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Abstract

Cereal foam microstructure is current matter of research due to global continuous
growth in the bakery industry involving increased industrial processing. Enlightening
thermo-physical processes and their relation to micro-structural properties is closely
linked to economic requirements offering the possibility to optimize the heating
process. The complexity of interacting phenomena impedes the explicit inference to
particular bio-chemical or physical processes occurring at micro-scale whilst thermal
treatment. Experimental investigation, especially at the microscopic length scales of
interest, is limited but can be used to deliver indirect insight in occurring processes.
The power of the Lattice-Boltzmann Method is in the fact that complicated thermo-
physical processes can be analyzed in complex structures independent or coupled at
each time- or length-scale of interest. With a focus on heat transfer optimization, the
working hypothesis is termed “coupled heat and mass transfer proceeds in the scope
of cyclic evaporation-condensation processes in foam microstructures”. Thus, the
main objectives of the thesis are to investigate if evaporation-condensation occurs
inside the microstructure, to examine the influence on macro-heat transfer and to
determine the impact of material properties to investigate optimized conditions for
enhanced heat transfer. In a first step, heat and vapor flow through the structure is
determined by sensing technique to deliver insight in the macro-framework of
temperature and humidity distribution. The numerical investigation of coupled heat
and mass transfer processes, with associated phase transitions, in relation to cereal
foam microstructure are held by means of Lattice-Boltzmann modeling techniques.
The results confirm the working hypothesis and furthermore contribute to enlighten
sophisticated structure, —material properties, —heat and mass transfer dependencies.
In addition, the use of numerical methods delivers the possibility to visualize formerly

hidden processes at bubble-scale without interfering in the process.
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Zusammenfassung

Die Mikrostruktur getreidebasierter Schaume steht aufgrund des globalen,
kontinuierlichen Wachstumes der Backwarenindustrie, sowie steigenden industriellen
Fertigung zunehmend im Interesse der Wissenschaft. Dabei sind Einblicke in thermo-
physikalische Prozesse sowie deren Bezug zu mikrostrukturellen Eigenschaften,
hinsichtlich der Optimierung des Erhitzungsprozesses, von hohem industriellem
Interesse. Die Komplexitat interagierender Phanomene erschwert explizite
RuckschlUsse auf die jeweiligen mikro-skaligen bio-chemischen oder physikalischen
Prozesse, die wahrend thermischer Behandlung auftreten. Experimentelle
Untersuchungen sind, insbesondere in den mikroskopischen Langen-skalen die
hierbei von Interesse sind, nur beschrankt anwendbar. Diese kdnnen jedoch
eingesetzt werden um indirekt Ruckschlisse auf ablaufende Prozesse zu ziehen. Die
Lattice Boltzmann Methode bietet den Vorteil, komplizierte thermo-physikalische
Prozesse in komplexen Strukturen, gekoppelt oder unabhangig voneinander, in der
jeweiligen Zeit- oder Langenskala zu analysieren. Im Fokus dieser Arbeit steht die
Optimierung der Warmeubertragung mit der Arbeitshypothese ,gekoppelter Wéarme-
und Massentransport vollzieht sich im Rahmen zyklischer Verdampfungs- und
Kondensationsprozesse in der Mikrostruktur von Schaum®. Die Hauptzielsetzungen
umfassen die Ermittlung von Verdampfungs- und Kondensationsprozessen in der
Mikrostruktur, deren Einfluss auf die makroskopische Warmeulbertragung, sowie die
Auswirkung der Materialeigenschaften hinsichtlich verbesserter Warmeubertragung.
In einem ersten Schritt wurde der Warme- und Wasserdampftransport durch die
Struktur experimentell ermittelt, um Einblicke in die makro-skalige Temperatur- und
Feuchtigkeitsverteilung zu erhalten. Die numerische Betrachtung des gekoppelten
Warme- und Massentransports, sowie den damit verbundenen
Phasenubergangsprozessen in Relation zur Mikrostruktur des Schaumes wurde
mittels Lattice Boltzmann Modellierung durchgefiihrt. Die Ergebnisse bestatigen die
Arbeitshypothese und tragen dazu bei, Beziehungen zwischen Struktur- und
Materialeigenschaften sowie Warme- und Massentransfer aufzuklaren. Zusatzlich
ermoglicht der Einsatz numerischer Methoden verborgene Prozesse innerhalb der

Gasblasen zu visualisieren ohne den Prozess zu beeinflussen.
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1. Introduction

11 A sense of scale

Fundamentals of sophisticated process analysis require a detailed process
understanding. To get an impression of potential analyzing tools, as well as process
optimization, the driving physical phenomena of the process have to be clearly
identified, objecting to avoid any misinterpretation. In general, any material, and its
associated physical processes inside, can be considered from various length scale
perspectives. Despite the fact that micro-processes always reflect on the macro
properties, the entity of different scales of length allows the consideration of
processes, due to the occurrence at different length scales, decoupled from each
other (Leuzzi et al., 2008). Besides the spatial separation, the incidence of processes
occurring at different time-scales confirms the decoupling feasibility due to the fact
that processes with small length scales tend to be associated to small time scales,
and vice versa (Markowski et al., 2010). The view-scale to analyze a process thereby
heavily influences the gathered cognition. Discussing this assumption requires a
survey through the different length scales of the process, hence, in the case of this
work: the thermal treatment of cereal foam.

A distinction can be drawn between the length scales of the occurring thermo-
physical processes and the length scales of the structural features of the material. In
fluid mechanics, the length scales are clearly subdivided in macroscopic- and
microscopic-scales (Chung, 2007). According to this definition, bulk materials, such
as gases or liquids, pertain to the macro or continuum state, which is on a smaller
length scale composed of interacting particles, constituting the micro states of the
bulk (Hemminger, 2012). Figure 1.1 shows the classification of different length scales
in combination to the modeling techniques being applicable in the respective length
scale. In the following, numerical modeling techniques tools will be discussed for the
relevant length scales, with respect to cereal foam under thermal treatment.
Furthermore a link to sensing techniques is provided. Being aware of the fluid
mechanical classification of scales, material characteristics can be sub-divided in
different length scales according to Sl-units, which will be elaborated in more detail in

following sections, additionally.
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Figure 1.1 The division of macro- and micro- length scales follows the Knudsen number regime,
where macroscopic models can be applied for Kn << 1 and microscopic models for Kn >> 1 (Chung,
2007). Macro represents the bulk and continuum methods can be applied, whereas the micro state of
the bulk is composed of interacting molecules in the molecular regime and the dynamics are described
by molecular dynamics. The meso-scale bridges the molecular and the macro-scale due to statistical

treatment resulting in coarse grained distribution functions of interacting molecules.
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As shown in figure 1.1, the dimensionless Knudsen number indicates a general
division line between both length scales, thus microscopic models can be applied for
a Knudsen number >> 1 and macroscopic models for a Knudsen number << 1
(Chung, 2007; Cosgrove, 2010). The Knudsen number Kn represents the ratio of the
mean free path A of molecules to the physical characteristic length L of a system
(Cengel, 2007; Jiji et al., 2009),

Kn=2 = (1-1)

A Kl
L J2zo2PL

Calculating Kn for an ideal gas includes the Temperature T, the Boltzmann constant
ks (ks = 1.38066*10% J/K), the molecule diameter o and the pressure P (Nguyen et
al., 2002), thus the ratio of kinetic energy to the macro-momentum energy. If the free
mean path of the molecules is large in comparison to the characteristic length of the
system, the system refers to continuum regime (Cosgrove, 2010). The macro scale is
related to the bulk state of the system and continuum methods can be applied. The
micro-scale can be subdivided in molecular states, where motion of molecules can be
described by molecular dynamics (MD), and the meso-scale, which results from
coarse graining of single molecules, to calculate mean values for mass and
momentum density (Wolf-Gladrow, 2005). A more detailed classification of flow

regimes according to the Knudsen number can be given as shown in figure 1.2.

| Kn>10 | 10>Kn>0.41 [01>Kn>0.001| Kn<0.001

‘ Free molecular flow ‘ Transition regime ‘ Slip flow regime ‘ Continuum flow ‘

& o
<« >

Knudsen Number

Figure 1.2 Flow regime related to the dimensionless Knudsen number of the system (Kakac et al.,
2005)

For a Knudsen number of 1, collisions among molecules and collisions of molecules
to the wall are at a similar length scale. In this regime two different flow regimes are
present, and the transition regions are given by the change from Knudsen diffusion to
viscous flux, which is the slip flow regime, and the transition from Knudsen diffusion

to molecular diffusion, which is the transition regime (Pletney, 2007).
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‘ MACRO LENGTH SCALE...

In the macro-scale, materials are considered as bulk, and are

therefore by definition independent of micro-scale effects (Jiji, 2009).
The micro-scale composition of discrete molecules is disregarded due to the
proportionally large scale averaging of micro-scale properties (Sonntag, 2009).
Thermo-physical processes can be described by partial differential continuum
equations based on the classical laws of mass, momentum and energy conservation
(Kukudzhanov, 2013). Representative, the continuity equation can be given in

differential form by
P V(pu)=0 (1-2)

Where, p is the fluid density, t is the time and u is the flow velocity vector field. The
continuity equation expresses, that the density is locally conserved, and is only
affected by a flow with velocity u (Nield, 2006). Macroscopic thermodynamics, and
thus continuum laws, are based on the concept of local thermodynamic equilibrium
(Rohsenow et al., 1998; Bellomo et al. 2007). Meaning that even though a system is
globally far away from equilibrium it is locally in quasi-equilibrium states (Sonntag,
2009; Manneville, 2010). The assumption of local thermodynamic equilibrium is
fundamental to describe the spatio-temporal progression of thermo-dynamical
quantities by partial differential equations connecting the state of the system at each
point (Manneville, 2010), with the consequence to deliver averaged macro-scale

descriptions (Brennen, 2005).

Classical computational fluid dynamics (CFD), such as the finite element method, or
the finite volume method deliver an approximated solution of the set of differential
equations numerically describing continuum processes (Saha et al., 2011). Plenty of
work exists delivering profound outline on the classical continuum mechanics
(Hoffmann, 2000; Chung, 2007; Reddy, 2008; Kukudzhanov, 2013), thus to present it
in detail is non-essential and beyond the purpose of this work. Drawing a first

conclusion, macro descriptions are an approximation over the considered length and

-10-
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locally the micro-information remains absent. Nonetheless, the luxury of the
continuum length scale is the fact that objects are visible for the human eye and the

possibility is given to observe or measure processes directly (Reif, 1965).

Concerning cereal foam, a macro-scale description shows its relevance in the range
of cm. Thus, macroscopic quantities such as the temperature distribution can be
determined by the use of sensing tools inside the foam during processing, as shown
by several researches for the proposed cereal foam (Purlis et al., 2009 a,b; Zanoni et
al., 1993). The examination of the macroscopic moisture distribution is considerably
more challenging. High temperature gradients, associated with vaporization of
present dough water, yields to difficulties of an accurate identification of the absolute
amount of moisture. This becomes crucial as indicated by contradicting results of
previous work presented in literature, presented in the following section. Generally
two procedures were conducted to analyze the moisture distribution in cereal foam,
destructive methods and inline sensing. Destructive methods, as cutting the foam at
several time steps and analyzing the absolute moisture content was carried out
(Zanoni et al., 1993). Finding, that moisture content decrease in the crust but remains
constant throughout the crumb (Zanoni et al.,, 1993). Applying the same
methodology, but achieving contradictive results as an initially increase of moisture in
the middle of the foam and additionally equalizing of moisture content (Wagner et al.,
2007). Under similar procedure, an increase in the center was detected whilst the
absolute moisture content in the whole crumb remains constant (Purlis et al., 2009a).
The contradictive results can be explained by the limitation of such procedure
according to measurement uncertainties due to material instabilities and evaporation
processes. Sensing the moisture content arise the challenge, that most humidity
sensors are not applicable in the required small size, and even more severe, not
functioning in the high temperature and humidity range. One approach was carried
out by the use of a Near Infrared (NIR) sensor, showing that initially the moisture
content decreases in the center, but passing a temperature of 70 °C the moisture
content increases towards the coldest spot (Thorvaldsson et al., 1998). In conclusion
the determination of moisture content and its distribution is still remaining a difficult

challenge leading to counteracting results. In addition to experimental analysis,

-11-
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several numerical investigations were carried out to determine heat and mass
transfer, following the continuum description of cereal based products (de Vries et al.,
1989; Zanoni et al., 1993; Therdthai et al., 2002; Datta et al., 2005; Purlis et al., 2009
a,b). The presented continuum models accounted for simultaneous heat and mass
transfer, where the presence of processes such as evaporation-condensation were
implemented as averaged functions (Purlis et al., 2009). In addition, structural
changes, such as expansion (Datta et al. 2005), or chemical kinetics, such as
browning and starch gelatinization (Zanoni et al., 1995 b,c) were addressed in recent

studies.

Certainly continuum considerations are sufficient if insight in macroscopic
characteristics is requested. Nonetheless, various engineering applications require a
more detailed look. For instance, biotechnological processes combine complex multi-
physics (Berthier et al., 2010), therefore the set of governing continuum equations
explaining the processes becomes too complicated for most numerical techniques,
according to non-linearity as well as the presence of multiple length and time-scales
of the partial differential equations to be considered (Succi et al., 2002). Multiple
length scales increase the amount of quantities to be considered, as well as the
complexity of process descriptions and interactions amongst them (Wilson, 1979).
Perceiving that the foam consists of different components, the void fraction as well as
the foam lamellas, is certainly not surprising. Nonetheless, taking such details into
account, leads to increasing complexity from a process description point of view.
Material properties may be well established experimentally for the bulk, but taking the
different sub-components (foam lamellas and bubbles) into account, raises the sum
of properties to be considered to a much higher quantity. Thus, material parameters
of the lamellas have to be investigated, as well as the gases and their properties
being present in the void fraction. Such considerations face limitations due to
required measurements at small length scales, specifically challenging during
processing. Drawing a conclusion, providing sophisticated insight in heat transfer
related processes and taking micro-scale effects into account, it is insufficient to
consider the material as bulk. Therefore, the structural relevant length scales of the

cereal foam microstructures have to be defined, and are summarized in figure 1.3.

-12 -
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Figure 1.3 Length scales of cereal foam microstructures covering Sl-length scales from cm to nm. The

microstructural characteristics as foam lamella and foam bubbles, is illustrated, as well as the

composition of the lamella, consisting of gluten and starch (Wahlund et al., 1996; Buleon et al., 1998;
Kulp et al., 2000; Chinachoti et al., 2001; Liu et al., 2003; Hannah et al., 2008; BeMiller et al., 2009;
Gilbert et al., 2009; Miguel et al., 2013).

-13-



NUMERICAL INVESTIGATIONS OF FOAM MICROSTRUCTURES Introduction

Depending on technological conditions, as raw material properties, mixing or
fermentation time, foam bubbles are spherical and intact or to a rising degree
interconnected (Vanin et al., 2009; Gan et al., 1990). The void fraction of fermented
dough consists of fermentation gases and to a minor degree of air, embedded during

mixing, resulting in air bubbles size in a range of 10 — 100 uym (Liu et al. 2003).

In the fermentation step bubbles are forced to expand, according to developing
fermentation gases, and thus increasing pressure, yielding to an interconnected void
fraction (Gan et al., 1990). According to the increasing pressure and the constitution
of the lamella by means of viscoelasticity, the lamella ruptures and foam bubbles are
executed to coalescence (Sroan et al., 2009; He et al., 1992). The thereby generated
micro-gaps connecting the bubbles are generally in the range of 50 — 500 um, but
can also reach a size of more than 1 mm (Chinachoti et al., 2001). In addition to the
foam bubbles, there exist micro-bubbles, with sizes of 10 — 100 um, being embedded
inside the lamella (Chinachoti et al., 2001). These micro-air-bubbles remained from
the mixing step, unable to expand due to pressure related resistances, according to
the fact that larger bubbles have lower internal pressure and thus being favorable to
expand (Cauvain, 2000). After processing, including fermentation, forming, and
thermal treatment, the final developed crumb has a bubble size ranging from <10 —
10,000 um (Liu et al., 2003). Bubbles are surrounded by visco-elastic foam lamellas,
where the lamellas have a diameter in the range of micrometer (Liu et al.,
2003).Foam lamellas consist mainly of a gluten-starch network, whereby starch
granules are embedded, and with increasing fermentation time more tightly covered
by gluten (Cauvain, 2000; Liu et al., 2003). The diameter of native starch in wheat
flour is in the range 1 — 45 ym (Kulp et al., 2000), where around 60 % of the starch
granules have a size of less than 10 ym (Liu et al., 2003). At a further level of the
decreasing length scale, starch is composed of amylopectin molecules with diameter
200 — 400 nm, where amylopectin side chains have an average diameter of 20 nm
(BeMiller et al., 2009). Amylopectin is composed of glycosyl units having as size of
0.4 nm (BeMiller et al., 2009). Fermentation gas holding capabilities and visco-
elasticity of wheat dough are linked to gluten (Cauvain, 2000). Glutenin and gliadin

fractions associate to micro-fibrillar structures, being in the range of 5 — 8 nm,

-14 -
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clustering to macro-fibrillar structures of up to 500 nm, where optimally kneaded
dough captures 2-3 pym thick glutenin fibrils (Chinachoti et al., 2001). At such length
scales, secondary bonding forces, as ionic or hydrophobic bonds play an important
role (Chinachoti et al., 2001). The size of starch granules directly affects the lamella
diameter, which is in the range of micrometer, thus of adequate thickness to contain
starch granules, where around 60 % of the starch granules have a size of less than
10 ym affording the opportunity to stabilize foam lamellas (Liu et al., 2003). On the
contrary, if starch granules are larger than the lamellas, they tend to induce
instabilities and bubble coalescence (Liu et al., 2003). In addition, if mainly composed

of gluten, lamella thickness can decrease below 2 ym (Liu et al., 2003).

A more generalized classification of the length scales in cereal foam microstructures
is given by Gilbert, see table 1 (Gilbert et al., 2009).

Table 1.1: Summary of lengths in the dough depending on the process step (Gilbert
et al., 2009)

Section of Structure Size

Gas bubbles 10" m
Lamellas 10° m
Degraded starch granules due to enzyme attack 10° m
Gluten fibers embedding the starch granules 10" m
Long protein molecular chains 10% m
Proteins made of amino acids 10° m

-15-
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MICRO LENGTH SCALE...

The previously elaborated micro-structural characteristics of cereal

foam can be determined by various imaging techniques:

micro-computed tomography (uCT) (Bellido et al., 2006; Dietrich et al., 2012),
fluorescence fingerprint imaging (Kokawa et al., 2012), or confocal laser scanning
microscopy (CLSM) (Jekle et al., 2011). For instance, uCT imaging offers the
possibility of non-invasive insight in the product, and was used to determine the
bubble size distribution in wheat dough (Bellido et al., 2006). Thus, structural
properties of the cereal foam, and the corresponding length scales, are quite well
established due to a wide spread amount of imaging techniques and the opportunity
to measure structural characteristics (Bellido et al., 2006; Le-Bail et al., 2011).

Analyzing the thermo-physical processes occurring at decreasing length scales
experimentally is considerably more complex. The arising challenge is composed of
two main features, associated to the length scales: (i) sensing limitations, and (ii)

non-similarity of micro- and macro-scale processes.

At first instance, as shown in previous sections, determining macro- temperature
distribution, as well as macro- and micro-structural properties by imaging techniques,
is feasible. Certainly, determining absolute local moisture content and corresponding
humidity fluxes remains challenging inside the foam lamellas or foam bubbles
respectively, due to the small length scales in the range of pm. Likewise,
determinations of thermo-physical effects are heavy to conduct at a length scale in
the range of bubble or lamella size, extreme conditions and therefore unknown
physical mechanisms. Extreme conditions are given by means of high temperature
and humidity gradients, present under thermal treatment of the cereal foam, facing
sensing technology limitations in combination to the extreme small sized sensor
requirements. At the state of current sensing technology, a macro-scale temperature
or humidity measurement is covering an area of mm — cm range, thus averaging void
fraction and lamellas is practicable, and can give insight in macro- heat and mass
transfer processes. But delivering insight in the processes inside a single bubble or a

single lamella, by means of inline sensing during thermal processing, is still limited,

-16 -
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due to the fact that smallest commercially available sensors are in the size range of 2
— 3 mm (Crawford et al., 2008).

Addressing heat transfer measurements at smaller scales, several micro-scale
thermometry techniques exist, for instance: thermography, modulated or pulsed
heating source, thin-film thermocouples, thin-film micro-bridges, optical techniques,
nanometer-scale thermocouples (typically used together with atomic force
microscope), photo-thermal techniques, or scanning thermal microscopy (resolving
surface temperature on nanometer length scales), transient thermo-reflectance
technique (monitoring transport phenomena on a picosecond time scale) (Sungtaek
et al., 1999; Bejan et al., 2003). Despite these examples, a measurement technique
combining ultra-short time- and length scales is a remaining challenge (Bejan et al.,
2003). In addition, the measurement techniques given above may be helpful to
deliver insight in small scale heat transfer processes in a range of nm — ym in
specific applications (Crawford et al., 2008), but are of limited practicability to
determine temperature inside a single bubble, or lamella, of cereal foam during

processing and thermal treatment.

The second point to be addressed thoroughly is the non-similarity of micro- and
macro-scale phenomena (Jiji et al., 2009). In micro-systems, the ratio of surface
forces to volume forces increases by one half, thus, surface forces, such as
adhesion, friction, electrostatic and Van der Waals forces, dominate (Berthier et al.,
2010; Crawford et al., 2008). Consequently, with decreasing characteristic length of
an object, the surface area per volume increases, meaning that heat transfer through
interfaces is of higher importance in the micro-scale (Cengel, 2007). In addition,
visco-elasticity, hydraulic resistance and capillarity effects become more important in
a micro domain, whereas inertia and gravity are of minor importance (Berthier et al.,
2010). At further decreasing length scales, thus being in a Sl-unit range of nm,
intermolecular and atomic forces become dominant (Crawford et al.,, 2008).
Concerning heat transfer, it could be shown that the thermal conductivity of a specific
material is suitable in the range of meters to microns, but can differ heavily for thin
films in a range of nanometers (Bejan et al., 2003; Jiji et al., 2009). Micro-scale

physical effects become significant at small length-scales, where the mean free path
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of the energy carriers is comparable to the physical length of the considered system
(Cengel, 2007). Consequentially, further crucial characteristic of micro-scale heat
transfer is that the thermo-physical properties are dependent on the

microstructure of a material (Cengel, 2007).

As elaborated in previous sections, distinction between macro- and micro-scale can
be given by a classification according to the dimensionless Knudsen number for heat
transfer (Jiji et al., 2009). If the mean free path is much smaller in comparison to the
characteristic length, heat transfer is macroscopic, and thus, follows Fourier’s heat
diffusion theory (Anderson, 2008). On the contrary, if the mean free path of
molecules is similar, or larger than, the physical length of the system, or if the time-
scale of the process is comparable, or smaller than, the relaxation time of energy
carriers Fourier’'s law fails (Saha et al., 2011). In that case, the concept of Knudsen
diffusion is feasible to account for diffusion problems. For Knudsen numbers in the
range of greater than 1, macro-scale descriptions are of insufficient use, since
continuum mechanics fail to define the processes and other physical descriptions are
required to explain the thermo-physical processes (Bejan et al., 2003). Nonetheless,
energy transfer, conducted in the micro-scale by energy carriers as phonons,
electrons, molecules and photons can be related to macro-scale described by
continuum equations, even though the physics of each energy carrier is different
(Rohsenow et al.,, 1998). Micro-states of a system being consistent with its
macroscopic properties are described in thermodynamics and statistical mechanics
following different approaches, as given by Boltzmann, Gibbs, the Landauer
formalism, the Green-Kubo formalism, radiation analogies, the Schrédinger equation,
the Maxwell equation, amongst others (Rohsenow et al., 1998; Jiji et al., 2009;
Beisbart et al., 2011). A distinction is drawn between statistical mechanics, providing
static probabilities, and quantum mechanics, providing dynamic probabilities
(Beisbart et al., 2011).

The field of quantum mechanics has the objective to explain atomic structure, the
behavior of matter at atomic or subatomic length scales, and possible relations to
macroscopic properties (Rae, 2002). Such molecular descriptions advance in

perspective to resolve thermo-physical processes in nanostructures, numerically
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solved by lattice dynamics, molecular dynamics (MD), or Monte Carlo simulations
(Bejan et al., 2003). Additionally, there exist hybrid technologies to combine features
from each method (Attig et al., 2004).

Molecular dynamics uses Newton’s equations of motion and interacting potentials, as
given by Lennard-Jones, to solve a system of interacting molecules (Saha et al.,

2011). Newton’s equation of motion is given as:

n 0 - v (1-3)

Where m is the mass, r the distance between molecules, t the time, F the force, and
@ the pair potential is given as:

@ =23 o() (1-4)

The method can be used under equilibrium or non-equilibrium conditions, where the
latter is applied more frequently (Yip, 2005). In general, MD is used to study the
structure and dynamics of macromolecules (e.g. proteins, nucleic acids,...) (Meller,
2001), phase transition processes including liquid-vapor phase equilibrium, or
capturing the statistics on the molecule number evaporated and condensed (Landry
et al., 2007). Tracking individual molecules or atoms, related to super-transient time-
scales of femto- to nanoseconds, yields, even though approximation and
simplifications are included, to incredible computational effort and limited accuracy
(Meller, 2001; Bejan et al., 2003; Saha et al., 2011). In practice, MD-simulations can
cover motion of molecules driven processes only locally in their specific relatively
short time-scales, delivering insight in interactions among molecules, rather than in

their macro-scale dynamics (Chen et al., 1994; Roco et al., 2010).
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MESO LENGTH SCALE...

The term meso-scale is defined as the intermediate size, or length

scale, between two length scales (Antonietti et al., 2004).

The impact of meso-scale descriptions is crucial since it acts as a spatial linkage of
classical continuum and quantum mechanics (Hemminger, 2012). Despite the link of
both length scales, functionality, visible on a macro-level, is ruled by meso-scale
characteristics rather than the atomistic states of the system (Hemminger, 2012).
Even though the direct descriptions of single molecule interactions become
insignificant, the challenge is to span several time and length-scales (Bagchi, et al.,
2010). Pertaining between continuum and molecular descriptions, the kinetic theory
acts as a basis for multi-scale fluid descriptions (Bernaschi et al., 2009). The kinetic
theory thereby delivers sophisticated insight in micro-scale effects or related transport
phenomena, and as well links the micro-state of a system, given by motions and
collisions of its atoms and molecules, to its macro-states (Jiji et al., 2009). Molecules
are regarded as hard spheres at ideal gas conditions, thus quantum-mechanical
effects are insignificant, and gases considered to be composed of interacting
particles (Ge et al., 2007).

