and 0.5 % PGPR
was 32.0 mN/m with a standard deviation of 0.1 mN/m. The measurability of pure
CMM was poor. A mean value of 30.3 mN/m with a high standard deviation of
2.6 mN/m was obtained. In the flow simulations the surface tension of 32.0 mN/m
was used for both masses based on CMS and CMW as approximate value.

6.2.2 Contact angle

Method: We applied the sessile drop technique using the measuring system G10
(KRÜSS GmbH, Hamburg, Germany). The contact angle was calculated via the tan-
gent method using the Drop Shape Analysis software (Version 1.0, KRÜSS GmbH).
The mass CMM was diluted with 14.5 % sunflower oil and 0.5 % PGPR. Sunflower oil
aided to suppress crystallization of the fat phase during the measurement. A droplet
smaller than 2 mm in size, was placed with a glass syringe on the plane surface of a
polycarbonate mold or a plate of stainless steel. In order to obtain the contact angle
at t = 0 s, the transient measurements were fitted to the mathematical equation

θC = a · (t− b)−1 + c (6.20)

Results: We monitored the time dependency of the contact angle as shown in Fig-
ure 6.3 on polycarbonate and stainless steel. The transient behavior was mainly
caused by the viscosity of the solution. The average equilibrium contact angle was
21° on the polycarbonate mold and 17° on stainless steel. The values were within a
range of 10 %. For both materials, the value at time t = 0 calculated with Eq. 6.20
was approximately 40°. However, the extrapolated values ranged between 35° and
50°. We used the approximate value of 40° as contact angle between filling or shell
and air at all solid walls.

6.3 CFD method

Flow simulation by commercial CFD packages concentrates on a consistent prob-
lem set-up during preprocessing. This involves problem consideration, geometry and
mesh creation as well as the specification of physical properties and selection of the
numerical implementation (Sun, 2007).
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Figure 6.3: Time dependency of the contact angle for a mass based on CMM on a
polycarbonate mold (circles) and stainless steel (squares). The solid lines
represent fits to Eq. 6.20.

The simulation was performed with two independent computers (Esprimo P5720,
Fujitsu Siemens, Japan). They were equipped each with Intelr CoreTM2 Duo CPUs
with 3 GHz and 2 GB of RAM. The operating system was Microsoft Windows XP
(Professional, SP3).

6.3.1 Geometry and mesh generation

The geometry and the mesh were created with the application Gambit (Release 2.4.6,
ANSYS Inc., U. S.A.). In addition, the boundary types were defined in Gambit, which
was necessary for further treatment in Fluent. The following sections give detailed
information for setting up the model.

Creating the geometry

The geometry defines the boundaries of the computational domain. It is bordered by
the cavity, the nozzles and the openings where matter can pass. Since the product was
axis-symmetric, computation could be performed with a 2-D model. This simplified
the geometry and reduced computational time considerably. We used the standard
procedure for geometry construction described in the Gambit 2.4 Documentation
(2009). The center of the hemisphere was defined as point of origin. Vertices were
created first. They were connected to edges and finally to faces. Figure 6.4 (a) shows
the computational domain at the start of the molding process. Initially, the concentric
arranged nozzles were inside the cavity.
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Figure 6.4: (a) Boundary of the computational domain at the start of injection show-
ing the velocity inlet of filling ( ) and shell mass ( ) and the pressure
outlet for air ( ). (b) Partitioning of the volume into meshing zones.

Meshing

During injection the mold was lowered so that the distance to the nozzle successively
increased. The geometry had to be divided into several meshing zones to allow
deformation of the computational domain. In Figure 6.4 (b), the five zones are
shown. Each zone had different requirements with respect to boundary conditions
and meshing. There are two major types of zones which can be handled by Fluent,
namely the stationary and the dynamic. The second type involves moving objects,
such as the translation of the mold. Zone A and B were completely independent and
not connected to the zones in the cavity. They deformed during the displacement of
the mold. Zones C, D and E were connected. They represented the moving volume
of the cavity. For the calculation, it was necessary to link their interfaces by creating
a new face using the “geometry clean-up tool” for holes.

