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Abstract
Transport phenomena in multi-phase media are of interest in a wide range of
areas in science and industry chemical processing, combustion, nuclear and
civil engineering, environmental and medical engineering, filtering and automotive applications, atmospheric sciences and solar engineering. Of special
interest are solar thermal and thermochemical processes to generate electricity and (storable) solar fuels, solar materials and chemical commodities. In
these processes multi-phase media serve as insulators, radiant absorbers, heat
exchanges, catalyst carriers, reactant and reaction sites. The analysis of the
complex interactions between multi-mode heat transfer, multiphase flow, and
chemical reaction – on multiple scales – is fundamental to understanding and
optimizing these processes. Volume averaging models for multi-phase media
are commonly applied for process simulations. However, these models rely to
a great extend on the accurate knowledge of the multi-phase media’s effective
transport properties, which in turn depend on the morphology and single phase
properties.
A combined experimental-numerical procedure is adopted in this thesis: the
exact 3D geometry of the complex multi-phase media are experimentally determined by computed tomography and used in direct discrete-scale simulations for morphological characterization and determination of the effective heat
and mass transport properties. Two-point correlation functions and mathematical morphology operations are calculated for morphological characterization
and validated by weight, BET surface area and laser scattering measurements.
Collision-based Monte Carlo is utilized to calculate distribution functions of attenuation path length and direction of incidence at the phase boundary which
are used to determine effective radiative properties. Spectroscopic measurements are conducted for validation of the calculated radiative properties. Finite
volume techniques are used to solve for mass, momentum and energy conservation allowing for conductive/convective heat transfer and flow characterization.
The methodology is then applied to four multi-phase media relevant in solar
material and fuel processing: (i ) reticulate porous ceramics, (ii ) anisotropic ce-

x

Abstract

ramic foams, (iii ) reacting packed beds and (iv ) semitransparent-particle packed
beds. A fifth medium relevant in the area of environmental sciences and climate
modeling is investigated to show the wide applicability of the methodology:
(v ) layers of characteristic snow types.
Porosity, specific surface area, and pore-size distribution of a non-hollow
SiSiC reticulate porous ceramic with nominal pore diameter of 1.27 mm are
calculated. The determined extinction coefficient of 431 m−1 compares well to
experimental estimates. The scattering phase function shows an enhanced fraction of backward scattering for assumed diffuse surface reflection. The ratio
of effective conductivity to solid conductivity for small ratios of fluid to solid
conductivities converges to 0.022. A Reynolds and Prandtl dependent Nusselt
correlation is determined and converges to 6.8 for small Reynolds numbers. The
numerically determined permeability and the Dupuit-Forchheimer coefficient
compare well to values available in literature for materials with similar morphology. For neglected molecular dispersion, a Reynolds dependent dispersion
tensor is calculated. Mean tortuosity is determined to be 1.07. The calculated
effective properties are then incorporated in a continuum model of a solar evaporator/decomposer reactor. The reactor model is compared to experimentally
measured temperatures at multiple locations within the reactor. Optimization
of process parameters, reactor design and foam morphology is conducted; it
shows a predominant influence of total acid solution flow rate and solar irradiation. Peak energetic and chemical efficiencies of 73% and 45%, respectively, are
calculated for 2 ml/min acid inflow and 150 W solar power input.
Ceramic foams of ceria with structural anisotropy due to uniaxial pressing
(along the z-direction) and anisotropic primary particles show enhanced extinction in z-direction because the pores are squeezed, which results in shorter
attenuation paths. Effective conductivities in the x- and y-directions increase
due to the more parallel alignment of the structures with the heat flux in these
directions. Convective heat transfer in z-direction is larger because of the more
tortuous path for fluid flow, increasing the accessible surface area for fluid-solid
heat exchange. Reduced permeability and larger Dupuit-Forchheimer coefficient
in z-direction are observed because of larger tortuosity along this direction. Preliminary studies on tailored foam designs, adjusted to the specific needs of the
process in which the foam is applied, allow for foam engineering and consequently enhanced process performance.
A reacting packed bed is analyzed for heat and mass transfer. Gasification
of waste tire shreds is chosen as model reaction. Porosity, specific surface and
particle-size distribution are numerically calculated and compare to experimen-
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tal data. Limitations in computerized tomography resolution shows to be the
preliminary cause of discrepancies observed, especially at larger reaction extent
where nanopores are formed. Larger extinction coefficients are calculated with
increasing reaction extent due to particle shrinking and break-up, resulting in
shorter attenuation path lengths. The scattering phase function shows to be independent of reaction extent for assumed diffusely reflecting particles. Effective
conductivity, calculated by neglecting particle-particle contact resistances, decreases with reaction extent due to larger porosity and smaller particle size. The
evolution of highly porous particles during pyrolysis and the subsequent shrinking and break-up of the particles cause a decrease and re-increase in convective
heat exchange and Dupuit-Forchheimer coefficient. The largest permeability
is calculated for the highly porous particles and decreases again for the final
packed bed configuration. Comparison with heat and mass transfer properties
available in the literature shows acceptable agreement for media with comparable morphology.
The derivation of the volume-averaged radiative transfer equations in multiphase media builds the basis for the radiative characterization of a semitransparent-particle packed bed. Nonspherical calcium carbonate particles are chosen
as model particles and properties in the spectral range of 0.1 to 100 µm are calculated. The extinction coefficient for the transparent void phase solely depends
on morphology, while the extinction coefficient for the semitransparent particles
increases with increasing wavelength. The scattering coefficients in each phase
are strongly influenced by the surface reflectivity of the boundary and show
complementary behavior. The spectral scattering phase functions for diffusely
reflecting particles show minor dependence on wavelength for both phases while
they strongly depend on wavelength for specularly reflecting particles. Validation of the methodology by the analytical solutions for a diluted particle cloud
of large opaque particles shows good agreement.
The morphological and radiative properties of snow layers composed of five
characteristic snow types are numerically determined. Calculated extinction coefficients, scattering coefficients and scattering phase functions in the spectral
range of 0.3 to 3 µm are then incorporated in a continuum model of a layer
of snow composed of the different snow types and irradiated by a diffuse or
collimated radiation flux. Overall reflectance, transmittance and absorptance
are determined and compared to transmittance measured with a spectroscopic
setup. Comparison of the calculated radiative properties based on the exact
snow morphology, obtained by computerized tomography, with the one calculated based on simplified morphologies (packed beds of spheres) shows deviations
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up to 24% in reflectance, implying a significant influence of snow morphology
on the radiative behavior. Additionally, soot impurities in snow are modeled
and show a reduction in the calculated reflectivity by up to 83%.
The determined morphological properties can be used for the determination
of structural parameters needed in kinetic models. The calculated effective heat
and mass transport properties can be incorporated in volume-averaged (continuum) models of processes accounting for coupled heat/mass transfer (including
chemical reactions) and fluid flow. The continuum models, in turn, are used
for process design, modeling, optimization and scale-up. Accurate modeling
and an in-depth understanding of the processes involving the multi-phase media
is achieved. Additionally, the influence of multi-phase media’s morphology on
heat and mass transfer and consequently process performance is understood.
The tomography-based discrete-scale numerical simulations show to be widely
applicable, also for nonsolar applications such as environmental science and medial engineering.

Zusammenfassung
Transportphänomene in Mehrphasenmedien sind von grossem Interesse in Wissenschaft und Industrie, beispielweise in Gebieten der chemischen Verarbeitung,
Verbrennung, im Nuklear- und Bauingenieurwesen, in Umweltnaturwissenschaften und Medizintechnik, für Anwendungen als Filter und in der Automobilindustrie, für Atmosphären- und Solarforschung. Von speziellem Interesse sind
dabei solar betriebene thermische und thermochemische Prozesse zur Erzeugung von Elektrizität und (lagerbaren) solaren Brennstoffen, solaren Materialien
und chemischen Rohstoffen. In jenen Prozessen dienen die Mehrphasenmedien
als Isolatoren, Strahlungsabsorber, Wärmetauscher, Katalysatorträger, Reaktanten und Reaktionsort. Die Analyse der komplexen Interaktionen zwischen
mehrartigem Wärmetransport, mehrphasiger Strömung und chemischer Reaktion – alles auf mehreren Grössenskalen – ist fundamental für das Verständnis
und die Optimierung der Prozesse. Diese Prozesse werden mehrheitlich mit
volumengemittelten Modellen simuliert. Diese Modelle beruhen jedoch auf der
genauen Bestimmung der effektiven Transporteigenschaften der Mehrphasenmedien. Diese Transporteigenschaften wiederum hängen von der Morphologie des
Mehrphasenmediums und den Eigenschaften der einzelnen Komponenten ab.
In der vorliegenden Arbeit wird eine Methode benützt, die numerische und
experimentelle Verfahren kombiniert: Die exakte 3-D-Geometrie der komplexen
Mehrphasenmedien wird mittels Computertomografie erlangt. Die exakte Geometrie wird dann in Simulationen auf den Grössenskalen der Poren angewendet
und für die Berechnung der Morphologie sowie der effektiven Wärme- und Stofftransporteigenschaften benützt. Zweipunktekorrelationsfunktionen und mathematische Morphologie-Operationen werden berechnet um die Morphologie zu
charakterisieren. Die experimentelle Validierung der Berechnungen erfolgt über
Gewichtsmessung, Bestimmung der BET-Oberfläche und Laserstreuungsmessungen. Die kollisionsbasierte Monte-Carlo-Methode wird verwendet, um die
Verteilungsfunktionen der Pfadlängen für Abschwächung und der Einfallsrichtungen auf der Phasengrenze zu berechnen. Jene Verteilungsfunktionen werden
für die Bestimmung der effektiven Strahlungseigenschaften verwendet und diese

xiv
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mittels spektroskopischen Messungen validiert. Das Finite-Volumen-Verfahren
wird für die Lösung der Massen-, Momenten- und Energieerhaltungsgleichungen benützt und ermöglicht die Bestimmung der Wärmeleitungs- und Konvektionseigenschaften. Auf gleiche Weise wird die Strömung charakterisiert. Die
beschriebene Methode wird dann auf vier Medien, welche in solarer Brennstoffund Materialherstellung relevant sind, angewandt: (i ) netzartige poröse Keramik, (ii ) anisotrope poröse Schäume, (iii ) reagierende Schüttschichten und
(iv ) Schüttschichten aus semitransparenten Partikeln. Ein fünftes Medium, relevant im Bereich der Umweltnaturwissenschaften und Klimamodellierung, wird
untersucht und zeigt die breite Anwendbarkeit der Methode: (v ) Schichten aus
charakteristischen Schneetypen.
Die Porösität, die spezifische Oberfläche und die Porengrössenverteilung von
einer gefüllten netzartigen porösen Keramik aus SiSiC mit einem nominalen
Porendurchmesser von 1.27 mm werden berechnet. Der berechnete Extinktionskoeffizient ist 431 m−1 und steht in gutem Vergleich zu den experimentellen
Messungen. Die Phasenfunktion für eine diffus reflektierende Oberfläche weist
einen erhöhten Anteil von Rückwärtsstreuung auf. Der Quotient von effektiver Wärmeleitung zur Wärmeleitung der festen Phase konvergiert zu dem
Wert 0.022 für kleine Verhältnisse von Wärmeleitungskoeffizienten der flüssigen zur festen Phase. Eine Reynolds- und Prandtl-Zahl-abhängige NusseltKorrelation wird berechnet und konvergiert zu 6.8 für kleine Reynolds-Zahlen.
Die numerisch berechnete Permeabilität und der numerisch berechnete DupuitForchheimer-Koeffizient sind vergleichbar mit Werten aus der Literatur für Medien mit ähnlicher Morphologie. Ein Dispersionstensor, abhängig von der Reynolds-Zahl, wird berechnet, wobei die molekulare Dispersion vernachlässigt wird.
Die gemittelte Tortuosität ist 1.07. Die berechneten effektiven Eigenschaften
werden in einem Kontinuummodell des solaren Reaktors zur Verdampfung und
Spaltung verwendet. Das Reaktormodell wird mit Temperaturmessungen an
verschiedenen Orten im Reaktor verglichen. Die Optimierung der Prozessparameter, des Reaktordesigns und der Schaummorphologie wird durchgeführt
und lässt den Schluss zu, dass die totale Säurelösungsflussrate und die solare Einstrahlung die Parameter mit dem grössten Einfluss sind. Spitzenwerte der energetischen und chemischen Effizienzen von 73% und 45% bei 2 ml/min Säurezufluss und 150 W solarer Einstrahlleistung werden berechnet.
Der Extinktionskoeffizient von keramischem Schaum aus Ceroxid, welches
durch einachsiges Pressen (entlang der z-Richtung) und der Anisotropie der
Primärpartikel strukturelle Anisotropie aufweist, ist entlang der z-Richtung erhöht. Dies weil Poren in dieser Richtung zusammengequetscht werden, was