The kinetic theory was developed to provide a dynamical description of heat,
transferred by kinetic energy of molecules in motion, before statistical mechanics was
established to solve systems for many particles (Beisbart et al., 2011). The dynamical
state of the system can be described by the location x and momentum p of each
particle at a given time t (Sukop et al., 2006). Worth to mention that one mm? of air
contains 10" molecules (Succi, 2001). According to the enormous quantity of
particles occupied in space, statistical treatment is required, statistical mechanics
gives a probability distribution function f(x,p,t) to find a particle with a defined location

and momentum (Sukop et al., 2006).

Macro-scale heat transfer can be described by the heat diffusion equation. Certainly
the applicability of the heat diffusion equation is limited in the micro-scale due to the

non-equilibrium characteristics of micro- heat transfer (Cengel, 2007; Sungtaeket al.,
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1999). To understand micro-scale processes at non-equilibrium conditions, non-
equilibrium thermodynamics have to be employed (Rohsenow et al., 1998).

To anticipate, the kinetic theory is not applicable under non-equilibrium conditions,
since it follows the assumption of local thermodynamic equilibrium (Rohsenow et al.,
1998). Boltzmann solved that. The basic idea was to show how a system under non-
equilibrium conditions reaches equilibrium state, and Ludwig Boltzmann proved,
according to the H-Theorem, that any non-equilibrium distribution function is the
equilibrium Maxwell-Boltzmann distribution in the limit of time (Beisbart et al., 2011).
In comparison to continuum equations, the Boltzmann transport equation is
dependent on the statistical distributions of energy, rather than temperature
dependent equations (Bejan et al., 2003). Furthermore, the Boltzmann equation can
account for all types of particles following a statistical distribution, gas molecules,
phonons, photons, electrons, ions (Bejan et al., 2003; Rohsenow et al., 1998).
Likewise the concept of the kinetic theory, the Boltzmann equation describes the
motion of a rarefied gas, being composed of interacting particles, by a particle

density distribution function (Sukop et al., 2006).

The Boltzmann equation, without external forces, is given by equation 1-5, where the

collision among particles is implemented via the collision term 2 (Succi, 2001).
LRV (1-5)
ot

Where, fis the particle distribution function, t is the time, v is the particle velocity,
and Q is the collision term. The original collision term of the Boltzmann equation is
highly complex, embedding usually non-linear scattering rates, achieving an
analytical solution of Boltzmann equation is thus considerable challenging (Aristov,
2001), therefore several analytically as well as numerically approximate solutions
have been presented. Convenient approach to linearize this term can be done by a
relaxation-time approximation (Bejan et al., 2003; Rohsenow et al., 1998).

Thus, for local equilibrium equation 1-5 reaches:

of
il (1-6)
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Where, /, describes a state of local equilibrium. The non-equilibrium distribution / is
thus (Rohsenow et al., 1998):

f(t)-

£(0)-

:‘0 e =10t T, (1)
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With proceeding time the distribution function approaches /. Consequently, if a
system is in a non-equilibrium state, the collisions restore equilibrium (Rohsenow et
al., 1998), following an exponential decay (Bejan et al.,, 2003). The Boltzmann
equation allows calculations of micro particle-particle interactions, and furthermore,
macroscopic properties can be derived from the Boltzmann equation (Rohsenow et
al., 1998). For instance, the conservation of mass, momentum and energy, is given
by equations 1-8 to 1-10, relating the particle distribution function to macroscopic

density, momentum and specific internal energy (Succi, 2001).

p=>t (1-8)
:ZVi f, (1-9)
pe= 3 —u) (1-10)

Where, p is the macroscopic density, u the flow velocity, v the particle velocity in
direction f the particle distribution function and e is the internal energy. Therewith,
Boltzmann provides a link from micro- to macro length scales. Advantageous is the
incorporation of micro-scale effects and the applicability to derive macro-properties
from the micro-states, even under conditions if continuum descriptions fail (Hussein
et al., 2010). Quantum-mechanical effects among the particles can be neglected for
thermodynamic equilibrium conditions if the mean particle distance is larger than the
thermal de Broglie wavelength (Spickermann, 2011). Worth to mention additional
simplifications to the derivation of Boltzmann’s equation, like the presumption that
only binary elastic collisions among similar particles are considered, and that
collisions lead to a directional change rather than accelerated particles (Zwanzig,
2001). In computational fluid dynamics, the Lattice Boltzmann Method (LBM) gives a

discrete formulation of the kinetic theory, distinguished to classical CFD methods
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which deliver discrete approximations of partial differential equations to each
infinitesimal volume element of the fluid (Mohamad, 2011). Numerically, the lattice
Boltzmann Method discretizes the Boltzmann equation in time and space on a
defined lattice (Zhang et al., 2010). At each lattice site x, the particle distribution
function /£ (x, t) is given, and during each time step At the particles move according to
a set of discrete velocities v to the nearest lattice site x+vAt (Zhang et al., 2010;
Chen et al., 1994). Subsequently, at the new lattice site, particles collide, which is
addressed in the collision term, and a new particle distribution function is computed
(Chen et al.,, 1994). According to a single-time relaxation approximation, the

corresponding lattice Boltzmann equation is given as (Zhang et al., 2010):
f, (X + Vv, At t + At) - f;(x,t) =, () (1-11)

The collision term accounts for the rate of change towards equilibrium, according to
the relaxation time 7, which is related to the fluid viscosity (Chen et al., 1994). The
lattice Boltzmann equation allows recovering of correct hydrodynamics by applying
the least amount of kinetic information (Succi et al., 2002). Essential features of
molecular dynamics are combined by coarse graining of particle interactions, obeying
a good approximation of continuum equations and macroscopic quantities (Chen et
al., 1994). Thus, the LBM bridges the gap between micro- and macro-scales, and
consequently, providing a meso-scale approach (Monaco et al.,, 2007). From a
computationally point of view it is more efficient then MD (Saha et al., 2011), since
particle distribution functions are considered, rather than single molecules. Drawing a
first conclusion shows that both, macro- as well as molecular descriptions are
insufficient to deliver insight in thermo-physical processes at the length scale of
interest, namely the cereal foam microstructure. Micro-scale dynamics and the linked
small-scale physics are following highly non-linear functions which cannot be
described by continuum models (Succi et al., 2002). Continuum descriptions are not
applicable to provide insight into the microstructure and the associated processes,
whereas molecular dynamics are delivering too much information on a too small

length and time scale which reflects to high computational costs (Tielemann, 2006).
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1.2 Impact of foam microstructure

The challenge to determine characteristic thermo-physical processes through the
cereal foam is owed to their complex structure-material property interactions. As
elaborated in chapter 1.1, limitations to analyze thermo-physical properties, by
means of sensing whilst cereal foam processing, in the micro-scale still remain. In
addition, the investigations showed that thermo-physical properties are depending on
the microstructure, and therewith on micro-scale properties. The basic question as
well as the arising challenge is thus: the incidence of thermo-physical and

material property interactions in cereal foam microstructures.

Recent researches show that transport properties are depending on the
microstructure (Hussein et al., 2010; Yazdchi et al., 2011; Wang, 2012). A study
addressing the macroscopic permeability of periodic fibrous porous structures, which
is depending on microstructural effects, was carried out by the use of finite element
methods, validated with theoretical and numerical data (Yazdchi et al., 2011). The
effects of microstructural properties (fiber shape, aspect ratio, orientation) were
determined for a broad range of porosities and showed that permeability is
depending on these micro-structural parameters (Yazdchi et al., 2011). Likewise, it
could be shown that the porous structure type, such as granular, fibrous or network
has a significant influence on electro-osmotic permeability (Wang, 2012). The
network structure is favorable at low porosity, reaching highest permeability due to
the surface to volume ratio, whereas at high porosity the granular structure yields to
highest permeability due to the lower shape resistance (Wang, 2012). The latter
results are based on numerical simulations by the use of lattice Boltzmann methods

and indicate the impact of microstructures on transport properties.

Relating the impact of cereal foam microstructure on thermo-physical properties, little
research was done thus far. Nonetheless, the conducted studies showed the impact
of the microstructure on the heat transfer (Zanoni et al., 1995a; Hussein et al., 2010).
According to Zanoni, bread macro-structure was distinguished between crumb and
crust, and experimental measurements showed that their thermal diffusivities are

functions of porosity (Zanoni et al., 1995a). A difference between crumb and crust
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was detected, which may be related to variations of apparent density, specific heat
and thermal diffusivity of both regions (Zanoni et al., 1995a). In a further study, the
influence of porosity was determined by the use of lattice Boltzmann methods in an
artificial porous system, representing cereal dough (Hussein et al., 2010). It could be
shown that increasing porosity results in more quick heat spread through the system
according to the different material properties (Hussein et al., 2010). Nonetheless, real
micro-structural characteristics were not taken into account, which would be
necessary to estimate their impact on the heat transfer. Additionally, the
differentiation of crumb and crust density shows the impact of different structural
properties on the heat transfer (Zanoni et al., 1995a), allows first insights, but
inappropriately, in both regions the microstructure additionally is not uniform across
the characteristic length of the foam (Cauvain et al., 2006). According to the non-
uniform microstructure, macroscopic quantities are not equal across the macroscopic
length scale (Gray, 2002). Therefore, foam density is depending on the ratio of void
fraction to lamella fraction, rather than its local distribution or the occurrence of
structural different regions. A macro-description does not account locally on the
specific characteristics of the foam, such as bubble size, lamella thickness, thermal
diffusivity of the lamella or thermal diffusivity of bubble content. Contrariwise, macro-
descriptions implement such structural features as averaged functions. However,
taking a step deeper into the micro-scale one can consider that variation of the
structural constitution of a single foam lamella contributes to local uncertainties. For
instance, the bulk density of the foam can have the similar value, thus the amount of
void fraction remains constant, even though bubble size distribution or lamella

thickness may be different at the micro-scale.

Thermo-physical properties for cereal foam, considered as bulk, are quite well
established (Rask, 1989), but thermo-physical properties of microstructural
parameter are insufficiently discussed in literature. Bear in mind the example of heat
transfer through a section of cereal foam microstructure, a macro-description may
offer the value for temperature, but averaged for the whole micro-section. Thus, in a
continuum description, micro-scale effects remain invisible. For instance, the thermal

diffusivity is a macro quantity, depending on the density, the thermal conductivity and
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the specific heat of the bulk, as shown in equation 1-12.
a=— (1-12)

Where k is the thermal conductivity, p is the density and c is the specific heat
capacity. Theoretically, variations of thermal conductivity, density as well as specific
heat lead to a higher thermal diffusivity through the bulk and thus, influence heat
transfer. Related to cereal foam, the thermal conductivity, as well as specific heat is
depending on the material constitution and its water content (Purlis, et al., 2009b).
Varying the density from a micro-structural perspective can be conducted by means
of bubble size distribution, and likewise lamella constitutions, as its thickness,
presence of air inclusions or micro-gaps, connecting the bubbles to an increasing
degree or not at all. The prior described variations account at the micro-scale, but are
hidden at macro-scale, and even worse, different micro-scale structural constitutions
can lead to the same macro quantity due to averaging. Argumentum e contrario,

micro-parameter variations can be used to influence macro quantities.

Remaining the question of the nature of the driving underlie thermo-physical
processes, as well as the impact of structural constitution from a micro-scale
perspective. In theory, determining the heat flux separately through void fractions and
through the lamellas would provide a defined picture of the underlying processes
through the microstructure. From this local micro-description the global macro
quantities can be determined, and additionally the impact of microstructural
characteristics could be identified. As elaborated previously, the water content has an
influence on the heat transfer, given by continuum descriptions (Zanoni et al., 1995a;
Purlis, et al.,, 2009b). Remaining the question of the micro-structural dependency,
thus the role of water inside the lamellas, inside the bubbles, fluxes through both of
them, interactions with the material, and finally the impact on the microstructure and
the heat transfer. Experiments, carried out with uCT imaging, showed that steaming
conditions in the oven ambient has an influence on the structure and the properties of
bread crust (Le-Bail et al., 2011). Lower steaming yields to a thinner crust and higher
permeability for moisture than for higher steaming (Le-Bail et al., 2011). Thus the

results show the correlations of thermo-physics related to micro-structural properties.
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On the contrary to external steaming, whilst thermal treatment, temperature gradients
develop yielding to evaporation of water from the foam to the oven ambient (Kotoki et
al., 2010). Evaporation to the surrounding implies that evaporation processes may as
well play a role inside the microstructure. Recent researches state repeatedly the
theory of the possible occurrence of evaporation-condensation based heat transfer
through cereal foam (Sluimer et al., 1987; Sablani et al., 1998; Purlis et al., 2009a),
where the assumption is as follows:

Under the influence of thermal energy, water evaporates at the warmer side of the
foam bubble from the lamella, thereby absorbing latent heat of vaporization. The
vapor moves through the foam bubble, condenses at the colder side of the bubble,

thereby setting free the latent heat of vaporization, as illustrated in figure 1.4.

Figure 1.4 Sketch of evaporation condensation mechanism. A
single foam bubble is exposed to a temperature field from the
right hand side (red). Inside the bubble lamella water vaporizes
under the influence of heat, moves through the bubble and
condenses at the colder side (blue). Depending on the conditions
additional backflow may occur, indicated by blue arrows.

— e (Sluimer et al., 1987; Sablani et al., 1998; Purlis et al., 2009a)

From a straight physical point of view the theory of evaporation-condensation (E-C) is
certainly meaningful, and thus lead to the application of continuum models,
implementing this process as averaged functions in heat transfer simulations of
cereal foam (Thorvaldsson et al., 1999; Purlis et al., 2009a,b). Nonetheless, the
specific conditions in combination to complex interacting processes under thermal
treatment limited thus far to proof the existence of E-C. In addition, the quantitative
impact of this process on the overall heat transfer is unknown and interactions of
such processes related to microstructural properties remain unidentified, but would
certainly contribute to enlighten the micro-scale characteristics of the heat transfer as
well as processes proceeding inside single foam bubbles. In conclusion, the
theoretical investigations show that micro-structural characteristics have an influence
on the heat transfer through cereal foam. And thus, micro-structural variations may
be used to examine the impact, as well as an optimized micro-state of the system, for

improved heat transfer in the whole process.
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1.3 Thesis outline

The previous chapters gave an introduction to relevant length scales of cereal foam
microstructures as well as corresponding sensing and modeling techniques. The
survey showed that hidden micro-property details constitute the basis for bulk
material properties (Attig et al., 2004), and that diverse micro-states of a system may

affect the heat transfer.

A central role in science is attributed to experimental procedures, providing
fundamental knowledge on physical processes (Meller, 2001). Nonetheless, under a
large instance of conditions it is impossible to conduct the required measurements,
and theories are required to explain the related processes (Attig et al., 2004). In that
case numerical modeling and simulation attracts notice to use basic physical
principles to link measurements and theories (Meller, 2001; Attig et al., 2004). A
further benefit of modeling techniques is the possibility to support properly
interpretation of measurement results (Roco et al., 2010). In addition, modeling and
simulation is usually faster, less expensive and allows numerous parameter variation
studies without the effort arising during experimentation (Robinson, 2004). Related to
cereal, examining thermo-physical properties by means of in-line sensing during
processing, is limited due to processing barriers to macro-scales. Thus, theoretical
and numerical investigations are required to deliver insight and analyze underlying

processes.

At first instance process-relevant time- and length-scales have to be identified to
elaborate which method is best suiting and if micro-scale heat transfer effects have
an influence on the process (Rohsenow et al., 1998). The choice of the length-scale
to be considered is fundamental for the numerical tool to be applied and the gained
insight in the process. If neglecting the presence, or the composition, of the lamella of
starch and protein and other ingredients as well as the starch granule of amorphous
and crystalline lamellas and amylopectin chains (Liu et al., 2003) respectively, then in
conclusion, from a straight structural point of view, dough microstructure is in the
range where continuum descriptions could be applied according to the Knudsen

number classification. In addition, worth to mention, that foam lamellas are
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sufficiently thick to be independent of micro-scale heat transfer effects, which may be
induced by the mean free path of molecules with respect to the lamella diameter.
Nonetheless, in any porous medium, the macro-scale is much larger than the pore
diameter, and in addition, macro-quantities may not remain the same over the whole
macro length scale (Gray, 2002). Thus far, numerical investigations on heat transfer
and mass transfer have been conducted based on continuum descriptions, averaging
the specific micro-heat transfer phenomena in continuum partial differential equations
and neglecting the characteristic micro-structural features of the cereal foam. In
several researches the occurrence of evaporation-condensation based heat transfer
is described theoretically and implemented in numerical models based on continuum
descriptions (Thorvaldsson et al., 1999; Purlis et al., 2009a,b). Additionally, for
systems in non-equilibrium state, or when gradients exist among the micro-scale
properties, it is complicated to reach a macro description of the thermodynamic
processes (Gray, 2002). Despite the fact that methods to study non-equilibrium
nonlinear processes exist, they are limited by the nature of the mathematical models
(Aristov, 2001). Furthermore, processes during thermal treatment, as phase
changes, or diffusion through the microstructure, are hidden micro-scale processes,
and the necessity remains to identify and visualize thermo-physical processes from a

length-scale perspective below continuum descriptions.
The survey, given in the previous chapters, arises several basic questions:

e Which thermo-physical processes occur inside a single foam bubble?

e Is evaporation and condensation based heat transfer of relevance in
cereal foam microstructures under thermal treatment?

e Does the microstructure have an influence on the heat transfer?

e How can thermo-physical and material property interactions be
defined?

These fundamental research questions are closely linked to application based
requirements of industry. Global growth in the bakery industry (Pan, 2012), in
combination to increasing energy costs require innovative process optimization

inquiries. In the bakery industry a considerable part of the consumed energy is
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required for the baking process. In order to contribute to reduce energy consumption
by means of saving energy, time and costs, there is the demand of optimization
technologies to improve the heat transfer rate inside the product without affecting
product quality. The relevance is specifically crucial in large sized industrial
production, with high through put. Thus, the significance to deliver insight in the
correlation of cereal foam microstructures and thermo-physical phenomena, their

impact as well as the potential of heat transfer optimization is evidentiary.

In conclusion, this work has the main objective to investigate numerically the heat
and mass transfer processes at bubble length-scale, thus delivering insight in so far
hidden processes. Conventional continuum methods are limited according to the
spatio-temporal range of the processes to be considered. Furthermore, the possibility
to treat non-equilibrium processes based on particle dynamics in complex structures
makes the LBM a promising alternative to conduct the required numerical
investigations in the meso-scale (Aristov, 2001). Thus, cover the relevant features of
microstructural properties and thermo-physics in macro- and micro-scales,

respectively. In summary, the following points are addressed in this work:

(i) Theoretical investigation of thermo-physical processes occurring in cereal
foam microstructures under thermal treatment and the determination of
their relevant length and time scales

(ii) Experimental determination of heat and mass transfer through cereal foam
microstructures

(i)  Development of physical- and mathematical algorithms describing the
thermo-physical processes

(iv)  Development of a numerical tool to conduct physics-based simulations

(v)  Visualization of thermo-physical processes inside foam microstructures

(vi) Parameter variation studies to elaborate impact of microstructure on

optimized heat transfer through the foam
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2.  Summary of results (thesis publications)

21 Paper summary

Part 1 — A review

On the theoretical time-scale estimation of physical and chemical kinetics

whilst wheat dough processing

In order to establish sophisticated insight in the complex interacting physical and
chemical processes occurring under the influence of heat requires a fundamental
knowledge of their characteristics. Therefore, this review gives an outline on the main
physical and chemical processes in relation to heat transfer from macro- to micro-
scale. In addition to the specific length-scale considerations, each process follows a
characteristic time-scale being of impact on limitations or acceleration of related
processes. The characteristic times are calculated, related to each other and their
dominance, influence as well as interactions are discussed. Thus, the detailed
knowledge allows an estimation of the impact of each process from a micro-scale
description to the macroscopic state. The gained time and length-scale relationship is
fundamental to proceed to establish the heat and mass transfer relevant phenomena
inside cereal foam microstructure, to set up a meaningful measurement device and to

develop an appropriate numerical tool to model these processes.

Part 2 — Sensing the scenery

Tracking the thermal induced vapor transport across foam microstructure by

means of micro-sensing technology

Following the basic question if evaporation-condensation based heat transfer plays a
significant role, the vapor distribution was measured during the heating process. For
this purpose, a small scale (3 mm x 3 mm) sensor was positioned inside the foam
and temperature as well as relative humidity was logged simultaneously throughout
the cross-section of the loaf. The procedural method of the measurement device
covers the humidity amount in the gas phase, thus allowing the determination of the
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vapor flux through the microstructure. The results show that in the end of baking the
highest humidity level is found at the coldest spot of the loaf. Together with the
convergence towards a 100 °C temperature level the conclusion can be drawn that
indeed evaporation-condensation takes place yielding to mass transport towards the
coldest spot. In addition, the measurement results are used to provide the initial
conditions of the foam for the numerical part. Nonetheless, even though the small
size of the sensor, it is still not capable to deliver insight into the vapor distribution
inside a single bubble and thus providing evidence only indirectly at macro-scale.
The challenge, to determine the vapor flux at the micro-scale and if evaporation or

condensation locally occurs, still remains.

Part 3 — Numerical investigations

Based on the findings of the previous parts, and with the objective to complete the
missing links which are not feasible by measurements, numerical investigations are
carried out to examine and visualize the thermo-physical processes at micro-scale.
Therefore, the lattice Boltzmann method is used, which is predestined to bridge

micro- and macro- scales (Sukop et al. 2001).

Examination of thermo-physical and material property interactions in cereal

foams by means of Boltzmann modeling techniques

In this study, the coupled heat and mass transfer through cereal foam is addressed
by means of diffusion. The modeling domain is based on yCT images of breads
crumb, hence delivering a realistic virtual foam microstructure. The computational
domain is divided in 2 components, the foam lamella and the foam bubbles
respectively. Such classification allows distinguishing the specific material properties
for each component, being aware to be dependent on averaged macro-properties,
and thus considering the process from a micro-scale point of view. The developed
lattice Boltzmann model covers thermal and vapor diffusion and the simulation
results deliver insight in the related heat and vapor flux through the microstructure. In
addition, variations of the thermal diffusivity of the foam lamella shows that the

possibility is given to improve heat transfer by parameter variations.
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Multicomponent phase transition kinetics in cereal foam — Part I: Developing a

lattice Boltzmann model

The diffusion model of the previous study is extended to address phase transitions
occurring under specific temperature and partial vapor pressure conditions.
Therefore, two additional sink and source terms are implemented in the lattice
Boltzmann diffusion equation. The term added to the mass diffusion equation,
accounts for the phase transition of water vapor to its condensate, whereas the other
term added to the heat diffusion equation addresses the additional energy transfer
depending on the amount of transitioned phase. Furthermore the evaporation from
the foam lamella, as well as the re-evaporation from the condensate and the related
absorption of latent heat is considered. The numerical model is validated with a test
case based on experimental data from literature, examining the evaporation of a

water droplet, and showed quite well accuracy.

Multicomponent phase transition kinetics in cereal foam — Part Il: Impact of

microstructural properties

The objective of this study is the application of the developed phase transition LBM to
cereal foam under thermal treatment, covering three minor goals: (i) does
evaporation-condensation take place under the given specific conditions, and how
does evaporation-condensation then affect the heat transfer; (ii) parameter variations
to determine how micro-structural properties influence the heat transfer; and last but
not least (iii) to visualize the thermo-physical phenomena inside the foam bubbles.

The simulation results show that evaporation-condensation occurs and that this
process indeed increases the heat transfer rate. Furthermore it could be shown that
changing the foam microstructural properties, by means of porosity, permeability and
thermal diffusivity, yields to increased heat transfer. Additionally, the simulation
results support process understanding from a micro-scale perspective and make

formerly, for the human eye, hidden processes visible.
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Evaporation rate; [kg/m*/h]
Activation energy; [kJ/mol]
Porosity; [%]

Gelatinized starch fraction; [-]
Height; [m]

Heat transfer coefficient; [W/m?K]
Enthalpy of vaporization; [J/kg]
Diffusion flux; [mol*m?*/s]
Thermal conductivity; [W/mK]
Mass transfer coefficient; [m/Pas]
Kinetic reaction rate constant; [1/s]
Reaction frequency factor; [1/s]
Permeability; [m?]

Viscoelastic constant; [-]

Mean free path; [m]

Characteristic length; [m]
Viscosity; [Pas]

Reaction order; [-]

Pressure; [Pa]

Extent of gelatinized starch; [mW/100mg]
Density; [kg/m®]

Universal gas constant; [J/molK]
Radius; [m]

Abstract During processing of complex multiphase sys-
tems several processes occur on different time and length
scales simultaneously and influencing each other. To estab-
lish the main relevant driving process, time-scale analysis is
an important tool in physics. This work outlines the physical
and chemical kinetics occurring during cereal based foam
processing and contributes to enlighten the impact of differ-
ent characteristic times. Such analysis becomes beneficial if
detailed micro-scale description of the whole process is
required which may be used for process optimization.
With regard to the latter, an important tool is numerical
modeling where a sophisticated knowledge of the processes,
time and length scales is required to produce realistic results.
The time scale estimation shows the impact of each process
on the whole macro scale behavior of the system and gives a
critical review of previous physical and mathematical mod-
els and the related simulation approaches.

Keywords Time-scale analysis - Cereal foam -
Thermo-physics - Numerical modeling
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o  Thermal diffusivity; [m*/s]

v-:W'OO“UB';:F'PFUQW‘?WFWHE-WEQMPUJ

Cp Heat capacity; [J/kgK] RH Relative humidity; [%]
C Concentration; [mol/m?] o Surface tension; [N/m]
Co Initial concentration; [mol/m’] T Temperature; [K]
D Mass diffusivity; [m*/s] T Tortuosity; [-]
Doy Effective mass diffusivity; [m?/s] t Characteristic time; [s]
) Constrictivity; [-] T Relaxation time; [s]

v Velocity; [m/s]
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responsible for the macro-scale behavior of the process.
During thermal treatment the processes become even more
complex due to the thermal sensitivity of the properties such
as pressure, humidity, surface tension, viscosity and chem-
ical reaction kinetics. In addition, the phenomena in com-
plex physical processes are occurring at different time and
length scales [1], making a detailed description and mathe-
matical modeling challenging. Profound knowledge of the
characteristic time scale of each process, either in macro or
micro-scale, helps to understand how micro- or even nano-
scale phenomena interact to assemble to a macro-process.
Nonetheless, one remaining challenge is to link the micro-
scale to the product and its specific properties [2].
Furthermore the driving process of several parallel running
processes can be determined regulating the phenomena ob-
served in the macro-scale, what can be used for process
optimization.