The initial configuration of the mesh is shown in Figure 6.5 (a). As the cavity
was lowered during molding—which refers to the displacement of the lifting stage—
additional cells had to be introduced. The configuration in the intermediate position
after co-injection and before the final displacement is shown in subfigure (b). The
sliding internal interfaces can be seen in the magnifications (c) and (d). The adjacent
zones B /D and A/C were moving relative to each other, resulting in a non-conformal
grid. Additional cells were created by Fluent during the simulation at the bottom of
zone A and B. Thus, a layering zone was required as discussed on page 149.
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(a) (b) (d)

(c)

Figure 6.5: Conformation of the grid at (a) the beginning, and (b) the end of co-
injection. The magnifications (c) and (d) show the moving zones.

Adjacent to the boundaries we used a structured grid with quadrilateral cells. Close
to the border of the cavity, the mesh was refined in order to improve the resulution.
Zone C in the center was filled with an unstructured grid consisting of triangles. This
allowed to mesh the zone comprising of straight and bent borders with a minimum
of cell distortion. The cell spacing at the border was 0.25 mm, which resulted in an
initial number of 5415 cells. During the simulation, the number increased to 15 887
cells.

Boundary definition

The creation of independent zones and assignment of boundary types was important
for a faultless grid extension during simulation. Edges were grouped if a boundary
condition stretched over multiple edges. Figure 6.6 shows the internal and external
boundaries of the computational domain. The corresponding boundary types are:

1 symmetry axis

2 velocity inlet of the filling

3 velocity inlet of the shell

4 pressure outlet
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5 wall of the inner nozzle

6 wall of the outer nozzle

7 wall of the cavity

8 internal interface of zone A

9 internal interface of zone B

10 internal interface of zone C

11 wall/internal interface of zone D

12 internal interface (only relevant for meshing)

The magnification in Figure 6.6 illustrates the boundaries around zone B in more
detail. It can be seen, that the dynamic domains were physically disconnected and
therefore the vertices were not shared. Whether an internal interface was moving
or deforming, and the assignment of the velocity profiles at the velocity inlets was
specified later on in Fluent.
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Figure 6.6: Boundaries of the computational domain. The magnification visualizes
constructive details.
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6.3.2 Simulation set-up in Fluent

The application Fluent (Release 6.3.26, ANSYS Inc., U. S.A.) was used for the flow
simulation. The application had to be booted from the Microsoft Visual Studio 2008
Command Prompt (Professional Edition, Version 9.0, Microsoft Corp., U. S.A.) to
allow execution of C-programming code. The graphical user interface (GUI) was made
up of the console, panels to simplify input tasks, and graphics windows. Additionally,
a text user interface (TUI) enabled to control the application.

Solver definitions

The mesh generated in Gambit was imported and scaled to its original dimension (in
m). The pressure based solver was used in the axisymmetric space. For this transient
flow problem, the time was set to unsteady.

The Volume of Fluid (VOF) multiphase model was used and the number of phases
was set to the value of 3. VOF is one of several Euler-Euler multiphase models
implemented in Fluent. It uses the concept of volume fraction to describe the phase-
distribution (see section 6.1.6). The VOF model is designed for two or more im-
miscible fluids where the position of the interface between the fluids is of interest.
Even though shell and filling masses were miscible, they remained separated in the
experiments due to the low Reynolds number encountered during injection. Thus, the
simplification by assuming immiscibility was adequate. The energy equation was not
required, since the temperature was considered to be constant. The viscous model
was specified to be laminar.

Material properties

The material properties of all three phases were stored in a text file which could be
easily imported as user-defined material database. For both compound masses the
density was set to 1250 kg/m3, and for the viscosity the Herschel-Bulkley model (see
Eq. 4.24 on page 64) was used. The corresponding parameters were the consistency
coefficient ηHB, the power-law index p, the yield stress τHB and the yielding viscosity
η0. We implemented flow parameters obtained from the rheological measurements
in chapter 4. The additional parameter η0 prevented discontinuity at zero shear.
We used a value of 10 000 Pa s which represented the upper limit of viscosity. The
material properties of air at 20℃ were used, which was 1.22 kg/m3 for the density
and 1.79× 10−5 Pa s for the dynamic viscosity.
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Additionally, the phase interaction had to be specified. We considered the shell mass
as primary phase. Filling and air were secondary phases. Wall adhesion was activated
and the surface tension between the different phases was required. The surface tension
coefficients for shell-air and filling-air was set to 0.032 N/m. Between filling and shell
a low but non-zero value of 0.005 N/m was used.