Zusammenfassung

xv

zu kürzeren Abschwächungslängen führt. Die effektiven Wärmeleitungen entlang der x- und y-Richtungen erhöhen sich, weil die Struktur sich parallel zu
der Wärmeflussrichtung ausgerichtet hat. Der konvektive Wärmeübergang entlang der z-Richtung ist grösser, weil die Strömung grössere Windung erfährt
und daher mehr Fläche für Wärmeaustausch zwischen Flüssigkeit und Feststoff zur Verfügung hat. Eine reduzierte Permeabilität und einen grösseren
Dupuit-Forchheimer-Koeffiezienten entlang der z-Richtung werden wegen der erhöhten Tortuosität entlang dieser Richtung beobachtet. Eine einleitenden Studie
über massgeschneiderte Schaumdesigns, welche den spezifischen Bedürfnissen
der Prozesse, in welchen der Schaum verwendet wird, angepasst werden, ermöglicht es, Schaumanpassungen zu machen, die konsequenterweise die Prozesseffizienz erhöhen.
Die effektiven Wärme- und Stoffübertragungseigenschaften einer reagierenden Schüttschicht werden analysiert. Die Vergasung von zerkleinertem Abfallpneu wird als Modellreaktion gewählt. Die Porosität, die spezifische Oberfläche
und die Partikelgrössenverteilung werden numerisch berechnet und mit experimentellen Daten verglichen. Limitierte Auflösung der Computertomografie ist
der Hauptgrund für die Unterschiede zwischen den Berechnungen und den Experimenten, welche vor allem für höhere Reaktionskonversionen, bei welchen
Nanoporen entstehen, beobachtet werden. Der Extinktionskoeffizient erhöht
sich mit der Reaktionskonversion, da die Partikel schrumpfen und auseinanderbrechen. Dies resultiert in verkürzten Abschwächungslängen. Die Phasenfunktion verhält sich unabhängig von der Reaktionskonversion für diffus reflektierende Partikel. Die effektive Wärmeleitung, welche für vernachlässigte
Partikel-Partikel-Kontaktwiderstände berechnet wird, verkleinert sich mit erhöhter Reaktionskonversion, da die Porosität zunimmt und die Partikel kleiner
werden. Die Abnahme und die Wiederzunahme vom konvektiven Wärmeübergang und dem Dupuit-Forchheimer-Koeffizienten ist bedingt durch die Entstehung von hoch porösen Partikeln während der Pyrolyse und dem darauffolgenden Schrumpfen der Partikel und deren Auseinanderbrechen. Die grösste
Permeabilität wird für die hoch porösen Partikel berechnet und nimmt wieder
ab für die Konfiguration in der Schüttschicht am Ende der Reaktion. Vergleiche mit Wärme- und Stoffübertragungseigenschaften aus der Literatur zeigen
akzeptable Übereinstimmung für ähnliche Morphologien.
Die Herleitung der volumengemittelten Strahlungsgleichungen in Mehrphasenmedien bilden die Basis für die Strahlungscharakterisierung einer Schüttschicht
aus semitransparenten Partikeln. Nichtrunde Partikel aus Kalziumkarbonat
werden als Modellpartikel gewählt. Die Eigenschaften werden in einem spek-
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tralen Bereich von 0.1 bis 100 µm berechnet. Der Extinktionskoeffizient für die
transparente Phase hängt nur von der Morphologie ab. Der Extinktionskoeffizient für die feste Phase nimmt mit steigender Wellenlänge zu. Die Streuungskoeffizienten in jeder Phase sind stark abhängig vom Reflektionsverhalten
der Phasengrenze und weisen komplementäres Verhalten auf. Die spektrale
Phasenfunktion für diffus reflektierende Partikel zeigt für beide Phasen minimale Abhängigkeit von der Wellenlänge. Für spekular reflektierende Partikel
sind sie stark wellenlängenabhängig. Validierung durch analytische Lösungen
für verdünnte Partikelwolken, bestehend aus grossen undurchsichtigen Partikeln,
weisen gute Übereinstimmung auf.
Die morphologischen und die Strahlungseigenschaften von Schneeschichten,
bestehend je aus fünf charakteristischen Schneetypen, werden numerisch bestimmt. Die in einem spektralen Bereich von 0.3 bis 3 µm berechneten Extinktionskoeffizienten, Streuungskoeffizienten und Phasenfunktionen werden in
einem Kontinuummodell einer Schneeschicht, welche aus verschiedenen Schneetypen besteht und mit diffuser oder kollimierter Strahlung beschienen wird, verwendet. Reflektivität, Transmission und Absorption der Strahlung werden bestimmt und mit Transmissionswerten, gemessen mit einer spektroskopischen Einrichtung, verglichen. Die Strahlungseigenschaften, welche basierend auf der exakten Morphologie, die mit Computertomografie ermittelt wird, berechnet werden, werden mit Strahlungseigenschaften verglichen, die basierend auf vereinfachter Morphologie (Schüttschicht von Kugeln) berechnet werden. Sie unterscheiden sich um bis zu 25% und zeigen auf, dass es einen signifikanten Einfluss
der Schneemorphologie auf die Strahlungseigenschaften gibt. Zusätzlich werden
Verunreinigungen aus Russ im Schnee modelliert und es wird gezeigt, dass diese
Verunreinigungen die Reflektivität um bis zu 83% reduzieren können.
Die berechneten morphologischen Eigenschaften können für die Bestimmung
von Strukturparametern verwendet werden, die in kinetischen Modellen benötigt
werden. Die berechneten effektiven Wärme- und Stofftransporteigenschaften
können in volumengemittelten Prozessmodellen verwendet werden, in welchen
sie gekoppelten Wärme- und Stofftransport (mit chemischen Reaktionen) sowie
Strömung berücksichtigen. Diese Kontinuummodelle werden dazu verwendet,
die Prozesse zu dimensionieren, zu modellieren, zu optimieren und auf grössere
Skalen auszulegen. Exakte Modellierung und ein detailliertes Verständnis der
Prozesse, welche die Mehrphasenmedien beinhalten, wird im Verlaufe dieser
Arbeit erzielt. Zusätzlich wird der Einfluss der Morphologie des Mehrphasenmediums auf die Wärme- und Stoffübertragungseigenschaften verstanden. Die
tomografiebasierten Simulationen auf den Grössenskalen der Poren weisen eine
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breite Anwendbarkeit auf. Dies ist der Fall sowohl für solare als auch für nichtsolare Anwendungen wie beispielsweise im Bereich der Umweltnaturwissenschaften
und der Medizintechnik.
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Chapter 1
Introduction
The context of this thesis lies in the area of complex, chemically reacting multiphase media in multi-scale systems used in solar energy applications. The
achieved numerical characterization of the multi-phase media based on the exact morphology, obtained by computed tomography, provides an in-depth understanding of the processes’ reaction mechanisms and of how morphology influences heat and mass transfer in multi-phase media. Additionally, it provides
the basis for averaging models, which allow to investigate complex interactions
of multi-mode heat transfer, multi-phase flow, and chemical reaction, and allow
for subsequent optimization of the solar reactors and processes. Consequently,
it is part of the effort from the transition of a fossil fuel based to a solar energy
based society.
Two of the most pressing sustainability challenges in the 21st century, among
others like clean water and food, are energy security and climate change. Today’s
primary energy supply and consumption are based on oil (33%), coal (27%) and
gas (21%). They are ecologically, economically and socially unsustainable. The
global primary energy demand is expected to increase further by 45% until 2030,
driven by growth in world population and economy [3]. If the primary energy
source continues to be mainly based on fossil energy carriers, the greenhouse
gas emissions, in particular CO2 emissions, are expected to increase by 45% and
to cause an increase in global average temperature by approximately 2 °C. In
the long term there is a 50% chance of global average temperature increase by
more than 5 °C [152]. Serious changes in the ecosystem are expected and costs
associated with climate change will increase exorbitantly [203]. Additionally,
predicted decline in oil and gas production [3] further intensify the challenges
and point to the need for alternative and sustainable primary energy sources.
Short term countermeasures to face the pressing challenges are increase in energy efficiency as well as carbon capturing and sequestration technologies. Long
term strategies need to substitute the fossil energy sources by clean, renewable,
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and sustainable primary energy sources. Among these sources, namely biomass,
wind, solar, water (including hydropower and ocean resources) and geothermal,
the solar source exhibits the largest potential [112]. Covering 0.1% of the earth’s
land space (in a region with reasonable solar irradiation) with solar collectors
operating with a collector efficiency of 20%, would provide enough energy to
cover today’s yearly global energy need. Since solar radiation is unequally distributed, intermittent and diluted solar radiation concentration and solar energy
conversion and storage are crucial.
Concentration of solar radiation is achieved by optical systems such as through,
fresnel, tower and dish systems [201, 76]. Solar radiation concentration ratios of
few tens (through systems) up to several thousands (dish systems) are obtained.
Solar energy is converted by using the concentrated solar radiation as source of
process heat for thermal and thermochemical processes to produce electricity
and (storable) solar fuels, solar materials, and chemical commodities.
A solar fuel of interest is hydrogen. Its solar production can be achieved by
direct water or hydrogen sulfide splitting (a by-product from coal, petroleum
and natural gas refining) [201, 199, 98]. The direct water-splitting requires temperatures above 2500 K, posing severe material problems and high re-radiation
losses. Furthermore, it results in an explosive mixture of hydrogen and oxygen which need to be separated at high temperature to prevent recombination.
Multi-step thermochemical water-splitting cycles are proposed to by-pass the
separation problem and to allow an operation at relatively moderate temperatures. These cycles are often based on redox metallic systems. In order to reduce
cycle inherent losses, associated to heat transfer and product separation at each
step, two-step cycles are preferred. In general, an endothermic reduction step at
high temperatures reduces the metal oxide, Mx Oy , to its metal or lower-valence
metal oxide, M,
y
(1.1)
Mx Oy = xM + O2 .
2
The process heat is provided by means of concentrated solar radiation. In the
exothermic oxidation step, the metal or the lower-valence metal oxide is oxidized
with steam to produce H2 and the metal-oxide,
xM + yH2O = Mx Oy + yH2 .

(1.2)

The latter is reused in the first step. Alternatively, CO2 or a mixture of H2 O
and CO2 can be used as oxidant,
xM + yCO2 = Mx Oy + yCO ,

(1.3)
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leading to the production of syngas, a mixture of mainly H2 and CO with applications in power generation, fuels (gaseous and liquid), and basic chemical manufacturing. Using CO2 captured from flue gases or atmospheric air [145] provides
an opportunity to capture CO2 and to produce carbon neutral solar fuels [120].
Three promising metallic redox pairs for two-step cycles have been investigated
and experimentally demonstrated: Fe3 O4 /FeO [227, 28], ZnO/Zn [188, 156, 135],
and CeO2 /Ce [1, 50].
Alternatively, three-step sulfur-iodine and two-step hybrid sulfur based cycles
have been proposed [23, 22, 149, 151]. They need significant lower working
temperatures. Initially, they have been proposed to be driven by waste heat
from nuclear power plants. Recently, solar power has been investigated as the
source of process heat [48, 178].
Since the replacement of fossil fuels and materials by solar fuels and materials
requires the development of novel technologies and, consequently, longer to be
economically competitive, mid-term goals have been formulated [200]. Hybrid
solar/fossil processes, in which solar energy solely serves as source of process heat
and the fossil energy exclusively serves as chemical source, are developed. Solar
carbothermal reduction of metal oxides [121, 73, 202, 62] to produce metals and
ammonia are exemplary processes for the generation of hybrid solar/fossil materials with lower energy intensity and CO2 emission capacity compared to their
conventional production. Fossil fuel free and CO2 emission free solar materials
can be produced by carbothermal metal oxide reduction processes if they are
combined with syngas production processes [202, 74], and CO2 neutral carbonaceous sources are used (such as charcoal, agricultural waste, or wood). Alternatively, at high temperatures direct metal oxide reduction is achieved [188, 120]
without the need for chemical reducing agents eliminating CO2 emissions.
Solar upgrading and decarbonization of fossil energy carriers by means of
solar reforming, solar thermal cracking and solar gasification [41, 88, 237] are
exemplary processes for the generation of hybrid solar/fossil fuels. Advantages
of hybrid solar-/fossil-based processes compared to conventional (autothermal)
cracking, reforming and gasification are fourfold: (i ) the gaseous products are
not contaminated by combustion’s by-products; (ii ) the discharge of pollutants
to the environment is reduced; (iii ) the calorific value of the feedstock is upgraded; and (iv ) there is no need for energy-intensive processing of pure oxygen [214].
The solar reactors used for the production of solar materials and fuels of-

4

Chapter 1. Introduction

ten contain multi-phase1 media such as packed beds [106, 163, 188], fluidized
beds [220, 66, 145], particle-flows/aerosols [42, 238, 134, 114], monoliths [5, 147],
and porous ceramics [53, 50]. The porous media serve as radiant absorbers, heat
exchangers, catalyst carriers, reactant, reaction sites and insulators. Their heat
and mass transfer properties are strongly influenced by, and dependent on, their
morphology (porosity, connectivity of the porous network, size of the pores, dimension of the solid struts or particles, specific surface area, contact resistance
etc.) and the discrete-scale physical properties. The effective properties are
crucial for the reactor and, therefore, for the system performance.
Since multi-phase media are used not only in solar reactor technology but in
a wide range of applications such as chemical processing, combustion, nuclear
and civil engineering, environmental and medical engineering, filtering and automotive applications, and atmospheric sciences, the analysis of morphology,
heat and mass transfer, and mechanical behavior in multi-phase media is of
wide interest. Some examples are given: The mechanical properties of porous
bone structures for fracture prevention [141], contaminant dispersion in soil for
more effective ground water remediation strategies [185], permeability determination of anisotropic reservoir rock for enhanced hydrocarbon recovery [166],
and the analysis of convective heat transfer in foams for development of high
performance heat exchangers [19].
The characterization of multi-phase media and their optimization for specific
applications is challenging because of their inherent structural complexity. Additionally, modeling systems including porous media, like solar reactors, deal
with system-inherent scale disparity. The dimensions of the structure in the
porous medium used in the solar reactor are in the micrometer scale, while the
solar reactor has dimensions in the meter scale. It is impossible to resolve the
smallest pores in a full reactor model. The same problem appears when modeling turbulent flows, where the scale of the smallest vortexes is much smaller
than the system scale [168]. Therefore, as in turbulent flow theory, multi-scale
approaches using averaging procedures (e.g., in time or space) have been introduced.
The volume-averaging method can be used to derive continuum equations for
multi-phase systems. Essentially, conservation equations valid in each continuous phase are spatially smoothed to produce equations that are valid throughout
the multi-phase media [192, 230, 99]. This can be done on multiple scales. The
procedure is schematically shown in figure 1.1. The complexity of modeled sysThe expression multi-phase media is used interchangeably with porous media throughout
the thesis.
1
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Figure 1.1: Principle of volume averaging on multi scales: a porous single particle being part of a packed bed, and the bed being part of a solar reactor.
tems, containing multi-phase media on multiple scales, is greatly reduced when
using a volume averaging approach. Nevertheless, averaging poses a closure
problem due to the occurrence of spatial deviation terms. These terms must be
determined by solving additional equations. Often they are determined by introducing effective transport properties [230, 99]. These properties are strongly
dependent on the phase boundaries and, consequently, on the discrete-scale geometry or morphology.
Non-destructive techniques, such as X-ray computed tomography (CT), can
be used to obtain the exact discrete-scale geometry, which is then incorporated
in direct discrete-scale numerical models for the determination of morphological,
heat and mass transport, and mechanical properties [185].
In this thesis, a tomography-based approach for the characterization of multiphase media [157] is extended in its applicability and used for the characterization, analysis and optimization of multi-phase media used in diverse solar
thermal and thermochemical processes for the production of solar materials and
fuels. A multi-phase medium relevant in the area of environmental science and
climate modeling is additionally investigated to show the broad applicability of
the methodology.
The thesis is performed in the framework of the project HycycleS, funded by
the European commission, and the SolRad project, funded by the Swiss National
Science Foundation. The former involves collaborations with partners from the
Deutsche Zentrum für Luft- und Raumfahrt (DLR, Germany), Commissariat
à l’Energie Atomique (CEA, France), University of Sheffield (USFD, United
Kingdom), Aerosol and Particle Technology Laboratory (APTL, Greece), Joint
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Research Center Petten (JRC, Belgium), Ente per le Nuove tecnologie, l’Energia
e l’Ambiente (ENEA, Italy), Empresarios Agrupados (EA, Spain), and Boostec
Industries (Boostec, France). It is aimed at the qualification and enhancement
of materials and components for key steps of sulfur-based thermochemical and
thermochemical/electrochemical cycles for solar or nuclear hydrogen generation.
Its final aim is to bring thermochemical water-splitting closer to realisation by
improving the efficiency, stability, practicability, and costs of the key components
involved and by elaborating engineering solutions. ETH’s task is the detailed investigation of heat and mass transfer in the solar evaporator/decomposer reactor
and subsequent optimization. The SolRad project on the other hand is aimed
at the investigation of the fundamental heat and mass transfer phenomena in
chemically reacting multi-phase media applied to the production of hydrogen via
steam-gasification of carbonaceous materials under concentrated solar radiation.
In chapter 2, the basic definitions and fundamentals of the volume averaging
theory are explained. The volume-averaged form of the conservation equations
for multi-phase media and the definitions of the effective transport properties
are given. The derivation of the volume-averaged radiative transfer equations
(RTEs) are described in detail. Material from this chapter has been published
in [117, 116] and submitted for publication in [158].
Chapter 3 describes the methodology used to determine the effective heat
and mass transfer properties. The method based on radiative distribution function (RDF) identification is used for radiative characterization, calculated by
collision-based Monte Carlo (MC) method on the discrete-scale. Finite volume
(FV) technique is used for the determination of the effective heat conductivity
by solving steady-state conduction equation on the discrete-scale. FV technique
is used for calculating incompressible laminar flow and energy equation on the
discrete-sale resulting in the determination of heat transfer coefficient, permeability, Dupuit-Frochheimer coefficient and dispersion tensor. The methodology
to determine tortuosity and residence time distributions are additionally described, based on the flow field calculated on the discrete-scale.
The governing equations and the methodology for the calculation of the
multi-phase media’s morphological characterization, namely porosity, specific
surface, pore- and particle-size distributions and representative elementary volume (REV), are detailed in chapter 4. Computed tomography, used for the
experimental investigation of the exact morphology, is briefly introduced. Digital image processing and subsequent segmentation is then described, done to
digitalize the exact morphology. Selected experimental methods for the validation of the numerical calculations of the morphological characteristics are
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explained.
Chapters 5 to 8 deal with the characterization of multi-phase media used
in solar reactors for the production of solar materials and fuels. Two chapters
are devoted to porous ceramic foams and two to packed beds. Chapter 9 deals
with the characterization of snow, a multi-phase medium relevant in environmental science and climate modeling, and shows the broad applicability of the
methodology in various other areas.
A sulfur-based thermochemical or hybrid thermo and electrochemical watersplitting cycle for the solar production of hydrogen is explained in chapter 5. The
solar reactor developed for the high-temperature step incorporates reticulate
porous ceramics used as radiant absorber, heat exchanger and reaction site.
Morphological, heat and mass transfer characterization of the ceramic foam
structure is achieved. These provide the input for the continuum model which
is developed for subsequent reactor performance optimization. Experimental
results from campaigns carried out at the solar furnace at DLR Cologne are used
for comparison. Material from this chapter has been published in [209, 178, 77].
A ceria-based water-splitting cycle for the solar production of hydrogen is
described in chapter 6. The solar reactor consists of a directly irradiated porous
foam subjected to the reacting flow and therefore ensures efficient heat and
mass transport to and from the surface reaction sites. They thereby maximize
the kinetics of the reactions. Processing and primary particle structure of the
ceria foam result in anisotropic micro-structure, which is characterized for morphology and heat and mass transfer properties. In a following first approach,
artificially generated ceria samples are used for process optimization by adjusting the morphologies and, consequently, the transport properties to the specific
process needs. Material from this chapter has been published in [82].
In chapter 7, the characterization of a reacting packed bed undergoing a solidgas thermochemical transformation is presented. The production of syngas by
gasification of carbonaceous waste material in a packed-bed reactor is chosen
as model and describes a hybrid solar/fossil process for the production of a
chemical commodity, or decarbonized and solar upgraded fuel. In contrast to
the previously investigated ceramic foams the packed bed is a nonconsolidated
structure and its morphology considerably changes during the reaction. The
characterization of the packed bed and an in-depth understanding of the reaction
mechanism is achieved. Material from this chapter has been published in [81]
and submitted for publication in [79].
The production of lime by the solar-driven thermal decomposition of calcium
carbonate as an example for the production of a solar material is considered
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in chapter 8. A conical rotary kiln, used for the solar-driven reaction, results
in a packed-bed configuration of the semitransparent particles. In contrast to
the previously investigated multi-phase media, radiation is able to partially pass
through the particles in the packed bed. Morphology and radiative heat transfer
properties are determined for the semitransparent packed bed. Material from
this chapter has been published in [80].
Chapter 9 deals with an application in the area of environmental science and
climate modeling: the spectral radiative characterization of snow, describing a
packed bed of ice, water vapor and air. Discrete-scale radiative characteristics
of five typical snow types is achieved. A continuum model of a slab of snow
irradiated by diffuse or collimated radiation is developed. Results are validated
by transmission measurement. The influence of grain shape and soot impurities
on the radiation behavior is analyzed.

Chapter 2
Volume averaging theory1,2,3
This chapter introduces the definitions of the volume averaging theory and
briefly describes the averaging of the governing discrete-scale conservation equations, namely conservation of energy, mass, species and momentum, and subsequent closing of the derived volume-averaged equations. The averaging of the
radiative transfer equation, representing conservation of intensity, is given in
detail to allow for the derivation of the averaged divergence of the radiative flux
term in the energy equation. The effective heat and mass transfer properties
are introduced and can readily be used in the the volume-averaged continuum
models.

2.1

Definitions

Consider the averaging volume V of a multi-component medium consisting of
M components. Each component i = 1, ..., M is characterized by its partial
volume Vi and the corresponding volume fraction fv,i 4. A scalar quantity ψi for
component i can be expressed as summation of its average and its fluctuation
ψi = hψi i + ψi0 ,

(2.1)

Material from this chapter has been published in: W. Lipiński, J. Petrasch, and S. Haussener.
Application of the spatial averaging theorem to radiative heat transfer in two-phase media.
Journal of Quantitative Spectroscopy and Radiative Transfer, 111:253–258, 2010. [117]
2
Material from this chapter has been published in: W. Lipiński, D. Keene, S. Haussener,
and J. Petrasch. Continuum radiative heat transfer modeling in media consisting of optically
distinct components in the limit of geometrical optics. Journal of Quantitative Spectroscopy and
Radiative Transfer, 111:2474–2480, 2010. [116]
3
Material from this chapter has been submitted for publication: J. Petrasch, S. Haussener,
and W. Lipiński. Discrete vs continuum level simulation of radiative transfer in semitransparent
two-phase media. Journal of Quantitative Spectroscopy and Radiative Transfer, submitted, 2010.
[158]
4
For void-solid two-phase media, fv,void is called porosity, ε.
1
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where the superficial average, hψi i, is defined as
1
hψi i =
V

Z

ψi dV , V =

V

M
X

Vi .