Even though sensing technology advanced rapidly in the
past decades it is still challenging to determine especially
the micro phenomena experimentally due to the lack of
appropriate sensing technology with the required specific
conditions. Applying sensors inside the loaf during the
baking process demands for low mass, small size and appli-
cability to high temperature and humidity ranges. Sample
applications are humidity measurement by means of NIR [3]
or micro-sensing [4]. The resolution time of the latter is in
the range of ms, whereas the NIR probe delivers immedi-
ately measurement results due to the measurement being
based on light absorption and reflection [5]. Drawback is
that the measurement techniques are in general influencing
the process or product destructive, especially when the
governing problem occurs in the micro-scale. A promising
alternative is to model the processes, allowing an easy
parameter variation study to enlighten the impact of each
property without interrupting, influencing, or destroying the
product. The impact of different length scales becomes
important when choosing the right modeling method. In
the macro-scale a continuum description of the flow fields
based upon the Navier—Stokes equations is adequate.
Nevertheless, this approach is only valid until the dimen-
sionless Knudsen number, see Eq. 1, is smaller than 0.1,
with A as the mean free path in m of the molecules and L as
the characteristic length in m.

Kn=— (1)

In the meso-scale, particle dynamics such like the lattice
Boltzmann Method (LBM) can be applied, considering that
gases are composed of interacting particles. The LBM
allows an easy derivation of macroscopic conservation
properties based on the micro-scopic properties to be solved.
In the nano-scale molecular modeling recently has the lux-
ury of significant progress and can be used to simulate

@ Springer

molecule interactions, but due to the small time and length
scales of the processes to be considered, the immense com-
putational effort of such calculations is still limiting the
application. Considering typical cereal foam consisting of
a protein-starch network with CO, bubbles, the different
scales can be seen in Fig. 1.

Modeling a Complex process requires the time-
dependent change of the properties to be resolved. As soon
as more than one process is considered in the model the
right time scale has to be chosen carefully since it is not
always easy to determine the driving process and the
corresponding characteristic time. In order to monitor the
process at the right time scale and prevent to lose any
information. Worth to mention that, besides the importance
to be aware of the time-scales involved in the process,
modeling in food systems require a multi-scale, multi-
physics and as well non-linear and dynamic descriptions
[6]. Mechanical Modeling by the use of Finite Element
Methods, can be used to deliver insight in the texture of
food and the structure-function relationships, as shown by
the review of Guessma et al. [7]. Nonetheless, the linked
simplifications of the food microstructure requires alterna-
tive process modeling tools to cover the detailed thermody-
namic, structural, bio-chemical and mechanical features of
the food systems [8]. The SAFES (systematic approach to
food engineering systems) methodology, as presented by
Fito et al., incorporates all relevant features in combination
to the complexity of the food systems [8]. Vasconcelos et al.
[9] reconstructed a two-dimensional foam structure from an
image segment and compared the results to a simulation. In
their study about coarsening they faced two timescales, the
first time is linked to surface tension and viscous dissipa-
tion, the second timescale is driven on gas permeability and
foam polydispersity and controls the coarsening rate.
Concerning liquid foams, the characteristic time of the pro-
cesses is for the first time fractions of a second, and for the
second time in the order of minutes or hours [9], hence
being challenging to combine both times in one model or
to choose which is of main impact. In another study, Xiao et
al. [10] analyzed theoretical- and numerically multiphase
subsurface flows in porous media. The analysis comprises
solitary wave run-up/drawdown of pore pressure diffusion
and propagation of the saturation front. The analysis showed
the existence of different timescales for each process, and
the coupling of the processes was analyzed due to compar-
ison of the time scales of pore pressure diffusion and satu-
ration front propagation. Drawback of the study is that the
analysis is based on the average quantities of the whole
system, meaning that the situation in the local scales can
be different [10]. Concerning cereal based foams,
Hailemariam et al. [11] proposed a mathematical model for
the isothermal growth of bubbles in an extrusion process
including a time scale analysis of the processes linked to
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Fig. 1 Different length scales
occurring in the model :
multiphase system Protein Crust
Phase
transition Starch  Lemela  Bubble o Product

" Nano (10°m) i

bubble dynamics. The bubble growth described by the
Maxwell model has two characteristic times, related to the
diffusion and to the momentum transfer. Theoretically, both
times can be applied in the model to non-dimensionalize the
equations, dependent on the dominant process. Since it is
not always obvious which process is dominant, a process
characteristic time was introduced in the numerical analysis
and based on different characteristic times for each process
the driving phenomena was elaborated in several case stud-
ies [11].

This work focuses on the different physical and chemical
processes occurring under the influence of heat in a cereal
based foam. The processes discussed in this study include:
(a) Heat and mass diffusion; (b) Expansion and bubble
dynamics; (c) Bio-chemical reactions; which are described
from a macro and micro-scale perspective to get detailed
insight in the characteristics of the process. Characteristic
time scales are assembled, estimated for a control volume of
the model material, and used to enlighten the linkage and
impact of the processes on each other and on the final
product. Besides the theoretical description and time-scale
analysis of the processes, the objective of this study is to
demonstrate their impact on modeling and to give a critical
review on the modeling progresses in the related field.

Dimensional Analysis

Physical modeling requires a dimensional analysis, this is
done by the application of dimensionless numbers used to
up/down-scale the process to the computational domain,
ensuring that the physical phenomenon occur at a real ratio.
Dimensional analysis is a basic tool to estimate the impact
of several characteristic parameters affecting the whole pro-
cess [11]. The analysis can be based on length or time scale,
whereas the time-scale plays an important role when deter-
mining the time step of the computational model.

In the macro-scale, surface forces are proportional to
surface area and volume forces are proportional to the
volume, special concern has to be taken into account in
micro-physics, where with a decreasing length scale surface
forces tend to dominate volume forces. The latter is rea-
soned by an increasing ratio between surface forces and
volume forces by 1/L [12]. In micro-systems, inertia and

Micro (106m)

>

Macro (10*m — 1m)

gravity become less important and capillarity, interface phe-
nomena and viscoelasticity start to become more dominate
for the system [12]. For the proposed model foam this is of
impact in narrow pores, at the interface and inside the cell
wall. The model cereal based foam encompasses the whole
length scale: diffusion processes in the macro-scale, phase
transition/diffusion and chemical reactions in the micro-
scale, and molecular interactions in the nano-scale. The
process related dimensionless numbers are summarized
according to the occurring processes in Table 1.

Thermo-Physical Processes—Reflection
from Macro- to Micro-Scale

The temperature change in cereal based foams effects the
material properties significantly and induces several com-
plex bio-chemical and -physical reactions each of them
linked to each other and influencing each other. Macro-
scale processes are governed by phenomena occurring in
the micro-scale. Cumbersome is the fact that different
micro-scale processes can lead to the same macro-scale
behavior. Depending on the demands and the application,
a macro-scale description of the process may be sufficient,
but ensuring detailed understanding of the macro-processes
requires an accurately observation of the micro-scale phe-
nomena and their linkage, thus enabling an optimization of
the whole process. Characteristic time of each micro-scale
process supports the estimation on the driving process and
their interleaving. Figure 2 gives a brief impression on the
processes of the model cereal based foam occurring under
thermal treatment.

The foam consists of a visco-elastic cohesive starch-
gluten network containing CO, bubbles produced by yeast
or other foaming agents. Worth to mention, that additionally
flour components such as pentosan, lipids or proteins are
required to achieve specific dough rheology properties,
rather than simple starch-gluten mixtures [13, 14]. This
could also be shown by a study carried out based on X-ray
computed microtomography [15]. The results showed that
the void phase is stabilized by liquid film walls, and thus
additional minor components are required to obtain the
characteristic bread structure [15]. Further work should be
done to determine the specific interfacial properties of such
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Table 1 Process related dimensionless numbers

Dimensionless number Equation Description

Elasticity number El=Y= /f‘TTz Proportional to (elastic force)/(inertial force)

Elasto-capillary number Ec= ,TTi Combining elastic and capillary effects as compared to viscous stresses
Fourier Fo = Z_zt Ratio of heat conduction rate to the rate of thermal energy storage

Biot Bi = % Ratio of the heat transfer resistances inside of and at the surface of a body
Damkéhler Da = %Co'zt =k * Cg’lt Reaction time scales vs. transport phenomena

Jakob Ja = Ah& Plays an important role during liquid—vapor phase change

Knudsen Kn=7p Ratio of means free path to characteristic length

Ohnesorge On = ;L e Ratio of viscous forces to inertial and surface tension forces

Weissenberg Wi=%F=rty Ratio of viscous to elastic forces

minor compounds as well as to use X-ray technology to get
deeper insight in the rheological properties of expanding
dough [15]. Water is existing bound to starch and proteins
and a marginal amount free. Proving time regulates the
amount of CO, development being responsible for final
product structure, pore size and pore size distribution.
Under non-isothermal conditions, when heat is applied the
properties of the material change significantly. In the macro-
scale, the material undergoes a temperature dependent trans-
formation process, the former porous visco-elastic dough
matrix develops to crust and crumb, the latter following a
solidification front towards the middle [16—18]. This trans-
formation and solidification process is reasoned mainly by
starch gelatinization and protein denaturation, accompanied
by local bubble expansion, coalescence, densification and
collapse [19]. Further characteristics, mainly in the crust are
the water loss and the development of flavor and color
compounds due to the higher temperatures in the outer
layers. Exposed to heat, the temperature in the crust con-
verges to the oven temperature, reasoned by the quick

Fig. 2 Processes occurring in
the cereal based foam under
thermal treatment
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evaporation of water. The resulting lack of water required
for starch gelatinization and protein denaturation affects the
rheological properties, by means of limited bubble growth
and deformability [20]. Thus yielding to smaller sized bub-
bles, and a more dense structure compared to the crumb
structure [19]. Heat transfer through conduction is limited
due to the porous character, therefore heat transfer in such
material is known to depend mainly on evaporation-
condensation processes inside the pores [16, 17, 21], result-
ing in a maximum temperature of 100 °C in the crumb
region. Heat transfer is directly linked to mass transfer,
increasing temperature yields to mass transfer due to evap-
oration to the outside and according to a pressure driven
flow based on evaporation-condensation towards the coldest
spot of the material [21]. The evaporating water from the
semi-liquid dough matrix to the pores moreover yields to a
displacement of CO, from the pores to the surrounding. The
mass transfer processes on their part influence the structure,
from a macro-scale point of view the whole material
expands—until the rigid crust is set, which is limiting

Viscoelastic cohesive
starch-gluten network

COz
Dissolved CO2

Gas phase

ater bound to starch

Water bound to protein
ree water

Hz0

Condensation
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expansion. From a micro-scale point of view the bubbles
expand due to gases, depending on the visco-elasticity of the
cell walls and the gas retention possibility accompanied by
cell wall thinning until the cell walls rupture due to over
pressure [20]. A non-invasive method to determine crumb
structure is given by microcomputed tomography [22].
Bubble size distributions were analyzed for two different
dough consistencies, stiff dough and slack dough respective-
ly. The results give insight in bubble size distributions and
show the impact of dough consistency, thus small bubbles in
the slack dough, deform to a greater extend then in the stiff
dough. To get more detailed insight in the microstructure and
to quantify gluten, starch and bubble distributions in dough a
method based on fluorescence fingerprint was developed
[23]. The combined applied imaging technique allows in-
sight in different mixing stages and furthermore the extrac-
tion of quantitive parameters of the structure [23].

In the further sections the processes are described more
detailed from a thermo-physical and chemical point of view
associated to the specific timescales and applied models for
relevant characteristics of each process. The properties of
the model multiphase system are summarized in Table 2.

Thermo-Physical and Chemical Processes
Under Thermal Treatment

Thermal Flux

The temperature distribution inside the material is of main
impact for this review since all the discussed phenomena are
temperature dependent. The thermal distribution inside the
material was measured and modeled in several researches

Table 2 Thermo-physical properties of model cereal based foam.
Diffusion coefficients are given for a temperature of 100 °C

Process Value Unit Reference
Moisture diffusivity crumb 9.0%10°® [m?/s] [24]
Moisture diffusivity crust 2.5%10°% [m?%/s] [17]
Mass diffusivity CO, dough ~ 7.4*107'°  [m%s] [25]
Thermal diffusivity vapor 1.92%10°7° [m?/s] [26]
Thermal diffusivity crumb 5.0%1077 [m?/s] [27]
Thermal diffusivity crust 3.8%1077 [m?%/s] [27]
Thermal diffusivity solid 1.6%1077 [m?/s] [26]
Frequency factor 2.8%10" [1/s] [28]
Activation energy 1.39 [kJ/mol] [28]
Surface tension 4.0%1072 [N/m] [25]
Density liquid 1.4%10° [kg/m’] [29]
Viscosity dough 2.2%107 [Pas] [30]
Moisture diffusivity bubble ~ 2.0%107° [m?/s] [26]
Moisture diffusivity solid 3.0%107° [m?%/s] [26]

[16, 17, 27, 31] but since the characteristic temperature
distribution is dependent upon the specific recipe and bak-
ing conditions, it becomes cumbersome to easily compare
the different results. Heat transfer through conduction is
known to be limited and mainly driven by energy transfer
based on evaporation-condensation. In general, the mathemat-
ical models developed to describe heat transfer were applied
averaging the micro-scale properties of the material [27, 32,
33], e.g. Purlis et al. [17] included the appearance of
evaporation-condensation inside the pores in the equation
accounting for the thermal conductivity for the whole loaf.

In addition heat transfer can be described based on the
thermal diffusivity of the material. The thermal diffusivity
relates the thermal conductivity to the density and specific
heat capacity of a material:

a=— @)

*
P=Cp

Where « represents the thermal diffusivity in m%/s, K is
the thermal conductivity in W/mK, p is the density in kg/m3
and c, is the specific heat capacity in J/kgK. For non-
dimensionalization, the Fourier number which relates the
heat conduction rate to the rate of thermal energy storage,
can be used, the see Table 1. In combination with the Biot
number transient heat transfer can be characterized.

Zanoni et al. proposed different thermal diffusivities for
crumb, Eq. 3, and crust region, Eq. 4, since porosity and
thermo-physical properties differ significant in these two
regions [27]:

for crumb

o = exp(0.0le — 15.25) (3)
for crust

o = exp(0.0062¢ — 15.30) 4)

Where ¢ is the porosity in %.

Certainly, this gives insight in the macro-behavior of heat
transfer, but to really understand the underlying processes a
micro-scale description is recommended. To overcome the
application of averaging methods, the temperature flux
through the material can be considered based on the different
thermal diffusivities of each phase [34, 35]. Distinguishing the
thermal diffusivities for the gas phase inside the pores and the
solid dough phase surrounding the pores gives a more realistic
insight in the phenomena from a micro-scale point of view and
shows the impact of different properties of the phases. Such
procedural method yields to the observation that heat transfer
through the porous phase proceeds much quicker than through
the solid phase, reasoned by the differing thermal diffusivities
and the evaporation condensation. Nonetheless, further work
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should be done to explicitly implement evaporation and con-
densation effects, thus allowing a realistic description of
thermo-physical processes occurring inside the microstruc-
ture. In addition further investigations should emphasize on
the determination of thermal diffusion coefficients of thin
lamellas, where experimental data is required to model related
processes.

Mass Flux

Mass flux is the rate of mass flowing across a specific area
(kg/m®s). Several different mass flux processes occur in the
present problem, see Fig. 3: (a) mass transfer from the liquid
dough phase towards the gas bubble according to concen-
tration gradients (CO, and water vapor), decreased solubil-
ity (CO,), and a higher evaporation rate (water vapor) due to
higher temperatures; (b) mass transfer through the cell walls,
due to concentration gradients (CO, and water vapor); (c)
through the connected gas phase/inside the bubbles to reach
equilibrium with the surrounding; (d) pressure driven flux
due to evaporation.

Depending on the properties of interest the mass flux can
be described by Fick’s law or Darcy’s law. Fick’s law is
given by Eq. 5, and defines the mass flux according to a
concentration gradient including the molecular mass.

J =DVC (5)

Where J is the diffusion flux in molm?/s, D is the specific
diffusion coefficient of the material in m%/s and C is the
concentration in mol/m?>.

Hussein et al. used Fick’s first law of diffusion to deter-
mine the moisture flux from the dough surface to the sur-
rounding depending on the temperature difference [34].

J=-DVC = KC<PDngh (TD()ugh) - Poo(Too)) (6)

K¢ mass transfer coefficient in m/Pas, P is the water partial
pressure in dough and ambient in Pa, and T is the temperature

-—
() [z
«—1 = (iv

-—n

Fig. 3 Mass flux of water vapor and CO, (i) to the surrounding; (ii)
through cell wall; (iii) cell wall—bubble; (iv) inside bubble (v) within
cell wall

@ Springer

in K. Similar to the thermal flux, the Fourier number for mass
transfer can be used for non-dimensionalization.

In general, Fick’s first law is an acceptable assumption for
the mass flux from the surface to the surrounding, neverthe-
less, several authors stated that gas movement in porous media
can also be described by Fick’s first law [36, 37]. In the
presence of a porous network with moisture flow through,
the structural characteristics have to be taken into account to
assure a realistic description of the process. One possibility in
micro-porous systems is the correction of the diffusion coef-
ficient D by the constrictivity 6, porosity € and tortuosity T of
the material yielding to an effective diffusion coefficient [34].

_ Do

De.ﬁ T

(7)
Another possibility to define the mass flux mathemati-
cally is based on Darcy’s law, see Eq. 8, which describes the

gas flux through a porous media according to pressure
gradients [36, 38]:

ke OP

J=—p L
pg,ug Os

(8)

Where k, is the permeability in m?, p is the gas density in
kg/m®, u the gas viscosity in Pas and P the pressure in Pa.

Under the influence of heat the main mass transfer to be
considered is the vapor flux. Transfer of CO, is of major
importance in the pre-baking step proving and of impact for
the structural properties of the final product. Leavening
kinetics was implemented in a mathematical model to de-
scribe bubble expansion in a cereal microsystem during
fermentation [31]. Mass fluxes of carbon dioxide as well
water vapor, were addressed in their model yielding to a
combine diffusion—reaction scheme. Several mathematical
models are existing concerning the proofing step [25, 30,
39]. Additional work should be done to transfer these mod-
els to the baking step, considering the combined and cer-
tainly interacting mass fluxes of carbon dioxide, water vapor
and flavor compounds.

Phase Transition

Considering heat and mass transfer by diffusion is accept-
able in a simplified macro-or meso-scale description of the
process. Nevertheless, on a decreasing length scale and
accounting for a realistic physical representation, the pro-
cesses can not only be described by diffusion processes.
Diffusion coefficients are temperature dependent, another
impact of a temperature gradient on mass flux are phase
transition processes as evaporation and condensation of
water. Applying such process to a single pore in the model
material water evaporates in higher temperature regions
from the pore wall and latent heat of vaporization is
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absorbed. Phase transition processes where latent heat is
involved are first-order phase transitions. Increasing pres-
sures acts as a driving force for vapor through the pore,
ceasing in condensation at lower temperature regions, geo-
metrical on opposite side of the pore, thereby setting free the
latent heat of vaporization [16, 17]. This process is known
as the heat pipe principle and is used to explain the quick
spread of heat through foam-like materials in the presence of
water. Justification of the theory is given by experimental
studies showing that heat transfer in a leavened dough
proceeds much faster than in gas free dough [40]. This is
contradictive to the fact that gas pores acting as insulating
elements should yield to increased heat transfer in non-
leavened dough, the opposite is the case therefore energy
transfer based on evaporation-condensation becomes crucial.
Furthermore, during the cyclic evaporation-condensation pro-
cess energy is absorbed or released in the system, resulting in a
limited temperature of 100 °C, as long as free water is avail-
able. Such property of the model system is presented in
several publications, determined experimentally [17, 33].

Evaporation and/or condensation induce the development
of an interface between liquid and vapor region. This inter-
face is located between the transition phase next to the bulk
liquid and the so called Knudsen-layer in the vapor region,
which is at a non-equilibrium state [41]. Local equilibrium
in the vapor phase is reached in the far-field vapor region.
Significance of the phase transition process is given by the
fact that the previous subdivisions of occurring phenomena
are physically described by different governing equations.
The transition region, including the determination of the
boundary conditions at the interface may be solved by
molecular dynamics (MD), the non-equilibrium region as
well as vapor flow across the interface can be solved by
micro/meso-scale- and the equilibrium region by macro-
scale-approaches [41]. Quite challenging is the determina-
tion of evaporation and condensation coefficients, which
can be done by MD-simulations, although it is hard to verify
the results with experiments since there are different time
and length scales existing and being essential for phase
change phenomena. Published results scatter largely be-
tween more than one hundred times [41] thus making it
difficult to assign the characteristic transition time. Studies
about the vapor-liquid interface displacement showed that
transition time for water vapor is 7 us, whereas the mean
free time of water vapor molecules is 8 ns [41].

Huang et al. modeled the moisture transport during bak-
ing, an assumption made in their model was that the phase
change occurs at a much shorter time scale than the diffu-
sion, where the diffusive time scale was said to be in the
order of 10° s [24]. Applying both processes in one model,
the time step has to be chosen carefully. To ensure instanta-
neous phase change, the time scale for the phase change
should be smaller than the time step sizes and the time step

size should be much smaller than the diffusive time scale
[24]. To non-dimensionalize phase transition processes, the
Jakob number plays an important role, see Table 1.

Besides the transitions of water liquid to its vapor and vice
versa, phase transitions play an important role in starch-
water systems. Under the influence of heat, and as well in
the presence of water, an order—disorder phase transition
occurs in the starch granule [42]. To go more into detail, this
gelatinization process covers the loss of crystallinitiy, heat
uptake, hydration and swelling of the granule [42]. Likewise,
several researches have been conducted to characterize pro-
cesses such as glass transition, melting or network formation
of starch and gluten in relation to their thermal, mechanical
and structural features [43]. These properties can be mea-
sured by the use of differential scanning calorimetry (DSC),
dynamics mechanical analysis (DMA), thermomechanical
analysis (TMA), Thermodielectrical analysis (TDEA), or
electron spin resonance (ESR) amongst others [43]. A
remaining challenging task for further research in this direc-
tion may be the implementation of the water uptake depen-
dent processes of the starch granules combined with protein
denature inside the foam lamella in relation to lamella per-
meability and water diffusion processes.

Bubble Dynamics

Depending on the specific material properties foams have a
firm fixed structure or are exposed to dynamic processes
yielding to structural changes. The characteristic bubble
dynamics in the model cereal based foam can be subdivided
in three parts: the proving step, the heating step and the
cooling/storing step. Whilst proving, the bubbles expand
under iso-thermal conditions according to the yeast (or other
leaving agents) activity and proving time, as a consequence
cell walls get thinner until they get interconnected, yielding
to an open porous network. A 3 dimensional finite element
method was developed to analyze the proofing step, ac-
counting for bubble expansion and coalescence [44]. The
results allow insight in the development of a cellular struc-
ture of the dough and show furthermore satisfactory results
in comparison to experimental data [44].

Under the influence of heat, the bulk material expands
within the first minutes until crust sets [20]. The macroscop-
ic expansion rate was studied by Zanoni et al. [33] where the
relative height of the loaf was expressed by:

For t<1,140 s:

H,
£ =107+ (9.2%107%) (10)
Ho

For t<1,800 s:
H,

o _ 104
H072‘61 (4.5 10 t) (11)
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Where Hy is the initial height and H; is the height at time t
[33]. Critical is that these expansion rates are given depend-
ing on baking time and not on temperature, so a comparison
to experiments under different conditions is not possible.
Wagner et al. determined the oven rise expansion rate for
different baking temperatures, e.g. at T=182 °C the expan-
sion rate was 2,4 mm/min, for lower temperatures, the rate
was slower and crust formation was to a lesser extent [45].
In several studies the bubble growth dynamics were de-
scribed and modeled for gas bubbles in a viscoelastic liquid,
in general the gas inside the bubble was assumed to behave
according to the ideal gas law [46]. Therefore the rate of
diffusion from liquid to gas phase was used in combination
with Henrys law to relate the gas concentration at the inter-
face. Bubble expansion/gas diffusion is then reasoned by a
concentration gradient in the liquid yielding in a flux from
liquid to gas phase [46]. Since the ideal gas law is a very
rough estimation it would be recommended that laws de-
scribing real gases are applied to get a better insight in the
real pressure flux. Jefferson et al. modeled the pressure-
driven growth of a single bubble in dough and fracturing
according to the previous mentioned processes. Time scale
calculations lead them to the conclusion that the surface
tension time scale is too long to have an effect on the
collapse of fractured bubbles. Unfortunately this time scale
estimation was not presented in their publication. Having a
look at more than one bubble in a viscoelastic fluid, the
processes become even more complex. Expansion of bub-
bles inside the material follows a temperature dependent
expansion and solidification front towards the center. Due
to increased temperature the gases inside the bubbles ex-
pand, restricted by crust setting and solidification of cell
walls at a temperature range of 65—75 °C according to starch
gelatinization and protein denaturation. Further impact on
the bubble dynamics has the limited expansion space, yield-
ing to local densification and collapse induced by expanding
neighbor bubbles and crust setting [19]. In the end of baking
the cell walls get more permeable for gases yielding to slight
shrinkage of the whole material, nevertheless the structure
got solidified and no dynamic processes occur anymore. In
the cooling and storing phase the bubble dynamics are
restricted to the ongoing water loss and retrogradation of
the starch yielding to a slow overall shrinkage. Evidently the
structural dynamics are occurring at different time scales
and strongly depending on the heat treatment of the product.
The characteristic time scales for the macro-scale processes
are minutes/hours for the proving step, minutes for the
heating step, and days for the cooling/storage step.

Having a more detailed look at the micro-scale phenom-
ena the time-scales shift tremendously. In general, foams are
almost always at quasi-equilibrium because the cell walls
equilibrate on a very short time-scale after a mechanical
perturbation. The time scale of a perturbation of an interface

@ Springer

exposed inertia and surface tension is described by the
surface tension time [11]:

lR:\/p#? (12)

The time taken by a perturbed interface to regain its
shape against the action of viscosity is the capillary time
[12]:

s (13)
a

Where p is the density in kg/m?, R is the bubble radius in
m, W is the viscosity in Pas and is the surface tension in N/m.
In this context, the dimensionless Ohnesorge number relates
the viscous to inertial and the surface tension forces [12] and
indicates the impact of viscosity which is larger with in-
creasing Ohnesorge numbers.

Another phenomena affecting cell walls is the higher
pressure in smaller bubbles tending to force gas to pass
towards bigger bubbles at lower pressure. Nonetheless, this
is depending on permeability of the cell walls to present
gases and the time scales of the processes depend on the
diffusion mechanism at the boundary. The effect called
coarsening has two time scales, the first time scale is
depending on surface tension and viscous dissipation and
is for liquid foams in a time scale of fractions of seconds.
The second time scale is depending on gas permeability and
foam polydispersity and is responsible for the characteristic
coarsening rate and is in the range of minutes or hours for
liquid foams [9].

According to Arefmanesh et al. [46] the bubble growth
and its characteristic time can be related to diffusion, see
Eq. 14 and momentum transfer, which is given by the
Rayleigh collapse time Eq. 15 [47].