Boundary conditions

The operating conditions involved specification of gravity, which was 9.81 m/s2 in x-
direciton. In addition, the reference pressure location was set close to the pressure
outlet (x = 0.5 mm, y = 9 mm).

The boundary type was set already in Gambit (see section 6.3.1). However, further
specifications for the velocity-inlets were required. The velocity profiles were pro-
grammed as user defined functions (UDF), described in section 6.3.2. The UDFs
were assigned to the mixture at the velocity-inlets of filling and shell mass. Addition-
ally, in the multiphase tab the volume fraction had to be set to 1 for the corresponding
phase since pure mass was injected.

Contact angles and motion of the cavity had to be specified. For the walls of the
nozzles and the mold, a contact angle of 40° between shell/air and filling/air was
set. Between filling/shell, 1° was chosen in order to prevent a value of zero. For the
wall segments of the cavity, additionally the option wall motion had to be activated.
Since the displacement of the grid was specified in the panel dynamic mesh, the
motion relative to the adjacent cell zone had to be set to 0 m/s.

User defined functions (UDF)

Extended functions were programmed externally. They were loaded dynamically
by the Fluent solver and enhanced the standard features of the code (Fluent 6.3
Documentation, 2009). The UDFs had to be written in the C programming language.
Predefined macros and functions supplied by Fluent were used and adapted to the
specific requirements. The source files containing UDFs were either interpreted or
compiled in Fluent. Interpreted source files were loaded directly at runtime in a
single step. The compiled UDFs involved two separate operations. A shared object
library was first built and then loaded into Fluent. Once interpreted or compiled,
UDFs could be selected in the graphics panels and hooked up to the solver used.
UDFs were used to define the initial phase distribution, the injection velocity profiles
at the velocity-inlet of shell and filling, and to carry out the displacement and mesh
adaption of the cavity.
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Initial phase distribution: The general solver macro DEFINE_INIT was used for
specifying the initial distribution of the three phases. Due to symmetry, only half of
the profiles was required. The shape of the droplet observed in the experiments had to
be transformed into an equation for the shell/air interface. A fifth order polynomial
fitted well the shape of the droplet. The shell/filling interface was obtained from a
precedent simulation with the same mass combination. Its shape was approximated
with a second order polynomial.

Velocity profiles: The velocity profiles of shell and filling were set with the general
solver macro DEFINE_PROFILE. By using the conditional control statement if-else,
the different segments of the velocity profiles were consecutively executed. Slope and
intercept of the optimized molding profiles were computed with the profile generator
described on page 103.

Displacement of the cavity: The macro DEFINE_CG_MOTION specified the motion
of the dynamic mesh. It provided Fluent with the velocity information at every time
step which was used to update the node positions in the dynamic zone, based on
solid-body motion. This macro could only be used in a compiled UDF. The velocity
profiles obtained with the profile generator were formulated step-wise over the whole
molding cycle.

UDFs describing the initial phase distribution and the velocity profiles at the velocity-
inlet had to be interpreted and hooked up as initialization function. The function for
the solid-body motion had to be compiled first to create a user defined library. This
action required the accessibility of the Microsoft Visual Studio 2008 libraries.

Set-up the dynamic mesh

The dynamic mesh model is used to simulate flows where the shape of the domain
is changing due to motion of some domain boundaries. First, the grid interfaces had
to be specified in order to connect independent zones and to allow the fluid passing
from one zone to the next. Interfaces allowed to use different grid types next to each
other. In addition, non-conformal boundaries could be handled. This means that the
grid nodes did not have to coincide where two subdomains met. As can be seen from
Figure 6.6, four interfaces were needed. The radial interfaces (e. g. 9.2/10.1) were
moving during the displacement of the cavity, and the interfaces in axial direction
(e. g. 8.1/9.1 and 10.2) were deforming.