(2.2)

i=1

The intrinsic average, hψi ii, is defined as
Z
1
i
hψi i =
ψi dV , Vi = fv,i V ,
Vi Vi

(2.3)

where
ψi = hψi ii + ψ̃i .

(2.4)

A scalar quantity associated with a particular phase is required to vanish outside
this phase. Thus,
hψi i = fv,i hψi ii .
(2.5)
The relation between the superficial average of the discrete-scale gradient of
ψi and the continuum-scale gradient of hψi i is given by the spatial averaging
theorem (SAT) [230, 99]:
Ni Z
1X
h∇ψii = ∇ hψi i −
ψi n̂jidA .
V j=1 Aij

(2.6)

Aij is the interface surface area between component i and component j adjacent
to i in the averaging volume V . Ni is the total number of components adjacent
to the component i. n̂ji is the inner unit normal vector at the interface Aij ,
i.e., n̂ji points into the component i. The transport theorem, which relates the
average of a time derivative to the time derivative of the average, is given by


∂ψi
∂t



Ni Z
1 X
∂ hψi i
ψi uw,j · n̂jidA .
+
=
∂t
V j=1 Aij

(2.7)

uw,j is the velocity of the microscopic interface. For stationary, non-moving
phase interfaces uw,j = 0.
Finally, the averaging volume V is assumed to be (i ) sufficiently large to
include all typical morphological structures of the multi-component medium and
(ii ) sufficiently small as compared to the overall size of the multi-component
medium so that hψi i and h∇ψii can be assumed to be continuous scalar and
vector fields, respectively.
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Heat transfer

The energy equations of a two-phase medium, e.g., a connected moving fluid
phase and a connected stationary semi-transparent rigid solid phase, are given
for the fluid phase by


∂Tf
(ρcp )f
+ ∇ · (uf Tf ) = ∇ · (kf ∇Tf ) − ∇q00r,f + qf000 ,
(2.8)
∂t

and the solid phase by

∂Ts
= ∇ · (ks ∇Ts) − ∇q00r,s + qs000 .
(2.9)
∂t
The terms qi000 account for additional volumetric heat sinks or sources, e.g., by
chemical reaction. At the phase boundary, temperatures and heat fluxes are
assumed to be continuous. Volume averaging of equations (2.8) and (2.9) results
in




Z
1
∂hTf i
Tf · n̂sf dA
(ρcp )f
+ ∇huf Tf i =∇ · (kf ∇hTf i) − ∇ kf
∂t
V Asf
Z
Z
1
1
00
kf ∇Tf · n̂sf dA − ∇hqr,f i +
q00r,f · n̂sf dA + hqf000 i ,
(2.10)
−
V Asf
V Asf
(ρcp )s



Z
Z
∂hTsi
1
1
(ρcp )s
Ts · n̂sf dA +
ks ∇Ts · n̂sf dA
=∇ · (ks∇hTs i) + ∇ ks
∂t
V Asf
V Asf
Z
1
− ∇hq00r,s i −
q00r,s · n̂sf dA + hqs000 i .
(2.11)
V Asf
The first and second terms of the right hand side of eqs. (2.10) and (2.11)
account for conduction. The third and fifth terms on the right hand side of
eqs. (2.10) and (2.11) account for convection. The forth term on the right
hand side of eqs. (2.10) and (2.11) describes the divergence of the averaged
radiative heat flux vector across the medium. Since it involves the solution of
additional conservation equations, namely conservation of intensity described
by the radiative transfer equations (RTEs), it will be discussed in more detail.
2.2.1

Radiation

The continuum-scale divergence present in eqs. (2.10) and (2.11) is obtained
by volume averaging of the discrete-scale RTEs in each phase5 and subsequent
The discrete-scale, superficial average and intrinsic
average intensities associated with
R
R phase
1
1
i
i
i are denoted by Li (r, ŝ), Ii (x, ŝ) = hLi i = V V Li dV , and Ii (x, ŝ) = hLi i = Vi Vi Li dV ,
respectively.
5
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integration over wavelength and solid angels of the obtained continuum-scale
RTEs.
Volume-averaged RTEs
A multi-component medium consisting of i = 1, . . . , M1 and i = M1 + 1, . . . , M
semi-transparent and opaque components, respectively, each of an arbitrary
shape is considered. Each component i is adjacent to j = 1, . . . , Ni,1 and
j = Ni,1 + 1, . . . , Ni semi-transparent and opaque components, respectively (see
figure 2.1).

Figure 2.1: Multi-component medium with component designation.
The analysis presented in this section is subject to the following assumptions:
(i ) all components are isotropic; (ii ) all components are non-polarizing and
the state of polarization can be neglected; (iii ) all components are at local
thermodynamic equilibrium; (iv ) characteristic dimensions of all components are
much larger than the radiation wavelengths of interest so that laws of geometrical
optics are valid in each component; (v ) diffraction effects are negligible; (vi )
dependent-scattering effects are negligible; (vii ) all components are at rest as
compared to the speed of light; (viii ) radiative transfer in each component is
quasi-steady.
Each component i is characterized by the set of the discrete-scale optical
and radiative properties: the effective refractive index ni = const, the absorption and scattering coefficients, κd,i and σs,d,i , respectively, and the scattering
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phase function Φd,i . σs,d,i and Φd,i are introduced to account for possible internal microscopic inhomogeneities of the components, and are to be determined
by theories appropriate for characteristic length scales of the inhomogeneities.
Furthermore, each component i is characterized by its temperature Ti , i.e. the
components are allowed to be at thermal non-equilibrium with respect to each
other.
The quasi-steady discrete-scale intensity in each component i can be determined by solving the corresponding quasi-steady discrete-scale RTEs [138]:
ŝ · ∇Li (r, ŝ) = −βd,i (r) Li (r, ŝ) + κd,i (r) Lb,i (r)
Z4π
σs,d,i (r)
Li (r, ŝi ) Φd,i (r, ŝi , ŝ) dΩi , i = 1, . . . , M,
+
4π

(2.12)

Ωi =0

where the spectral subscript λ has been omitted for brevity. Lb,i is the spectral
blackbody intensity inside the component i. For the constant refractive index
ni , it is given by
2hc20



Lb,i (r) =
hc
0
−1
n2i λ5 exp
ni kB λTi (r)

(2.13)

and λ is radiation wavelength in the component i. Equation (2.12) and, consequently, the following analysis require the effective refractive index to be constant within a component. Equation (2.12) is subject to the following boundary
condition at Aij,ŝ·n̂ji >0:
Z
00
Li (rij , ŝ) = τji (rij , ŝi , ŝ) Lj (rij , ŝi ) ŝi · n̂ji dΩi
Ωŝ ·n̂ji >0

−

Zi

00

ρr,ij (rij , ŝi , ŝ) Li (rij , ŝi ) ŝi · n̂ji dΩi ,

j = 1, . . . , Ni,

(2.14)

Ωŝi ·n̂ji <0

where rij is a position vector at the interface Aij . The bi-directional reflection
00
00
and transmission functions, ρr,ij and τij respectively, must satisfy the condition of radiative intensity conservation for incidence at a reflecting-transmitting
boundary:
Z
Z
00
00
ρr,ij (rij , ŝi , ŝ) ŝ · n̂ji dΩ − τij (rij , ŝi , ŝ) ŝ · n̂ji dΩ
Ωŝ·n̂ji >0

Ωŝ·n̂ji <0

0

0

∩
= ρr,ij
(rij , ŝi ) + τij∩ (rij , ŝi ) = 1,

ŝi · n̂ji < 0.

(2.15)
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For media with small discontinuities present between the components as compared to the radiation wavelengths of interest and to the characteristic dimen00
00
sions of the components, ρr,ij and τij are to be determined by including microscale radiative transfer effects at the interfaces. The intensity Lj in the boundary
condition (2.14) can formally be obtained by solving eq. (2.12) for all components j = 1, . . . , Ni. However, for opaque components j = Ni,1 + 1, . . . , Ni,
the absorption coefficient approaches infinity, κj → ∞, and the complete solutions to eq. (2.12) for these components are not required. A closer inspection
of eq. (2.12) shows that the intensity Lj (rij , ŝ) results only from local emission
within the component j in the vicinity of the interface. This allows rewriting
eqs. (2.12) and (2.14) as
ŝ · ∇Li (r, ŝ) = −βd,i (r) Li (r, ŝ) + κd,i (r) Lb,i (r)
Z4π
σs,d,i (r)
Li (r, ŝi ) Φd,i (r, ŝi , ŝ) dΩi ,
+
4π

i = 1, . . . , M1 ,

(2.16)

Ωi =0

Li (rij , ŝ) =

Z

00

τji (rij , ŝi , ŝ) Lj (rij , ŝi ) ŝi · n̂ji dΩi

Ωŝi ·n̂ji >0

−

Z

00

ρr,ij (rij , ŝi , ŝ) Li (rij , ŝi ) ŝi · n̂ji dΩi ,

j = 1, . . . , Ni,1,

(2.17a)

Ωŝi ·n̂ji <0
0

Li (rij , ŝ) = εr,ji (rij , ŝ) Lb,j (rij ) −

Z

00

ρr,ij (rij , ŝi , ŝ) Li (rij , ŝi ) ŝi · n̂ji dΩi ,

Ωŝi ·n̂ji <0

j = Ni,1 + 1, . . . , Ni,

(2.17b)

0

where εr,ji is the directional spectral emissivity of the interface between components j and i defined as
Le,i (rij , ŝ)
0
εr,ji (rij , ŝ)
.
(2.18)
Lb,j (rij )
Lb,j (rij ) is the blackbody intensity emitted by the component j into the component i,
2hc20
 .


(2.19)
Lb,j (rij ) =
hc
0
2
5
−1
ni λ exp
nikB λTj (rij )
0

Note that the interface emissivity εr,ji (rij , ŝ) captures the interface transmission
from the component j into the component i and the definition (2.18) follows the
definition of the emissivity of opaque surfaces [138].
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The condition of radiative intensity conservation at the interface between
the semi-transparent component i and the opaque component j can be written
analogously to eq. (2.15),
Z
00
0
ρr,ij (rij , ŝi , ŝ) ŝ · n̂ji dΩ + αij (rij , ŝi )
Ωŝ·n̂ji >0

0

0

∩
= ρr,ij
(rij , ŝi ) + αij (rij , ŝi ) = 1,

ŝi · n̂ji < 0,

(2.20)

where Kirchhoff’s law,
0

0

αij (r, ŝi ) = εr,ji (r, −ŝi ) ,

(2.21)

has been applied. Applying eq. (2.2) to each term of eq. (2.16) leads to:
hŝ·∇Li (r, ŝ)i = − hβd,i (r) Li (r, ŝ)i + hκd,i (r) Lb,i (r)i
+
*
Z4π
1
Li (r, ŝi ) Φd,i (r, ŝi , ŝ) dΩi , i = 1, . . . , M1 .
σs,d,i (r)
+
4π

(2.22)

Ωi =0

The left-hand side of eq. (2.22) is developed by applying SAT, eq. (2.6). The
terms on the right-hand side of eq. (2.22) are developed by assuming that the
variation of the discrete-scale radiative properties is small enough so that the
corresponding variation of the discrete scale radiative properties inside the averaging volume V becomes negligible [116]. Interchanging the order of integration
with respect to the solid angle Ωi and the volume V in the incoming scattering
term results in:
ŝ · ∇Ii (x, ŝ) = −βd,i (x)Ii (x, ŝ) + κd,i (x)Ib,i (x)
Z4π
Ni Z
1X
σs,d,i (x)
Ii (x, ŝi ) Φd,i (x, ŝi , ŝ) dΩi +
Li (r, ŝ) ŝ · n̂ji dA,
+
4π
V j=1
Aij

Ωi =0

i = 1, . . . , M1.

(2.23)

The last term on the right-hand side of eq. (2.23) represents the contribution to
the spectral superficial average radiative heat transfer rate per unit volume and
solid angle around the direction ŝ by radiative intensity in component i launched
at Aij,ŝ·n̂ji >0 into the direction ŝ and removed in component i at Aij,ŝ·n̂ji <0 from
the direction ŝ, respectively. Thus, the surface integral in eq. (2.23) is split into
two parts,
Z
Z
Z
Li (r, ŝ) ŝ · n̂ji dA =
Li (r, ŝ) ŝ · n̂ji dA +
Li (r, ŝ) ŝ · n̂ji dA.
(2.24)
Aij

Aij,ŝ·n̂ji >0

Aij,ŝ·n̂ji <0
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The first term on the right-hand side of eq. (2.24) is developed by using the
boundary conditions, eqs. (2.17a) and (2.17b). The second term on the righthand side of eq. (2.24) is developed by using eqs. (2.15) and (2.20). Equation (2.24) becomes:

Z

Li (r, ŝ) ŝ · n̂ji dA =

Aij

−
+

Ni
X

j=1 A

Ni,1
X

ij,ŝ·n̂ji >0

j=1 A

+

Z

Z

ij,ŝ·n̂ji >0

Ni
X

Z

j=Ni,1 +1 A

+

Ni
X

+

j=Ni,1 +1A

Z

0

εr,ji (rij , ŝ) Lb,j (rij ) ŝ · n̂ji dA

ij,ŝ·n̂ji >0

Z

ρr,ij (r, ŝi , ŝ) Li (r, ŝi ) ŝi · n̂ji dΩiŝ · n̂ji dA

Z

τji (r, ŝi , ŝ) Lj (r, ŝi ) ŝi · n̂ji dΩi ŝ · n̂ji dA

00

Ωŝi ·n̂ji <0
00

Ωŝi ·n̂ji >0
0

αij (r, ŝ) Li (r, ŝ) ŝ · n̂ji dA

ij,ŝ·n̂ji <0

j=1 A

Ni,1
X

Ni
X

Z

∩
ρr,ij
(r, ŝ) Li (r, ŝ) ŝ · n̂ji dA

Z

τij∩ (r, ŝ) Li (r, ŝ) ŝ · n̂ji dA .

0

ij,ŝ·n̂ji <0

j=1 A

0

(2.25)

ij,ŝ·n̂ji <0

The first three terms on the right-hand side of eq. (2.25) quantify the augmentation of the superficial average radiative heat transfer rate per unit solid angle
around direction ŝ in the component i resulting from the intensities emitted,
reflected, and transmitted into the component i, respectively. The last three
terms on the right-hand side of eq. (2.25) quantify the attenuation of the superficial average radiative heat transfer rate per unit solid angle around direction
ŝ by interface absorption, reflection, and transmission, respectively. The following absorption and scattering coefficients, and the scattering phase functions
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associated with the superficial average intensities Ii and Ib,j are postulated:

κij (x) = −

κji (x) =

Z

0

αij (rij , ŝ) Li (r, ŝ) ŝ · n̂ji dA

Aij,ŝ·n̂ji <0

Ii (x, ŝ) V
Z

Φrefl,i (x, ŝi , ŝ) = −

,

(2.27)

,

(2.28)

0

Ib,j (x, ŝ) V

σs,ij (x) = −

(2.26)

εr,ji (rij , ŝ) Lb,j (r, ŝ) ŝ · n̂ji dA

Aij,ŝ·n̂ji >0

σs,refl,i (x) = −

,

Z

0

∩
ρr,ij
(r, ŝ) Li (r, ŝ) ŝ · n̂ji dA

Aij,ŝ·n̂ji <0

Ii (x, ŝ) V
Z

0

τij∩ (r, ŝ) Li (r, ŝ) ŝ · n̂ji dA

Aij,ŝ·n̂ji <0

Ii (x, ŝ) V
Z

,

(2.29)

00

ρr,ij (r, ŝi , ŝ) Li (r, ŝi ) ŝi · n̂ji ŝ · n̂ji dA

Aij,ŝ·n̂ji >0

(4π)−1 σs,r,ij Ii (x, ŝ) V

, ŝi · n̂ji < 0,
(2.30)

Φji (x, ŝi , ŝ) =

Z

00

τji (r, ŝi , ŝ) Lj (r, ŝi ) ŝi · n̂ji ŝ · n̂ji dA

Aij,ŝ·n̂ji >0

(4π)−1 σs,t,jiIj (x, ŝ) V

, ŝi · n̂ji > 0.

(2.31)

Note that the blackbody intensity Ib,j appearing in eq. (2.27) is obtained by
applying eq. (2.2) to a discrete-scale blackbody intensity that would fill the
component i as a result of emission from a black interface Aij,ŝ·n̂ji >0 into the
0
component i, εr,ji = 1. Substituting eqs. (2.24) to (2.31) into eq. (2.23) and
omitting for brevity the position vector notation in the radiative properties
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results in:



Ni,1
Ni
Ni
X
X
X
ŝ · ∇Ii (x, ŝ) = −βd,i + κij +
σs,ij +
σs,refl,i Ii (x, ŝ) + κd,i Ib,i (x, ŝ)
+

Ni
X

j=Ni,1 +1

κji Ib,j (x, ŝ) +

j=Ni,1 +1

+

+

4π

Z4π

Ii (x, ŝi ) Φd,i (ŝi , ŝ) dΩi

Ij (x, ŝi ) Φji (ŝi , ŝ) dΩi

Ωi =0

Z4π
Ni
X
σs,refl,i
j=1

σs,d,i
4π

j=1

Ωi =0

Ni,1
Z4π
X
σs,ji
j=1

j=1

4π

Ii (x, ŝi ) Φrefl,i (ŝi , ŝ) dΩi ,

i = 1, . . . , M1 .