_&

k (14)

p
Where Ry is the initial bubble radius in m and D is the
mass diffusivity in m*/s.

tre = 0.915R <i> (15)
Pgo

Where R is the bubble radius in m, p is the density in
kg/m® and P is the pressure in Pa.

The ratio of the time scales of the prior study [46] are
varying between 10 * and 1 and the mass transfer time scale
always being smaller or equal to the momentum transfer
time scale. In general, both of them can be used to scale the
time step size. Commonly Eq. 14 is used if mass transfer is
dominant and Eq. 15 is used if momentum transport is
dominant [11].
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Cereal dough is a non-Newtonian fluid and the viscoelas-
tic properties are responsible for the structural development
and the gas holding possibilities. The viscoelasticity is in
this respect of impact for expansion and collapse processes
since viscoelastic effects tend to retard collapse [11].
Viscoelasticity can be characterized by a relaxation time
and describes the time for the configuration change of the
material [12]. The most commonly rheological measure-
ment technologies as well as the structure-function relation-
ships in bread making are reviewed by Dobraszczyk et al.
[48]. The rheological characteristics are related to the gluten
polymer properties being of major impact of visco-elasticity
[48]. Furthermore, additional ingredients as well as different
operating conditions have an effect on the rheology [49].
Several dimensionless numbers can be applied such as the
elasto-capillary number, the elasticity number or the
Weissenberg number, see Table 1.

Zhang et al. studied dough viscoelasticity in relation to
the effect of temperature and elaborated the corresponding
relaxation time which is given by Eq. 17 [32].

2 T—65
T= 9<— arctan< > + 1> +2 (17)
b3

Due to the solidification with increasing temperature
viscoelasticity changes and relaxation time was reported to
change from 2 s in wet dough to 20 s after baking [32].

Bubble growth characteristics and the impact of the time
scale was mainly studied under iso-thermal conditions and
gives already insight in the processes. Nonetheless, thermal
treatment increases the complexity of the bubble dynamics
and time-scale analysis from a micro-scale perspective and
is still a challenging remaining future task.

Chemical Reactions

Time of chemical reactions is depending on several influ-
encing factors like temperature, pH and medium, making it
difficult to establish a characteristic time scale. In general,
based on the reaction kinetics, the time scale for the gelati-
nization process can be estimated according to the time of a
reaction of first order (Eq. 18):

Co
t=In-=k (18)

Where C is the concentration in mol/m’ and k is the
reaction rate constant in 1/s.

Main chemical reactions occurring in the model foam are
starch gelatinization, protein (gluten) denaturation, and col-
or and flavor development. Main impact of starch gelatini-
zation is the amount of free water and temperature. Starch is
absorbing water used for starch granules swelling, and
gelatinizing at temperature ranges from 65 to 75 °C.

Gelatinization temperature is of importance since gelatini-
zation restricts further bubble expansion, this temperature
range is specific for each flour type, but is also affected by
the heating rate. When the heating rate is increased from 5 to
25 °C/min, there is a shift in the swelling of starch granules
at higher temperatures [50]. This effect becomes obvious in
the crust, where due to the higher heating rate and the lack
of water due to heavy evaporation to the surrounding starch
gelatinization proceeds only partially [20]. Considering
chemical reactions non-dimensional, the Damkoéhler number
can be applied, which relates the reaction time scales to
transport phenomena.

Only few studies were carried out to determine the starch
gelatinization kinetics in the proposed model foam [51] and
are all based on the assumption that starch gelatinization
follows irreversible first order kinetics [28, 52].

(1 — G) = exp(—kt) (19)
With
_ [, 20
G(1) = {1 anax} (20)

Where G is the gelatinized starch fraction, k is the reac-
tion rate constant in 1/s, Q is the heat uptake, and t is the
time in s. K depends on temperature according to Arrhenius
equation:

E,
k:kgexp<fﬁ) (21)

K, is the reaction frequency factor in 1/s, E, is the
activation energy in kJ/mol, R is the gas constant in
J/molK, and T is the absolute temperature in K.

Zanoni et al. [28] determined the kinetics of the starch
gelatinization process as a function of heating temperature
and time and the results showed that no gelatinization oc-
curred below 65 °C and that with increasing temperature the
extent of gelatinized starch increased. A comparison of
heating time and temperature shows that at 70 °C G is equal
to 0.39 after 180 s, whereas the same value is reached at 79 °C
after 20 s [28].

The gelatinization process is accompanied with protein
denaturation, at a temperature range of around 65 °C, where
water is set free. For the gluten coagulation it is essential that
the lower the water content, the higher the denaturation tem-
perature of proteins [20]. Likewise the starch gelatinization,
the time scale of gluten denaturation is not well reported in
literature. For proteins systems in general the time scale
reported is 10 ns at a length scale of 10 um [1]. The knowl-
edge of these time scales would help to understand and
optimize the whole process since especially starch gelatiniza-
tion is heavily linked to the solidification, therewith change in
permeability effecting diffusion and end of baking.
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Table 3 Estimated characteristic times for model cereal based foam at
T=100 °C

Description Characteristic time
T

Rayleigh collapse time fzc = 0.915 (P%)Z 5.4%107° s

Surface tension time Tz = R 2.1%1073 s

o
. . . R
Diffusion time 71p = 3
Moisture diffusivity crumb 2.7s

Moisture diffusivity crust 10.0 s
Moisture diffusivity bubble 1.3%¥107% s
Moisture diffusivity solid 83.3s
Thermal diffusivity crumb 5.0%107" s
Thermal diffusivity crust 6.6¥107" s
Thermal diffusivity bubble 131072 s
Thermal diffusivity solid 1.6s

Time Scale Estimation

From the analysis in the previous sections it can be seen that
multiple time scales are associated to the whole process. To
compare the time scales of each separate process, the char-
acteristic times are calculated for a control area, with radius
0.0005 m at a temperature of 100 °C, according to the
corresponding equations as given in Table 3. The character-
istic time for phase transition of water vapor is reported in
literature with a value of 7 ps [41]. In addition, the charac-
teristic times for heat and mass diffusion processes, as well
as bubble collapse and surface tension, are calculated
according to literature values of thermo-physical properties
of the proposed cereal based foam, which are summarized in
Table 2.

Figure 4 shows the time-line for both, macroscopic as
well as microscopic processes and thus allows a direct
comparison of the involved processes and their impact on
each other.

The moisture as well as the thermal diffusion processes in
the cell wall (in Fig. 4 labeled as solid) and through the
crumb and crust occur on a much larger time scale than
inside the bubbles. This leads to the conclusion that the

Fig. 4 Time-line showing
different time scales in macro-

moisture as well as the thermal diffusion rate is governed
by the gaseous phase and limited by the solid cell walls. The
thermal diffusivity is of impact for the heating rate of the
whole system, from the time scale analysis it can be seen
that the thermal diffusivity of vapor is 2 orders of magnitude
higher than the thermal diffusivity in the cell walls. The
higher required time for moisture diffusion inside the crust,
in comparison to crumb, is reasoned by the different struc-
tural properties. The crust structure has a higher density,
having smaller bubbles and thus acting as a barrier for
moisture diffusion [17]. With 0.66 s, the thermal diffusion
proceeds slightly slower in the crust than in the crumb,
where the estimated time is 0.5 s. On the one hand, this
might be explained by the absence of evaporation-
condensation heat transfer in the crust, due to the lack of
water [53]. On the other hand, following the assumptions of
Zanoni et al., the increased thermal diffusion in the crumb
may be reasoned by the different structural properties such
as heat capacity and density, rather than evaporation-
condensation [27]. The quick distribution of temperature is
hence mainly driven by the heat transfer through the bub-
bles. Thus, these processes can be considered separately.
The coupling of several processes is only of impact if they
occur in the same time range [10]. The moisture diffusivity
inside the bubble is in a similar time scale to the surface
tension time, therefore both processes are directly linked to
each other. In contrast, collapse proceeds on smaller time scale
and is therefore limited by diffusion and surface tension.

Conclusion

The characteristic time scales are discussed and related to
the multi-physics in cereal cased foam under thermal treat-
ment. The time scale estimation shows the coupling of
processes from macro- to micro-scale and gives an impres-
sion on the governing processes. The largest time scales are
occurring for macro-scale diffusion processes in crumb and
crust and the smallest discovered time scale is for phase
transition of water liquid to water vapor. Bubble dynamics,

sty
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such as bubble collapse, occur on a very small time scale,
but is limited by diffusion and surface tension. Several
researches have been done in the past to determine heat
and mass transfer problems in cereal foams. Drawbacks
are that they mainly focused on averaged macro phenomena
of the system. Thus a deeper insight in the linkage of the
processes from micro-scale point of view was disregarded in
the past. Still challenging is the determination of character-
istic times of chemical processes since they occur on very
small time scales and is heavily influenced by environment
conditions such as temperature, pH and medium. In addition it
is difficult to determine the characteristic time of processes as
e.g. phase transition and the relaxation time of a bubble wall in
a multi bubble system. To fulfill such requirements, micro-
sensing and micro-modeling approaches are promising tools
especially against the background of increasing sensing tech-
nology in the micro-scale and computational power. To accom-
plish numerical modeling of a complex material in combination
with multi-thermo-physical processes such time scale analysis
is of impact to choose the best timescale to obtain stable
solutions. In general each time can be used, but based on the
latter, it is reasonable to choose the smaller time scale.
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In thermally processed multiphase systems such as cereal based foam, the material characteristics as well
as the thermo-physical processes are of major impact on the internal heat transfer rate. Improving and
optimizing this production step would contribute to an enormous amount of energy saving, considering
the high demand on bakery products in the world. Bread baking is a high complex process and the deter-
mination of the included processes and their relevance is not simple, since the main processes are occur-
ring in the micro-scale. Heat transfer in cereal based foam is expected to depend mainly on the
evaporation-condensation mechanism, therefore it is crucial to determine heat and mass transfer phe-
nomena inside the bread. Due to the hazardous surrounding conditions, such as high temperature and
humidity it becomes challenging to find applicable sensors working reliable under such conditions. This
study shows the application of micro-sensors to examine temperature and humidity distribution inside
the foam during heating and gives insight in the impact of water vapor on the heating rate due to evap-
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1. Introduction

Cereal based foam consists of a solid and a gaseous component.
Simplified, the solid component can be described as a starch-gluten
network, where water exists free as droplets, associated to starch
and bound to protein (gluten). The gas component develops during
a fermentation period according to yeast metabolism and consists
mainly of CO,, besides some fermentation by-products which will
be neglected in this study due to their minor amount. During the
baking step, the foam undergoes several tremendous changes (Pur-
lis and Salvadori, 2009):

- Structural changes: elevated temperatures cause evaporation of
CO, and water vapor and therewith expansion of the gas bub-
bles and the whole material, restricted by the characteristic
elasticity of the dough (Zhang and Datta, 2005).

- Water transport: evaporation to the surrounding and evapora-
tion-condensation based pressure driven flow toward the cold-
est spot (Wagner et al., 2007).

- Starch gelatinization and protein denaturation, associated with
water absorption and release, yielding to solidification of the
structure (Zanoni and Peri, 1993).

- Crust formation (Vanin et al., 2009).

* Corresponding author. Tel.: +49 08161 71 3661; fax: +49 08161 71 3883.
E-mail address: s.mack@wzw.tum.de (S. Mack).

0260-8774/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jfoodeng.2012.11.015

- Chemical reactions such as browning reactions or flavor devel-
opment (Zanoni et al., 1995).

In cereal based foam, heat transfer is known to depend mainly
on the evaporation condensation-mechanism (Thorvaldsson and
Janestad, 1999; Purlis and Salvadori, 2009; Sablani et al., 1998).
This assumption grew based on the findings of (De Vries et al.,
1989), who determined that heat transfer in fermented dough is
much quicker than in unfermented dough. Since the porous struc-
ture should cause insulating properties, the quicker heat spread
was expected to depend on the present water transferring the heat
according the heat pipe principle (Sluimer and Krist-Spit, 1987).
When the dough is heated, heating up the gas pores yields to evap-
oration of water at the warmer side and re-condensation on the
colder side, thereby cyclic absorbing and setting free the latent
heat of vaporization (Wagner et al., 2007), see Fig. 1.

Facts counting for this theory are the plateau of 100 °C reached
in the end of baking, since temperature is not rising as long as there
is still water present to evaporate.

From a physical point of view this process should lead to an in-
crease in pressure driven moisture toward the coldest spot of the
loaf (Thorvaldsson and Janestad, 1999; Purlis and Salvadori,
2009). Besides the evaporation-condensation driven mass transfer,
vapor transport through the open porous structure occurs depend-
ing on total pressure gradients in the gas phase of the foam follow-
ing Darcy’s law, which describes the pressure dependent discharge
rate through a porous medium. In addition, water gradients in the
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Fig. 1. Basic structure of the cereal based foam consists basically of a starch-gluten
network and gas bubbles. Liquid dough water is evaporating toward the bubble,
absorbing latent heat of vaporization which yields condensation at the colder side
of the bubble and thereby setting free the latent heat.

continuous liquid phase are responsible for moisture migration by
diffusion according to Fick’s law.

Gradient-driven evaporation from the surface of the dough oc-
curs under isothermal conditions until equilibrium is reached
and elevated at higher temperatures due to the dependency of
the saturation vapor pressure on the temperature. At higher tem-
peratures air can contain more humidity than at lower tempera-
tures. This can be explained by the fact that a higher
temperature means more energy is provided to the system supply-
ing water molecules with energy to overcome the bindings and
evaporating, therewith increasing the partial vapor pressure (Vals-
son and Bharat, 2011).

Determining such processes experimentally is challenging due
to the high temperature, complex interacting and coupled mass
transfer processes. In general 2 main approaches exist to measure
the moisture content, destructive methods, where the dough is cut
during baking and the amount of water is analyzed, and inline
sensing.

The first approach was carried out by cutting bread samples in
several unique pieces with increasing baking time and determined
the moisture content. Their results showed that water content de-
creases in the crust, but remains constant throughout the crumb
with a value of 44% (Zanoni and Peri, 1993). Unquestionable is
the fact that a decrease in moisture occurs from the crust due to
the close vicinity to the high temperature surrounding yielding
to increased evaporation. At the same time the high dehydration
rate in the crust yields to incomplete starch gelatinization and in-
creased heating rate, being responsible for denser pores, different
structural properties, acting as a water evaporation barrier from
crumb to the surrounding. Thus making sense that crumb moisture
content remains the same, but nonetheless it is questionable if the
used method (Zanoni and Peri, 1993) is sensitive enough to detect
small changes inside the crumb. A similar method was used (Wag-
ner et al., 2007), but contradictive to the previous elaborated find-
ings, they detected an increase in water content in the bread center
after 4 min after the beginning of baking and equalizing to the ini-
tial value after 7 min baking when temperature reached to 65 °C
(Wagner et al., 2007). The authors came to the conclusion that
the evaporation-condensation mechanism even takes place when
the pores are not connected. Undesirably invasive measurement
destroys the material, and especially at elevated temperatures it
is self-evident that destructing the material yields to increased
evaporation making reasonable results doubtful, as can be seen
in the contrary results (Wagner et al.,, 2007; Zanoni and Peri,
1993). The same method was used (Purlis and Salvadori, 2009),
and again, different results in the crumb were achieved. The whole
crumb maintained the same water content like the dough, but an
increase in the center was detected throughout the whole process.
Their conclusion was that evaporation—-condensation takes place

during the whole baking time, and is not depending if structure
is opened or closed (Purlis and Salvadori, 2009).

Another approach was proposed to measure the water content
by the use of a Near Infrared (NIR) probe (Thorvaldsson and
Janestad, 1999). Unfortunately their results did not contribute
to enlighten the moisture distribution, because their results
showed that below the structural change temperature of 70+/
—5 °C the water content in the center decreased, but as soon as
this temperature level has passed, water content in the center
rose toward the coldest spot. The authors explained this by the
evaporation-condensation mechanism which accounts for vapor
transport from warmer regions toward the coldest spot (Thorv-
aldsson and Janestad, 1999). The initial decrease of water is ex-
plained by the oven rise, whereas the “real” water content may
stay the same. Water is said to be prevented from moving due
to the closed structure below 70 °C. Furthermore, the transport
was said to relay on the temperature gradient, and water trans-
port stops when the temperature reaches 100 °C. Drawback of
their study is the problem of calibrating the NIR to measure the
moisture content. An approach to overcome this problem was
carried out by reheating rolls, therefore excluding the initial
dough phase (Wadhlby and Skjoldebrand, 2001). In the crust, the
moisture content decreased almost linearly until zero, whereas
the moisture content in the center decreased in the beginning
and then equalized at a water content of 40+/—5 g water/g dry
matter. The method may have overcome the dough calibration
problem, but nevertheless, the results are again contrary to all
the previous findings. Nevertheless the application of inline sens-
ing is favorable to cutting since it is nondestructive. On the other
hand, the advantage of destructive methods is that the whole
water content can be determined.

The objective of this study is to determine the humidity distri-
bution in cereal based foam whilst baking by micro-sensing.

The application of miniature sensors gives the advantage to
examine vapor transport at a small scale together with minimal
destruction of the foam structure. Furthermore, the impact of
water vapor on the heating rate is estimated to investigate the ef-
fect of evaporation-condensation heat transfer.

2. Materials and methods
2.1. Dough preparation and baking conditions

The wheat dough is prepared based on a standard recipe using
1000 g flour (Schapfenmiihle, Ulm, Germany , german type 550),
590 g water (based on 14% flour humidity), 13 g dry yeast (Instant
yeast Fermipan red, species: Saccharomyces cerevisiae, Casteggio
Lieviti srl, Casteggio, Italy), 18 g salt (Salt, iodized (minimum
0.0025% potassium iodate), Stidsalz GmbH, Bad Friedrichshall, Ger-
many) and 30 g malt (Ulmer Spatz, Ulm, Germany). The ingredients
are mixed for 1 min at 25 Hz and kneaded for 6 min at 60 Hz in a
spiral kneader (Model SP-12, DIOSNA Dierks & Sohne GmbH, Os-
nabriick, Germany) and placed for 20 min in a fermentation trunk
(Wachtel StammGmbH, Hilden, Germany) at a temperature of
30°C and a humidity of 80%. After this rest, the dough is formed
to pieces of 600 g and placed in covered baking forms with the
dimensions 250 x 120 x 76 mm (BAKO Marken und Service eG,
Bonn, Germany). In this step, the humidity sensors are placed in-
side the dough to prevent posterior destruction of the structure.
Afterward, the loaf has a second rest for 75 min in the fermentation
trunk, at same conditions as previously mentioned. The loaf is
baked in a convection oven (Model SCC-61, Rational AG, Landsberg
am Lech, Germany) for 60 min at a temperature of 180 °C. The vol-
ume of the baking chamber is 197 L, and the rotations of the fan are
5001/min.
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2.2. Micro-sensing of humidity and temperature distribution

The humidity and temperature distribution inside the loaf is
measured with a detecting element (RFT-XXS), which is applicable
at temperatures up to 120 °C and relative humidity of 100% and its
dimensions are 3 mm diameter, and 12 mm length. The individu-
ally calibrated micro-sensor (SHT21, Sensirion, Switzerland) is
composed of a band gap temperature sensor and a capacitive
humidity sensor. The sensors’ accuracy tolerance in terms of rela-
tive humidity has a value of +/—2.0% RH, repeatability is +/—0.1%
RH, hysteresis is +/—1% RH and response time is 8 s. For tempera-
ture measurement the accuracy tolerance is +/—0.3 °C, repeatabil-
ity is +/—0.1 °C and response time is 30 s.

Relative humidity is defined as the ratio of present humidity to
the maximum possible humidity at the given temperature. In an-
other expression, as shown in Eq. (1) the relative humidity is the
ratio of the partial water vapor pressure to the saturated vapor
pressure (Sonntag, 2003).

RH,(t) :L*IOO% (1)
Py(t)

where RH is the relative humidity [%], P is the partial vapor pressure

[kPa], and P,/(t) is the saturation vapor pressure [kPa].

In a closed system, the relative humidity is 100% when equilib-
rium is reached. The drawback occurring here is that the proposed
material is not a closed system and equilibrium conditions will
never be reached. At each temperature level, there is a maximum
amount of water vapor which can be held by air, represented by
the maximum partial vapor pressure. In a closed system at con-
stant temperature, both evaporation and condensation are in equi-
librium at the temperature dependent specific partial vapor
pressure, which is the saturated vapor pressure. The characteristic
behavior of relative humidity can be described as follows: During
cooling, the partial pressure will stay constant for a whilst, simul-
taneously the relative humidity will increase due to the decreasing
saturation vapor pressure. Vice versa, during heating the relative
humidity will decrease since the saturation vapor pressure in-
creases. But since the proposed system has a water source (the so-
lid dough parts), more molecules will overcome the energy
required for evaporating and therefore the relative humidity will
increase during baking.

The absolute humidity is defined as the ratio of the mass of
water vapor per volume. Relating it to the relative humidity of
the system, the absolute humidity d [g/m?] is given by Eq. (2).

BT
R o+ exp(£F) 2)

d=2167+ o 5+ )

where RH is the relative humidity [%], T is the temperature [°C] and
the coefficients o= 6.112 [kPa], $=17.62 [—] and / =243.12 [°C].
In each baking trial one sensor is placed inside the dough during
the forming step, therefore the sensor is moving together with the
bulk during fermentation induced expansion. The dough is rolled
out, the sensor is placed in the middle, left and right sides of the
flat dough are folded to form a loaf. Since baking is performed in
a closed baking form, and the final height of the loaf is reached
after fermentation, and due to the high viscosity of the dough
structure, sensor position changes that are of minor significance.
The position of the sensor is varied in each trial to gain insight in
the distribution throughout the whole cross-section of the loaf,
where each position is repeated 3 times. After baking, the position
of the sensors is measured manually. The probe is connected via a
cable to a data logger (humilog 325, Driesen + Kern GmbH, Ger-
many), and measurement reading is every 2 s. Besides the temper-
ature and humidity measurements, the average water loss is
determined during baking via weighing (Sartorius 3100 S-G, Sarto-

rius AG, Gottingen, Germany) in another series of experiments.
Therefore, the loafs are taken out of the oven and weighed with a
sampling rate of 10 min.

After the baking step, the loafs are cooled down at room tem-
perature and reheated again under the same conditions as the bak-
ing step (60 min, 180 °C). This procedure is carried out to deliver
deeper insight into the humidity flux, on one hand to compare
the same loaf at different initial moisture contents. And on the
other hand to be independent of possible structural changes since
structure is fixed in the reheating step.

2.3. Blockage factor

Even though inline sensing is favorable to a destructive method,
the inclusion of the sensor inside the material is affecting the mea-
surement. Therefore, the blockage factor was calculated.

A blockage factor calculation is important to get a feeling of the
impact of how the sensor influences the flow field and therewith
the measurement itself. The moisture flux is partially blocked by
the sensor, thus interacting in real flow conditions. Nevertheless
this influence should be as small as possible, that is why the small-
est sensor available on the market fulfilling the operating condi-
tions was chosen for the measurement.

In a 3 dimensional space, the blockage factor can be calculated
as follows (Sahini, 2004), Eq. (3), where A is the area in m?.

A
d) — {Sensor 3
ALoaj ( )

The loaf has a cross section area of 0.019 m?, and the sensor has
a diameter of 4 mm, with the given values, the blockage factor for
the whole material is 0.00264.

The time scale analysis for the proposed phenomena clearly
shows that the mass flux through the medium is mainly driven
by the flow through the gas phase. Thus, the above estimation is
acceptable from a macro-scale point of view, since the gas phase
exists of a continuous network of connected bubbles. It is recom-
mended that the blockage should be less than 5%, otherwise a
blockage correction should be applied (Sahini, 2004).

3. Results and discussion
3.1. Humidity and temperature distribution

The big advantage of the experimental set-up is that the relative
humidity and temperature sensor are combined in one miniature
probe, allowing simultaneous measurement of both properties at
the same time at the same place. To get insight of the vapor diffu-
sion through the loaf, measurements were carried out throughout
the whole middle-cross section of the loaf. Humidity was mea-
sured in combination with the temperature at several spots inside
the loaf. The experimental set-up is illustrated in Fig. 2.

Challenging in such measurements is that the relative humidity
is depending on the vapor pressure, and that the saturation vapor
pressure is temperature dependent. If there is a specific amount of
water vapor in a closed system, the relative humidity will decrease
with increasing temperature due to the temperature dependent
saturation pressure. If a water source is present in the closed sys-
tem and temperature is increased to a higher level, then water will
evaporate until again the equilibrium is reached. Important to note
is that reaching equilibrium is lagging behind the saturation pres-
sure increase. In an open system, the equilibrium will not be
reached due to the high mass diffusivity of water vapor. To get a
better understanding of the humidity measurements, the dough
is first considered as a closed system to apply the thereby gathered
knowledge to the real measurements.
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Fig. 2. Sketch of the experimental set-up. Measurement points inside the loaf marked with a cross; distances from the top are 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, and 6.5 cm.

After fermentation, the dough has an average temperature of
27.4 °C with a standard deviation of 0.75 and a relative humidity
of 92.6% with a standard deviation of 0.68. Based upon the initial
values the absolute humidity is calculated according to Eq. (2). Ini-
tial Absolute humidity is 88.6 g/m>, which means that this is the
amount of water molecules present in the gas phase at a tempera-
ture of 27.4 °C. If the loaf would be a closed system and no water
would evaporate from the solid dough phase, then this initially
absolute humidity would be equal to the maximum amount of
water vapor in the gas phase. Based upon this assumption the re-
lated relative humidity for every temperature can be calculated
and the results are shown in Table 1.

Theoretically, if no water would evaporate from the solid dough
phase, the measured relative humidity in the gas phase would be
around 14% in the end of baking due to the temperature dependent
change in water vapor saturation pressure. Therefore the differ-
ence between the really measured relative humidity and the theo-
retically estimated relative humidity of 14% is the evaporated
water vapor from the solid dough phase.

The results of the simultaneously measured temperature and
humidity distribution are shown in Fig. 3. Measurement points
are vertical cross-wise through the loaf. Humidity is represented
here as the difference of initially measured relative humidity and
the measured relative humidity at time t, allowing more precise
comparison of humidity distribution at the different locations.

Respectively, for both properties, temperature and relative
humidity gradient, results can be distinguished in two phases,
the initial phase covering around 1/3 of the whole baking time,
where a sharp increase of temperature is obligatory and the tem-
perature progression is following sigmoid behavior in all locations
followed by a second phase covering the last 2/3 of baking time,

Table 1
Theoretical relative humidity of 88.6 g/m> water vapor at temperatures from 0 °C to
100 °C.