In the next step, the dynamic mesh method for layering was activated. Layering is
used for linear motions only. It involves creation and destruction of cell layers based
on the height of the layer adjacent to the moving surface. Due to the increasing
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distance between cavity and nozzle, the cells in zone A and B at the radial interface
had to be split. The split factor β of 0.4 signifies that the cell layer adjacent to the
interface was split if the effective cell hight h exceeded the value (1 + β) · hideal. As
ideal hight we used the grid spacing of 0.25 mm. Finally, the dynamic mesh zones
were allocated to the boundaries and the interior. Rigid body motion was applied
to the interior of zones C, D and E, its walls and both radial interfaces. As motion
profile, the compiled UDFs for solid-body motion—representing the velocity profile
of the lifting stage—was selected. The interfaces in axial direction were set to the
deforming type of motion. Smoothing and remeshing were deactivated since the mesh
extension did not involve deformation.

Solution control

Solution parameters, like the discretization schemes, the method for pressure-velocity
coupling and the under-relaxation factors were defined in the panel solution control.
The settings of the current model were:

Equations: The equations for flow and volume fraction had to be selected.

Under-Relaxation Factors: The pressure-based solver used under-relaxation of the
equations to update the computed variables at each iteration. It helped to
stabilize the convergence behavior. The standard settings were kept: 0.3 for
pressure and 0.7 for momentum.

Pressure-Velocity coupling: The PISO algorithm (see page 138) was used with the
standard settings for neighbor correction and skewness correction.

Discretization: The equations were discretized with following discretization schemes:

Pressure: PRESTO!

Momentum: Second Order Upwind (see section 6.1.4)

Volume Fraction: Geo-Reconstruct (see section 6.1.6)

Iteration

After initialization, case and data were stored with all settings made so far. Before
starting the simulation, a grid check was applied to make sure that no negative
volumes were created. In addition, the mesh motion was previewed and checked for
errors. Autosave for case and data was activated in steps of 0.1 s. For visualizing the
co-injection process, solution animations were set up in steps of 0.01 s for the contour
plots of phase distribution and shear rate and a vector plot of the fluid velocity.
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The fixed time stepping method was used with a time step size of 1× 10−5 s. With
220 000 time steps a process time of 2.2 s resulted. We used an absolute convergence
criterion of 5× 10−5 for all parameters, which was 20 times lower than the default
value in Fluent. Additionally, we set the maximum number of iterations to 150. Thus,
the solver proceeded to the next time step if either the convergence criterion or the
maximum number of iterations was reached. For most simulations, convergence was
reached within the limits specified.

After the molding cycle was completed, the viscosities of the shell and filling mass
were changed to Newtonian, using the value η100. The iteration was then continued
for another 0.5 – 0.8 s. By disabling the yield stress, the surface of the simulated
praline was flattened.

6.4 Results

6.4.1 Molding sequence

The phase distribution was visualized by plotting the contour of the shell mass.
This type of representation was used for animating the injection process. Figure 6.7
exemplary shows a sequence of phase distribution when combining a low viscous
shell with a highly viscous filling (S-E/W-A), co-injected with the optimized settings
(see section 5.7.3 on page 116). The filling injection started at 0.75 s. At 0.9 s the
maximum average velocity of 1.00 m/s was reached. During molding, the cavity
was lowered by 13.6 mm. After 1.5 s co-injection and drawback of the filling was
completed. The mold was lowered by another 40 mm in order to break the remaining
strand. At 2.2 s the molding process was terminated. Due to yielding of the masses,
the cover remained in an elevated shape. However, the low viscous shell mass tended
to slide from the tapered core. We changed the flow properties to Newtonian for
leveling out the surface. The viscosity at the shear rate of 100 s−1, η100, well imitated
the effect of vibration which is applied in the experiment using a vibrating table.
After 2.6 s the praline was settled. However, the droplet at the nozzle started to drip
off due to lack of yield stress.
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Figure 6.7: Molding cycle at different points in time for the masses S-E/W-A co-
injected with the optimized settings.