(2.32)

Ωi =0

The set of eqs. (2.32) presents generalization of eq. (1) in [235], eqs. (8)
and (9) in [71], and eqs. (18) and (27) in [117], for a multi-component medium
consisting of any number of semi-transparent and opaque components. The
averaged intensity conservation, eq. (2.32), simplifies to
Z4π

σs,ii
ŝ · ∇Ii (x, ŝ) = − βi Ii (x, ŝ) + κd,i Ib,i (x, ŝ) +
4π

Ii (x, ŝi ) Φii (ŝi , ŝ) dΩi

Ωi =0

σs,ji
+
4π

Z4π

Ij (x, ŝi ) Φji (ŝi , ŝ) dΩi ,

i, j = 1, 2; i 6= j,

Ωi =0

(2.33)
for a multi-phase media compose of two semitransparent phases. The averaged
intensity conservation, eq. (2.32), simplifies to
σs,ii
ŝ · ∇Ii (x, ŝ) = −βi Ii (x, ŝ) + κd,i Ib,i (x, ŝ) +
4π

Z4π

Ii (x, ŝi ) Φii (ŝi , ŝ) dΩi ,

Ωi =0

i = 1,

(2.34)

for a multi-phase media composed of a semitransparent phases and an opaque
phase. Therefore,
σs,ii = σs,d,i + σs,refl,i ,
(2.35)
−1
Φii = σs,ii
(Φrefl,i σs,refl,i + Φd,iσs,d,i) ,

(2.36)
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and for the two-phase media of semitransparent phases

βi = κd,i + σs,ii + σs,ji = βd,i + σs,refl,i + σs,ji ,

(2.37)

while for the semitransparent/opaque two-phase media

βi = κd,i + σs,ii + κij = βd,i + σs,refl,i + κij .

(2.38)

Φii and σs,ii are the scattering phase function and scattering coefficient associated with boundary reflection and internal scattering within phase i, Φij and
σs,ij , i 6= j, are those associated with radiation leaving phase i and entering
phase j, and κij is associated with absorption of radiation from phase i at the
boundary to phase j.
Equations (2.26) to (2.31) provide the mathematical basis for development of
numerical techniques for the determination of continuum-scale radiative properties utilizing the exact geometry of multi-component media. They require the
knowledge of the complete actual and blackbody discrete-scale radiative intensity fields in each component obtained for a selected model problem.
Once the continuum-scale radiative properties are known for a given medium,
eqs. (2.32) can be solved for prescribed boundary conditions by using standard
RTE solution techniques. Although the discrete-scale radiative intensities are
no longer needed to solve the continuum-scale RTEs, they are still required to
formulate the continuum-scale boundary conditions as described in the next
section.

Continuum-scale boundary conditions
Equations (2.32) are subject to boundary conditions at the wall-medium interface at ŝ · n̂w > 0, where n̂w is a unit normal vector pointing from the wall into
the medium. The wall is assumed to consist of only a single component that can
be either semi-transparent or opaque. The discrete-scale boundary conditions at
the boundary of the multi-component medium are formulated analogously to the
boundary conditions (2.17a) and (2.17b). They read for the semi-transparent
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and opaque walls, respectively:
Z
00
τwi (riw , ŝi , ŝ) Lw (riw , ŝi ) ŝi · n̂wi dΩi
Li (riw , ŝ) =
Ωŝi ·n̂wi >0

Z

−

00

ρr,iw (riw , ŝi , ŝ) Li (riw , ŝi ) ŝi · n̂wi dΩi ,

(2.39a)

Ωŝi ·n̂wi <0
0

Li (riw , ŝ) = εr,wi (riw , ŝ) Lb,w (riw ) −

Z

00

ρr,iw (riw , ŝi , ŝ) Li (riw , ŝi ) ŝi · n̂wi dΩi .

Ωŝi ·n̂wi <0

(2.39b)
The variation of the discrete-scale radiative properties and the curvature of
the wall–medium interface are assumed to be negligible over the interface area
associated with the averaging volume V adjacent to said boundary, Aiw,ŝ·n̂wi >0.
The continuum-scale boundary conditions are obtained by surface averaging of
the boundary intensity Li (riw , ŝ),
Z
Li (riw , ŝ) dA
Ii (xw , ŝ)

Aiw,ŝ·n̂wi >0

,

Z

(2.40)

dA

Aw,ŝ·n̂w >0

where Aw is the portion of the wall-medium interface inside the averaging volume
V adjacent to the wall. Applying eq. (2.40) to eqs. (2.39a) and (2.39b), and
interchanging the order of integration with respect to Ωi and A on the righthand side of the resulting equation, leads to:
Z
00
Ii (xw , ŝ) = τwi (xw , ŝi , ŝ) Iwi (xw , ŝi ) ŝi · n̂wi dΩi
Ωŝi ·n̂wi >0

−

Z

00

ρr,iw (xw , ŝi , ŝ) Ii (xw , ŝi ) ŝi · n̂wi dΩi ,

(2.41a)

Ωŝi ·n̂wi <0
0

Ii (xw , ŝ) = εr,wi (xw , ŝ) Ib,wi (xw , ŝ) −

Z

00

ρr,iw (xw , ŝi , ŝ) Ii (xw , ŝi ) ŝi · n̂wi dΩi .

Ωŝi ·n̂wi <0

(2.41b)
Comparison of discrete-scale, eqs. (2.16) and (2.17), versus continuum-scale,
eqs. (2.32) and (2.41), radiative transfer calculations in opaque and semitransparent porous media shows good agreement [158] within the local statistical
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variations of the discrete-scale geometry. In addition, the continuum-scale approach offers significant reduction in computational expense.
Volume-averaged divergence of radiative flux
The continuum-scale divergences of the radiative fluxes are obtained by integrating eqs. (2.32) over all wavelengths and solid angles resulting in
 

Z ∞
N
i
X
00

∇ · hqr,i i =
4π κλ,d,i Iλb,i (x, ŝ) +
κλ,ji Iλb,j (x, ŝ)

λ=0
j=Ni,1 +1
 4π

Ni,1
Z
Ni
X
X
κλ,ij +
Iλ,i (x, ŝ) dΩ
− κλ,d,i +
σλ,s,ij 
j=Ni,1 +1

+

Ni,1
X
j=1

σλ,s,ji

Z4π

Ω=0

j=1

Iλ,j (x, ŝ) dΩ

Ω=0




dλ,

i = 1, . . . , M1 ,

(2.42)



where subscript λ is reintroduced. The continuum-scale divergences are used
in the averaged energy equations, e.g., for a two-phase medium described by
eqs. (2.10) and (2.11). Alternatively, the average of the divergence of the
radiative flux is given by averaging the discrete-scale divergence of the radiative
flux, which is obtained by integrating eq. (2.12) over all wavelengths and solid
angles, to yield


Z ∞
Z4π


00
h∇ · qr,i i =
κλ,d,i 4πIλb,i (x, ŝ) +
Iλ,i (x, ŝ) dΩ dλ ,
(2.43)


λ=0
Ω=0

by assuming that the variation of the discrete-scale radiative properties is small
enough so that the corresponding variation of the discrete scale radiative properties inside the averaging volume V becomes negligible [116]. This approach is
often used in studies where radiation-turbulence interactions are of interest and
therefore the time averaged divergence of the radiative flux is needed [35, 83].
2.2.2

Conduction

The two divergence terms present in eqs. (2.10) and (2.11),
#
"
Z
1
Ti · n̂jidA ,
∇ · (ki∇hTii) − ∇ ki
V Aij

(2.44)
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account for conduction in the phases.
Two approaches are generally used in literature to close these terms: Oneequation models, which assume local thermal equilibrium, and two-equation
models, which assume local thermal equilibrium not to be valid [172, 230, 99].
Local thermal equilibrium assumes
hTf if = hTs is = hT i

(2.45)

to be a reasonable approximation. Therefore, adding eqs. (2.10) and (2.11),
and using the simplification
Z
1
hTi ii n̂jidA ≈ hTi ii ∇fv,i ,
(2.46)
V Aij
results in
∂hT i
[fv,f (ρcp )f + fv,s(ρcp )s]
∂t


Z
Z
1
1
T̃f · n̂sf dA + ks
T̃s · n̂sf dA
= ∇ · (fv,f kf + fv,s ks )∇hT i − kf
V Asf
V Asf
= ∇ · (ke∇hT i) = ∇ · (ke∇hTi ii ) .
(2.47)
The additional source terms present in eqs. (2.10) and (2.11) are neglected for
brevity. Equation (2.47) is therefore closed by introducing ke .
If local thermal equilibrium is not valid, it has been shown [172] that the
conduction term is expressed by

(2.48)
∇ · ke,i ∇hTiii + ke,ij ∇hTj ij ,

where ke,ij = ke,ji .
2.2.3

Convection

The heat flux terms integrated over the phase boundaries, present in eqs. (2.10)
and (2.11), describe the interfacial heat fluxes originating from conductive and
radiative heat fluxes over the phase boundaries:
Z
Z
Z
1
1
1
00
kf ∇Tf · n̂sf dA −
qr,f · n̂sf dA =
q00tot,f · n̂sf dA
V Asf
V Asf
V Asf
Z
Z
Z
1
1
1
=
ks ∇Ts · n̂sf dA −
q00r,s · n̂sf dA =
q00tot,s · n̂sf dA
V Asf
V Asf
V Asf
s
f
= hsf A0 (hTsi − hTf i ).
(2.49)
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The heat transfer coefficient, hsf , describes the convective heat exchange between the phases in the porous media. Often the pure convective heat transfer coefficient is of interest, as the radiative flux at the boundary depends on
the averaging procedure and the discrete-scale radiative boundary conditions.
Therefore the heat transfer coefficient of pure convection is given by
Z
Z
Z
1
1
1
kf ∇Tf · n̂sf dA =
ks ∇Ts · n̂sf dA =
q00conv · n̂sf dA
V Asf
V Asf
V Asf
= hsf A0(hTs is − hTf if ).
(2.50)
2.2.4

Equation of state

The equation of state, for an ideal gas described by
piM = Rρi Ti ,

(2.51)

hpiii M = R hρi ii hTi ii .

(2.52)

is averaged to yield

2.3

Mass transfer

Mass transfer of a two-phase medium, e.g., a connected moving fluid phase and
a connected stationary semi-transparent rigid solid phase, are described by mass
conservation,
∂ρi
+ ∇ · (ρi ui) = Sm,i ,
(2.53)
∂t
species conservation, given for the molar concentration cki of species k in the
(fluid) phase i,
∂cki
+ ∇ · (cki ui) = ∇ · (Di∇cki ) ,
(2.54)
∂t
and momentum conservation in the Newtonian incompressible fluid phase, neglecting gravity forces,


∂ui
+ ui · ∇ui = −∇pi + µi ∆ui .
(2.55)
ρi
∂t
No slip at the fluid-solid phase boundary as well as passive dispersion and impermeable boundaries are assumed.
Volume averaging of equation (2.53) results in


∂ hρi ii
i
i
+ ∇ · fv,i hρi i huii + ∇ · hρ̃i ũii = hSm,i i .
fv,i
∂t

(2.56)
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For steady, incompressible flow without mass sources, the relation simplifies to
∇ · huii = 0 .

(2.57)

Volume averaging of equation (2.54), by using the simplification given in eq.
(2.46) for cji instead of Ti, results in


∂ hcki ii
i
i
+ ∇ · fv,i huii hcki i
fv,i
∂t
=∇·

Di fv,i ∇ hcki ii + Di



i
= ∇ · fv,i De,i · ∇ hcki i .

1
V

Z

Aij

!

c̃ki n̂jidA − hũi c̃ki i

(2.58)

Volume averaging of equation (2.55), by using the simplification given in eq.
(2.46) for pi and ui instead of Ti, results in
∂ hui ii
fv,i ρi
+ fv,i ρi huiii ∇ · huiii = − fv,i∇ hpi ii + fv,i µi ∆ hui ii
∂t
Z
1
+
(p̃i − µi ∇ũi) n̂jidA − ρi ∇ hũi ũii .
V Aij

(2.59)

It has been shown [229] that the inertia effects of the averaged momentum
equation can be neglected (unlike on the discrete-scale), therefore eq. (2.59)
simplifies to
Z
1
i
i
(p̃i − µi ∇ũi ) n̂jidA
0 = −∇ hpi i + µi ∆ hui i +
Vi Aij
!
2
fv,i FDF fv,i
−
hui ii huiii .
(2.60)
= −∇ hpi ii + µi ∆ hui ii + µi −
K
ν
Length scale constrains show that the Brinkman correction term, µi ∆ hui ii ,
can be neglected for cases where no significant boundary effects are present.
Therefore eq. (2.60) reduces to the well know Darcy’s equation with DupuitForchheimer extension
µi
(2.61)
0 = −∇ hpiii − huii − ρi FDF | hui i | huii .
K

Chapter 3
Methodology
In this chapter, the methodologies with which the effective heat and mass
transfer properties are determined are introduced, namely extinction coefficient,
scattering coefficient, scattering phase function, conductivity, heat transfer coefficient, permeability, Dupuit-Forchheimer coefficient, and dispersion tensor.
Their calculation is based on direct numerical pore-level (discrete-scale) simulations (DPLS, also called explicit numerical simulations) on the exact geometry,
obtained by CT, and is partially introduced in [157].
For radiative characterization, the radiative distribution functions [208] are
introduced and determined by collision-based Monte Carlo (MC). The extraction of the radiative properties is described and comparison to a direct approach [116, 158] is done. Stationary conduction for multiple phases in a quasi
1D situation is solved by the finite volume (FV) technique, and subsequently
extraction of the effective heat conductivity is introduced that is valid for pure
conduction in a multi-phase media with stagnant fluid [172, 160]. Mass, momentum and energy conservation in the incompressible, laminar fluid phase
are calculated by FV technique and used for the determination of: effective
heat transfer coefficient dependent on pure convection, permeability, DupuitForchheimer coefficient, and dispersion tensor. Additionally, the latter approach
is used for the determination of tortuosity and residence time distributions of
the the multi-phase media.

3.1
3.1.1

Heat transfer
Radiation

The methodology to determine the effective radiative properties of two-phase
media is outlined below. The most general case of a medium consisting of
two semitransparent phases is described, and then simplification for a medium
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composed of a transparent and an opaque phase are given.
Geometric optics is assumed. This assumption is true when the characteristic
size parameters ξ = πd/λ  1 for both phases [138]. This is fulfilled in the
cases investigated in the thesis as the pore/particles are in the µm range and
the wavelengths of interest in the ultra violet (UV), visible and near-infrared
(IR) region.
Equation (2.33) is recalled. The continuum scale radiative properties, defined
by eqs. (2.26) to (2.31), and reintroduced in eqs. (2.35) to (2.38) for a two-phase
media of semitransparent phases, need to be determined.
An approach based on the differential interpretation of the continuum-scale
radiative properties is presented in [117, 158]. In this thesis, the methodology
presented in [208], which is based on the integral interpretation of the radiative
properties and calculated based on radiative distribution functions (RDFs), has
been chosen. The two approaches are equal when the RDFs are calculated on
sufficiently short path lengths, shown as an example for the calculated scattering
phase functions in a packed bed of semitransparent particles with path lengths
of 500 µm in figure 3.1.
15
integral approach
differential approach

Φ12 , Φ21

Φij

10

5
Φrefl,2
Φrefl,1
0
-1

-0.5

0
µs

0.5

1

Figure 3.1: Scattering phase functions calculated based on the integral approach [208] or the differential approach [117, 158].
The collision-based MC ray-tracing method is used [52]. A large number of
stochastic rays are launched within a representative elementary volume (REV).
The rays are emitted isotropically and are uniformly distributed over REV.
They undergo scattering/absorption internally and reflection/refraction at the
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fluid-solid interface. The distance between emission and collision points and the
direction of incidence at the interface are recorded for each ray.
The calculations are performed on the tomographic data where the intersection point between a ray and the solid-fluid interface is found by following the
ray in discrete steps until the boundary is reached. Finally, the exact determination is achieved by applying the bisection method. Note that the interface is
described by a continuous function and that no numerical grid is required. The
computations are performed with an in-house Fortran 95 code.
The following probability density and cumulative distribution functions and
the corresponding medium properties are then computed. For the attenuation
(extinction) path length within phase i,
Fe,i(s) =
Ge,i (s) =

Z

s
0

1
Nray,i

ray,i
X
k=1

δ(s − sk ),

i = 1, 2 ,

Fe,i(s∗ )ds∗ ≈ 1 − exp(−βis),

i = 1, 2 .