T [°C] P, [kPa] P [kPa] RH [%]
0 6.1 0 0
28 37.7 345 91.5
30 423 37.2 87.9
40 73.7 51.2 69.5
50 1235 66.1 53.5
60 199.9 81.8 409
70 314.0 98.3 313
80 479.5 115.6 241
90 7139 133.7 18.7
100 1038.5 152.6 14.7

where the temperature reaches a plateau of around 100 °C. Only
in a distance of 0.5 cm the temperature leaves the plateau level
and increases up to 108 °C. The plateau develops due to continuous
evaporation-condensation, limiting the maximum reachable tem-
perature to 100 °C. In a distance of 0.5 cm, the water evaporates
quickly to the surrounding, where the lack of water vapor allows
the increase in temperature. The evaporation to the surrounding
can be seen in the progression of the relative humidity in this loca-
tion which is decreasing significantly after a temperature of around
98 °C is reached. At this location, the standard deviation of temper-
ature is 5.3 °C and for relative humidity it is 12.1%. The big devia-
tion may be reasoned by the close vicinity to the crust and the
ambient. Comparatively, the standard deviation at the other loca-
tions in the crumb is much smaller, see Table 2.

In comparison to the progression at the other measuring points,
the relative humidity is not exceeding the initial value. At the other
locations, the RH is higher at the end of baking compared to the ini-
tial value, but to a different degree for each measurement point. It
can be seen that the highest gradient is reached at 4.5 cm from the
top, which is equal to the coldest spot, but not the center of the
loaf.

In the first part, the RH is generally first decreasing, followed by
an increase according to the increase of temperature. As soon as
the temperature plateau in the second part is reached, the RH is
decreasing slightly and following the characteristic trend of each
location.

The behavior in the initial stages may be induced by the oven
rise. During oven rise, structural changes occur caused by gas bub-
ble expansion and compression, and the previously closed struc-
ture opens and becomes available for simplified diffusion
processes through the material. Therefore the former “closed sys-
tem” with a specific amount of water vapor molecules is suddenly
increasing its volume, yielding in a decrease of RH due to the same
amount of water vapor molecules in a bigger volume. Certainly,
equilibrium is favorable, but requires some time to adapt to the
new situation, this is where the RH starts to increase according
to the increasing temperature. Increasing temperature yields to in-
creased evaporation of water molecules from the solid dough to
the gas phase.

Whilst in the second part the humidity is decreasing in each
location, the trend in the 4.5 distance point is conversely, indicat-
ing that the vapor is diffusing toward the coldest spot. Since this
increase in the middle region of the loaf is very small, the absolute
humidity is calculated giving a closer link to the actual amount of
water vapor in each location. the measured values at the end of
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Fig. 3. Measurement results of temperature and relative humidity at several
locations from 0.5-6.5 cm from top, showing the differing progression of relative
humidity in each location.

baking, the real values as well as the gradient of each parameter
are plotted in Fig. 4. As already seen in Fig. 3, the humidity is the
highest in the location of lowest temperature.

The gradient is calculated and is shown to exclude measure-
ment variations and misinterpreting of the results due to these
variations. The results show that in 0.5 cm distance to the ambient
(at the top of the loaf) the loss of water vapor is immense,
—100.9 g/m>. The situation is different in the bottom of the loaf,
the absolute humidity there rose about 1.4 g/m>.

Unfortunately it is not possible to determine how much the
water vapor has evaporated to the surrounding and how much it
has evaporated from the solid dough to the gas phase in the dough.
The reason that the value in the bottom is much higher than in the
top is reasoned by the restricted contact to the ambient limiting
moisture diffusion to the outside. In the middle of the loaf, the val-
ues for RH and absolute humidity are higher than those in the out-
er regions. This may be due to lagged evaporation to the ambient
reasoned by the bigger distance, or by evaporation condensation
based pressure driven flux to the coldest spot.

Indications that evaporation-condensation pressure driven flux
that occurs inside are given by:

1. The absolute humidity as well as the relative humidity are
higher at location 4.5 than in 3.5 (which is the center). There-
fore the humidity is the highest at the coldest spot. If the higher
humidity content would only be reasoned by the higher tem-
perature then the humidity at 3.5 should be higher since it
can be expected that both locations are not exposed to the
moisture loss at this stage of baking.

2. In Fig. 3, there is a slight increase in RH detectable in the loca-
tion 4.5 (in the second part of baking).

3. In Fig. 3, there is an increase in RH detectable in the location 3.5
followed by a decrease, which indicates that this vapor is flow-
ing to the inside (in the second part of baking).

To get deeper insight in the impact of water vapor and evapora-
tion-condensation on the heating rate, the baked bread was re-
heated after cooling and the results are shown in Fig. 5.

Comparing the baking and the reheating curves directly, see
Fig. 5, the comparison shows that the baking curve follows a more

Distance from top [cm]

150,00 -‘
10000

Temperature [°C]

Absolute Humidity [g/m?®]

B Absolute Humidity Gradient

M Temperature

Fig. 4. Absolute humidity gradient at measurement locations showing the values at
the end of heating.
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Fig. 5. Relative humidity and temperature distributions for baking and reheating at the location 4.5 cm from top.

steep increase than the reheating. This can be explained by the less
amount of water. This effect becomes crucial when a temperature
of 56 °C is reached. The quicker temperature increase is reasoned
by the evaporating water which accounts based on evaporation-
condensation on an increased heating rate. The according heating
rates are shown in Fig.6.

During both heating steps, the RH curve shows the same trend
in the first part, just with a different amplitude, reasoned by the
less amount of water in the reheating step. In addition, the maxima
and minima of the relative humidity curve show similar behavior,
the corresponding values are given in Table 3.

The first minimum is reached after around 5 min which is equal
to the range of time oven rise takes place. In this period the relative
humidity is decreasing due to an increase in volume. Even though
the structure is already fixed in the reheating process and no bub-

0.2
0.15 - i 1 [—| =—Baking
01 ! ———Reheating

-0.15
0 2000 4000 6000 8000
Time [s)

10000

Fig. 6. Comparison of dT/dt of baking and reheating, showing that in the initial
stage of heating temperature increase proceeds much quicker than in the reheating
step.

ble dynamics occurred a slight increase in the volume takes place
due to internal gas expansion. In the baking trial, the relative
humidity maximum is reached at a temperature of 76 °C which
is the temperature range where starch is gelatinizing, subse-
quently, the relative humidity is decreasing, which may be ex-
plained by the water up-take of the starch gelatinization process.
The second minimum is reached at a temperature of 96.4 °C. At this
stage the biochemical reactions like starch gelatinization and pro-
tein denaturation are already finished and the structure got solid-
ified. The significance of starch gelatinization on heat and mass
transfer mechanisms during baking is due to the complexity of
interfering processes which is not easy to determine, but the pre-
sented results indicate their relevance on heat and mass transfer.
From now on the relative humidity is slightly increasing, which
may be reasoned by evaporation-condensation based mass trans-
port. Comparatively, in the reheating curve the relative humidity
is decreasing at this stage due to the minor amount of water pres-
ent yielding to increased diffusion to the surrounding due to im-
mense vapor pressure differences.

The contrariwise characteristics of relative humidity during
baking and reheating, when the temperature plateau is reached,
are resulting in a RH gradient of 1.9% for baking and reheating in
the end of baking. Interesting enough that despite this difference,
the RH humidity during cooling reaches an almost equal value.
As soon as the temperature effect is not ostensibly affecting the
RH progression, the hygroscopic properties of the bread become
significant which means that after cooling when the system
reaches equilibrium temperature as well as its relative humidity,
the relative humidity in the product is depending on the hygros-
copy of the crumb, independent of the moisture content (at least
in the small difference range analyzed here).

Another interesting point to mention is that the maximum tem-
perature in the reheating phase is lower than that in the baking
trial, 99.4 °C in the baking, and 97.9 °C in the reheating step. This
experiment was repeated 4 times and showed always the same
characteristics.

Table 3

Temperature and relative humidity values at the minima and maxima of the relative humidity curve shown in Fig. 5.
Baking Time [s] T [°C] RH [%] RH [%] T [°C] Time [s] Reheating
1. Minimum 296 27.8 92.2 96.8 299 326 1. Minimum
Maximum 852 76.7 98.7 98.2 57.4 868 Maximum
2. Minimum 1180 96.4 96.7 97.4 81.4 1258 2. Minimum
End of baking 3600 99.4 96.8 95.0 97.9 3600 End of reheating
End of cooling 9236 31.2 98.3 98.8 31.2 9510 End of cooling
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To magnify the different heating rates, the slope of both tem-
perature curves is plotted in Fig. 6.

The slope is calculated according to finite difference scheme for
second order accuracy as shown in Eq. (4), with a sampling fre-
quency of 50 points.

OT _Tip —Ti
ot 24AC @

This illustration shows clearly the difference of the heating rate
with different amounts of water. The peak of heating rate is
reached simultaneous, but the amplitude is lower and broadened
in the reheating case. From the difference of baking and reheating
the impact of evaporation condensation can be estimated and at
which time this process becomes the driving process for heat
transfer. According to Eq. (5), the latent heat describes the amount
of energy required for a phase change (Sonntag, 2003).

Qy = myLy (5)

where m is the mass of water [kg] evaporated from the crust
<100 °C, L is the latent heat of vaporization 2260 [k]/kg] (Sonntag,
2003).

The heat stored as latent heat as given in Eq. (5), in the baking
case, there is Am of 128.9 g more water vapor inside the system,
resulting in AQ of 291.2 k] more heat available to transfer heat
by evaporation-condensation.

3.2. Water loss

Whilst baking and as well during cooling water evaporates from
the loaf to the surrounding. Fig. 7, shows the water loss during bak-
ing, in the end of baking the mass of the loaf reduced about 20.6%.
This value is quite high compared to literature values where the
water loss during baking is stated to be in the range of 10-12%
(Purlis and Salvadori, 2009).

Likewise Fig. 6, dW/dt is presented in Fig. 8, showing that max-
imum water loss occurs in the initial stages. This can be explained
by the non-developed crust at the beginning of baking resulting in
increased evaporation from the dough. As soon as the crust is
developed, water evaporation is decreased.

The big amount of evaporated water may be reasoned by the
baking conditions of relatively low temperatures and long baking
time. During cooling the water loss is additionally 1.1%. During
cooling the water is evaporating according to the concentration
gradient differences with the ambient. During baking water vapor
in the baking atmosphere has the positive effect of increased heat
transfer toward the system, during cooling the evaporation has a
refrigerating effect, which is also known as evaporative cooling.
Such effect yields to 10% heat removing from the system for 1%
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Fig. 7. Recorded water loss during baking with a sampling rate of 10 min.
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Fig. 8. dW/dt of baking, showing that in the initial stage of heating water loss
proceeds much quicker than in the final stages.

Table 4
Water loss values for baking, reheating and the cooling steps and baking and
reheating.

Weight loaf [g] Water loss [%]
Initial 600.0 0.0
A baking 123.7 20.1
A reheating 40.6 8.6
A cooling (after baking) 5.3 1.1
A cooling (after reheating) 3.1 0.7

water loss (Chung and Pfost, 1967). The water loss for each process
stage is summarized in Table 4.

4. Conclusion

The literature survey as well as the presented results of this
study, are showing clearly the challenge to measure the water con-
tent during baking, reasoned by the complexity of the system and
the available measurement technology. Nevertheless, this study
gives further insight in the vapor flux during the process. The high
temperature conditions inside the product going along with struc-
tural changes lead to conditions where measurements of relative
humidity become even more challenging due to the sensitivity of
relative humidity on temperature changes. Despite this fact the re-
sults show the repeatability of the measurements and thus allow-
ing realistic interpretation of the vapor flux through the inner
product. Due to the high standard deviations near the crust conclu-
sions can be drawn that the time range of crust setting is majorly
influencing the vapor release to the surrounding. The results of the
measurements are in agreement with the literature, and even
more, they bridge the gap between the mismatching results of
(Wagner et al., 2007) and (Thorvaldsson and Janestad, 1999; Purlis
and Salvadori, 2009; Zanoni and Peri, 1993). In fact there is a de-
crease of humidity in the first 7 min of baking, and in fact there
is afterward a change in the trend. Furthermore it could be shown
that there is an increase of water vapor in the coldest spot of the
loaf. First results are gathered to show the impact of the amount
of available water vapor on the heating rate, which is increased if
more water vapor is present. The presented results not only show
the vapor flux through the product, but moreover lead to the con-
clusion that the amount of vapor has indeed an influence on the
heating time required. Further work should be done with varying
the amount of water added during dough preparation to compare
this effect during baking. In addition, to measure the actual abso-
lute humidity in the gas as well as in the solid components for
water liquid and water vapor would a favorable objective to clearly
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know what is really going on in the system, but it is doubtful to get
an inline measurement system fulfilling this dream in the near fu-
ture. Such drawback could be compensated by the application of
numerical methods to simulate and visualize the processes for
which there is until now no possibility to measure directly.
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Abstract Cereal foam is a high complex material
undergoing several temperature-dependent processes under
thermal treatment, such as phase transitions, biochemical
reactions and structural changes. Simultaneous heat and
mass transfer plays an important role to investigate opti-
mization studies in cereal-based foams. In porous media
such as cereal foams, thermal conduction is of minor
impact on the overall heat transfer, since the major part of
heat is transferred through the gas phase filled with water
vapor. This becomes evident comparing the thermal dif-
fusivities of solid and gaseous components of the foam,
where the difference is in the order of five magnitudes. The
objective of this study is to model the coupled heat and
mass diffusion processes in cereal-based foam under ther-
mal treatment by means of Lattice Boltzmann methods.
The proposed model is then used to perform parameter
variation studies, showing the impact of material property
changes offering the possibility on optimizing heat transfer
through the foam.
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1 Introduction

Numerical modeling of heat and mass diffusion inside
foam is a quite challenging task due to the complexity of
the structure and processes occurring in the micro-scale.
Classical continuum mechanics are describing the flow as a
continuum by solving the Navier—Stokes equations. Such
methods are known as macro-scale methods. They offer a
powerful tool to model fluid flow if only a continuum
description of the process is required. If more detailed
insight in the microphysics of the flow is the objective,
such methods are not recommended, since they fail in for
low Knudsen numbers (Hussein 2010). Comparatively, the
LBM is a meso-scale method. The advantage of the LBM
is that the macroscopic flow is modeled in the spatio-
temporal range where the flow originally happens on the
particle level. As further plus, the Navier—Stokes equations
and therewith the macroscopic flow properties can be
recovered from the LBM equations bridging micro and
macro scales (Succi 2001).
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Concerning cereal-based foam, numerical simulations of
heat and mass transfer were mainly carried out by the use
of continuum approaches (Purlis and Salvadori 2009;
Zanoni and Peri 1993; Zhang and Datta 2006). Drawback
of such studies is that the micro-scale properties are not
taken into account directly and that even the foam structure
is regarded as a continuum. To get detailed insight in the
physical phenomena occurring on the pore level, the LBM
offers the possibility to model such processes from a par-
ticle level. Challenging remains the combination of diffu-
sion through porous structures in non-isothermal processes.

One possibility to account for the micro-structural
properties of porous media is to apply effective diffusion
coefficients. Xuan et al. (2010) developed a method to
predict effective mass diffusivities of fluids in porous
media (Xuan et al. 2010). They applied their LB-Model in
2 and 3 dimensions to regular and randomly structured
porous media. The results show that they are in agreement
with analytical Maxwell equation at low diffusivity gradi-
ents between grains and fluid (Xuan et al. 2010). Another
approach to implement the porosity in a LB-model was
carried out by Guo and Zhao (2002), by including the
effect of porosity in the equilibrium distribution function
(Guo and Zhao 2002). In addition, Darcy’s equation was
included by the use of an additional force term. The
presence of the force term allowed interactions between the
fluid and the medium. For validation, several benchmark
test cases were carried out in 2 dimensions and showed
satisfactory results (Guo and Zhao 2002). Drawback of the
proposed method is that the application is limited to iso-
thermal single-phase fluid flows.

To account for thermal effects, McNamara et al. (1997)
presented a three-dimensional multi-speed thermal
LB-scheme achieving a temperature-scale by choosing the
Boltzmann factor k to be unity. Beneficial to previous
thermal LBM, the proposed method produces stable results
without the restriction of the Prandtl number equal to one
(McNamara et al. 1997). In another study, an additional
distribution function is used to introduce temperature
effects besides the standard distribution function for the
velocity field (Guo and Zhao 2005). The method was used
to simulate convective heat transfer in porous media for
several applications. Hussein et al. applied the LBM to
model simultaneous heat and mass diffusion in bread
during baking in a simplified foam structure. In their
simulations, heat transfer from the oven is ambient towards
the bread as well as moisture loss due to diffusion to the
surrounding was investigated (Hussein and Becker 2010).

The present study has the objective to examine SHMT in
more realistic foam structures as well as accounting for
mass diffusion processes from the solid foam component
towards the gas component. Both points are investigated in

@ Springer

this study, where the foam structure is generated based on
NUCT images and evaporation processes through the foam
are considered. Furthermore, a parameter variation study is
carried out to determine the impact of material properties
on overall heat and mass transfer with the objective to
optimize the baking process.

2 Materials and methods
2.1 Lattice Boltzmann method

The Lattice Boltzmann Method (LBM) is a numerical
method considering fluid flow based on particle—particle
interactions. Since the calculation of real particle—particle
interactions would lead to heavy computation effort and
time, due to the high amount of particles in a specific
volume, the LBM considers the particles as a particle
distribution function (Succi 2001).

The main equations of the LBM are based on Boltz-
mann’s equation, shown in Eq. (1) without external forces,
which describes a particle distribution function f with time
evoluti on (Succi 2001).

% +WwWf=Q (1)
where f'is the particle distribution function, ¢ the time, v is
the particle velocity and € is the collision operator.

Discretizing the Boltzmann equation in time and space
on a discrete lattice yields to the discrete Lattice Boltz-
mann equation, Eq. (2), for single-phase single-component
fluid flow (Succi 2001).

file et 4+ A1) = fi(x, 1) + Qi(f (x, 1)) (2)

In Eq. (2), e is the unity vector and At represents the
time step.

Basically, the -calculations are of two steps, the
streaming and the collision step. After initializing the
solution, a set of particles is moving on the lattice, see
Fig. 1, whilst the streaming step having specific speeds
according to the lattice direction weights, see Table 1.

The streaming step is followed by a collision step, where
particle—particle interactions are taken into account (Succi
2001).

(x _ gq X
Qu(f(x, 1)) = —HED Z S 1)

T

3)

In the LBM, the original collision operator from the
Boltzmann equation is replaced by an approximation and
can be given by the Bathnangar—Gross—Krook (BGK)
Model shown in Eq. (3). The particle distribution function
is relaxed towards a local equilibrium /9, given in
Maxwellian form, Eq. (4) (Succi 2001).
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Fig. 1 Lattice with a D3Q19 scheme, representing a three-dimen-
sional space with 19 velocity vectors

Table 1 Lattice weights for a D3Q19 Model

Direction §&; w;
0 1/3
1,2,3,4,5,6 1/18
7,8,..., 18 1/36

. &v 9w’ 302
fiq:w,-p(x) 1+3?+§ o4 _EE (4)

In Eq. (4) w is the weighting factor, p is the density, e is
the unit vector, c is the lattice speed of sound, and v is the
macroscopic fluid velocity.

Aligning the micro particle interactions, considered in
Lattice units during the calculations, to the macroscopic
world is done by two steps (i) recovery of the macroscopic
values and (ii) conversion from Lattice units to SI units. On
the one hand macroscopic properties can be derived from
the calculations as shown for the macroscopic local density
in Eq. (5) (Succi 2001).

p=>_f (5)

On the other hand, SI units of the macro process are
converted to Lattice units (LU) allowing micro-scale
calculations in the LB-scheme, and vice versa (Moaty
Sayed et al. 2009). The methodology starts by choosing a
dimensionless number describing the macroscopic process.
Due to similarity considerations, the dimensionless number
is used to obtain conversion factors for any proposed

property and the Lattice units can be retrieved (Mack et al.
2011), shown in detail for the application example in the
following section.

Conversion factor = Valuest (6)
ValueLU
The previous section gives a brief introduction to the
standard Lattice Boltzmann method. In the following
sections, the LBM for diffusion modeling, required for
the current study, is explained in more detail.

2.2 Problem description and application with LBM

The Lattice Boltzmann method is used in this study to
model simultaneous heat and mass diffusion in cereal-
based foam. Generally, SHMT in porous media is of cur-
rent interest in science and several researches are carried
out concerning this topic. Worth to mention, that additional
challenges arise in the proposed due to time and tempera-
ture related varying complexity of the material.

When the cereal-based foam is exposed to thermal
energy, several temperature-dependent processes are
occurring simultaneously and closely linked to each other
(Purlis and Salvadori 2009). Assembling a rough descrip-
tion of the material, the cereal-based foam is consisting of
two components, the solid dough and embedded gas bub-
bles filled with CO, and other fermentation by-products
produced by yeast or other leavening agents (Zhang and
Datta 2005).

The solid dough component can be described as an
interconnected visco-elastic starch-gluten network, where
water is associated to starch, bound to proteins and to a
minor degree partially free as droplets. The foam structure,
consisting of gas bubbles surrounded by solid dough is
shown in Fig. 2.

Solid dough
+Yeast
+H20iiq

CO2
HZOvap
Gas bubble

Fig. 2 Foam structure based on pPCT images (Anja Dietrich,
Fraunhofer Development Center X-ray Technology EZRT, Fraunhofer
Institute for Integrated Circuits IIS, Fiirth, Germany); gas bubbles
consist mainly of CO, and water vapor, liquid water is in the solid
parts partly free but mainly bound of the dough to starch and gluten

@ Springer
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Under the influence of heat, the gases expand due to the
specific thermal expansion coefficient, and so does the water,
it is evaporating towards the gas bubbles as well as towards
the surrounding driven by a partial water vapor pressure
difference. Therefore, volume and micro-structural changes
occur by means of bubble dynamics, linked to phase transi-
tion phenomena. Further temperature-dependent processes
are biochemical reactions, on the one hand, surface browning
and flavor development, on the other hand starch gelatini-
zation and protein denaturation (Zanoni et al. 1995b). Starch
gelatinization is associated with absorption of water,
whereas the protein denaturation process is accompanied
with water release. Both processes are essential for solidifi-
cation of the structure (Wagner et al. 2007).

Besides the temperature influence, the second main
impact on the previously described processes is strongly
related to the present water, constituting the focus of this
study as heat and mass transfer processes inside the foam.
Volume expansion and biochemical reactions are
neglected.

The proposed LB-Model considers mass transfer
occurring by means of water vapor diffusion, vapor is
diffusing from the solid dough component acting as a water
source to the surrounding and towards the gas bubbles,
depending on concentration gradients as well as on the
temperature-dependent mass diffusion coefficients, see
Table 2. Heat is applied to the system by a heat source
surrounding the foam and diffusion processes through the
foam are solved by means of coupled thermal and mass
diffusion.

In the absence of advection, equal to zero mean velocity
flow, the governing LB equations for coupled heat and
mass diffusion can be written as (Hussein and Becker
2010):

T: 7i (Ti - Tieq)
f=00 =] T (7)
C, 1
l — G-
Tc

Due to the assumption of zero velocity, the equilibrium
distribution function is given as

Tieq = W,‘T; C?q = W,‘C (8)

i

The macroscopic temperature and water vapor content
can be derived by:

Table 2 Thermal and mass diffusion coefficients at a temperature of
100 °C

Component  Mass diffusivity (mz/s) Thermal diffusivity (mz/s)
Bubble 0.2 x 107* (100 °C) 0.192 x 10~ (100 °C)
Solid 0.3 x 107 (100 °C) 0.157 x 107° (100 °C)
@ Springer

T=YT; C=> G 9)

Coupling both heat and mass diffusion is important,
since both processes are simultaneously dependent and
influenced by each other (Hussein 2010). Thermal as well
as mass diffusivity are implemented in the LB-code as
temperature-dependent functions (Mack et al. 2011),
Table 2 shows the resulting sample diffusivities at a
temperature of 100 °C to emphasize the differences
between them. The thermal diffusivity of the solid phase
is calculated based on literature values for gas free dough
(Mack et al. 2011).

The diffusivities are implemented in the LB-scheme via
the relaxation time. According to (Wolf-Gladrow 2000) the
relation between the diffusivity and the relaxation time is
given by Eq. (10) for thermal diffusion o and mass diffu-
sion D, respectively.

te=3D++ (10)

1
‘CT:3OC+E, 5

Under the assumed condition of non-advective flow, the
single relaxation time (SRT) scheme is applied to ensure
that energy unbalances are prevented due to independent
Eigen values for each equation (Hussein 2010). To ensure
numerical stability in the presence of no-advection, the
relaxation time should be >0.5 (Wolf-Gladrow 2000).

Similarity is achieved by the introduction of the
dimensionless Fourier number for thermal and mass dif-
fusion, respectively.

D xt
LZ

o Xt
N (1D
where o is the thermal diffusivity, D is the mass diffusivity,
t is the characteristic time and L is the characteristic length.
In transient conduction processes, the Fourier number gives
the ratio of conducted heat to the amount of stored thermal
energy. Similarly, the transient mass diffusion processes
can be defined by a mass Fourier number. The first step in
the non-dimensionalization requires the calculation of the
non-dimensional Fourier number for the process in SI
units. The next step is to choose a relaxation time satisfying
stability conditions according to Eqgs. (11) and (12).

Finally, the conversion factors, see Eq. (6), can now be
calculated and based on this, all parameters can be con-
verted to Lattice units required for the solution in the LBM
and vice versa to get physical values as output. The Lattice
Boltzmann code applied to carry out the calculations is a
self-written code, further developed based on previous
research (Hussein 2010; Hussein and Becker 2010; Mack
et al. 2011). The Lattice Boltzmann code is validated by a
benchmark problem for diffusion proposed by Noye and
Tan (1989; Hussein and Becker 2010).

FOT = FOC =
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Fig. 3 Left binary image after processing; middle 2D nCT image, square represents the cut-out zone; right stack of pCT images

2.3 Constructing the modeling domain

To account for the characteristic micro-structural proper-
ties of the cereal-based foam, the modeling domain is
constructed based on pCT images of the foam provided by
Anja Dietrich, Fraunhofer Development Center X-ray
Technology EZRT, Fraunhofer Institute for Integrated
Circuits IIS, Fiirth, Germany.

Each of the two-dimensional pCT images is processed
with an edge detection algorithm, predicting the edges
according to a specific threshold, see Fig. 3.

Thereafter, the stack of processed images is uploaded in
the code and assembled together resulting in a three-
dimensional obstacle file, see Fig. 4, where the solid
component of the foam is displayed with the grid. The grid
size was chosen to capture the meso-scale details of each
component, satisfying numerical stability. The number of
grid nodes was 10° and the size of each grid cell is 1 LU>.

The LB equations are then solved in the computational
domain, distinguishing between both components by the
related distribution functions for heat and mass diffusion
and the specific relaxation times for each component.