6.4.2 Velocity

Figure 6.8 (a) shows a vector plot of the velocity distribution at 0.9 s for the same
example discussed in section 6.4.3. The velocity of the masses is given at the exit
of the nozzle. Additionally, the phase distribution of the shell mass is underlaid.
The fluid velocity was constant along the entrance of the nozzle. Within 4− 5 mm
in x-direction, the flow profile was developed, which is reflected by the parabolic
arrangement of the velocity vectors. At the exit of the nozzle, there was a radial
component due to die swell. In Figure 6.8 (b), the radial velocity distribution for the
same point in time is shown at the axial position x = 0. Due to the axis symmetry
only half of the profile is given. The maximum velocity of the highly viscous filling
was 1.86 m/s and 0.73 m/s for the shell. Due to the non-Newtonian fluid properties
the flow profiles slightly deviated from the parabolic shape. For a Newtonian fluid, a
maximum velocity of 2.0 m/s would be expected.
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Figure 6.8: (a) Vector plot of the fluid velocity during injection. (b) Velocity in the
nozzle in radial direction at x = 0 mm (S-E/W-A at 0.9 s).

6.4.3 Shear rate

The shear rate is the velocity gradient within a fluid. It provides information on
the location of viscous energy dissipation. In Figure 6.9 contour plots of the shear
rate during processing are shown. At 0.9 s the filling mass was injected at its highest
velocity into the previously dosed shell mass. The highest shear rates were observed at
wall and orifice of the center nozzle. For this combination of masses, a high shearing
zone surrounded the core as it dipped into the shell mass. Shear rates between
25 − 70 s−1 indicated the displacement of the shell mass by the filling. Figure 6.10
shows the strain intensity in radial and axial direction at the same point in time.
The mesh was locally refined in order to obtain a higher resolution. In plot (a), the
shear rate along the center axis is given between velocity inlet (x = −7) and mold
(x = 22). The three peaks correspond to the development of the flow profile at the
nozzle entrance, die swell at the tip of the nozzle, and the displacement of shell mass
mentioned above. Plot (b) shows the shear rate in the concentric nozzle in radial
direction. It corresponds to the velocity profile shown in Figure 6.8 (b). The surfaces
of the nozzle are indicated with dashed lines. Almost a linear increase was observed
from the center of the channels to the wall. The deviation from linearity was caused
by the non-Newtonian flow behavior of the masses.

At 2.2 s the molding cycle was completed. As shown in Figure 6.9 (b), the shear rate
in the hemisphere was close to zero. However, some artifacts were observed at the
mold. The shell mass in the cover showed a shearing zone due to drainage.
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Figure 6.9: Shear rate distribution (in s−1) during molding of the mass combination
S-E/W-A at (a) 0.9 s, and (b) 2.2 s.
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Figure 6.11: Viscosity distribution (in Pa s) after 0.9 s for the mass combination (a)
S-E/W-A and (b) S-C/W-C.

6.4.4 Viscosity

The local viscosity of the masses was directly coupled to the shear rate. In Figure 6.11
the viscosity distribution is shown for two different mass combinations at t = 0.9 s.
Plot (a) clearly shows the highly viscous core, which is deposited into the low viscous
shell mass. At the exit of the nozzle, however, the difference in viscosity was moderate
due to high shear conditions. The shell viscosity close to the core was reduced as it
was pushed aside.

Co-injection of normal viscous masses is shown in plot (b). Due to the similar flow
properties, there was only minor difference between core and shell. The gradient
of viscosity mainly depended on the position within the mold. The viscosity was
highest close to the wall of the cavity. Even though the flow curve of a transient
measurement was implemented, the simulation did not consider time information. A
flow curve model which considers flow history would be closer to reality. However,
this would increase the complexity of the flow simulations considerably.
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6.4.5 Impact of the grid

A successful computational solution is characterized by convergence of the iterative
process and grid independency. We checked for grid independency by performing a
simulation on a refined grid. In addition, we investigated the impact of changing the
type of grid in zone C.

Mesh refinement

We simulated the product of normal viscous filling and shell with the standard settings
on two meshes. The standard mesh had a spacing of 0.25 mm, resulting in 5415 cells
which increased to 15 887 during the simulation. The refined mesh had a spacing of
0.125 mm and the number of cells rose from 17 872 to 60 288. Correspondingly, the
computation time increased from 2 weeks for the standard mesh to 10 weeks for the
refined mesh.
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Figure 6.12: Impact of grid refinement shown for the masses S-C/W-C molded with
the standard settings. (a) Comparison between experiment and the sim-
ulation using the standard and the refined mesh. Shell thickness in (b)
the hemisphere and (c) the cover.
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In Figure 6.12, the cross section of an experimental sample is compared to the simu-
lated result at t = 2.9 s. There was only little but significant deviation between the
simulations with the two meshes. The air inclusion in the hemisphere was present for
both meshes. The refined mesh produced less variation in the shell thickness of the
hemisphere. The filling was pushed a bit further into the edge of the cover, which
was in accordance with the experimental finding. In addition, the indentation in the
cover was less and tailing of the filling mass was stronger pronounced with the refined
mesh.