(3.1)
(3.2)

For the absorption path length within phase i,
Fa,i(s) =
s

1
Nray,i

ray,i
X
k=1

δ(s − sa,k ),

i = 1, 2 ,

(3.3)

κi
(1 − exp(−βis)) ,
i = 1, 2 .
(3.4)
βi
0
For the scattering path length associated with reflection and internal scattering
within phase i, and refraction from phases i to j,
Ga,i(s) =

Z

Fs,ij (s) =

Fs,ij (s) =

1

Fa,i (s∗)ds∗ ≈

1
Nray,i
ray,i
X

ray,i
X
k=1

δ(s − ss,k )H(ρ00r − <),

i = j = 1, 2 ,

(3.5)

δ(s − ss,k )H(< − ρ00r ),

i, j = 1, 2; i 6= j ,
(3.6)
Nray,i
k=1
Z s
σij
(1 − exp(−βis)) ,
i, j = 1, 2 ,
(3.7)
Fs,ij (s∗)ds∗ ≈
Gs,ij (s) =
β
i
0
with the random number < and the Heaviside step function H (which adopts
the convention H(0) = 1 instead of the conventional definition H(0) = 0.5). For
the direction of incidence at the phase interface within phase i,
Fµin ,i(µin ) =

1
Natt,i

att,i
X
k=1

δ(µin − µin,k ),

i = 1, 2 ,

(3.8)
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Φij (µs ) ≈

Z

1

µin =0

Z

π

ϕd =0

Z

1
µrefl =0

q
δ(µs − (1 − µ2in )(1 − µ2refl ) cos ϕd − µin µrefl )

× ρ00r (µin , µrefl, ϕd )Fµin,iµrefl dµrefldϕd dµin
Z 1 Z π Z 1
\
ρ00r (µin , µrefl, ϕd )Fµin,i µrefl dµrefl dϕddµin , i = j = 1, 2 ,
µin =0

ϕd =0

µrefl =0

(3.9)

Φij (µs) ≈

\

Z

1

µin =0

Z

π

Z

1

δ(µs −

q

(1 − µ2in )(1 − µ2t ) cos ϕd − µin µt )

ϕd =0 µt =0
00
× (1 − ρr (µin , µt , ϕd))Fµin,i µt dµt dϕd dµin
Z 1 Z π Z 1
(1 − ρ00r (µin , µt , ϕd))Fµin,i µt dµt dϕd dµin ,
µin =0 ϕd =0 µt =0

i, j = 1, 2; i 6= j .
(3.10)

In eqs. (3.1) to (3.10), Nray,i is the number of rays launched in phase i within
REV, and Natt,i is the number of rays attenuated in phase i at the phase interface. µin , µrefl , µt , and µs are the cosine of incidence, reflection, transmission,
and scattering angle, respectively. ϕd is the difference of incidence and reflection
azimuthal angles, and ρ00r describes the bi-directional reflectivity at the solid-fluid
boundary.
No intensity exists in the opaque phase for a two-phase medium consisting
of a semitransparent and an opaque phase. Therefore, i = 1 and only one distribution function of extinction, absorption and scattering path length and only
one distribution function of cosine of interface incidence needs to be calculated.
For such a case the methodology has been applied in [161] to a SiC foam.
3.1.2

Conduction

The one-equation averaging model, given by eq. (2.47), is valid if local thermal
equilibrium is a reasonable assumption. This is the case if one of the following
conditions occurs: (i ) fv,f or fv,s tends towards zero, (ii ) the difference in the
physical properties of the two phases tends towards zero, and (iii ) the ratio of
length scales (d/lsystem)2 tends towards zero [230]. For reticulate foam structures,
condition (i ) occurs, while for packed beds condition (iii ) occurs.
Equation (2.47) results in a linear temperature distribution for a 1D case.
The heat rate per unit area is then given by
hq 00 i = ke

T1 − T2
.
l

(3.11)
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A quasi one-dimensional situation on the discrete-scale is created by solving eqs.
(2.8) and (2.9) for steady-state and neglecting radiative and other source terms
in a cubic porous sample. The boundary conditions for the lateral walls are
given by
q00 · n̂ = 0 ,
(3.12)
for the solid-fluid interface by
Tf = Ts , n̂ · ks ∇Ts = n̂ · kf ∇Tf ,

(3.13)

Ts = Tf = T1 ,

(3.14)

Ts = Tf = T2 .

(3.15)

at the inlet by
and at the outlet by
The heat flux across the sample at any given cross-sectional plane perpendicular
to the main heat flow direction is then given by
R
R
k
∇T
·
n̂dA
−
−
s
s
s
Af kf ∇Tf · n̂dAf
As
.
(3.16)
hq 00 i =
As + Af
Combining eqs. (3.11) and (3.16) results in the determination of the effective
conductivity in a porous media by
R
R
− As ks∇Ts · n̂dAs − Af kf ∇Tf · n̂dAf
ke = l
.
(3.17)
(T1 − T2 )(As + Af )
The FV technique with successive over-relaxation is used to solve the governing equations. The numerical methodology is described in [169] and was
previously used in [160].
3.1.3

Convection

Heat transfer between the void and solid phase in a porous media is described
by the heat transfer coefficient. It is derived for the volume-averaged energy
conservation equation and given by eq. (2.50).
Finite volume technique is used [89] to derive the heat transfer coefficient
for a constant surface temperature. Mass, momentum and energy conservation,
described by eqs. (2.53), (2.55), and (2.8), are solved for steady-state in a incompressible laminar fluid phase on the discrete-scale. The domain used for the
calculations is composed of a square duct containing a sample of the multi-phase
media and an undisturbed inlet and outlet region, depicted in figure 3.2. The
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Figure 3.2: Schematic of the domain, consisting of a square duct containing a
sample of the multi-phase media, an inlet and outlet regions.
boundary conditions at the inlet is given by
u · n̂ = −uin , T = Tin ,

(3.18)

u · n̂ = 0 , n̂ · ∇u = 0 , q00 · n̂ = 0 ,

(3.19)

at the lateral walls by

at the solid-fluid interface by
u = 0 , T = Tsf ,

(3.20)

p = patm .

(3.21)

and at the outlet by
A mesh, generated with an in-house mesh generator for unstructured bodyfitted grids, is used for the calculations [57]. The mesh generator covers the
domain by tetrahedral elements and subsequently refines the elements at the
phase boundary. Finally, a rounding, cutting, and smoothing process is carried
out to achieve an accurate domain representation.
The calculated velocity and temperature fields and the boundary heat fluxes
are used to derive the heat transfer coefficient by
R
00
Asf q dAsf
.
(3.22)
hsf =
Asf ∆Tlm
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The heat transfer coefficient and Nu, respectively, are calculated for different
Re and Pr numbers and fitted to relations of the form
Nu = a1 + a2 Rea3 Pra4 .

3.2
3.2.1

(3.23)

Mass transfer
Permeability and Dupuit-Forchheimer coefficient

Pressure and velocity fields through multi-phase media are influenced by permeability, K, and for higher Re numbers by an inertia-induced term described by
the Dupuit-Forchheimer coefficient, FDF . They are determined by solving mass
and momentum conservation, described by eqs. (2.53) and (2.55), in the incompressible, laminar fluid phase with the same boundary conditions and on the
same domain as described in section 3.1.3. The calculated velocity and pressure
fields are then used in the averaged momentum equation, described by eq. (2.61).
This equation can be normalized to explicitly show the linear dependence of the
normalized pressure gradient, Πpg , on the Re number (in 1D):
∇ hpf if d2
d2
= Πpg = − − FDF dRe = −a1 − a2 Re .
(3.24)
µ
K
Therefore Re dependent determination of the pressure gradient over the porous
medium allows for the determination of permeability and Dupuit-Forchheimer
coefficient.
This methodology has been used for the derivation of the flow characteristics
through a SiC foam [159].
3.2.2

Tortuosity and residence time distributions

Tortuosity is defined as the ratio of the real length of the connected pore channels
to the thickness of the porous sample in the main flow direction,
lpath
τ=
.
(3.25)
lsample
The residence time required for a particle to flow through the porous sample is
defined as
Z
1
dl .
(3.26)
t=
lpath |u|
The calculated velocity distribution, obtained as described in section 3.2.1,
is used to create a large number of stream lines uniformly distributed over the
inlet for each Re number. Their length and the integrated time on the stream
line are calculated and used for additional multi-phase medium characterization.
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Dispersion

The formal solution of the species conservation equation on the continuum-scale,
given by eq. (2.58), for a constant dispersion tensor in 1D reads
!


f 2
2
Q
(x − x0 − huf,x i t)
∆x
f
hckf i = p
exp −
= Q∗ exp − 2
. (3.27)
4De,x t
2Sc,x
De,x πt

Q is related to the total amount of dispersed medium initially induced at the
origin (x0, y0 , and z0 ). The dispersion tensor in an isotropic medium can be
decomposed in a axial Dk (parallel to the main flow direction) and a radial part
D⊥ . Dx and Dy are equal and correspond to D⊥ and Dz corresponds to Dk for a
main flow along the z-direction. The formal solution links the dispersion tensor
to the standard deviation of the normally distributed concentration at a specific
time [186],
p
(3.28)
Sc,i = 2De,it .
The calculated velocity distribution, obtained as described in section 3.2.1, is
used to create a large number of stream lines uniformly distributed over the inlet
for each Re number. The standard deviation in each direction is determined
by calculating the spatial displacement at a specific time instant (e.g., in xdirection: ∆x = x(t) − x(t0), or in z-direction: ∆z = z(t) − z(t0 ) − u0 · t) and
fitting to a standard Gauss distribution.
For no molecular diffusion the Re dependence of the dispersion is described
by
Di = a1 Rea2 .
(3.29)

Chapter 4
Morphological characterization
The governing equations introduced in chapter 2 show that the effective transport properties strongly depend on the fluid-solid interface geometry, Asf . Therefore an accurate representation of the fluid-solid boundary (morphology or discrete-scale geometry) is needed.
The progress in tomography techniques in recent decades has facilitated a
broad range of their applications in science, engineering, and medicine. They
are an excellent tool to provide accurate geometrical information of internal material structure. Computed tomography (CT) has been used to experimentally
obtain the exact discrete-scale geometry to be incorporated in the subsequent
discrete-scale numerical calculations of the morphological, effective transport
and mechanical properties. Morphological properties such as porosity, specific
surface area, pore- and particle-size distributions, of fibrous material [45], ceramic foams [103, 161], and packed beds [80] have been determined based on
the exact geometry obtained by CT. Radiative characterization – including the
determination of effective extinction and scattering coefficients and scattering
phase functions – of foams and packed beds consisting of semi-transparent solid
materials [235, 38, 37, 80] and of opaque solid material [162, 77, 36, 81] have
been studied. The effective heat conductivity and heat transfer coefficient of
foams [103, 160, 161] and packed beds [79] have been calculated employing CT.
Flow properties such as permeability and Dupuit-Frochheimer coefficient of fibrous materials [45], foams [103, 159], packed beds [79], and rock[166] have been
calculated. Further examples include the determination of sound absorption in
foams [15] and mechanical properties, such as Poisson’s ratio, bulk and Young’s
moduli, of foams [103], packed beds [124], rock formations [124], and biological
structures [141, 124].
Additionally, tomography has been used for non-intrusive 3D field measurements [136] of temperature [215], density [101], concentration [187], refractive
index [51], and absorption coefficient. These measurements allow for the vali-
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dation of 3D numerical solutions.
This chapter specifies how the tomographic data is obtained and enhanced.
Subsequent phase segmentation and digitalization of the CT data is described.
The methodology for the numerical calculation of the morphological characteristics, namely porosity, specific surface area, pore- and particle-size distributions, and REV, are introduced, and experimental techniques for comparison
are briefly described.

4.1

Computed tomography

Basically, CT uses multiple 2D projections of an object to reconstruct its complete 3D image or internal structure. Mathematical methods such as inverse
Radon transform are used, in which the intensity data acquired by a detector at
multiple tilt angles are used to determine the spatial (2D or 3D) distribution of
the measured property. Attenuation, phase contrast or diffraction mode are used
to inversely determine the distribution of the absorption coefficient, refractive
index, and apparent scattering coefficient within the sample [86]. Phase contrast
is specially suited for materials composed of components with similar absorption
behavior. Figure 4.1 exemplarily shows absorption and phase contrast tomography of the same sample of animal tissue obtained with absorption-based and
phase contrast-based CT at the TOMCAT beamline at the Swiss Light Source
(SLS) of the Paul Scherrer Institute (PSI, in Villigen, Switzerland).
Tomography techniques are classified according to the physical mechanism
used as a source of the 2D projections, determining the size and resolution of
the scans. The resolution of a scan is described by the size of a voxel, a volumetric pixel which represents the smallest detectable subvolume in 3D Cartesian coordinates. The most common tomography techniques include the atom
probe tomography, electron tomography, neutron tomography, X-ray tomography, and radio tomography. The length scales that can be resolved range from
those typical for atoms and molecules (atom probe tomography) up to celestial
objects (radio tomography). The majority of the tomography techniques are
non-destructive, in which sectioning is done by collecting projections by a detector at multiple viewing directions. An example of a destructive tomography
technique is the focused ion beam tomography used for micro- and nanoscale
in-situ milling, in which the sectioning is done by cutting and etching.
The X-ray computed tomography is one of the most widely used techniques.
It is based on two types of X-ray sources: micro-focus X-ray tube (microtomography) [204] and synchrotron radiation (synchrotron tomography) [205,

4.2. Segmentation and digitalization
(a)
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Figure 4.1: Absorption-based CT with voxel size 3.7 µm (a) and phase-based
CT with voxel size 7.4 µm (b) of animal tissue material. The edge length of the
samples is 5.1 mm.
197]. The resolution of the micro-tomography typically varies between 10 and
100 µm, while the one of the synchrotron tomography can be as low as a few hundred nanometers. Synchrotron radiation is non-diverging, coherent and has a
high photon flux, typically 3 orders of magnitude higher than micro-tomography,
allowing for high-quality tomograms within a comparably short period of time.

4.2

Segmentation and digitalization

The data obtained by CT consists of 2 byte (0–65535) optical density values,
α(x), arranged on a 3D Cartesian grid. Multi-phase media are composed of
different regions, each with a comparatively uniform optical density. These different regions, called phases, reflect the different components present within the
material. In order to digitalize and determine the morphological, effective transport and mechanical properties of the material, these phases must be identified,
thereby partitioning the grey-scale image into disjoint segments. Therefore, each
voxel must be assigned to one phase. This process is called segmentation.
Prior to segmentation, the tomographic data needs to be enhanced by digital image processing. Proposed techniques are: anisotropic diffusion filter (to
remove noise) and subsequent unsharp mask sharpening filter (edge sharpen-
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ing) [191]. Two-step gamma corrections are used for intensity transformation:
( γ1 −1 1/γ1
for α < c
(c
α)


1/γ2
fγ (α) =
,
(4.1)
(2b −1)γ2 −cγ2
γ2
(α
−
c)
+
c
for
α
≥
c
b
(2 −1)−c

where b is the number of bits (e.g. 16), γi are the gamma correction factors and
c denotes the density value at which the two transformations interchange.
The image enhancement is followed by segmentation, e.g. by mode method
(histogram-based techniques) or more advanced combinations of watershed and
active contour methods (edge finding techniques) [191]. If the histogram of absorption values shows a bimodal character, as for the packed bed of calcum
carbonate described in chapter 6, the mode method is used for phase segmentation [228, 67]. For material composed of inhomogeneous solid phases, the peaks
in the absorption histogram might overlap, as for the packed bed of waste tire
particles, and local mode methods might be able to properly segment the CT
data.
A (local) threshold value, αt (x), is determined, corresponding to the absorption value at which the minimum between the two (or multiple) peaks lies.
The mathematical methodology to obtain the continuous representation of
the optical density values and consequently a continuous representation of the
solid-fluid phase boundary is given in [162]. It basically consists of a 3D linear
interpolation of the density values and determination of the region where α(x) =
αt (x). The gradient of α(x) at the boundary,
n̂ji (x) =

∇α|x
,
|∇α|x |

(4.2)

is used to calculate the surface normal. The pore-space indicator function,

0 for α(x) ≥ αt (x)
Ψ(x) =
,
(4.3)
1 for α(x) < αt (x)
is used to convert the gray level matrix into a 0/1 matrix. Ψ equals one if the
point x lies within the void space and equals zero if it lies within the solid phase.