3 Results and discussion
3.1 Modeling humidity and temperature distribution

The simultaneous solved heat and mass transfer is illus-
trated in Figs. 5 and 6. Initial temperature values are 28 °C
all over the domain. In the present study, water vapor
diffusion is addressed non-dimensional, thus delivering
insight in the vapor diffusion kinetics from a general point
of view. Thus, the amount of water vapor is initialized at 1
in the solid components and 0 in the gaseous components.
The contours of the temperature as well as the water vapor
distribution in the middle of the modeling domain are

Fig. 4 Modeling domain with the grid displayed at the solid foam
components

plotted for several time steps. Figure 5 shows the heat flux
progressing from the surrounding heat source towards the
center of the foam.

In Fig. 6 the water vapor is plotted for similar time and
space. As can be seen in Fig. 6 the water is diffusing towards
the gas pores due to the high water content in the solid com-
ponent following a flux gradient. Diffusion towards the sur-
rounding cannot be displayed visually, since this is
implemented directly in the boundary conditions. Flux equi-
librium boundary conditions are used in this study to account
for heat and mass fluxes at the boundaries. To visualize the
diffusion to the surrounding and to emphasize heat and mass
flux through the foam, the flux vectors J of both properties are

@ Springer
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Fig. 6 Moisture distributions at several time steps (100, 950, and 1,800) showing the diffusion of vapor from solid towards the bubbles

Fig. 7 Flux vectors of
temperature distribution; vector
direction shows the flux, and
vector length represents flux
magnitude

calculated according to Eq. (12) and the results are shown in
Fig. 7 for the heat flux, and Fig. 8 for mass flux, respectively.
(fi — fir1)
Jai(f) = —————= 12
w(f) N (12)
The flux vectors are represented as arrows showing the

flux direction, where the vector length indicates the flux
magnitude.

@ Springer
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From the flux vectors, it can be seen that heat transfer
inside the bubbles proceeds much quicker than in the solid
phase, reasoned by the higher thermal diffusivity of the gas
phase compared to the solid dough structure.

For mass diffusion, it can be seen that the vapor is
diffusing towards the pores and towards the surrounding.
The flux towards the surrounding proceeds much quicker
due to the increased temperature gradient in the boundary,
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Fig. 8 Flux vectors of

moisture distribution; vector
direction shows the flux, and
vector length represents flux

magnitude
Fig. 9 Temperature and 100
moisture distribution inside one 90
bubble, location marked with a
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yielding to the increased diffusion reasoned by the tem-
perature-dependent mass diffusivity.

The temperature and moisture distribution were moni-
tored during the simulation, and the outputs for one point
are shown in Fig. 9. The solid parts of the foam are con-
toured. The location was chosen to show the progression of
heat and mass diffusion inside a single bubble. The tem-
perature curve follows sigmoid behavior until the end of
heating. Such curve progression is reasoned by the decel-
erated heat flux inside the material requiring time for
energy transfer in form of heat to reach the location to be
examined. Simultaneously, the moisture content is
increasing inside the bubble due to the diffusion from the
solid to the gas component driven by concentration gradi-
ents. This process occurs instantaneously due to the close
vicinity to the water source inside each bubble. After a
maximum value is reached, the moisture content is
decreasing slowly until the end of heating which can be
explained by the counter directional flux towards the sur-
rounding. The two counter-acting flux directions are the

0.5
0.45
- 04
0.35
0.3

0.25
- 02
0.15

Moisture Content [-]

- Temperature

——Moisture P01
0.05

| Lo
12000 16000
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flux towards the bubbles going along with moisture transfer
through the gas phase and diffusion to the surrounding. The
temperature gradient between surrounding and foam yields
to high diffusion towards the surrounding going along with
vapor loss, apparent in the slope change. Since diffusion is
accelerated at higher temperatures and higher concentra-
tion gradients, the flux to the surrounding is predominant.

3.2 Varying the coefficients—impact of material
properties

Optimizing the heat transfer through the proposed model
foam is of interest due to the evident possibility to save
energy during the heating process. For a single processing
unit improved heat transfer may be insignificant, but con-
sidering the global bakery market in combination with the
fact of growing industrial large-scale productions reducing
the amount of required energy becomes crucial. Theoreti-
cally, heat transfer inside the cereal foam may be influ-
enced by variations of the structure, e.g., porosity or

@ Springer
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permeability, for further reading (Mack et al. 2011).
Another approach may be variations of material properties
such as the thermal, and the therewith-combined mass
diffusion coefficients of the components.

The modeling results shown in the previous section are
carried out based on literature values for the characteristic
coefficients of heat and mass diffusion. Since the model
considers the gas phase consisting exclusively of water
vapor, the thermal and mass diffusivities of the gas phase
are fixed. Nonetheless, the properties of the gas phase give
theoretically the possibility to be influenced by the per-
meability of the solid structure to CO, or other fermenta-
tion by-products. In addition, the impact of the present CO,
and the fermentation by-products is not clear and should be
carried out in further studies. To get insight in the impact of
material property variations, the thermal diffusion coeffi-
cient of the solid phase was changed and the virtual values
in a realistic range are shown in Table 3. Experimentally
determined thermal diffusivity coefficients for bread dough
and other bakery products are given in the range of
0.1 x 107°-0.24 x 10~° m*/s (Zanoni et al. 1995a). Thus,
the core of the variations is carried out in a realistic range,
the extremity values at the start and end are included to
provide a better understanding of the whole trend of the
impact of the thermal diffusivity on the heating time. In
practice, a change of such property may be achieved by
variations in the recipe and the ingredients. Care has to be
taken, since very big variations in the recipe may lead to a
different product, which is not the objective. Further
research should be done to examine the impact of specific
ingredients on the diffusion coefficients, and especially the
amount of water.

The results of the parameter variation study are shown in
Fig. 10. The whole heating time is given by the number of
time steps and is shown in Table 3. The end of heating is
defined as the time step at which the temperature in the
middle reached 98 °C, which is known to be the temper-
ature where cereal foam is known to be ready (Rask 1989).

Table 3 Coefficient variations for thermal diffusion coefficients

Diffusion coefficient (m*/s) Required time steps

02 x 1077 19,400
0.6 x 1077 17,500
0.1 x 107¢ 16,400
02 x 107 14,700
0.24 x 107° 14,300
0.28 x 107° 13,900
0.32 x 107 13,500
0.36 x 107° 13,200
04 x 107 13,000
1.0 x 107°° 10,800
@ Springer
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Fig. 10 Comparison of complete heating time for different thermal
diffusivity coefficients in the solid phase

Following the conversion principles elaborated in previous
sections, one time-step in the simulations is equal to
0.2025 s. Thus, the parameter variations result in a heating
time range of 36-65 min. The results show that with
increasing thermal diffusion coefficient the required heat-
ing time is decreased. Such results show that the impact of
material properties is crucial and gives the potential to
improve the heating process by optimized material prop-
erties. The curve shown in Fig. 10 follows a second-order
fit proving to satisfy the mathematical obligation of para-
bolic differential equation such as the thermal diffusion
equation.

The classical differential diffusion—advection equation
is given by

dT
— + VT = aV>3T.
dr

(13)
In the simple form, under the assumption of no-advection,
the thermal diffusion takes the following form:

dT
— = aVT.

14
o (14)

But taking the more conservative form where the
thermal diffusivity is variable such as in this parametric
investigation, the thermal diffusion equation would take the
form:

dTr
i V3 (a x T) = aV>T + TV?a.

(15)

Analyzing Eq. (15) in more detail gives a mathematical
explanation of the curve progression. The temperature on
the right-hand side remains constant according to a constant
temperature gradient between the initial and final stages.
This fact accounts to diminish the first term on the right-
hand side. Therefore, the second term on the right-hand side
prevails and entails the parabolic dependence of thermal
diffusivity to heating time, since the changing parameters
are time and thermal diffusivity.
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4 Conclusion

Thermo-physical processes in cereal-based foam are highly
complex, but sophisticated knowledge of such processes is
required to optimize the heating process. Challenging
thereby is the occurrence of such processes in the micro-
scale. This work gives insight to the simultaneous heat and
mass diffusion processes on a pore scale (in the order of
1 mm) by the use Lattice Boltzmann methods. This
approach gave the possibility to visualize heat and mass
diffusion processes at the pore scale. The application of a
UCT images based modeling domain allows the represen-
tation of the diffusion processes under realistic conditions.
The proposed method represents a first step to enlighten
micro-heat and mass diffusion processes and builds the
groundwork to accomplish further work to model explicitly
the evaporation—condensation mechanism which is of
impact on the heat transfer. The parameter variation study
showed the potential to optimize the heating process by
variations of the material properties. Such modeling results
support experimental work required to achieve improve-
ment of the real process showing the direction of optimum
structural and material properties. Further work should be
carried out including a sensitivity study combining the
whole bandwidth of influencing parameters to establish
optimum conditions.
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Abstract Foam thermo-physics is a significant point of
interest in current research in a broad range of applications
reaching from material science, geology, chemical, biotech-
nology, ceramic processing to food science. The latter
involves the challenge of continuous quality in combination
with high-temperature processing. Thermal treatment
strongly influences foam structure, stability and as well
enforces chemical reactions or physical processes such as
phase transitions. From a process engineering point of view,
such reactions can be used for process optimization consid-
erations. In cereal foam, heat transfer is suggested to depend,
besides heat conduction in the lamella, on evaporation—con-
densation processes inside the foam bubbles. According to the
meso-scale incidence of physical processes within complex
foam micro-structures, the lattice Boltzmann method verifies
its application to numerical investigations on the considered
length scale. Thus, the objective of this study is the devel-
opment of a lattice Boltzmann model covering heat and mass
diffusion in combination with phase transition processes.

Keywords Numerical modeling - Lattice Boltzmann -
Phase transitions - Cereal foam - Thermo-physics -
Heat and mass transfer

1 Introduction

Concerning cereal foam and thermal-induced processes
during production and heating, research in recent years
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Engineering, Technische Universitit Miinchen,
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mainly addressed numerical investigations focusing on
heat and mass transfer by continuum assumptions (Zanoni
et al. 1995; Sablani et al. 1998; Thorvaldsson and Janestad
1999; Purlis and Salvadori 2009). Thus, foam is regarded
as a continuous material, where physical processes occur
depending on continuum descriptions yielding to an aver-
aged treatment of the whole process. Nonetheless,
neglecting the specific characteristics of the complex
microstructure of cereal foam impedes a huge fraction of
access to really understand the process from a micro-scale
point of view. A sophisticated characterization of a process
can only be reached if its micro-states are fully understood
due to the fact that several different microscopic states can
lead to the same macroscopic behavior (Wolf-Gladrow
2005). Thus, such knowledge is essential for process
optimization purposes.

Particularly, under the influence of heat, processes occur
which require the consideration of discrete particle inter-
actions at micro-scale. Such temperature-dependent pro-
cesses are (1) simultaneous heat and mass transfer; (2) bio-
chemical reactions such as starch gelatinization or flavor
and color development; (3) structural and material property
changes; and (4) phase transition processes (Zanoni et al.
1995; Purlis and Salvadori 2009). The simultaneous heat
and mass transfer processes are closely linked to phase
transition processes. Following a straight physics point of
view, the processes occurring inside an individual cereal
foam bubble should be similar to a heat pipe (Sluimer and
Krist-Spit 1987; de Vries et al. 1989; Wagner et al. 2007,
Purlis and Salvadori 2009). Present dough water inside the
foam lamella yields to evaporation to the surrounding, but
as well toward the foam bubbles, according to temperature
and partial pressure differences (Vanin et al. 2009).
Depending on the local conditions, re-condensation occurs
at locations of lower temperature or increased pressure, and

@ Springer

-62-


mailto:s.mack@wzw.tum.de

NUMERICAL INVESTIGATIONS OF FOAM MICROSTRUCTURES

Results

Microfluid Nanofluid

thus yields to a cyclic evaporation—condensation mecha-
nism inside the foam bubbles (Wagner et al. 2007). This
process is suggested to increase the heat transfer due to the
absorption at the warmer side and release of latent heat at
the colder side of the bubble (Purlis and Salvadori 2009).
The previous described evaporation—condensation mecha-
nism inside cereal foam is based on macro-scale observa-
tions together with basic physical principles, resulting in a
reasonable theory, but lacking so far a proof, whether the
thermo-physical conditions inside the microstructure really
yield to evaporation—condensation.

Such complex processes embedded in a network of
simultaneously occurring multiphase transport, multi-phys-
ics, structural and material property changing environment
impede the implementation in a modeling tool (Datta 2007).
The lattice Boltzmann method (LBM) is a powerful tool
bridging the gap between continuum mechanics and molec-
ular dynamics (MD) (Mohamad 2011). Discrete particle
interactions are considered as particle distribution functions,
thereby overcoming the drawbacks of noise and heavy
computational effort of MD methods and yielding to a meso-
scale description of flow properties (Raabe 2004). In addi-
tion, the LBM allows a re-covering of the macroscopic flow
properties from the particle distribution interactions (Succi
2001). In spite of the growing usage of LBM and the
promising application possibilities of complex processes at
small length scales, it is still rarely used to implement phase
transition kinetics. Several approaches were developed in the
past to account for multiple phases and the interactions
among them (oil water mixtures, Rayleigh—taylor problems)
by means of LBM (Sukop and Or 2004), but still suffer
mainly from high density ratios, thermo-dynamical consis-
tency, numerical stability and the isothermal limitations. In
addition, the high computational effort of multiphase meth-
ods still limits the application to complex processes in par-
ticular under non-isothermal influences.

Thus, the objective of this study is the development of a
physics-based multi-component lattice Boltzmann model
comprising coupled heat and mass diffusion in combina-
tion with the thereby induced phase transition processes of
water. According to the temperature-driven phase change
inside the microstructure, the condensate is considered as
additional developing component and interactions between
vapor and the condensate is treated via sink/source terms.
The carefully chosen modeling assumptions and the model
development are given in detail allowing a meaningful
interpretation of the simulation results. The model is vali-
dated by a validation test case and hereafter being applied
to simulate the proposed processes in cereal foam under
thermal treatment. The main goal hereby is to deliver
insight in the thermo-physical processes occurring at
micro-scale inside the foam bubbles and to use this
knowledge for heat transfer optimizations during baking.

@ Springer

2 Materials and methods
2.1 Modeling assumptions and initial conditions

The possibility to achieve meaningful results by numerical
methods is based on the modeling assumptions stated prior
to simulations. Nonetheless, before such simplifications can
be made, the process has to be known in detail to ensure
consistency of objectives, assumptions, results and their
reasonable interpretation. The interaction of temperature
gradient-induced processes in cereal foam is shown in
Fig. 1. Main impact on further processes is the application
of heat yielding to a temperature gradient in the foam,
linked to volume and pressure changes. Macroscopic vol-
ume increase is induced by yeast or other foaming agents
due to CO, (and further fermentation by-products) pro-
duction, saturation of the liquid phase and therewith partial
pressure difference driven release toward air inclusions in
dough (Pickett 2009). Such micro air inclusions are
resulting from kneading and are necessary to induce CO,—
bubble formation, where the O, is metabolized by the yeast.
Thus, the fermentation process which is necessary for the
specific foam microstructure is resulting in a CO,-saturated
atmosphere where the initial amount of air can be neglected
according to its minor amount in relation to CO,. The
presence of water, initially in the foam lamella, results due
to the vapor pressure balance and resulting equilibrium
addiction to an increase of vapor inside the gas phase of the
foam. The CO, is thereby replaced by the water vapor,
where its high volatility is reasoned by the high vapor
pressure of CO, (5.73 MPa at 20 °C) compared to water
vapor pressure (2.34 kPa at 20 °C). This theoretical con-
sideration can be confirmed by experimentation, measure-
ments of humidity distribution in bread during the baking
process showed that the relative humidity is increasing in
the range of 92.2 at ~28 °C to 96.8 % at ~ 100 °C (Mack
et al. 2013b). From these findings, the present specific
humidity inside the gas phase can be elaborated which is
defined as the ratio between the mass of water vapor and the
mass of moist air (WMO-No. 8 2008). Thus, the specific
humidity is a value in the range of 0-1, where dry air is
given by 0 and air-free steam has a value of 1. For the
measured conditions for bread dough, the specific humidity
has a value of 0.96-0.99, where the value of 0.99 is reached
after the first quarter of the baking process. Based upon the
specific humidity close to 1, the assumption that the gas
phase consists of water vapor and interactions with other
gases can be neglected is acceptable. In addition, initial
conditions, see Table 1, for the gas phase can be derived
from the measurements, thus, initial temperature is 30 °C
and the relative humidity is 92.2 %, which is equivalent to
an initial amount of water molecules of 28.1 g/m® (Mack
et al. 2013b). Following the assumption of vapor-filled
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Fig. 1 Heat and mass transfer induced processes in cereal foam
under thermal treatment, where the arrows represent the linkage and
influence on each other

Table 1 Initial conditions and coefficients addressing the heat and
mass transfer in cereal-based foam under thermal treatment

Property Value Units
Initial relative humidity 92.2 (30 °C) %
(RH) bubbles
Initial absolute humidity 28.1 (30 °C) g/m?
(AH) bubbles
Bubble diameter 1 mm
Cell wall thickness 0.4 mm
Initial temperature 30 °C
Mass diffusivity Diymeira 0.3 x 1078 (100 °C) m*/s
Mass diffusivity Dyapor 0.2 x 107* (100 °C) m?/s
Thermal diffusivity %,meia 0.157 x 107 (100 °C) m?/s
Thermal diffusivity oyapor 0.192 x 10~* (100 °C) m?/s

foam bubbles, the thermal diffusivity of the gas phase is
depending on vapor properties. The thermal diffusivity can
be given as a temperature-dependent function related to the
thermal conductivity, the density and the specific heat, as
given in Table 1. Likewise the temperature-dependent
thermal as well as vapor diffusivity of the foam lamella can
be elaborated, where the calculation is based on the material
properties of gas-free dough.

Further attention has to be taken on the mass transport
of water vapor inside the gas phase. Diffusion is gener-
ally depending on concentration differences, temperature
and pressure (Hudson 2008). The proposed LB algorithm
accounts depending on the specific temperature-depen-
dent vapor diffusion coefficient for concentration and
temperature-driven diffusion. Vapor pressure differences

are implemented in the model via the evaporation
boundary conditions, but the question of the impact of
pressure-driven diffusion remains. The pressure inside
the gaseous phase is increasing due to the increasing
temperature and the restriction of the elastic starch-
gluten network, see Fig. 1. Besides the capability of
wheat dough to hold the gas, the foam lamella is still
permeable for gases yielding to release of CO, and to
evaporation of vapor from the foam to the surrounding,
thus equalizing major pressure differences. Nonetheless,
measurements showed that during baking the pressure
increases up to 0.4-1.0 kPa (Grenier et al. 2009). Pres-
sure-driven diffusion is negligible when Ap/p < 1
(Hudson 2008). The estimated value of 0.0098 is much
smaller than 1, therefore the effect of a pressure-driven
diffusion coefficient can be neglected.

The processes included in the proposed lattice Boltz-
mann algorithm are focusing on heat and mass transfer and
the linked phase transitions. Focusing on this objective
requires a closer look on the mechanisms of phase transi-
tions. The phase change of water is depending on the local
conditions of temperature, amount of water molecules and
pressure. The concentration of water vapor in the gas phase
is limited and a maximum partial pressure of vapor exists
which depends only on temperature (Sonntag et al. 2003).
At high temperatures, the maximum absolute humidity,
which is for the relative humidity RH = 100 % equal to
the saturation humidity, is higher than at low temperatures.
The absolute humidity AH can be given by Eq. 1,

RH bxT
1007 X A X €xp (",'+T)

(273.15°C + T)

AH = 216.7 x (1)
with the saturation pressure Pg, given in Eq. 2, the temper-
ature T in °C and the relative humidity (RH), with the partial
vapor pressure P, given in Eq. 3. In a temperature range
from 0 to 100.9 °C, the constants are A = 6.10780 hPa,
b = 17.08085 and y = 234.175 °C (Fortuin 2003).

bxT

Psy = A X expi'” 2)
Pvap

RH = —* x 100 % 3)
PSat

The dewpoint temperature 7p, as given in Eq. 4, is the
temperature where the actual partial pressure is equal to the
saturation pressure, which is the temperature where water
is condensing.

P In(0.01 x RH x Z)

Tp =7 X A —yx 4
b= bfln% ’ b —1n(0.01 x RH x &) “)

Thus, if the amount of water molecules is increasing
beyond the temperature-dependent saturation limit, the
“oversupplied” amount of vapor condenses. These basic
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principles are implemented in the LB algorithm to account
for local condensation inside the gas phase. Evaporation
from the foam lamella as well as the re-evaporation from
the condensed vapor is included via the boundary condi-
tions, elaborated in detail in the subsequent sections.
Linked to the evaporation—condensation mechanism, the
absorbed and stored latent heat is released during con-
densation according to the amount of condensed vapor, and
vice versa absorbed for evaporation. The latent heat is
given in Eq. 5.

O=mxL (5)

In Eq. 5, Q represents the amount of heat absorbed or
released during the phase change, m the mass of substance
and L the specific latent heat of vaporization. These pro-
cesses are implemented via additional sink and source
terms and account for a reasonable description of evapo-
ration—condensation-based heat and mass transfer. None-
theless, several simplifications are made to reduce the
complexity:

e The development of the additional condensate is
considered based on the assumption that the high
density ratio between vapor and its liquid is not
considered. Meaning, that the liquid water in the foam
lamella is represented by vapor in saturation conditions,
and thus, the condensate is represented by condensed
vapor, yielding to the development of a wet steam
region where vapor and its condensate co-exists, rather
than a pure liquid.

e The condensate is regarded as an additional component
and due to the fact that interactions between the
components vapor and condensed vapor are driven by
the temperature induced phase change.

e Surface tension effects between vapor and condensate
are thus far neglected due to their minor impact on
conducting the objective of the research.

2.2 Lattice Boltzmann modeling

The lattice Boltzmann Method (LBM) offers the possibility
to bridge the gap between molecular and continuum
behavior of any flow (Raabe 2004). The resulting meso-
scale description considers that the flow is composed of an
interacting particle distribution f, discretized in time ¢ and
space x, as shown in Eq. 6.

ﬁ(x+85t7t+6t) :ﬁ(x7t)+gi(x7t)+Fi (6)

F; is an external force term, Jt is the time step, e is the
unit vector, and £, is the collision term accounting for
particle—particle interactions on a lattice site. The D3Q19
lattice is shown in Fig. 2, where the D3 represents the
three-dimensional space and the Q19 the number of applied
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Fig. 2 D3Q19 Lattice configuration, thus a three-dimensional lattice
space including 19 velocity vectors, including a zeroth velocity vector
in the center

velocity directions, which is in this case 19 including a
zeroth velocity vector in the center (Hussein and Becker
2010).

Thus, the particle distribution function is performing
consecutively propagation steps to its neighbor lattice sites
followed by a collision steps. Propagation occurs depend-
ing on the weight factors, which are specific for the lattice
configuration. For the used D3Q19 lattice, the weight
factors w depending on the direction are wy = 1/3,
wi_¢ = 1/18 and w;_;g = 1/36 (Succi 2001). The collision
term, according to the Bhatnagar—Gross—Krook (BGK)
approximation (Succi 2001), is given in Eq. 7,

(x __eqx
0(f(w1)) = BN S o

T
Consequently, the particle distribution function is
relaxed toward the local equilibrium f° taking relaxation
time t (Mohamad 2011). The local equilibrium function
takes Maxwellian form as shown in Eq. 8.
e 9(ew) 302

-5 (8)

where p(x) is the local density, e. is the direction vector, i is
the direction, v is the macroscopic velocity, c¢ is the basic
lattice speed and w is the weight factor. The consideration
of diffusion-based heat and mass transfer leads according
to the absence of advection to zero velocity flow and thus
diminishing the local equilibrium function to the relation
given in Eq. 9.

£ = wip(x) (9)

The proposed LB algorithm is based on coupled heat and
vapor diffusion, hence, the particle density p in Eq. 9 rep-
resents the heat and vapor distribution, as given in Eq. 10.
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T = wT; Vil =w,V (10)

The simultaneously occurring heat 7 and vapor V dif-
fusion is solved by two coupled lattice Boltzmann distri-
bution functions, as shown in Eq. 11.

1
T -—(T; = T;")
f=lhe=| 7 (11)
| 1 e
! -—(Vi- Vv
Ty

Under the assumption of diffusion modeling, the relax-
ation time 7 is related to the macroscopic diffusion coef-
ficient, D for mass and « for heat, according to Eq. 12
(Wolf-Gladrow 2005; Sukop and Thorne 2007).
rT:3a+%;rV:3D+% (12)

Due to numerical stability considerations, the relaxation
time has to be higher than 0.5 (Wolf-Gladrow 2005).
Macroscopic quantities can be recovered from the lattice
Boltzmann equation by the Chapman-Enskog relations
(Succi 2001), given in Eq. 13.

T=) T: V=)V (13)

The multicomponent characteristic of the proposed LB
scheme is due to the fact that the cereal foam is composed
of two components, the foam lamella and the foam bub-
bles, respectively. To account for the different material
properties, the thermal diffusivity as well as the vapor
diffusivity is implemented via their specific diffusion
coefficients for each component, as given in Table 1.

In addition to the simultaneous heat and mass diffusion,
the phase transitions including the latent energy transfer are
implemented in the lattice Boltzmann equation via an
additional sink and source term F. This term is composed
of two parts, the phase change S and the additionally
transferred energy H, as given in Eq. 14.

Fi= [ ;} (14)

In a temperature changing system, a change of phase
from vapor V to its condensate C is depending on the local
amount of water vapor in dependence of temperature and
pressure. Hence, the local conditions are calculated each
time step, and if the temperature-dependent saturation limit
of the vapor phase is reached, phase transition occurs, the
vapor condenses, and the additional component C develops
locally. The framework of the saturation—condensation
conditions are summarized in Eq. 15.

fi= Vl[ +H; (dC > 0) (15)
C —S,' (V > VS,”)

+Si (V > VSat)

The implementation of the sink and source term
accounting for phase transitions in the lattice Boltzmann
equation leads to an instantaneous phase change. Following a
time scale estimation of the occurring processes, the char-
acteristic time for the vapor diffusion is in the range of ms. In
comparison, and related to the diffusion time, the phase
change takes 7 ps and therewith infinitesimal time to change
(Fujikawa et al. 2011). The locally transitioned amount of
vapor is calculated according to Eq. 1 in the lattice domain as
given in Eq. 16. In addition, the latent heat Q is calculated
according to Eq. 4 depending on the transitioned amount of
vapor and implemented in the lattice domain via Eq. 17.