In some locations, like the contact points between shell and air at the wall or at
interfaces, the residuals were up to 3 times higher with the refined mesh. These were
local imbalances since the overall convergence criterion was reached for both meshes.
A reduction of the residuals can be obtained by increasing the number of iteration
steps (i. e. by lowering the convergence criterion). However, the computational time
would increase accordingly.

Skewed cells

We obtained good convergence when using the standard mesh which is discussed in
section 6.3.1. If the triangles in zone C were replaced by quadrilaterals, as shown
in Figure 6.13 (a), the stability of the solution decreased. Air vortices developed
sporadically close to axial interfaces as can be seen in subfigure (b). Obviously, the
skewness of some cells and the change in size was disadvantageous for the solution
process. Although the sum of residuals reached the specified convergence criterion
for all variables, some local imbalances occurred.

6.4.6 Errors

Differences between simulation and experiment can never be eliminated completely.
However, the deviations can be reduced by improving the quality of input variables
and boundary conditions. Also by refining and improving the mesh, using appro-
priate discretization methods and lowering the convergence criterion, the solution
can be enhanced. During flow simulation of the One-Shot co-injection process, we
encountered following errors:

Vortices in the air phase formed when distorted quadrilateral cells were present in
zone C (see section 6.4.5). They were eliminated by using triangle cells.

High shear rates at the moving interfaces proofed to be a problem of the applica-
tion Fluent. This artifact was only observed when saving case and data during
the simulation. It was eliminated by adding a single iteration step.
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Figure 6.13: (a) Quadrilateral elements in zone C with skewed cells result in (b) the
formation of air vortices (velocity in m/s at t = 0.32 s, S-C/W-C).

Artifacts at the contact point of shell and air at the mold was observed for some
simulations. This error of minor importance can be avoided by mesh refinement.

Error during interface capturing was observed for some Newtonian calculations. By
using the CICSAM interface capturing scheme instead of the Geo-Reconstruct,
this error could be avoided.

6.5 Conclusions

In this chapter we presented the approach used for simulating the One-Shot co-
injection process by CFD. Since the flow problem involved the transient investigation
of a three phase system, a higher degree of complexity was given. The commercial
software package Fluent provided the VOF interface tracking scheme which is suitable
for multiphase flows. Additional requirements, like mesh deformation and code for
user defined velocity profiles were implemented. Using commercial codes saves time
for setting up a simulation, and allows to simulate processes of higher complexity.
However, due to the wide range of possible application, these software packages are
not designed for highest computational efficiency in the specific case.
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6.5 Conclusions

We discussed the creation of the geometry in detail and specified the boundary con-
ditions, material properties, flow physics and solution methods which controlled the
simulation. Different visualization techniques provided time resolved information
on the flow conditions and viscosity distribution within the computational domain.
Since final results obtained by flow simulation were close to experimental findings we
deduced criteria for process optimization as discussed in chapter 5.

A minor but significant impact was observed when refining the grid. Microscopic
phenomena like tailing of the filling were better resolved. However, an improved
resolution goes along with a considerable increase in computational time. Some dif-
ferences to the experimental results remained unchanged or improved only little when
using the refined mesh. Further improvements of the flow simulation can be expected
when using material characteristics closer to reality. A transient rheological model
is desirable. However, this would also involve a change in the numerical approach.
VOF which is based on the Eulerian representation only provides the temporal and
spatial information of a flow, but the flow history gets lost.
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7 Closing Remarks

The present work studied the One-Shot co-injection technology, aiming to improve
the molding process of filled pralines. An approach combining experiment and flow
simulation was used. Due to the interrelation between molding process and flow
properties, the scope of this work was extended to rheological characterization of
confectionery masses and analysis of the crystallization behavior of CB systems.