4.3

Morphological properties

The porous medium, whether naturally formed or fabricated, can be classified
based on its solid phase structure. It is consolidated or non-consolidated, and
disordered or ordered. The latter is distinguished in anisotropic and isotropic
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structures, which can be composed of single unit cells or complex random structures [99]. Non-consolidated structures are packed beds (loosely packed) while
foams are described as consolidated structures.
4.3.1

Numerical determination

Depending on the system and number of involved phases, different properties
may be of interest. In the present thesis the focus lies on two-phase systems.
Therefore, porosity, specific surface and size distribution of the single phases and
representative elementary volume (REV) are important. REV determines the
smallest subvolume of the media, which can be considered as continuum [11]. It
is the smallest differentiable volume that results in statistical meaningful local
average properties. It is important for calculation purposes and additionally
provides information about the statistical relevance, homogeneity and isotropy
of the sample. The directional determination of morphological properties gives a
general idea of the sample’s anisotropy. The concepts of mean intercept length,
star length distribution and volume orientation [150, 194, 131] are used for the
characterization of morphological anisotropy.
The porosity of the sample is calculated with the aid of statistical (correlation) functions, namely, the two-point correlation function,
R R
Ψ(x)Ψ(x + rŝ)dŝdx
,
(4.4)
s2 (r) = V 4π
V 4π
which indicates the probability of two points in a porous sample, separated by
a distance r, to be in the void phase [12]. It obeys the following conditions:
s2(r = 0) = ε ,

(4.5)

s2 (r → ∞) = ε2 ,
(4.6)
ds
A0
(4.7)
=− ,
dr r=0
4
and therefore can be used to determine porosity and specific surface area. The
two-point correlation function is calculated by MC sampling. Alternatively, a
voxel-based determination of porosity (comparing each voxel with the threshold)
and specific surface area can be done. Additionally, the effective porosity and
effective specific surface area are introduced to account for the actual accessible
volume by the fluid phase, neglecting close and unconnected pores.
REV is determined by calculating morphological, heat and/or mass transfer
properties for a number of subsequently growing subvolumes in the sample until
the determined properties only vary within a band of ±δ.
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For pore- and particle-size characterization and distribution calculations, the
concept of granulometry is applied [131]. It is based on mathematical morphology operations. An opening, which consists of an erosion followed by a
dilation with the same structuring element, is used to calculate the pore- and
particle-size distribution. For a spherical structuring element with diameter d,
the distribution function is determined by
f (d) = −

dεop (d)
.
εdd

(4.8)

It determines the size distribution defined by the diameter of a sphere which fits
completely in the void and pore space, respectively. To account for anisotropic or
non-symmetrical pore or particle shapes nonspherical shaped, directional structuring elements can be used [131]. The hydraulic diameter [99] of the pore and
particle is defined as
ε
(4.9)
dh,pore = 4 ,
A0
1−ε
dh,particle = 4
.
(4.10)
A0
For a more exhaustive morphological characterization additional properties
such as local porosity distribution, local specific surface area distribution, local
geometry distribution, local percolation probability, total fraction of percolating
cells, and chord-length distribution function can be determined [87, 212, 161].
It has been shown that the most promising approaches for the reconstruction
of the porous media’s morphology are based on combinations of several of the
determined morphological properties [176, 125] or based on Minkowski functionals [131].
4.3.2

Experimental determination

Direct and indirect methods are used for porosity measurements. The former
methods involve the determination of any of the involved volumes (pore, solid,
or total volume) by means of weighing or fluid displacement measurements.
Indirect methods involve measurement of some property in the pore space like
electrical conductivity of an electrically conducting fluid filling the pore space.
Porosity, experimentally determined by weight measurement, is calculated by
εex = 1 −

m/ρ
,
V

(4.11)

where m is the measured mass of the sample and V the total volume measured.
εex strongly depends on the density ρ, of the material. The intrinsic and the
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apparent (including all unconnected pores) density can be determined by helium pycnometry, which is based on fluid displacement measurements in the
(partially) crushed material.
Adsorption methods are widely used for the experimental determination of
the specific surface area, e.g, the Brunauer, Emmit and Teller (BET) method,
which determines the BET surface area by nitrogen adsorption [193]. The gas is
adsorbed on the solid surface dependent on the pressure imposed. Ideally monolayers of gas are adsorbed and allow to recalculate an equivalent surface area
and to estimate pore-size distribution. Additionally, pore-size distribution can
be determined by mercury porosimetry [216]. Nevertheless, the interpretation
of the data is difficult for non-spherical pores.
Particle-size distributions can be measured by sieving, visual analysis (microscopes, tomography, etc.), sedimentation of particles in liquid, permeametry
and laser scattering [174]. The latter approach is used in this study. The particles are suspended in a transparent liquid phase and the scattering behavior
is recorded. A sphere-equivalent size distribution is determined based on the
refractive indexes of the liquid and the particles, and on the transmitted or
scattered light by using the Mie theory [16].

Chapter 5
Reticulate porous ceramics1,2,3
Thermochemical and hybrid thermochemical/electrochemical sulfur-based cycles have been introduced as an alternative route for the solar generation of
hydrogen at relatively moderate temperatures but in a corrosive environment.
The cycles are introduced in the first part of this chapter. A two-chamber
solar reactor for the high-temperature step of the cycles has been designed at
DLR consisting of reticulate porous ceramic (RPC) and honeycomb structures,
directly exposed to high-flux solar irradiation, serving as solar absorber, heat
exchanger and reaction sites for the evaporation, decomposition and subsequent
reduction of sulfuric acid and its decomposition products.
The second part of this chapter is devoted to fundamental analysis of the
morphological, heat and mass transfer characterization of the RPC used in
the evaporator/decomposer reactor. The characterization follows the procedure
in [157, 72].
These properties are then incorporated in a coupled continuum model of the
solar reactor described in the third part of this chapter. The reactor is analysed
Material from this chapter has been published in: S. Haussener, P. Coray, W. Lipiński, P.
Wyss, and A. Steinfeld. Tomography-based heat and mass transfer characterization of reticulate porous ceramics for high-temperature processing. Journal of Heat Transfer, 132: 023305,
2010. [77]
2
Material from this chapter has been published in: D. Thomey, M. Roeb, P. Rietbrock, J.
Säck, C. Sattler, S. Haussener, A. Steinfeld, I. Canadas and S. Martı́nez. Development of a
two-chamber receiever-reactor for the solar decomposition of sulfuric acid. In Proceedings of
SolarPACES 2009 Conference, Berlin, 2009. [209]
3
Material from this chapter has been published in: M. Roeb, Thomey, D. Graf, C. Sattler, S.
Poitou, F. Pra, P. Tochon, C. Mansilla, J.-C. Robin, F. Le Naour, R. Allen, R. Elder, I. Atkin,
G. Karagiannakis, C. Agrafiotis, A. Konstandopoulos, M. Musella, P. Haehner, A. Giaconia, S.
Sau, P. Tarquini, S. Haussener, A. Steinfeld, S. Martinez, I. Canadas, A. Orden, M. Ferrato,
J. Hinkley, E. Lahoda and B. Wong. HycycleS - A project on nuclear and solar hydrogen
production by sulfur based thermochemical cycles. International Journal of Nuclear Hydrogen
Production and Application, 1:1–11, 2010. [178]
1
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H2SO4,fl = H2SO4,g = H2 O + SO3 = H2O + SO2 + 12 O2 (5.1)
2H2O + SO2 + I2 = H2 SO4 + 2HI (5.3)
2H2O + SO2 = H2SO4 + H2 (5.2)
2HI = I2 + H2 (5.4)

for chemical and thermal efficiencies and optimized in operation conditions,
reactor design and foam morphology.

5.1

Sulfur-based water-splitting cycles

Two sulfur-based water-splitting cycles for the solar production of hydrogen
are introduced: a hybrid (thermochemical/electrochemical) sulfur-based cycle
and a three-step thermochemical sulfur-iodine based cycle. Both cycles process
the same high-temperature step described by the overall chemical reaction in
eq. (5.1). Sulfuric acid is evaporated and decomposed at approximately 610
K and the resulting SO3 is reduced to SO2 at 1500 K. The temperature of the
SO3 reduction step can be reduced when using catalysts such as Pt, Fe2 O3 , or
mixtures of Pt and TiO2 [64, 146].
In the hybrid sulfur-based cycle [23, 22] the subsequent step is an electrochemical reaction of water and SO2, described by eq. (5.2). SO2 is oxidized
to H2SO4 at the anode (SO2 + 2H2O → H2SO4 + 2H− + 2e− ) and hydrogen is
formed at the cathode of the electrolyser (2H+ + 2e− → H2 ). Sulfuric acid is
re-used in the high-temperature reaction given by eq. (5.1). The net reaction
is the splitting of water to oxygen and hydrogen. The electrolyzer requires less
than 15% of the electrical power needed for conventional direct electrochemical
water splitting (theoretical 0.17 V in reaction (5.2) versus theoretical 1.23 V for
conventional direct water splitting).
In the sulfur-iodine based cycle [149, 151, 218, 95], the Bunsen reaction,
described by (5.3) and taking place at 400 K, follows the high temperature step,
resulting in two immiscible aqueous solutions consisting of aqueous sulfuric acid
and HI. They are separated and piped to the decomposition reactions (5.4) and
(5.1). The former takes place at temperatures of 400 to 600 K.
The cycles work in a corrosive environment at high temperatures, therefore
research has been focused on corrosion and high-temperature resistant materials and membranes for product gas separation. As the temperatures needed for
the sulfur-based cycles are moderate compared to other thermochemical watersplitting cycles, the heat source for the high temperature step given by eq.
(5.1) proposed initially was waste heat from nuclear power plants. Recently,
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solar driven evaporation and decomposition have gained attention. Two exemplary research projects funded by the European Commission are mentioned:
HYTEC [48] and HycycleS [178].
Equilibrium calculations of the reaction are shown in figure 5.1 for 0.1, 1 and
10 bar. Higher pressure shifts the equilibrium position to the left, due to Le
Chatelier’s principle.
Energy efficiencies of 47% are achieved for the three-step sulfur-iodine cycle
and cost estimates have been done [14] predicting hydrogen prices of 13.5 $/kg
in 1984, strongly dependent on solar irradiation and solar collector field costs.
The price is comparable to the price predicted for hydrogen produced by water
electrolysis, driven by electricity produced via solar driven Rankine cycles [14].
This price is three to four times higher than the price for hydrogen produced by
conventional processes (steam reforming of natural gas).
Solar reactor concepts for the sulfuric acid evaporation and decomposition
are based on honeycombs and RPCs [146], and on shell-and-tube configuration with a packed (catalyst) bed [115]. A two chamber reactor, allowing for
individual evaporation/decomposition and SO3 reduction reactions, has been
developed in the HycycleS project [209] and is shown in figure 5.2. The evaporation/decomposition reactor uses RPC as radiation absorber and the SO3
reduction reactor uses a honeycomb structure. The porous structures provide
efficient absorption of concentrated solar radiation and large specific surface area
for evaporation, decomposition and reduction.

5.2
5.2.1

Characterization of reticulate porous ceramics
Porous ceramics

Porous ceramics are commonly processed by (i ) template methods or (ii ) by
foaming methods [183, 206]. In the former technique, a polymeric sponge, impregnated with a ceramic slurry (e.g., composed of SiC, Al2O3, and binder),
is burned out leaving a porous ceramic structure. The remaining structure is
sintered at approximately 1400 °C. RPCs are commonly made by this process
also known as Schwartzwalder process [189]. They are defined as highly porous
artificial structures comprised of interconnected voids surrounded by a web of ceramics. The rehological characteristics of the slurry, namely pseudoplastic and
shear-thinning behavior, are crucial for the foam’s quality. Recently monofilamental pre-structures are investigated, which allow for a larger variety and
better controllability of the foam structures [6]. Since open cell foams produced
by the Schwartzwalder process show hollow spaces in their struts, as shown in

44

Chapter 5. Reticulate porous ceramics
1

O2

molar fraction

0.8
SO3

0.6

SO2
0.4
H2 SO4,g
H2 O

0.2
H2 SO4,fl
0
600

800

1000
T (K)

1200

1400

Figure 5.1: Equilibrium composition of sulfuric acid evaporation and decomposition at 0.1 bar (dash dotted line), 1 bar (solid line), and 10 bar (dotted
line).
figure 5.3.a, and consequently reduced mechanical strength and stability, techniques are proposed [7] to fill this hollow spaces, see figure 5.3.b.
The template method is also used to produce ceramic material of the negative
replica of the original template, as opposed to the positive morphology obtained
by the method described above. This is obtained by the preparation of biphasic
composites comprising a continuous matrix of ceramic particles and a discontinuous sacrificial phase, which is ultimately extracted to generate pores. The
anisotropic porous ceria foam, described in chapter 6, is manufactured by this
process.
The foaming technique to process porous ceramics combines reactants, including the desired ceramic constituents, to produce a foam from the evolved
gas. This direct foaming method can produce open and closed-cell foams. Examples of porous ceramics produced by the template and the foaming method
are shown in figure 5.4.
Porous ceramics show advantageous performance in high-temperature, extensive wear and corrosive environments. Some of the favourable morphological, heat and mass transfer characteristics of porous ceramics are: relatively
low mass, low density, high specific surface area, high melting point, high corrosion and wear resistance, low thermal mass, low thermal conductivity, and
controlled permeability. These properties can be additionally tailored for each
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(a)

(b)

Figure 5.2: (a) Photo of the two-chamber evaporation/decomposition (left side)
and SO3 reduction reactor (right side), and (b) schematic of the evaporation
chamber hosting RPC [209].

46
(a)
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(b)

Figure 5.3: Tomographic image of RPC samples: Strut of SiC RPC produced
by conventional Schwartzewalder process, edge length 711 µm (a), and strut of
SiSiC RPC produced by LigaFill process, edge length of 281 µm (b).

(a)

(b)

Figure 5.4: Tomographic image of an open-cell SiSiC RPC (a) and partially
closed-cell Al2O3 foam (b). Edge length of the pictures are 2.3 cm.
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specific application by controlling the composition and morphology of the porous
ceramic and consequently by controlling its processing route. Applications of
porous ceramics are molten-metal and diesel-engine-exhaust filters [129, 219],
radiant burners [10], catalyst support [46], filtration of hot corrosive gases,
high-temperature thermal insulation and radiant absorbers in solar thermal and
thermochemical reactors [53].
Previous pertinent studies on heat and mass transfer characterization of
foams include the determination of the extinction coefficient, scattering coefficient, and scattering phase function of metal foams and RPCs for simplified
geometries composed of pentagon dodecahedron or tetracaedecaedric [119] and
spherical voided cubic unit cells [58]. The effective thermal conductivity has
been determined for simplified foam geometries composed of tetrakaidecahedron [18], hexagonal [13], and spherical or cubical voided cubic unit cells [59].
Permeability has been determined by simplifying the foam structure by parallel
conduits [99] or by empirical correlations for fibrous beds [49, 29]. The exact
geometry of a porous magnetic gel sample, obtained by micro-CT, was used to
compute the mean survival time, which was linked to the permeability by an
empirical correlation [175]. Residence time and tortuosity distribution of real
(obtained by magnetic resonance imaging) and artificially generated open-cell
foams have been determined in [72]. More recently, CT-based methodology was
applied to determine the effective transport properties of a Rh-coated SiC RPC
used for the solar steam-reforming of CH4 [162, 161, 160, 159].
5.2.2

Morphological characterization

An uncoated, non-hollow SiSiC RPC with nominal pore diameter of dnom = 1.27
mm (corresponding to 20 pores per inch, 20 ppi) is used in the solar reactor.
SiSiC is produced by doping SiC with C and infiltrating Si. The Si and C
produce a matrix of SiC and its pores are filled with the remaining Si. The
RPC foam sample is shown in figure 5.5.a and used for the subsequent analysis.
Low-resolution computer tomography
The sample is exposed to an unfiltered polychromatic X-ray beam generated
by electrons incident on a wolfram target. The generator is operated at an
acceleration voltage of 60 keV and a current of 0.11 mA. A Hamamatsu flatpanel
C7942 CA-02 protected by a 0.1 mm thick aluminum filter is used to detect the
transmitted X-rays. The sample is scanned at 900 angles (projections). Each
projection consists of an average of six scans, each with an exposure time of
0.7 s. Low-resolution computer tomography (LRCT) is performed for voxel
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sizes of 30 µm (shown in figure 5.4.a) and 15 µm and field of view (FOV) of
2.3 x 2.3 x 1.2 cm3 and 1.2 x 1.2 x 0.6 cm3, respectively. 3D surface rendering
of a sample subvolume, reconstructed from the resulting tomography data, is
depicted in figure 5.5.b.
(a)

(b)

Figure 5.5: Photograph of RPC sample (a), and 3D surface rendering of the
RPC sample obtained by using the CT data with voxel size of 15 µm, the edge
length is 3 mm (b).
The histograms of the normalized absorption values, as shown in figure 5.6.a,
have a bimodal character for both scan resolutions. The mode method is applied
for phase segmentation [228, 67]. The normalized phase threshold values αt /αmax
are 0.39 and 0.23 for scans with voxel sizes of 30 µm and 15 µm, respectively.
These results are comparable to αt /αmax = 0.35 and 0.20 for scans with voxel
sizes of 30 µm and 15 µm, respectively, calculated using Otsu’s method [67].
αt /αmax varies by 0.04, as corroborated for three selected tomograms divided
into 36 subelements and for voxel sizes of 15 µm and 30 µm, shown in figure 5.6.b.
High-resolution computer tomography
High-resolution computer tomography (HRCT) of a single RPC strut with 0.37
µm voxel size and 0.76 x 0.76 x 0.62 mm3 FOV is shown in figure 5.3.b. The
HRCT is performed on the TOMCAT beamline at the SLS of the PSI [205, 197]
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Figure 5.6: (a) Normalized histograms of the absorption values for the HR and
LR scans. The bullets indicate the corresponding threshold values of αt /αmax =
0.39 and 0.23. (b) Normalized threshold absorption values for 36 subelements
of three selected tomograms for voxel sizes of 30 µm and 15 µm.
for 14 keV photon energy, 400 µA beam current, 100 µm thick aluminum filter,
20 x geometrical magnification, 0.8 s exposure time, and 1501 projections. A
magnified fragment of a strut edge is shown in figure 5.7. The strut surface is
irregularly shaped. Irregular spatial distribution of SiC and Si within the strut
leads to internal heterogeneity, but no pores are observed inside the strut.
Porosity and specific surface
The two-point correlation function is computed by MC sampling with 108 random points and for r varying between 0 and 1 cm. The resulting porosity is ε
= 0.91. It compares well to the value obtained by weight measurement (0.90
± 0.02) and it does not depend on the voxel size of the scan. In contrast,
the specific surface area A0 increases from 1367 m−1 to 1680 m−1 as the voxel
size decreases from 30 µm to 15 µm because of the better resolution of surface
irregularities for the smaller voxel size.
Representative elementary volume
REV is defined as the minimum volume of a porous material for which the
continuum assumption is valid. It is determined based on porosity calculations
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Figure 5.7: Magnified fragment of the strut edge.

for subsequent growing volumes until it asymptotically reaches a constant value
within a band of ±δ. For δ = 0.02, lREV = 3.50 mm and 3.39 mm for the scans
with voxel sizes 30 µm and 15 µm, respectively, corresponding to 2.76dnom and
2.67dnom, respectively. It will be shown in the analysis in section 5.2.3 that at
least lREV = 3.50dnom is required for computations of heat and mass transfer.