A xexp(bxT/(234.1754+T))

Si=w x |V —216.7
Wi X x (T +273.15)

(16)
40 (17)

H; =w; x
V xc

where w; is the lattice weight, Q is the latent heat, V is the
density of water vapor molecules, A (6.1078 hPa) and
b (17.08085) are coefficients, T is the temperature in °C,
and c is the specific heat (2,300 kJ/kg). In this context, the
density of molecules is regarded here since the volume is
one lattice unit (LU). The proposed algorithm is imple-
mented in a self-written, and consecutively further devel-
oped, lattice Boltzmann code (Hussein and Becker 2010;
Mack et al. 2013a, b).

2.3 Boundary conditions

In the present study, no-slip boundary conditions according
to the concept of bounce-back are applied. Bounce-back
boundary conditions are based on the reflection of particles
at a wall node back to the lattice domain, but with rotated
direction. The application of such boundary conditions is
especially of interest in porous medium to model fluid flow
through non-interacting porous material (Sukop and Thorne
2007). Comparative, all foam components are treated in the
present model and interacting with each other; thus,
bounce-back rules are applied only at the boundary of the
computational domain. The interactions between the
boundary foam lamella and foam bubble are treated by von
Neumann-type flux boundary conditions. Hence, the evap-
oration of water vapor from the foam lamella and as well the
re-evaporation from the condensed vapor is implemented in
the solution by the mass flux according to Langmuirs’
evaporation equation as given in Eq. 18.

dv m
T (Poo_PGas)\/ﬁ (18)

In Eq. 18, dV/dt is the mass flux, P, is the vapor
pressure of lamella water and condensed vapor,
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respectively, Pg,s 18 the partial vapor pressure of the vapor
in the gas, T the temperature in °C k is the Boltzmann
constant, and m the mass of vapor. In the case that P,
exceeds Pg, evaporation occurs. To account for heat flux,
the boundary temperature is distributed to the neighbor
particle distributions according to Eq. 19, where the equi-
librium temperature value is assigned to the boundary
particle distribution.

T = w; X TBoundary (19)

1

Tsoundary 18 the temperature at the boundary, T°% is the
equilibrium temperature, and w; are the lattice weight
factors.

2.4 Similarity considerations

Similarity analysis is required to ensure the link between
the process in SI units and the computational domain.
The numerical solution executed in the computational
domain carried out in lattice units (LU), since real values
cannot be directly addressed. A physical system can be
described and therewith re-scaled by non-dimensional
relations; thus, similarity considerations can be addressed
by dimensionless numbers allowing up- or downscaling
the process under the constraints of numerical stability
(Sayed et al. 2009). In the present study, the non-
dimensional Fourier number Fo is applied to non-di-
mensionalize the heat and mass diffusion processes, as
given in Eq. 20.
o Xt D xt

—27 FOV:I—2

] (20)

FOT =
where Fo is the dimensionless Fourier number, o is the
thermal diffusivity, D is the mass diffusion coefficient, ¢ is
the time and [/ is the characteristic length. The same Fourier
number is applied in SI as well as in lattice units, satisfying
similarity between both length scales and ensuring that
both processes are dynamically equivalent. Based on the
non-dimensional number describing the proposed process,
the SI units can be converted to lattice units and vice versa,
according to Eq. 21.

Valuesg

Conversion factor = (21)

ValueLU

In addition, to ensure a physically correct relation of the
applied relaxation times to each other, the non-dimensional
Lewis number is implemented in the similarity consider-
ations. The Lewis number is given in Eq. 22 and relates the

thermal diffusion coefficient to the mass diffusion
coefficient.

o
Le = — 22
e=2 (22)
@ Springer

3 Results and discussions
3.1 Validation

Validation can be addressed numerically or based on
experiments, where the former verifies an accurate
numerical solution, whereas the latter allows with its
comparisons to experiments a physical validation. To
verify the proposed model scheme, two validation test
cases are carried out and the basic thermal diffusion LBM
is validated numerically, whereas the phase transition is
validated experimentally. The benchmark applied for the
numerical validation of the thermal diffusion LBM is done
according to the numerical description of an initial
Gaussian pulse initiated inside a cuboid (Noye and Tan
1988). The simulated propagation of the pulse is compared
with the exact solution and achieved an average error of
1.78 x 107%, and thus giving quite accurate results as
shown in previous work (Hussein and Becker 2010).

The phase transition model is validated with two dif-
ferent experimental data sets of an evaporating droplet. The
first test case is based on experimental data (Ranz and
Marshall 1952) of an evaporating droplet in stagnant dry
air. Worth to mention that, besides evaporation, the vapor
condensation on the droplet surface effects heat and mass
transfer (Elperin et al. 2007). The test case is based on a
spherical droplet with initial diameter d = 0.1 cm and
temperature Tpopiec = 9.11 °C, being present in stagnant
dry air with temperature Ta; = 24.9 °C. The droplet
squared diameter, resulting from the simulations with the
present model is plotted versus the time and compared to
the experimental data, as shown in Fig. 3.

The experimental determined droplet reduction follows
linear curve progression, whereas the simulated curve
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Fig. 3 Comparison of simulated and experimental data (Ranz and
Marshall 1952) of an evaporating water droplet with initial diameter
0.1 ecm, Tpropier = 9.11 °C and Tir = 24.9 °C. Filled dots represent
the diameter given in d, whereas unfilled dots represent the diameter
in &* (original work)
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Fig. 4 Comparison of simulated and experimental data (Smolik et al.
2001) of an evaporating water droplet with initial diameter 1.2 mm,
Toropler = 24 °C and Ty = 14 °C

follows a steeper decline. The evaporation of the simulated
droplet proceeds initially quicker and is more flat in the
final stages converging to zero. To confirm the applicability
of the proposed model, an additional validation is carried
out. The second test case is based on experimental data of
an evaporating droplet of the size 1.2 mm (Smolik et al.
2001). The initial conditions are Tprepier = 24 °C and
Tair = 14 °C, hence inverse temperature starting condi-
tions are given compared to the first test case. The results
are plotted in Fig. 4 and show quite accurate simulation
results in comparison with the experimental data.

Both validation cases show that the proposed model
delivers realistic results for an evaporating droplet. None-
theless, the results are comparable to greater or lesser
extent depending on the specific application. The variations
apparently among both validation cases may be reasoned
by either experimental or numerical uncertainty. From a
physical point of view, the main difference between both
cases is due to the different initial conditions. In the first
case, the water droplet has a lower initial temperature then
the ambient, whereas in the latter case the water droplet has
a higher initial temperature then its surrounding. In the
prior case, the conditions yield to re-condensation at the
bubble surface due to its lower temperature, may thus in a
first step influence the heat transfer and therewith in a
second-step limit the evaporation, which explains the belly
shape response as shown in Fig. 3.

4 Conclusion

The numerical model is developed with the objective to
model heat and mass transfer and the linked phase transi-
tion processes in cereal foam microstructures. Since the
considered processes are occurring at micro-scale the lat-
tice Boltzmann method is applied accounting for a physics-

based numerical description of the proposed processes.
Insight in such processes inside cereal foam bubbles is of
importance due to the fact that the heat transfer mecha-
nisms are thus far investigated only by continuum
descriptions, whereas a detailed micro-scale understanding
of the processes supports the possibility to estimate rele-
vant parameter variations on improved heat transfer. The
proposed lattice Boltzmann model is based on a previously
developed heat and mass diffusion model (Hussein and
Becker 2010; Mack et al. 2013a), and in addition, the
development as well as the coexistence of condensed vapor
is considered in the model by means of phase transitions.
The evaporation from the liquid boundaries, dough and
condensed vapor, respectively, is following the evaporative
mass flux balance as described by Langmuirs’ equation.
Phase transitions inside the gas phase are treated according
to the local saturation conditions, depending on tempera-
ture, humidity and vapor pressure, thus ensuring a realistic
image of the vapor and its condensate. To disregard the
high density ratio is acceptable for the present study, since
that the focus to reach the objective of the study is the
effect of phase transitions on the heat transfer, which is
ensured by the fact that the change of phase is ruled by the
saturation properties and the linked heat of vaporization is
calculated depending on the amount of transitioned phase.
The numerical model is validated with a test case
describing the evaporation of a water droplet compared to
literature values. The straight physics-based nature of the
suggested model allows its usage in a broad range of
applications in the presence of a temperature and vapor
field, where evaporation—condensation may occur. None-
theless, the next step is the application of the developed
LBM to model heat and mass transfer processes in cereal
foam.
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Abstract In the bakery industry, a considerably high
amount of energy is used for the baking process. A pos-
sibility to decrease the baking time by means of optimized
heat transfer through the bread microstructure would lead
to less required baking time and cost reduction. Thermal
treatment of cereal foam implicates thermo-physical pro-
cesses such as simultaneous heat and mass transfer asso-
ciated with evaporation—condensation-based heat transfer
through the bubbles. Numerical investigations are carried
out to deliver sophisticated insight into the heat transfer
processes at microscale, supporting process understanding
and visualization of phenomena inside the foam bubbles. In
a further step, the elaborated knowledge is employed to
determine the main influencing parameter on the heat
transfer through the foam microstructure by means of lat-
tice Boltzmann modeling techniques. For optimization
purposes, the microstructure as well as individual foam
lamella configurations are considered in the parameter
variation studies.

Keywords Numerical modeling - Lattice Boltzmann -
Phase transitions - Cereal foam - Thermo-physics -
Heat and mass transfer

1 Introduction

In cereal foam microstructures, heat transfer is suggested to
depend to a high degree on evaporation—condensation
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processes inside the foam bubbles (Sablani et al. 1998;
Thorvaldsson and Janestad 1999; Purlis and Salvadori
2009). This cyclic process is depending on heat and vapor
transfer, as well as the associated transfer of latent heat. Heat
is transferred through the foam lamella; considering an
individual foam bubble surrounded by the lamella, water
evaporates at the warmer side of the bubble, thereby absorbs
latent heat of vaporization, diffuses through the bubble, and
condenses again depending on the local conditions with
release of the latent heat (de Vries et al. 1989; Wagner et al.
2007). This hypothesis is based on experimental investiga-
tions as well as on basic physical principles, where conclu-
sions can be drawn based on the following considerations:

(i) Heat transfer proceeds quicker in fermented than
in unfermented dough during the baking process
(de Vries et al. 1989).

(ii) Cereal foam structure can be considered analogous
to aheat pipe, where present water evaporation and
condensation overtakes the major role of heat
transfer (Sluimer and Krist-Spit 1987)

(iii)) Temperature inside bread during baking reaches
a plateau of 100 °C (Thorvaldsson and Skjolde-
brand 1998)

(iv) Moisture transport toward the coldest spot of the
loaf can be recorded (Thorvaldsson and Janestad
1999; Wagner et al. 2007)

Several researches are carried out to measure tempera-
ture and humidity distributions during baking (Zanoni and
Peri 1993; Thorvaldsson and Janestad 1999; Wihlby and
Skjoldebrand 2001; Wagner et al. 2007; Purlis and Salva-
dori 2009). Temperature distributions during baking are
well known, but vapor diffusion in combination with phase
transitions kinetics is currently poorly reported. In partic-
ular, the high-temperature conditions impede the
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measurement conditions. In addition, the complex micro-
structural characteristics of cereal foam and the occurrence
of the phenomena of interest in the microscale yield to
unfeasible measurement conditions. Therefore, it is not
surprising that mismatching findings are the current state of
research. On the one hand, moisture transfer toward the
coldest spot is reported (Thorvaldsson and Janestad 1999;
Wagner et al. 2007), and on the other hand, no moisture
change inside the crumb was found (Zanoni and Peri 1993).
Besides such drawbacks, the main challenge still remains:
the small length scale and to get insight into processes
inside the bubbles.

Promising options are numerical modeling techniques,
offering the possibility to deliver insight without destroy-
ing or influencing the process. In recent researches, focus
was set to simultaneous heat and mass transfer based on
macroscopic descriptions of the processes. Thus, micro-
structural and material properties, as well as physical
phenomena such as evaporation—condensation, are regar-
ded as continuum quantities (Zanoni and Peri 1993; Purlis
and Salvadori 2009). To gain insight into the processes at
the mesoscale, the lattice Boltzmann method (LBM)
proved to be a powerful tool, bridging micro- and macro-
scales (Zhang 2011). A simplified foam structure was used
to model simultaneous heat and mass transfer through
cereal foam under thermal treatment by the use of LBM,
where heat transfer and mass transfer were regarded to
depend only on heat and mass diffusion (Hussein and
Becker 2010). The influence of material properties was
subject of a further study, where thermal diffusivity of the
foam lamella was varied in a realistic foam geometry based
on nCT-images, showing that higher thermal diffusivity
increases the heat transfer rate (Mack et al. 2013a). These
previous researches miss the implementation of evapora-
tion—condensation processes, but build the basis for the
current study. The objective of this work is the application
of a recently developed lattice Boltzmann algorithm, con-
sidering the specific saturation conditions of water vapor,
including phase transitions of water vapor to condensed
vapor beyond saturation and vice versa. Furthermore, the
associated uptake and release of latent heat depending on
the amount of transitioned species are considered. Fol-
lowing the length scale of the foam, as given in Fig. 1, the
simulations are carried out in the order of mm length scale.
In a further step, the algorithm is used for an intensive
parameter variation study elaborating the impact of
microstructural properties on the heat transfer. The para-
metric investigations cover (1) porosity variations of the
crumb, (2) variations of foam lamella, and (3) cross-cor-
relations of varied thermal diffusivity of the foam lamella
in dependence of the varied microstructural characteristics.
These parametric investigations allow an estimation of the
main influencing parameter on enhanced heat transfer. The

@ Springer

results can then be used to support experimental research to
transfer the virtual elaborated main influencing parameter
to the real baking process.

2 Materials and methods

2.1 Lattice Boltzmann diffusion modeling
in combination with phase transitions

The applied lattice Boltzmann equation is given in Eq. 1
(Succi 2001; Sukop and Thorne 2007), where f represents
the particle distribution function, x is the space in x
direction, e is the unit vector, ¢ is the time, of is the time
step, e is the unit vector, €, is the collision operator, and F;
an external sink or source term.

fi(x +eot, 1+ dt) = fi(x, 1) + Qi(x,1) + F; (1)

The proposed lattice Boltzmann algorithm is based on
coupled heat and vapor diffusion. Therefore, two separate
equations for each property are solved simultaneously, the
temperature distribution 7 and the vapor distribution V,
respectively, see Eq. 2.

1 e
T, — (- T
fi= 1 Q= r (2)
V; 1
l ——(Vi= VY
Ty

The collision operator Q accounts for particle to particle
interactions, where the particle distribution function relaxes
toward a local equilibrium f°9, according to the specific
relaxation time 7 (Succi 2001) as given in Eq. 3.

ﬁ(xv t) _f;‘eq(xv t)

T

Qi(f(x,1) = — 3)

The equilibrium distribution function is shown in Eq. 4 for
diffusion, where under the assumption of zero velocity
flow, the original Maxwellian velocity distribution dimin-
ishes (Hussein and Becker 2010).

S = wf )

The relaxation time for each process is related to the
thermal diffusivity according to Eq. 5 (Wolf-Gladrow
2005).
1 1

TT:3OC+E;TV:3D+§ (5)
where o represents the thermal diffusivity and D is the
vapor diffusivity. Evaporation boundaries are implemented
at the lamella—bubble interface and as well at the vapor-
condensed vapor boundary. The evaporation rate is calcu-
lated based upon the partial vapor pressure dependent
according to Langmuirs’ equation, given in Eq. 6.
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Fig. 1 Length scale of cereal
foam, showing from left to right
macro-, meso- and microstates
of the foam with corresponding
orders of length scales (O), thus
showing the length scale of
product (O cm), its composition
of bubbles and lamella (O mm),
as well as a single lamella

(O pm)

dv m
= (Py — Pgas)y | ———
o~ P Ga‘)\/anT ©)

dV/dt is the flux of vaporized water, P, is the vapor pressure
of lamella water and condensed vapor, respectively, Pg,s 1S
the partial vapor pressure of the vapor in the gas, m is the
mass of water, k is the Boltzmann constant, and 7 the tem-
perature in °C. In addition, the current temperature, vapor
density as well as saturation conditions are calculated
locally, which constitute the framework of phase transition
processes and the development of an additional mass source
term C representing the condensed vapor, Eq. 7.
(dv>0)

T; { i
i H,
f=lw + (dCc >0)
Cv _Si (V > Vsa[)
' +S; (V > VSal)

™)

The external sink and source term F' extends the equation to
take phase transition into account. F' is composed of two
individual parts, S is the source of transitioned species,
whereas H represents the amount of absorbed or released
heat, see Eq. 8.

H;
F. = 8
-5 ®
Macroscopic values are recovered according to the relation

given in Eq. 9, where p is the macrodensity (Sukop and
Thorne 2007).

p=>_1 ©)

Linkage between the processes in SI units and the lattice
domain is given by similarity considerations. Meaning that,
the Fourier and the Lewis number are applied as non-
dimensional parameters to ensure similarity conditions.
Hence, SI units can be transferred according to Eq. 10 to
lattice units (LU) and vice versa.

Valueg

Conversion factor = Wsw (10)

2.2 Computational domain

The computational domain is generated based upon a stack
of pCT-images of bread to enable realistic insight into
cereal foam microstructures. A detailed description of
dough manufacture and pnCT-imaging is provided by Die-
trich et al. (2012). The pCT-images are uploaded in the
Boltzmann code where an edge detection algorithm (Perez
Alvarado et al. 2011) is applied to distinguish between
foam lamella and foam bubble. Figure 2 shows the com-
putational domain of a three-dimensional 2 x 2 x 2 mm
foam domain. Inner-bubble surfaces are displayed with the
grid. Foam bubble diameter is in the range of 1 mm,
whereas the cross-sectional thickness of foam lamella is
~200 pm.

2.3 Modeling assumptions and initial conditions

The modeling domain is composed of two foam compo-
nents, the lamella and the bubbles. The foam lamella
consists of a water—starch—gluten network, where the spe-
cific material properties are calculated and applied in the
simulations based on bread dough properties:

Fig. 2 Computational domain of the cereal foam, showing the mesh
domain of a bubble which size is of approximately 1 mm, and foam
lamella thickness of ~200 pm

@ Springer
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(i) The thermal (¢ = 0.157 x 107% m%s) and the
mass diffusivity (D = 3.0 x 107 m%/s), at a
temperature of 100 °C, of the lamella are based
on properties for unfermented dough.

(i) The thermal (x = 0.0192 x 107> m%s) and
mass diffusivity (D = 0.02 x 1073 m%s), at a
temperature of 100 °C, for the bubble component
are based on water vapor properties.

The bubbles are regarded to be filled exclusively with
water vapor, where additional gases are neglected due to
their minor content. Initial relative humidity at 30 °C is
92.2 %. The initial values are taken from previously pub-
lished experimental data (Mack et al. 2013b). The proposed
LB algorithm so far considers the phase transition
depending on the temperature-dependent saturation condi-
tions of water vapor. This implies that the amount of vapor
which is locally present and exceeds the temperature-
dependent saturation limit undergoes a phase change and
the condensed vapor phase develops, resulting in a wet
steam region, composed of liquid droplets, rather than a
continuous liquid phase. Depending on the amount of
transitioned vapor, the corresponding amount of heat is
added to the heat equation. Thus, the processes being of
impact on the heat transfer are regarded in the current
model.

2.4 Parameter variations

The upload of the nCT-images and their linkage to the
modeling domain is depending on a specific threshold used
in the edge detection algorithm, to distinguish between gas
phase and lamella. Lowering or increasing this threshold
virtually offers the possibility to change the virtual crumb
structure by means of pore size, lamella thickness, and
increasing amount of voids in the lamella, whereas the
general crumb structure remains similar. Due to this pro-
cedure, the microstructural changes are related to porosity
variations, which are shown in Table 1.

The slightly differing microstructures are used to carry out
parameter variation studies. Figure 3 shows the computa-
tional domain of each variation case. The inner iso-surfaces
of cereal foam bubbles are illustrated in brown. A heat
source is implemented on the right-hand side, shown by the
red plane, see Fig. 3a, b. To emphasize the microstructural

Table 1 Crumb structure

Ve > Threshold Porosity (%)
variations depending on the
threshold 8 66.7
9 69.4
10 72.1
11 74.8
12 715

@ Springer

changes, Fig. 3b shows slices through the middle of the
modeling domain. Drawback of this method is that bubble
size, lamella size, and the occurrence of microvoids are
always directly linked to a different porosity, thus allowing
conclusions on the heat transfer depending on porosity. If
amount of lamella, bubble size, lamella thickness, or mi-
crovoids themselves are influencing the heat transfer rate and
to which amount is not possible.

To overcome such drawbacks, a further parameter var-
iation study is carried out focusing on the constitution of
the lamella. The variation study considers an individual
lamella, without and with increasing amount of similar
sized voids and as well increasing size of a single void. The
lamellas are generated artificial allowing a constant amount
of mass, even though the constitution is varied. Further-
more, the amount of voids from O to 6 satisfies a similar
increase of void space from O to 6 LU as the void size from
0 to 6. The parameter variation cases are focusing on
microstructural properties, whereas additionally the ther-
mal diffusivity of the foam lamella is varied in a realistic
range for cereal dough, as summarized in Table 2. The
combined implementation of material as well as micro-
structural properties offers the possibility to estimate which
property overtakes the leading role by means of heating
times reduction.

3 Results and discussion
3.1 Simulation results

Contour plots of temperature and vapor distribution are
shown in Fig. 4a and b for proceeding time steps at a
porosity of 72 %. In addition, the development of con-
densing vapor as well as its re-evaporation is shown in
Fig. 4c. The computational domain consists of initially
two components, the foam lamella and the foam bub-
bles. On the right-hand side, a heat source is imple-
mented in the domain, resembling the heat flux from
neighbor crumb sections with constant temperature of
100 °C. Figure 4a shows the temperature distribution
through the domain, it can be seen, that heat flux
through the bubbles proceeds quicker than through the
foam lamella. This is reasoned by the higher thermal
diffusivity of the vapor phase compared to the foam
lamella, but as well due to the additional energy transfer
based on the evaporation—condensation mechanism. The
half-moon shaped temperature increase after 250 time
steps inside the foam bubble is resulting from conden-
sation next to the foam lamella—bubble interface. Due to
concentration and partial vapor pressure gradients, water
evaporates from the lamella, exceeding the saturation
limit of the current temperature resulting in a phase
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(a)

Fig. 3 Cereal foam microstructure variations, porosity increases
from left to right from 66.7 to 77.5 %. a Three-dimensional
illustration of a microstructure section, iso-surfaces of the foam
bubbles are shown in brown, the heat source given in red. b Two-

Table 2 Parameters variation cases of foam lamella sections

Parameter Lattice units SI units

variations

Amount of voids 0-6 0-240 pm

Void size 0-6 LU 0-240 um

Thermal 1.1 x 1073 m%s 0.117 x 107% m%s
diffusivity —23 x 107> m%s —0.197 x 107° m%s

Variation parameters are amount of voids, void size, and thermal
diffusivity of the lamella

change and the thereby released energy of the previous
vapor phase. At advanced time steps, both heat transfer
mechanisms are hard to distinguish, reasoned by the
simultaneous occurrence of thermal diffusion and
evaporation—condensation-based heat transfer. After
20,250 time steps, the temperature reached a level of
98 °C, which is the end point of the simulation due to
the fact that cereal foam structure solidifies at this
temperature level and the baking process ends (Rask
1989; Zanoni and Peri 1993). The related time in SI
units to reach end of baking can be derived from the
value conversion as given in Eq. 10. The computational
domain represents a 2 X 2 x 2 mm-sized section of
cereal foam; thus, the required time to heat the domain
in SI units is 38 s. Extrapolating this to a customary
product height of 10 cm would yield to a required
baking time of 32 min. Since the simulations are
straightly carried out in the crumb domain without
considering crust and oven conditions which indeed
influence baking time, this time only gives an estimation

dimensional illustration in the middle of the microstructural section,
emphasizing the differing lamella constitutions with increasing
porosity

of the real heating time. Thus, the required heating time
is given in time steps in the following.

The simultaneously solved vapor diffusion through the
foam is shown in Fig. 4b. Vapor is diffusing through the
bubbles as well as through the lamella, depending on the
specific mass diffusion coefficients. At initial stages of the
simulation, the amount of vapor is equally distributed
among the foam bubbles, due to the initial conditions of a
relative humidity of 92.2 % at a temperature of 30 °C. At
time step 250, there is an increase of vapor visible at the
right corner next to the foam lamella. This local increase of
vapor in the gas phase is reasoned by the increasing tem-
perature and thereby induced evaporation from the lamella
toward the bubble. This effect can be tracked over the
following time steps, resulting in an increase of vapor in
the bubble phase. Thus, the vapor is evaporating depending
on local temperature and therewith vapor pressure differ-
ences and diffusing through the bubbles.

The consequence of this temperature- and pressure-
dependent vapor flux is shown in Fig. 4c. Depending on
local amount of vapor, temperature and thus the local
temperature-dependent saturation level, condensation
occurs. The condensed vapor is illustrated in dark blue,
and it can be seen that with proceeding time steps, the
amount of condensed vapor increases according to the
increasing amount of vapor in the bubbles. In addition, at
the time steps 15,250 and 20,250, the re-evaporation can
be seen by the decrease of condensed vapor. This re-
evaporation occurs concisely at the final time steps due to
the longer exposure of high temperature at this location
associated with vapor displacement toward neighbor
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Fig. 4 Temperature, vapor, and condensed vapor distribution at proceeding simulation time steps in a foamed dough model structure

sections. Figure 5 shows the simulation results combined
for heat flux, vapor diffusion, and evaporation—conden-
sation. The temperature distribution is plotted at the
crumb structure surface. The increasing evaporation front
from the lamella toward the bubble phase is illustrated by
a light gray-blue iso-surface, and the condensed vapor
phase is shown by the dark blue layer.

The plots show the temperature flux through the domain,
yielding to increased temperature-dependent evaporation
from the lamella. An evaporation front is developing at the
high-temperature regions at the right-hand side. Subse-
quently, an evaporation front is developing on the left-hand
side as temperature increases. Reasoned by the increased
amount of vapor in the bubbles, the amount of vapor which
is locally beyond saturation condenses. According to local
temperature and vapor pressure conditions, the previously
condensed vapor re-evaporates again, visible at time step
20,250 on the right-hand side.

The evaporation—condensation mechanism includes
evaporation from the lamella boundary, condensation
inside the bubbles at the lamella—bubble interface, and re-
evaporation from the condensed vapor. This cyclic evap-
oration—condensation occurs locally during the whole
heating process as shown in Fig. 6. The plot shows the
temperature (solid black line) dependent development of
condensed vapor (solid pink line). Figure 6a—c shows the
local amount of condensed vapor at the time steps 8,000,
8,500, and 9,000 at the lamella—bubble interface. At time
step 8,000, the local amount of condensed vapor reached a
local minimum due to re-evaporation of the condensed

@ Springer

vapor. The proceeding evaporation from the lamella due to
increasing temperature and therewith increasing vapor
pressure gradients yields to local increase of vapor in the
bubble and thus if the amount is beyond saturation, the
vapor condenses, see Fig. 6b. At time step 9,000, again a
local minimum is reached due to re-evaporation of the
condensed vapor. This cyclic evaporation—condensation
process continues until the local conditions change due to
less available water present in the lamella as it can be seen
in the final stages of the heating process after 20,000 time
steps where the condensed vapor curve flattens.