Chocolate needs to be tempered before molding, which allows the CB to set in the de-
sired βV crystal form during cooling. Due to thermodynamic instability after precrys-
tallization, fat crystals continue to grow at molding temperature resulting in a further
increase in viscosity. These changes finally affect the molding process. Although for
the One-Shot studies non-temper compound masses were used, we discussed in the
first two chapters crystal formation and transformation in CB under shear, and crys-
tal growth kinetics under static conditions. By combining WAXS measurements and
rheology, we confirmed crystal formation up to 24℃ in form α and the shear induced
direct transformation into form βV. This type of transformation can also be expected
to occur in conventional chocolate temperers where low external shear is applied.
We showed this with a CB model suspension, in which glass spheres represented the
solids content of chocolate. The formation of fat fractions was observed during CB
crystallization. This led to the suggestion of form III being a mixture of CB in form
α and some accumulated trisatutated TAGs in form β′. Additionally, there were
indications that the transformation of form βV into βVI under shear and close to
their melting temperature was also be accompanied by fractionation. Under static
conditions, fraction formation could be confirmed by NMR measurements. The crys-
tallization experiments clearly revealed the complexity of fat systems. The Avrami
model can be used as approximation to describe crystallization kinetics in a limited
time frame only. The large variety of factors, like steric hindrance during growth,
fractionation, and polymorphic transformation cannot easily be incorporated into a
single model equation which considers all relevant physical parameters. The limited
validity of analytical methods is another aspect which complicates the description of
material properties.

The flow behavior of confectionery suspensions limits the range in which One-Shot
co-injection molding provides satisfactory products. Hence, rheology is an important
material characteristic. Especially for highly concentrated suspensions like chocolate,
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analytical difficulties arise. The complexity of particle interaction in multicomponent
chocolate systems causes transient flow characteristics and provokes measurement dif-
ficulties. Wall slip is observed when measuring with commonly used smooth rheome-
ter geometries. Due to yielding, a slip layer of continuous phase forms at the surface
of the geometry. Moreover, the non-Newtonian flow properties impose systematic
measurement errors. We showed that the vane geometry provided the best results
with conventional rotational rheometry. Wall slip could be eliminated. Nevertheless,
it was important to apply non-Newtonian shear rate correction before curve fitting to
a flow model. Different equations were investigated. However, no constitutive model
was identified which describes well the whole range of widely varying flow properties
of confectionery systems. We used the Herschel-Bulkley model since it met best the
requirements of an universal model. We also pointed out the transient nature of the
flow properties. Only a rough approximation, by means of transient flow curves, could
be measured and implemented into the CFD analysis.

A method for product analysis was developed within the experimental part of the
One-Shot investigation. For comparing experimental results and simulated solutions,
the spatial distribution of the shell thickness in the pralines was quantified. For
all mass combinations there was an adequate correlation for the final product. The
time resolved information on the phase distribution allowed to define evidence based
optimization criteria. This mainly involved adaption of the velocity profile for filling
injection and changes in the timing of the displacement stage. Limitations were
observed when combining a low and a highly viscous mass. The range of processability
might be extended if yielding of the fluids during molding could be prevented. This
was supported by a flow simulation assuming Newtonian masses. A possibility for
technical implementation is the transmission of vibration to the mold during co-
injection. For improving breakage of the filament in the final stage of the molding
cycle, vibration of the nozzle plate is an option, though more difficult to realize.

Several steps were necessary for improving the flow simulation. High quality of the
grid and suitable discretization methods are prerequisite. A high degree of mesh
refinement is desirable. However, it goes along with a considerable increase in com-
putational time. Often some improvement can be obtained by increasing the accuracy
of material properties. The full implementation of the transient flow characteristics,
considering the flow history of each volume element, will be challenging.

The experimental investigation clearly showed that a reliable operation of the One-
Shot depositor is important. For future work, an improved interface for controlling
all steps in the molding cycle is essential. Simulated results can accelerate process
optimization of One-Shot co-injection. In this work, however, the time requirement
was quite high for setting-up, and especially for solving the flow process. Automa-
tization of preprocessing and speeding-up of the computation will be necessary for
significantly accelerating the process adaption. Furthermore, the extension to three
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dimensional non-axisymmetric meshes is desirable for increasing the variety of prod-
ucts to be optimized.
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