Pore size distribution
An opening operation with spherical structuring element (diameter d) is applied to compute the opening porosity εop as a function of d and then used to
determine the RPC’s pore size distribution function f . The resulting pore size
distribution functions are shown in figure 5.8 for the 30 µm and 15 µm voxel
size tomography data. Table 5.1 lists the mean, mode, median, and hydraulic
diameters resulting from the distributions in figure 5.8. Good qualitative and
quantitative agreement of porosity, specific surface area, and pore size distribution is obtained for voxel sizes of 30 and 15 µm. Thus, the heat and mass
transfer characteristics computed in the following sections are done by using the
30 µm resolution tomography data.
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Figure 5.8: Opening pore size distribution of the RPC foam for the LR and HR
tomography data.
Table 5.1: Arithmetic mean diameter, mode, median, and hydraulic diameter
for the 30 µm and 15 µm voxel size tomography data.
Voxel size (µm) dm (mm) dmode (mm) dmedian (mm) dh (mm)
30
1.64
1.74
1.69
2.76
15
1.55
1.65
1.62
2.24
5.2.3

Heat transfer characterization

Radiative properties
The complex refractive index of SiC is used for the calculation of solid phase’s
intrinsic radiative properties [155]. SiC is assumed to be opaque in the visible and near-IR spectral region. The fluid phase is assumed to be radiatively
non-participating. Hence, the governing equations and the methodology for the
determination of the radiative properties described in chapters 2 and 3 are applied. Ge (s) and Fµin (µin ) are computed by following the histories of a large
number of stochastic rays (Nray = 6 · 106) launched at random locations within
the fluid phase of the REV. Ne rays interact with the solid-fluid interface by
either absorption or reflection. The path length s within REV is recorded for all
Nray rays, while the cosine of incidence µin is recorded for all Ne rays [208, 162].
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Table 5.2: Mean values and standard deviations of the extinction coefficient
along three directions.
x-direction y-direction z-direction
βMC , mean (m−1)
400.6
411.0
439.8
Sβ,i (m−1)
35.8
37.5
28.4
A sample of 18 x 18 x 12 mm3, corresponding to 600 x 600 x 400 voxels, is investigated. 1 − Ge (s) is plotted in figure 5.9.a as a function of the normalized path
length for two values of the threshold αt /αmax: 0.31 and 0.39. A least-square fit
to Bouguer’s law, also shown in figure 5.9.a, yields a constant extinction coefficient βMC = 628.4 m−1 with RMS = 0.014 m−1 for αt /αmax = 0.31, and βMC
= 430.8 m−1 with RMS = 0.014 m−1 for αt /αmax = 0.39. Separate computations along preferred directions showed slight anisotropy of β, as indicated in
table 5.2.
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Figure 5.9: (a) Variation in computed and measured incident radiative intensities as a function of normalized path length in the sample; (b) scattering phase
functions of the RPC foam, IOTS, and of large diffuse opaque spheres as a
function of the cosine of scattering angle.
For assumed diffusely reflecting surface of the solid phase, the scattering
phase function is plotted in figure 5.9.b as a function of the cosine of scattering
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angle. It is well approximated by (RMS = 0.010)
Φd = 0.5471µ2s − 1.38838µs + 0.8176.

(5.5)

Also shown in figure 5.9.b is the analytically determined scattering phase function for diffusely reflecting large opaque spheres [138]. The RPC foam and
identical overlapping transparent spheres (IOTS) [208] exhibit identical scattering behavior due to their morphological similarity. Compared with large diffuse
opaque spheres, RPC exhibits enhanced scattering in backward direction and
less in forward direction. For assumed specularly reflecting surface, two exemplary scattering phase functions computed for mλ=0.48µm = 2.707 + 1.46i and
mλ=2.50µm = 2.562+5.17i are shown in figure 5.9.b. Both exhibit nearly isotropic
scattering behavior with slightly increased backward scattering. Based on the
irregular surface topography shown in figure 5.7, the solid phase is expected to
show a dominant diffuse component in the reflection pattern.
The scattering albedo σs /β equals the surface reflectivity of the solid phase,
assumed to be wavelength independent and equal to 0.1 [213]. Hence, σs =
43.1 m−1 and 62.8 m−1 for αt /αmax = 0.31 and 0.39, respectively.
The extinction coefficient is independently estimated based on experimental measurements by using the spectroscopy system shown in figure 5.10 [39].
The main hardware components of the setup are as follows: (1) a dual XeArc/Cesiwid-Glowbar lamp as a source of radiation, (2) a double monochromator (Acton Research Spectra Pro Monochromator SP-2355 series) with monochromator exit slit (2’), (3) and (5) two imaging lens pairs (MgF2, focal lengths f =
75 mm and f = 150 mm), (4) a sample holder, (6) a detector (Si/PC-HgCdTe
sandwich with thermoelectric cooler), (7) an optical chopper to modulate the
radiation leaving the monochromator, (8) a lock-in amplifier to measure the
modulated signal, and (9) a PC data acquisition system. This setup enables
measurements in the spectral range from 0.3 µm to 4 µm with a spectral resolution of ± 1 nm and an angular resolution of 10°. The maximum acceptance
angle for detection of an incoming ray measured with respect to the optical axis
is less than 4°. Angular measurements are performed with two RPC foam samples of thicknesses 5 mm and 10 mm at radiation wavelengths of 0.3 µm, 0.6 µm,
and 0.9 µm. The measured flux rapidly decreases with the increasing detection
angle. At 10°, it is 103 smaller than that acquired in the forward direction.
Since the reflectivity of the solid phase is comparable to that of SiC (0.1) [213],
the contribution of the incoming scattering to the measured radiative fluxes is
neglected. Thus, the extinction coefficient is estimated by assuming Bouguer’s
law-type dependency of the measured radiative fluxes on the sample thickness.
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Figure 5.10: Experimental spectroscopy setup: (1) dual Xe-Arc/CesiwidGlowbar lamp, (2) double monochromator, (3) and (5) collimating and focusing
lens pairs, (4) sample mounted on alinear positioning stage, (6) detector, (7)
optical chopper, (8) lock-in amplifier, (9) data acquisition system.
For all radiation wavelengths, the extinction coefficient is approximately constant and equal to βex = 673 ± 30 m−1. This value is larger than βMC = 430.8
m−1 determined numerically by MC for αt /αmax = 0.39, but it is in good agreement with βMC = 628.4 m−1 computed for αt /αmax = 0.31. Since 1/σs has the
same order of magnitude as the measured sample thickness, incoming scattering
may affect the experimental results. In contrast, when comparing measured and
calculated porosities, (εex − εMC )/εex = 0.01 and 0.06 for αt /αmax = 0.39 and
0.31, respectively.
Effective thermal conductivity
The governing equations and the methodology for the determination of the
effective thermal conductivity are described in chapters 2 and 3. A sample of
10.8 x 10.8 x 10.8 mm3, corresponding to 360 x 360 x 360 voxels, is investigated.
Grid convergence is obtained with a mesh element size of 21.5 µm. A contour
map of the normalized temperature distribution along the axis perpendicular
to the temperature boundary condition is shown in figure 5.11.a. The effective
sample conductivity as a function of the solid and fluid conductivity is shown in
figure 5.11.b. It is compared with the parallel and serial slab assumptions (at ε
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Figure 5.11: (a) Contour map of the normalized temperature distribution
(T − T2 )/(T1 − T2) along the axis perpendicular to the temperature boundary
condition of the RPC foam (thick solid lines depict solid-fluid phase boundary)
for kf /ks = 1.0 · 10−4; (b) the effective thermal conductivity of the RPC foam
and of parallel and serial slabs at ε = 0.91.
= 0.91) [99], which indicate minimal and maximal possible conductivities. The
computed ke /ks was fitted to the linear combination of thermal conductivities
of parallel and serial slabs,
k

f
ke
ks

= a1 
kf
ks
ε 1−
+

ks

kf
ks

+ a2




kf
ε +1−ε ,
ks

(5.6)

resulting in a1 = 0.753 and a2 = 0.267. a1 and a2 depend strongly on the
morphology. This can be seen when comparing ke of this 20 ppi and the 10
ppi foams analyzed in [162], both having the same ε and a rather sharp pore
size peak (peak width ≈ 0.5dnom). The 20 ppi foam shows a larger A0. For
kf /ks ≈ 10−1 they differ by nearly 6% and at kf /ks ≈ 10−4 they differ by up to
40%. Obviously, the smaller kf /ks is, the more important becomes the phase
distribution. When using the RPC foam as solar absorber, larger ke are preferred
because they allow for a faster heat transfer rate and a more uniform heating.
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Interfacial heat transfer coefficient
The heat flux from the solid to the fluid phase is described by the heat transfer
coefficient. The governing equations and the methodology for the determination of the interfacial heat transfer coefficient are described in chapters 2 and 3.
A sample with dimensions of 11.4 x 11.4 x 3.78 mm3, corresponding to 380 x
380 x 126 voxels, is investigated. Convergence was achieved for the termination
residual RMS of the iterative solution below 10−4 and for the maximal mesh
element length of 90 µm (corresponding to 0.07dnom), resulting in 5.6 · 107 tetrahedral elements. Two quad-core Intel Xeon 2.5 GHz processors and 32 Gbytes
RAM are used to solve the equations in approximately 10 h. Nu is shown in
102
CFD, Pr = 0.1
CFD, Pr = 0.5
CFD, Pr = 1
CFD, Pr = 10
Nu

fit

101

10−1

100

101

102

Re

Figure 5.12: Computed (points) and fitted (lines) Nu numbers as a function of
Re and Pr numbers.
figure 5.12 as a function of Pr and Re. Assuming a correlation of the form
Nu = a1 + a2 Rea3 Pra4 , least-square fitting leads to (RMS = 0.817):
Nu = 6.820 + 0.198Re0.788Pr0.606.

(5.7)

These results compare well to those obtained experimentally for a 10 ppi foam [25].
Influence of l REV
Normalized porosity, extinction coefficient, and conductivity are plotted in figure 5.13 as a function of l/dnom varying between 0 and 6. All three parameters
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converge for approximately lREV = 3.5dnom, with δ = ± 0.02, ± 0.02, and ±
0.15, respectively.
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Figure 5.13: Normalized porosity, extinction coefficient, and effective conductivity for cubic volumes with edge lengths l.
5.2.4

Mass transfer characterization

Permeability and Dupuit-Forchheimer coefficient
The momentum transfer within a porous media is described by permeability
K, and Dupuit-Forchheimer coefficient FDF . The governing equations and the
methodology for the determination of K and FDF are described in chapters 2
and 3. A 11.4 x 11.4 x 7.56 mm3 sample, corresponding to 380 x 380 x 252
voxels, is investigated. Convergence is achieved for the termination residual
RMS of the iterative solution below 10−4 and for the maximal mesh element
length of 180 µm (corresponding to 0.14dnom), resulting in 5.6 · 107 tetrahedral
elements.
The dimensionless pressure gradient is plotted as a function of Re in figure 5.14. Least-square fitting (RMS = 0.566) results in a1 = 28.334 and a2 =
0.659 of eq. (3.24), which correspond to K = 5.69 · 10−8 m2 and FDF = 519.0
m−1. Permeability values are compared with those obtained for the HagenPoisseuille model (4.59·10−8 m2, see eq. (7.25)) [99], the Carman-Konzeny model
(8.69·10−8 m2, see eq. (7.26)) [49, 99], the fibrous bed models (8.97·10−7 m2, see
eq. (7.27)) [99], and a model proposed by Macdonald et al. (5.34·10−8 m2) [123].
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Figure 5.14: Dimensionless pressure gradient as a function of Re number.
The latter model yields FDF = 544.2 m−1, see eq. (7.31). The inertia induced
term comes into play for Re > 1. Increased pore size leads to reduced pressure
loss and, consequently, larger K and smaller FDF . This can be observed when
comparing this 20 ppi SiSiC RPC to the 10 ppi Rh-coated SiC analyzed in [159].
Tortuosity and residence time distributions
The velocity distributions obtained by discrete-scale numerical calculations are
used to determine the tortuosity and residence time distributions. They are
shown in figure 5.15 for Re = 0.1, 1, 10, and 100. Mean tortuosity is 1.07. The
peak of the tortuosity distribution shifts toward τ = 1 when Re is increased.
Mean residence time is plotted in figure 5.16.a.
All stream lines generated are able to pass through the sample, as no recirculation zones, dead ends, or flow reversals are observed. In most chemical
applications, large τ , smaller Re, and consequently large t are preferred to allow
for complete reaction conversion.
Dispersion tensor
The governing equations and the methodology for the determination of the
dispersion tensor are described in chapters 2 and 3. Dx , Dy , and Dz are determined by following 2500 streamlines through the foam, registering their spatial
displacement at a specific time instant, and subsequently fitting the registered
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Figure 5.15: (a) Tortuosity and (b) residence time distribution for four selected
Re numbers of fluid flow through the RPC foam.

distribution to a standard Gauss distribution. The normalized dispersion tensor
components are shown in figure 5.16.b as a function of Re. Dx and Dy are equal
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Figure 5.16: (a) Mean residence time as a function of Re number. (b) Normalized dispersion tensor as a function of Re for the RPC foam.
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to the transverse (radial) component D⊥ ; Dz is equal to the parallel (axial)
component Dk . Fitting to a form Di = a1 Rea2 in two Re regions yields:
(
6.560 · 10−3Re
Re ≤ 5
D⊥
=
(RMS = 6.0 · 10−6),
(5.8)
1.104
−3
ν
4.896 · 10 Re
Re > 5
(
Dk
6.297 · 10−1Re
Re ≤ 5
=
(RMS = 4.2 · 10−5).
(5.9)
0.942
−1
ν
7.045 · 10 Re
Re > 5

5.3

Continuum model4

A continuum model of the solar evaporator/decomposer reactor, introduced in
the first part of this chapter, is developed in this section. The previously calculated morphological and effective heat and mass transfer properties are incorporated in the governing equations. The model is compared to experimental data,
which has been obtained at the solar furnace of Cologne at DLR [209]. Process optimization is carried out by parameter studies on operational conditions,
reactor design and foam morphology.
5.3.1

Model development

Two models are investigated: a foam model and a reactor model. The former
is used for preliminary studies and for the comparison with experimental data.
It is then extended by the reactor closing and further used for the process
optimization. The 3D model domains of the foam model and the reactor model
are shown in figure 5.17.
The solar reactor consists of a quartz window through which the solar irradiation enters the reactor. A metallic body consisting of a conical front section
and a cylindrical back section shapes the reactor. The conical front section is
covered by a gold coating to reduce corrosion-related damage. Six radial carrier
gas (N2) inlets behind the window reduce the product deposition at the window.
The foam, mounted in the conical part of the metallic body, is directly irradiated by the solar radiation and acts as absorber, heat exchanger, and reaction
site. Three tubes enter the foam and deliver the acid solution to evaporate. The
carrier gas and the products leave the reactor at the backside. The reactor is
covered by an alumina insulation to reduce heat losses to the surrounding.
Material from this chapter is partially based on work performed in the framework of: J.
Marti, Modeling of a solar evaporator reactor for the high-temperature step of a thermochemical
cycle for the production of hydrogen, Semester thesis, ETH Zurich, 2010. [128]
4
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Figure 5.17: 3D model domain of foam model with foam diameter of 9 cm (a),
and of reactor model with outer diameter of 25 cm (b).
Averaging models are used for the foam, therefore the foam is modeled as
two interpenetrating phases: a void phase and a solid phase. Within the foam,
the averaged mass conservation, species conservation, momentum conservation,
and energy conservation are valid. Additionally, for the reactor model the void
space between the window and the foam, the aperture, the window, the metallic
shields, and the insulation have to be modeled. These are single phase domains,
therefore they are described by the mass, species, momentum, and energy conservation for one phase. Conservation equations valid for the two-phase foam
and the remaining single phase media are given in sections 2.2 and 2.3. FV
technique is used to solve the governing equations [90]. Discrete ordinate (DO)
method is used to solve RTE [138]. A dual-cell approach is used for the twophase coupling [118].
The boundary conditions applied in the foam model are the temperature,
mass flow, and concentration at the three acid inlets,
u · n̂ = −uacid,in , Tf = Tacid,in , xacid = 1 ,

(5.10)

the mass flow, concentration and temperature of the carrier gas, and the solar
irradiation at the front of the foam (xy-plane at z = l),
00
u · n̂ = −ucarrier,in , Tf = Tcarrier,in , xacid = 0 , q00 = −qrad,in
,

(5.11)
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the outlet pressure at the foam outlet,
p = patm ,

(5.12)

and no-slip boundary and heat transfer coefficient accounting for conduction
and natural convection losses [91] at the outer lateral walls,
00
00
u · n̂ = 0 , n̂ · ∇u = 0 , q00 = qcond
+ qnc
.