3.2 The role of evaporation—condensation heat transfer

The simulation results show that besides thermal conduc-
tion, heat is transferred according to the evaporation—con-
densation mechanism. Reconsidering that evaporation—
condensation yields to release of additional heat during
condensation, but as well absorbs energy during vaporiza-
tion yielding to isothermal phase change at macroscale,
which is the basic feature of latent heat transfer. In theory, if
heat transfer by evaporation—condensation is of minor
impact and heat transfer is mainly depending on thermal
diffusivity through each phase, then variations of the
influencing parameters, such as thermal conductivity, spe-
cific heat, and density of the foam lamella, are the point of
interest to reach higher heat transfer. On the opposite, if a
high amount of heat is transferred by the evaporation—
condensation mechanism, then different or additional
parameter variations should be taken into account. If

-75-



NUMERICAL INVESTIGATIONS OF FOAM MICROSTRUCTURES

Results

Microfluid Nanofluid

Fig. 5 Temperature
distribution displayed at crumb
surface in combination with the
evaporation front in gray-blue
and the development of
condensed vapor shown in dark
blue with proceeding time steps
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evaporation—condensation heat transfer is dominant, then
the amount of vapor and the possibility of its diffusion
through the microstructure would influence the heat trans-
fer. This is linked to the permeability of the foam lamella,
the vapor diffusivity through the foam, and the free surface
to bubble ratio leading to an increased evaporation rate. To
estimate the ratio of thermal diffusion-driven heat transfer
and combined evaporation—condensation heat transfer, the
simulations are repeated under the same conditions but with
neglecting the evaporation—condensation process. The
results for both simulations, without evaporation—conden-
sation and including evaporation—condensation, respec-
tively, at a porosity of 72 % are plotted in Fig. 7.

The results show that indeed heat transfer proceeds
quicker if evaporation—condensation is considered. Fur-
thermore, the curve progression follows a steeper increase,
meaning that for baking purposes, the conditions in the
foam microstructure should be inside the range that evap-
oration—condensation takes place; thus, enough vaporizable
water is present in the lamellas.

3.3 Parameter variation study
The next step covers the application of the proposed LB

algorithm to determine the effect of microstructural vari-
ations on the heat transfer. The simulations are repeated for
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Fig. 6 Temperature and condensed vapor (CV) plotted versus
calculation time. The pink curve shows the cyclic nature of the
evaporation—condensation mechanism
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Fig. 7 Comparison of temperature progression dependent on solution
time for simulations carried out including evaporation—condensation
heat transfer and without considering such processes

different crumb microstructures, where the same pCT-
images are uploaded in the Boltzmann code with increasing
thresholds yielding in a different lamella to bubble ratio
and therewith varied porosity (66.7-77.5 %). The simula-
tion results are shown in Fig. 8, where the required time
steps to reach a temperature of 98 °C, are plotted versus the
crumb porosity.

The results show a linear decrease of required heating
time with increasing porosity. Increasing porosity is linked
to lamella thinning and increase of voids inside the

@ Springer

lamellas. In conclusion, it can be suggested that such
microstructural properties are responsible for the reduced
heating time. Nonetheless, the applied edge detection
algorithm used for the obstacle upload implies that these
microstructural changes are related to a decrease in porosity
and therewith a decrease of foam lamella mass in the
computational domain. Thus, the heating time reduction
may also be reasoned by this mass loss since the thermal
diffusivity of the lamella is lower than through the bubble
phase. To clarify the impact of the lamella configurations
independent of lamella mass changes, artificial foam lam-
ellas are generated having diverse amount of voids and
increasing void size in combination with similar lamella
mass in each variation case. Additionally, the thermal dif-
fusivity of the foam lamella is varied to relate the possible
heating time reduction of microstructural properties to
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64 66 68 70 72 74 76 78 80
Porosity [%] R?=0.9906

Fig. 8 Parameter variations of crumb porosity (thermal diffusivity

remaining 0.157 x 10~® m%s), showing that heating time increases

with decreasing porosity
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Fig. 9 Parameter variations of void amount and void size plotted in
dependence of required time steps
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Fig. 10 Parameter variations of
void number and thermal
diffusivity of foam lamella in
dependence of required heating
time

Time steps

Amount of voids

material properties and to allow an estimation of the main
influencing parameter. The simulation results for these
individual foam lamellas are shown in Fig. 9.

The variations of amount and void size are carried out at
a thermal diffusivity of the foam lamella of
0.157 x 107 m2/s, the results show that with increasing
void amount, and as well with increasing void size the
required heating time decreases. This is reasoned by the
increasing permeability of the foam lamella, allowing the
vapor to diffuse with less resistance through the micro-
structure and thus yielding to a quicker heat spread. A
further result of these variations is that the amount of voids
has higher impact on the heat transfer then the size of a
single void, where the amount of void space is kept similar
in both cases. This effect is even rising with increasing
void space. The reason for this progression may be the fact
that increasing the amount of voids is linked to an
increasing amount of free surface of the foam lamella thus
enabling more vaporization from the lamella and therefore
yielding to increased heat transfer by increased evapora-
tion—condensation. The amount of free surface as well
increases if the void size is increased but to a minor degree
than in the case of increased amount of voids. The final part
of the parameter variation study addresses the correlation
of void number and thermal diffusivity of the foam lamella.

The results are shown in Fig. 10, where the amount of
voids and the varied thermal diffusivity of each amount of
voids are plotted versus the required time steps to finish the
simulation. The results show that more time is required for
a complete dense lamella and the lowest thermal diffu-
sivity. Increasing the thermal diffusivity through such a
dense lamella decreases the required heating time, but is
still much higher than in the presence of voids. Generally
speaking, increasing the amount of voids and increasing the

Thermal diffusivity [m?/s]

thermal diffusivity yields to the quickest heat transfer.
Worth to mention is that the impact of the thermal diffu-
sivity of the lamella on the heating rate has a higher
influence if fewer voids are present.

4 Conclusion

The LBM is used to enlighten the thermo-physical pro-
cesses inside the microstructure of cereal foam. The results
give insight into the coupled heat and mass diffusion as
well as the linked phase transition processes of water inside
the bubbles. It is shown that heat transfer in such micro-
structures is depending on evaporation—condensation heat
transfer, besides thermal diffusion. In addition, the algo-
rithm is used to deliver insight into the impact of micro-
structural properties on the heat transfer, and it could be
shown that the main effect on heat transfer optimization is
given by an increased amount of voids inside the foam
lamellas. The presented results deliver the possibility how
to optimize the heat transfer, but the conversion of these
findings to an experimental continuation remains chal-
lenging. In this context, increasing the amount of free water
in the dough seems to be straightforward from the simu-
lation results but from a technological point of view simply
increasing the amount of water would lead to production
problems due to the specific water uptake of flours starch
and thus different process conditions in worst case leading
to a different final product. In conclusion, care has to be
taken by the interpretation of the results by means of
simply transferring the findings without considering the
linked processes. But in spite of the challenge to convert
the simulation results to a practical basis, the numerical
investigations can be used to support the experimental heat
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transfer optimizations in cereal foam showing the direc-
tions experimental research should focus on. Besides the
conversion to an experimental basis, further work should
be done to include the agglomeration of the condensed
vapor phase to liquid water and the implementation of flow
considerations of this liquid phase.
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3. Discussion

The relevance of a micro-scale description of thermo-physical and material property
interactions in cereal foam is given by the necessity to investigate heat transfer
optimizations. Recent researches mainly omitted micro-scale effects and regarded
thermal treatment of cereal foam from a straight continuum perspective. Nonetheless,
the spatio-temporal, as well as non-equilibrium, incidence of driving heat transfer
associated processes requires consideration from a micro- or meso-scale
perspective.

The present work combines theoretical investigations of heat and mass transfer
processes in cereal foam microstructures with measurement and multi-scale
modeling techniques. The relevant time- and length scales of the thermo-physical
processes are identified theoretically, emphasizing the multi-scale and multi-physics
character of the whole process. Detailed knowledge of the time and length-scales is
required to identify the main driving processes and restrictions arising from diffusion
limitations. Furthermore, the identification of the spatio-temporal range of the driving
processes is essential to analyze temperature and humidity measurements as well as
to set up an appropriate modeling environment. Syllogism, the application of the
meso-scale lattice Boltzmann method allows addressing multi-physical processes
based on particle interactions, but certainly deducing continuum properties from
micro-scale characteristics.

Prior to numerical investigations, the heat and mass transfer is measured whilst
thermal treatment, giving insight in macroscopic temperature and humidity
distribution. The results showed that temperature approaches towards a temperature
plateau of around 100 °C, thus it can be concluded that continuous evaporation and
condensation occurs inside the crumb microstructure. Contrariwise, the temperature
inside the crust region exceeds this level, tending towards oven temperature,
implying that water evaporation proceed that fast that energy transfer is resulting in a
temperature change, rather than being required for the evaporation of water. The
results are in agreement with published data (Patel et al., 2005; Purlis et al., 2009a).
In addition it could be shown, that humidity increases inside the crumb at the coldest

spot, implying that evaporation-condensation yields to an internal humidity flux. The
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results contribute to enlighten the moisture distribution inside cereal foam
microstructures confirming previously published research studies (Thorvaldsson et
al., 1998; Purlis et al., 2009a). The additionally presented contradictive results in
literature (Zanoni et al., 1993; Wagner et al. 2007) may be reasoned by the applied
measurement techniques or solely by the fact, that difference in raw material,
processing and baking conditions yields to a significant shift of humidity fluxes. This
might be reasoned by too less vaporizable water present in the lamella, due to the
amount or the degree of bounding to starch or protein. Additionally, too quick
evaporation to the surrounding based on high temperature conditions, or the point in
time of crust development might, as well as specific microstructural characteristics of
the crumb may yield to differences in the humidity flux. Further work is required to
identify the impact of raw material and process conditions on the humidity flux.
Despite the fact, that miniature commercially available temperature and humidity
sensor was used in this study the results give only insight in macroscopic properties,
thus allow only indirect conclusions on heat and humidity flux through the
microstructure. Current sensing techniques is limited to a range of 2-3 mm (Crawford
et al., 2008), thus unfeasible to directly measure processes inside a single foam
bubble or a foam lamella during the heating process. Certainly, forecasting further
research, it may be conceivable due to increasing research activity in
nanotechnology (Crawford et al., 2008). Thus, allowing measurement-wise the
determination of material properties of the micro-scale components with respect to
heat transfer. Figure 3.1 illustrates the size relation of the applied sensing tool to the

cereal foam microstructure.

Figure 3.1 Projection of the applied temperature
and humidity sensor probe (diameter 3 mm) inside
a section of cereal foam microstructure. Indicating
the limitations of commercial available sensing tools
(Crawford et al.,, 2008), to determine thermo-

physical processes inside a single foam bubble, or

lamella respectively.

4 mm

It can be seen that the sensing tool covers a comparative large area in relation to

foam microstructure. Therefore, the presented measurement results enforce the
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necessity of more detailed research to investigate heat and mass transfer at smaller
length scales. Due to the multi- component, -scale, and -physics character of the
processes, as well as the related sensing limitations, emphasis is taken on numerical
investigations in the present study. The developed numerical models combine the
theoretical investigations of micro-processes and the results from measurements of
macro-properties. The multi-component character of the cereal foam microstructure
covering different length scales of both structural- as well as thermodynamic
processes led to the required application of a meso-scale modeling technique, the
lattice Boltzmann method, bridging micro-and macro-scales. Thus, the underlying
thermo-physical processes are theoretically investigated, combined in a numerical
algorithm by means of a lattice Boltzmann modeling, and implemented in a self-

written lattice Boltzmann code.

The cereal foam microstructures are implemented by the usage of uCT-images,
building the basis of the computational domain, thereby allowing a realistic picture of
the microstructure from a bubble scale of length. In a first step heat and mass
transfer through the foam microstructure are addressed by means of diffusion, giving
insight in the heat and vapor fluxes inside, as well as to vapor flux towards the
surrounding. Diffusion is generally depending on concentration differences,
temperature and pressure (Hudson et al., 2008). In the proposed model diffusion is
calculated depending on concentration gradients, which is directly related to the
partial vapor pressure, additionally the diffusion coefficients are implemented
temperature dependent. Diffusion implies per definition zero mean velocity flow, thus
flow velocity dependent terms vanish in the following equilibrium function.
9(uv,)? 3u?

uv;
f =w. p(X)|1+3—-+= - 3-1
i |p( )\\ C2 2 C4 2 C2 ( )

Where p(x) is the local density, v is the particle velocity, i is the direction, u is the flow
velocity, ¢ = Ax/At =1 is the basic lattice speed and w is the weight factor.

Remaining the relevant question, if certainly heat and mass transfer can be
addressed solely by diffusion, and if advection inside the bubbles can be neglected

under the constraints of the present temperature and partial vapor pressure
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differences. Discussing this point requires the inclusion of the next step addressed in
this study, the phase transition processes of water occurring inside the
microstructure. The developed model is based on multi-component heat and mass
diffusion, evaporation from the lamella, condensation of water vapor according to
local temperature, humidity and partial pressure conditions, as well as re-evaporation
from the condensed phase. To estimate the impact of advection inside the bubbles,
the flow velocity is additionally computed, and is shown in figure 3.2. In the case of
diffusion, the flow velocity is equal to zero, thus advection can be neglected if the

mean flow velocity is much smaller than the lattice speed.
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Figure 3.2 The flow velocity based on the temperature (red) and vapor (blue) transport (in lattice units)
inside a foam bubble is plotted versus the solution time. Transport processes occur based on diffusion
if the flow velocity is zero. The simulation results show that the flow velocity is much smaller than the
lattice speed (c=1 Lattice Units) and additionally converging to zero, therefore transport processes are
dominant in the diffusion regime and advection can be neglected. Velocity vectors are plotted at a
single slice of the computational domain at time step 1000 and time step 10000, indicating the flux
directions, being dominant in the evaporation boundary. Nonetheless, comparison to the reference
vectors show, the minor impact of velocity which is at least two orders of magnitude lower and further

decreasing with proceeding time steps.
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In figure 3.2, the flow velocity inside a bubble is plotted versus the solution time, in
lattice units. It can be seen that the velocity of both, temperature (red line) and vapor
(blue line), is much smaller than the basic lattice speed (c=1) and with proceeding
time steps converging towards zero. Therefore, advection inside the bubbles is of
minor impact and can be neglected.

In addition, the velocity is plotted on a logarithmic scale, emphasizing the velocity
progress. Having a closer look on the velocity vector profile shows that advection
plays a role solely in the evaporation boundary region at initial time steps. The
velocity vectors are shown for temperature (red) and vapor (blue) at time steps 1000
and 10000, and can be compared to the reference vectors, plotted for velocities of
0.1, 0.01 and 0.001. Since advection is a local phenomenon, and additionally the
velocity is converging to zero throughout the foam bubbles, it could be shown that
diffusion is dominant and is therefore the driving processes to be considered in the

model.

The complexity of the whole process, including several unknowns, requires
simplification and thus impedes a perfectly realistic model. Nonetheless, a model
covering the essential physics of the proposed process is suitable to interpret the
process (Attig et al., 2004). Numerical modeling comprises thereby the challenge to
include all relevant aspects and make simplifications where possible, with respect to
the computational effort. In the present study several processes occurring in cereal
foam under thermal treatment are neglected, summarized in the following:

e Structural changes (bubble expansion/coalescence, lamella thinning/rupture)

e Bio-chemical reactions as starch gelatinization, protein denaturation, flavor-

or browning kinetics

e Density ratio of water vapor/liquid

e Presence of additional gases in the void fraction

e Advection in the void fraction

e Presence of condensation nuclei
Being aware of the main objective of the study, the driving processes and main
relevant physical processes are included in the study to estimate the impact of

evaporation-condensation heat transfer inside the microstructure. Nonetheless, the
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developed algorithms build the basis for further research focusing to implement the
so far neglected processes. In this context, significant for a correctly interpretation of
the simulation results is the awareness of the modeling assumptions as well as
simplifications. The straight physics based model shows, that the hypothetical
evaporation-condensation indeed takes place in cereal foam microstructures due to
the present thermo-physical conditions. Evaporation- condensation based heat
transfer vyields to cyclic evaporation- and condensation processes, being
accompanied by additional energy absorption and release depending on the kind of
phase change. The simulation results show that the evaporation-condensation
process is of cyclic nature in the void fraction of the cereal foam microstructure, as

shown in figure 3.3.
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Furthermore, it could be shown that the incidence of this process increases the
overall heat transfer through the product. Based on the elaborated heat and mass
transfer processes, the developed code is used for parameter variation studies to
identify the main relevant micro-structural as well as material property constitutions of
the foam for improved heat transfer. The parameter variations cover foam porosity,
thermal diffusivity of the lamella, amount and size of micro-voids in the lamella. It
could be shown that the amount of micro-voids inside the lamella, connecting the
bubbles and yielding to increased permeability, has the main effect on enhanced

heat transfer. This is linked to the increased free surface area of the lamella allowing
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amplified vaporization. The increased humidity present in the void fraction in turn
accelerates the evaporation-condensation process, thus heat transfer proceeds
quicker.

An additional objective of the study is the visualization of thermo-physical processes
occur inside a single foam bubble. Likewise, the micro-structural effect on the heat
transfer can be visualized, as shown by the temperature distribution in figure 3.4 at a
time step of 2500. Slices are cut out from the modeling domain emphasizing different
microstructural constitutions of the foam. The black lines thereby border the foam

lamellas.
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Figure 3.4 a) Heat diffusion proceeds quicker through the gas bubbles (1) in comparison to the
lamellas (2); b) Micro-bubbles inside the lamella (3) Additionally increase the heat transfer; c)/d) Heat

transfer proceeds quicker in thin lamellas (4) than in thicker (5) ones.

In figure 3.4a it can be seen that the heat spread through the foam bubbles (1)
proceeds quicker in comparison to the lamella (2) which is reasoned by the higher
thermal diffusivity of the gas phase. Comparing figure 3.4a and 3.4b shows that the
presence of micro-bubbles (3) inside the lamella increases the heat transfer.
Additionally, lamella thickness has an influence on the heat transfer, and it can be
seen in figure 3.4 c&d that heat transfer proceeds quicker in thin lamellas (4) in

comparison to thicker lamellas (5).

Drawing a first conclusion, the developed algorithms give innovative insight in the
thermo-physical processes inside the microstructure and furthermore allow an

estimation of the impact of material and structural aspects on the heat transfer.
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Nonetheless, in addition to the theoretical and numerical investigations, a practical
link to technological processing is required. It would be futile to establish theoretically
meaningful possibilities to increase the heat transfer which are not transferable, and
practicable in the real process. Caution has to be taken, aiming on increasing heat
transfer by microstructural variations, without major effects on the characteristics of
the final product. The numerical parameter variation studies can thereby predict the
main influencing parameters, based on the physical models and dough
microstructure configurations to support the technologists in which direction

experimental research should focus on.

Further work should be done on experimental work to convert and apply the results of
the parametric investigations. For instance, it is well known, that differences in
processing have an influence on the microstructure (Patel et al., 2005). Thereby
mixing and kneading are the most critical steps during bread preparation and deliver
the basis for the final product microstructure (Chinachoti et al., 2001). In this step,
ingredients are brought together, starch gets hydrated, and micro air bubbles are
embedded in the developing starch-gluten matrix, acting as the fundament of final
bubble size distribution in the final product (Bellido et al., 2006). Characteristic cereal
foam microstructure development is depending on these initial air micro-bubbles in
combination to the visco-elastic starch-gluten matrix. The lamellas consist of a visco-
elastic starch-gluten matrix, where gluten plays the major role to develop a foamy
structure, delivering the required visco-elasticity to expand but also to hold the
fermentation induced gases inside the matrix (Chinachoti et al., 2001). The flour
composition additionally affects the possibility to encapsulate gas inside the network
according to the impact of gluten (Chinachoti et al., 2001). If the lamellas are too stiff,
no expansion can take place, and fermentation gases as CO; are released to the
surrounding, due to the increasing internal pressure (Chinachoti et al., 2001). A
further consequence is that the viscoelasticity of dough directly influences the bubble
size distribution, distance between bubbles, as well as the number of bubbles, as
shown by uCT-image analysis (Bellido et al., 2006). Another study carried out by the
use of yCT imaging examined the impact of steaming on loaf volume during thermal

treatment. Steaming affects heat transfer during oven rise, permeability of crust
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which was higher and crust was thinner for lower steaming (Le-Bail et al., 2011).
Permeability of crust region, and as well its thickness, which is important due to water
vapor diffusivity through it and therewith water release to the surrounding, where low
steaming yields to non-gelatinized starch in crust (Le-Bail et al., 2006). These
findings can be related to the numerical investigations of the present study.
Increasing connectivity additionally allows the vapor to diffuse freely through the
micro-structure, which is of importance for the heat transfer. Since the main impact
on heat transfer is achieved by increasing the free surface area of the lamella, which
can be due to an increasingly amount of micro-voids inside the lamella, connecting
the bubbles.

During fermentation, bubbles expand according to CO;, and other fermentation by-
products, produced by yeast. The air nuclei, embedded during mixing, play the major
role building the source of foam bubbles. During fermentation, new bubbles cannot
be formed be formed according to the required pressure (Chinachoti et al., 2001).
COg, which is continuously produced during the fermentation step saturates in the
liquid dough phase, CO, produced over the saturation limit yields to gas cell
expansion due to diffusion. Thereby, the gluten network acts as a barrier, CO;
remains in the dough and is partly released to the surrounding (Vanin et al., 2009).
Additionally, expanding smaller gas bubbles requires a higher pressure than
expanding bigger bubbles. Thus, the smallest air bubbles will remain in their size,
being still present in the final product (Chinachoti et al., 2001). The presence of these
micro air bubbles is of importance due to the fact that they on the one hand the
presence of the micro air bubbles influences the heat transfer as shown in figure 3.4,
and on the other hand they may support the development of connecting micro-gaps
in the lamella, thus increasing the permeability through the void fraction. This is of
impact on enhanced heat transfer, as shown numerically in the presented study.

In addition, it could be shown that the thermal diffusivity of the lamella has an
influence on the heat transfer. Bearing in mind, that thermal diffusivity is a function of
thermal conductivity, density and specific heat. Thermal conductivity and specific
heat are related to the water content, in correlation to the findings that more vapor in

the void fraction accelerates the evaporation-condensation process, the conclusion
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can be drawn that increasing amount of water has a positive effect on the heat
transfer, by shifting the thermo-physical conditions inside the void fraction to
increased condensation. Nonetheless, the specific uptake of water by starch during
processing, in relation to optimum kneaded dough, limits the amount of additional
water to a specific range (Puhr et al., 1992).

It is well known that besides the thermo-physical conditions, the amount of nuclei is
of high impact on the condensation process, distant from surfaces condensation can
only occur if condensation nuclei are present to induce droplet growth from the
excess water vapor (Roach, 1994). The presence of these nuclei is neglected in this
work, and condensation is addressed from a straight saturation level based point of
view. This simplification is feasible due to the fact that in normal atmosphere
condensation nuclei are omnipresent and super-saturation in a negligible range of
0.01-0.03 % (Roach, 1994). Nonetheless, one should be aware that increasing
amount of such nuclei leads progressively to condensation. In food materials as
cereal foam, the amount of such nuclei is assumed to be fairly high, but thus far not
quantitatively determinable. Further work is required to elaborate the presence and
the effect of such condensation nuclei, since their presence might as well contribute

to increased heat transfer by accelerated condensation.

Besides further work addressing cereal foam thermo-physical, microstructural and
material property interactions, further research should be conducted by means of
lattice Boltzmann modeling. The presented model accounts for the phase transition
process and quantitatively to the transitioned amount of vapor related transferred
energy. Nonetheless, the condensed phase is represented by a wet steam region,
rather than a pure liquid phase. Such simplification is acceptable, under the
background of the objective, to elaborate heat transfer mechanism, and the amount
of energy transferred, which is addressed physically correct. Further investigations
should be carried out to implement high density ratios, to allow insight in the flow
characteristics of the liquid phase. In the current model, such processes are in the
sub-grid range, and implementing the additional liquid flow would require the
application of multi-grid methods facing additional interesting numerical challenges.

Additional processes are the interactions of water molecules, specifically during the
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phase transition processes. Of minor importance for cereal technology, since meso-
scale considerations are sufficient, but from a physical point of view further research
to link these physical processes would offer the possibility for a broad range of multi-
scale applications. For instance by means of coupling molecular dynamics to the

main lattice Boltzmann model delivering hybrid methods.

The physics-based developed lattice Boltzmann code allows the application of the
developed algorithms to other porous media in the presence of vaporizing fluids and
temperature gradients. Essentially, adjust uCT-images of the material, as well as the
initial conditions and the specific material properties. For instance, the developed
code was successfully used to model heat and mass transfer through a cappuccino
section, where additionally the release of flavor compounds was implemented. Figure
3.5 shows extracted slices of the modeled cappuccino foam showing the different
simultaneously proceeding coupled processes through the structure, induced by the

coffee-boundary condition acting as heat source.

Figure 3.5 Simulation results of
heat and mass transfer, including
evaporation-condensation, through
a cappuccino foam section. Mass
transfer is addressed by means of
vapor as well as diffusion of a
flavor compound. The temperature

induced processes are induced by

a heat source in the bottom of the
domain, implemented via the
boundary conditions, representing

coffee.
Condensed vapor  Flavor Vapor Temperature

Further possible applications are in a broad range, reaching from food science to
geology, building physics, ceramics, material science, chemical- or biotechnological

engineering, amongst others.
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The conclusion can be drawn that the theoretical investigations, covering the whole
length scale, the measurements, covering macro-scale, and the modeling, combining
due to the meso-scale character micro- and macro scales, deliver a multi-scale
insight in the process. Length-scales covered by the applied sensing and modeling
techniques provide a combination of both procedures delivering the required insights
in a unite nature. The key benefits of both, sensing and modeling techniques,
respectively are used, and furthermore straightening the drawbacks by their
combined application. Under the conditions where sensing is limited, numerical
investigations can deliver further insight and support the correct interpretation of the
measurements. The innovative meso-scale considerations visualize the heat and
mass transfer processes in the microstructure, as well as the presence of
evaporation-condensation. Based on the elaborated heat transfer mechanisms a
parameter variation study is carried out to deliver insight in the impact of the
microstructure on the heat transfer. In addition, the simulations carried out by means
of lattice Boltzmann modeling allow the visualization of, and give novel insight in, the

formerly hidden thermo-physical processes inside the void fraction of cereal foam.
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