(5.13)

At the inlet and outlet the surrounding is assumed to be radiative non-participating.
For simplification, the reactor walls are assumed to be perfect reflectors, as justified by the high reflectivity of alumina [213]. The spatial flux distribution at
the inlet is obtained by fitting a Gaussian distribution to the experimentally
measured flux distribution in the solar furnace, shown in figure 5.18. The di200
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Figure 5.18: Meassured spatial flux distribution and Gaussian fit for the measurements with a target of 0.04 m2 and 0.55 kW total power (RMS = 5.4).
rectional distribution of the incident radiation of solar furnaces composed of
parabolic dish concentrators can be approximated by a cone-shaped distribution, as is supported by modeling and measurements [109, 236]. For the DLR
solar furnace, the directional distribution is assumed to be uniform in a cone
with half opening angle of 25°. The flux incident is reduced by 8% to account
for the window transmittance in the wavelength region of interest,
0∩ 2
1 − ρ0∩
r,λ 1 − ρr,λ
T r λ = τλ
0∩ 2 2 ,
1 + ρ0∩
r,λ 1 − ρr,λ τλ

(5.14)
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sin χ n1,λ
cos
(θ
+
χ)
sin
(θ
−
χ)
=
,
(5.15)
,
with
1−
ρ0∩
r,λ = 0.5
2
cos2 (θ − χ)
sin θ
n2,λ
sin (θ + χ)


lsample
τλ = exp −κλ
.
(5.16)
cos χ
The overall transmitted fraction T r, is calculated by the surface reflectivity ρr ,
and transmittance τ of the window. Each is a function of the wavelength of
the incident radiation λ, and the refractive index of air and glass n1 and n2,
respectively. θ and χ describe the inlet and outlet angle of the ray with respect
to the surface normal vector.
The incoming sulphuric acid flow is diluted with water. A water weight fraction of 50% is used in the calculations. The diluted acid is modeled as a mixture
of water and sulphuric acid and its properties are calculated by mass-weighted
summation of the specific properties. It is assumed that the diluted sulphuric
acid entering the reactor is instantaneously evaporated and decomposed. Therefore, a two-phase medium model is used. The evaporation is modeled by a heat
sink of the form,
!
X

qsink = ṁacid
xi hi,l,Tevap − hi,l,Tin + ∆hevap + ∆hdecomp , i = H2SO4 , H2O,
i

(5.17)

where
∆hevap =

X
i

∆hdecomp = xH2 SO4

X
i


xi hi,g,Tevap − hi,l,Tevap , i = H2SO4 , H2O,

Mi
hi,g,Tevap − hH2 SO4 ,g,Tevap , i = SO3 , H2O,
MH2 SO4

(5.18)
(5.19)

and ṁacid is the mass flow of the acid solution.
In the reactor model, window (quartz), steel shields (X6CrNiMoTi17-12-2)
and insulation (alumina silicate, Alistra 1400) are additionally modeled. The
model is split into two submodels, each accounting for the solid and the fluid
phase, respectively. The boundary conditions are depicted in figure 5.19. Dual
cell boundary describes the temperature and heat flux exchanged between the
fluid and the solid phases. The convective heat boundary at the window is described by Nu correlations for vertical flat plates at constant temperature, while
the convective heat transfer at the insulation is described by Nu correlations
for horizontal cylinders [33, 34]. The wavelength-averaged reflectivity of the
gold-covered aperture is assumed to be 0.98 [76].
Mesh and iteration convergence studies are performed to assure the solutions’
independence of the mesh and the iteration progress. To reduce computational
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Figure 5.19: Boundary conditions for the external walls, used in the reactor
model composed of solid domain (left, including vacuum domain between the
window and the foam) and fluid domain (right). (1) solar irradiation inlet, (2)
carrier gas inlet, (3) sulfuric acid inlet, and (4) outlet.
expense, the domain in the reactor model is divided in twelve symmetrical elements. This can only be done when the three acid inlets are combined into one
central acid inlet. The final mesh of the reactor model consists of 80·103 and,
for the foam model, of 180·103 tetrahedral elements. 40·103 iterations are used
for convergence. The minimal discretization for the DO model is determined to
be 3 in the two angular directions.
5.3.2

Comparison to experiment

Temperature measurements from the experimental campaigns performed at the
solar furnace in Cologne are used for comparison with the model. A foam of
90 mm diameter and 40 mm thickness was used. Figure 5.20.a shows a cutting
plane through the middle of the foam (z = 0.02 m), indicating the position of the
thermocouples used for the temperature measurements, T1 –T6. Temperature at
position 7, T7, is measured at the outlet of the reactor. Measured temperatures,
power input and acid solution inflow are shown in figure 5.20.b. The temperature
and power input measurements are averaged over each run (beginning with the
start of the acid solution inflow and ending with the stop of the acid solution
inflow), resulting in a steady state temperature and an averaged power input.
Figure 5.21 compares the measured and the simulated temperature results for
the experimental run, with total acid solution inflow of 2 ml/min (50 wt%
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Figure 5.20: (a) Cutting plane through the middle of the foam, indicating
the location of the thermocouples used for temperature measurements, and (b)
recorded temperatures (left axis), acid solution inflow, and power input (right
axis) of the experimental run at DLR.
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sulfuric acid and 50 wt% water), 0.259 cm3/min carrier gas inflow, and 0.629
kW solar input power. The variations in the experimental data correspond to
the standard deviations of the measured temperatures during the duration of
the experiment.
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Figure 5.21: Comparison of the experimentally obtained and the numerically
determined temperatures at the positions indicated in figure 5.20.
The discrepancies observed between the experimentally measured and numerically calculated temperatures at positions 4 and 6 are associated with an
asymmetric angular distribution of the incident radiation. The difference observed at position 5 is associated with degradation in insulating material and,
consequently, higher heat losses in the experiment.
5.3.3

Reference case

The previously described case will serve as the reference case for the following
parameter study. The temperature distributions in the yz-plane (through the
middle inlet tube, at x = 0) for the two phases are shown in figure 5.22. The
carrier gas flowing in from the front (z = 0.04 m) at 300 K reaches the solid
temperature within less than 5 mm. A small fraction’s temperature of the fluid
phase at the acid solution inlet drops below the evaporation temperature of the
acid, indicating that the acid solution needs a finite amount of time to reach a hot
surface and to be evaporated and decomposed. The temperature distributions
at the reactor’s foam outlet are shown in figure 5.23 for the solid and the fluid
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Figure 5.22: Temperature distribution in the yz-plane (through the middle inlet
tube) for the solid phase (left) and the fluid phase (right).

phases. The lower temperatures at the top of the foam are explained with the
position of the acid solution inlets. The solid temperatures are slightly lower
because of the energy needed for the evaporation and decomposition reactions,
solely delivered by the solid matrix.
The solid-to-fluid volumetric heat transfer is shown in figure 5.24. Three
different lines, parallel to the z-axis (at x = 0), are shown: in the upper part of
the foam (y = 0.023 m), in the middle of the foam (y = 0 m) and in the lower
part of the foam (y = −0.023 m). In the upper part of the foam the line starts at
z = 0.015 m, which corresponds to the position of the acid solution inlet of the
middle tube. At the carrier gas inlet (z = 0.04 m), heat is transferred from the
solid matrix, heated by the solar irradiation, to the fluid. At the acid solution
inlet the solid matrix is rapidly cooled because of the instantaneous evaporation
and decomposition of the acid solution. Heat is transferred from the hot carrier
gas and the hot acid solution to the solid matrix. At the outlet, the solid matrix
and the fluid are nearly at the same temperature, still a small portion of heat
is transferred from the heated fluid phase to the solid phase.
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Figure 5.23: Temperature distribution at the outlet for the solid phase (left)
and for the fluid phase (right).
5.3.4

Optimization

For comparison, two reactor efficiencies are defined. The energetic efficiency,
which is defined as sensible heat, including evaporation, and reaction enthalpy
for the decomposition reaction:
ηen =

ṁacid (Xevap hacid,g,Tout + (1 − Xevap )hacid,l,Tout − hacid,l,Tin )
00
Ain qin
ṁN2 (hN2 ,Tout − hN2 Tin )
,
+
00
Ain qin

(5.20)

where
hacid,g,Tout = xH2 SO4

X
i

Mi
hi,g,Tout + (1 − xH2 SO4 )hH2 O,g,Tout , i = SO3, H2O,
MH2 SO4
(5.21)

and
hacid,l,Tj =

X

xihi,l,Tj , j = in, out; i = H2 SO4 , H2O.

(5.22)

i

The chemical efficiency, defining the energy used solely for evaporation and
decomposition:
ṁacid Xevap (∆hevap + ∆hdecomp )
.
(5.23)
ηchem =
00
Ain qin

5.3. Continuum model

69

(a)
2e+07
1e+07

000
(W/m3 )
qsf

0
-1e+07
-2e+07
y=0m
y = 0.023 m
y = -0.023 m

-3e+07
-4e+07
0

0.01

0.02
0.03
z-position (m)

0.04

(b)
2e+06

000
(W/m3 )
qsf

1.5e+06

1e+06

y=0m
y = 0.023 m
y = -0.023 m

500000

0

-500000
0

0.01

0.02
0.03
z-position (m)

0.04

Figure 5.24: Solid-to-fluid volumetric heat transfer along different lines, parallel
to the z-axis, in the foam (a). A zoom is depicted in (b). The acid solution inlet
of the middle tube is located at y = 0.023 m and z = 0.015 m.
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The chemical conversion is defined as
Xevap =

ṁacid,g
.
ṁacid,in

(5.24)

Area-averaged temperatures on the front side and the back side of the porous
absorber, and volume-averaged temperature within the absorber are also given
for comparison.
Parameter studies focusing on three areas are conducted for process optimization: (i ) operational conditions, (ii ) reactor design, and (iii ) foam morphology.

Operational conditions
Total acid solution inflow is varied between 1 and 12 ml/min. Efficiencies are
depicted in figure 5.25.a and temperatures in figure 5.25.b. Increasing the acid
solution inflow leads to a decrease of the absorber temperature because more
energy is needed for the heating, evaporation and decomposition. For an acid
solution inflow greater than 5 ml/min, the minimum temperature on the outlet
drops below the evaporation temperature of the acid solution and consequently
the chemical conversion is incomplete. Nevertheless, the energetic and the chemical efficiency increases up to an acid solution inflow of 6 ml/min with peak values
of 57% and 32%, respectively.
The solar power input is varied between 75 and 1500 W. In figure 5.26 the
influence of the solar power input on the reactor efficiencies, the chemical conversion and the absorber temperatures are depicted. Although a radiation power
below 300 W leads to incomplete conversion of the acid solution, the energetic
and chemical efficiencies increase. The reactor performance peaks at a solar
power input of 150 W with a maximum energetic and chemical efficiencies of
73% and 45%, respectively. Reducing the input power further prevents evaporation, and the chemical conversion drops to zero. As seen in figure 5.26, the
reduction of the power input decreases the absorber temperature.
For both operational conditions the energetic efficiency peaks at the transition region from complete conversion to partial conversion. At this operating
point, most of the diluted sulfuric acid is evaporated and decomposed. The
excess power is minimal. This leads to a absorber temperature as low as possible without diminishing the chemical conversion to a too great extent. Lower
temperatures reduce the re-radiation losses and therefore increase the reactor
performance.
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Figure 5.25: Energy and chemical efficiency, and evaporation conversion as a
function of total acid solution inflow (a), and inlet, interior and outlet temperature as a function of total acid solution inflow (b).
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Figure 5.26: Energy and chemical efficiency, and evaporation conversion as a
function of solar input power (a), and inlet, interior and outlet temperature as
function of solar input power (b).
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Reactor design
The length of the porous absorber and the diameter of the central acid solution
inlet are varied in order to investigate on the influence of reactor design decisions.
The length is varied between 4 and 6.5 cm. Minor changes in efficiencies and
conversion are observed when increasing the absorber length. The energetic
and chemical efficiencies stay constant at 21% and 11%, respectively, and full
evaporation conversion is achieved. Increasing the absorber length leads to
an increase in the front side temperature of the absorber by 50 K due to the
limitations in the heat conduction through the foam.
The diameter of the tube through which the acid solution flows into the reactor is varied between 14 and 24 mm. Its influence on efficiencies, conversion and
temperature is minimal. The energetic and chemical efficiencies stay constant
at 21% and 11%, respectively, and full evaporation conversion is achieved. For
both small and large diameters, the average absorber temperature increases by
20 K. Increasing the inlet diameter reduces the inlet velocity and, therefore,
decreases the Nu number. On the other hand, decreased inlet diameter reduces
the area of instantaneous evaporation, leading to larger local heat sinks.
In conclusion, the influence of the reactor design on performance is small
compared to the influence of the operational conditions.
Foam design
Nominal pore diameter and porosity are varied in order to investigate on the
influence of the foam morphology on reactor performance. Porosity is varied
between 0.5 and 0.95, and the nominal pore diameter between 1 and 10 mm.
Again, the influence is minimal compared to the influence of the operational
conditions.
Changing the nominal pore diameter while assuming that there are no significant changes in pore size distribution (morphology) and porosity, has several
effects on the transport properties of the foam. Increasing the pore size decreases
the absorption of the foam, allowing the radiation to penetrate deeper into the
foam, heating the foam more uniformly and reducing the re-radiation losses.
Decreasing the pore size decreases permeability, and consequently increases the
pressure drop in the foam, and increases Dupuit-Forchheimer coefficient. This
leads to an increase in residence time and tortuosity which allows heating up the
fluid to higher temperatures. Increasing pore size leads to higher Nu numbers,
allowing for a more efficient convective heat transfer. Nevertheless, these two
processes are not dominant. Changes in pore size (at constant porosity and
unchanged morphology) do not affect the effective conductivity of the foam.
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The absorber pore size has only a minor influence on the reactor efficiency and
the temperature distribution in the absorber foam. The energetic and chemical
efficiencies stay constant at 21% and 11%, respectively, and full evaporation
conversion is achieved. As seen in figure 5.27.a, increasing the pore size from
1 mm to 10 mm leads to a temperature decrease of only 1%.
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Figure 5.27: Inlet, interior and outlet temperature as a function of nominal
diameter of the foam (b), and as a function of foam’s porosity (b).
In figure 5.27.b, the temperature of the absorber for different porosities is
shown. A decrease of the porosity leads to a more uniform temperature distribution in the absorber. This is due to the fact that reduction of the porosity
improves the thermal conductivity of the absorber and hence a more equally
heating of the porous absorber is achieved.

5.4

Conclusions

The effective heat and mass transfer properties of a 20 ppi non-hollow RPC
foam made of SiSiC, whose exact 3D geometry was determined by CT, has been
numerically computed. Computed porosity was 0.91 and compared well to the
experimentally measured value of 0.90 ± 0.02. Computed specific surface was
1367 m−1 and increased by 20% when increasing the scan resolution by factor 2
as smaller surface irregularities were resolved. Computed pore size distribution
showed a sharp peak of approximately 0.5dnom and a mean diameter of 1.3dnom.
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REV determined by porosity, extinction coefficient, and conductivity calculations on subsequently growing volumes was 87.8 mm3. Radiative properties
were determined from the extinction length and cosine of incidence distributions by applying the collision-based MC method. The computed extinction
coefficient of 431 m−1 agreed quantitatively to the experimentally measured
estimated by measuring the transmitted radiative flux with a spectroscopy system. Computed scattering functions showed a large backward scattering peak
for diffusely reflecting surfaces and isotropic scattering behavior for specularly
reflecting surfaces. The scattering coefficient was a function of the surface reflectivity and determined to be 63 m−1. The effective conductivity was calculated
by solving the heat conduction equation within both phases by FV and fitted
to a combination of parallel and serial slab models. For kf /ks < 10−4, ke remained constant and approximately 0.022ks. The heat transfer coefficient was
calculated by solving the continuity, momentum, and energy governing equations within the fluid phase by FV. A Re and Pr dependent Nu correlation of
the form Nu = 6.820 + 0.198Re0.788Pr0.606 was fitted (RMS = 0.817). This correlation was strongly dependent on morphology. Computed permeability and
Dupuit-Forchheimer coefficient, determined based on the pressure and velocity
distribution within the fluid, were K = 5.67 · 10−8 m2 and FDF = 519.0 m−1,
compared well to the values found by applying different models available in the
literature. Tortuosity distribution calculations resulted in a mean tortuosity of
1.07. Obviously, the mean residence time decreased with increasing Re. Neglecting molecular dispersion, a Re dependent function of the dispersion tensor
was obtained by comparing the calculated spatial displacement distribution of
streamlines within the foam to a Gaussian distribution.
The CT-based methodology was able to accurately account for the morphology of complex porous media, and, when coupled to Monte Carlo and CFD
numerical techniques, provided pore-level solutions of the energy and fluid flow
governing equations. The limits of applicability of non-combined conductionconvection-radiation computations remain to be determined.
The effective transport properties were then used in the continuum-scale heat
and mass transfer model, which, in turn, was used for the design and optimization of the solar evaporation/decomposition reactor. The continuum model was
compared with experimental temperature measurements conducted obtained at
the solar furnace of DLR at Cologne. Good agreement was observed. In a
subsequent parameter study, operational conditions, reactor design and foam
morphology were varied and their influence on reactor efficiencies, evaporation
conversion, and temperatures was investigated.
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What influenced the reactor performance the most was varying the total acid
solution mass flow rate and the solar power. In order to achieve an optimum
energetic efficiency, the interaction and coordination between these two operational conditions were essential. The energetic and chemical efficiencies peaked
for both operational conditions at evaporation conversion between 1 and 0.9.
This was the transition region from complete conversion to partial conversion,
which indicates that a complete conversion was not necessarily the aim to improve the reactor performance with regard to the efficiencies. With a solar power
input of 650 W, a diluted sulfuric acid inflow of 6 ml/min was required to reach
the optimum of energetic and chemical efficiencies (57% and 32%, respectively).
For an acid solution inflow of 2 ml/min, the reactor efficiency peaked at a solar
power input of 150 W with maximum energetic and chemical efficiencies of 73%
and 45%, respectively. The influence of the absorber porosity and the pore size
diameter on the reactor efficiencies was minor. Reduced porosity led to a more
uniform temperature distribution within the absorber.
In a further approach the continuum model developed for the solar evaporator/decomposer reactor can be extended to a three-phase model to accurately
account for the evaporation process. This allows for an in-depth understanding
of the evaporation process in the porous media and for further optimization of
the reactor.

Chapter 6
Anisotropic ceramic foams1
In this chapter an anisotropic ceramic foam made of ceria is analyzed for its effective heat and mass transfer properties. It is considered as radiation absorber,
reactant and reaction site for a two-step thermochemical cycle for splitting of
H2 O and/or CO2 via redox reactions. Highly concentrated solar energy is used
to drive the reaction.
High-resolution X-ray tomography is employed to obtain its exact 3D geometrical configuration, which in turn is used in discrete-scale numerical calculations
for determining the morphological and directional effective heat/mass transport
properties, namely: porosity, specific surface area, pore size distribution, extinction coefficient, thermal conductivity, convective heat transfer coefficient,
permeability, Dupuit-Forchheimer coefficient, and tortuosity and residence time
distributions.
Few tailored foam designs for enhanced transport properties were examined
by means of adjusting morphologies with artificial ceria samples composed of
bimodal distributed overlapping transparent spheres in an opaque medium.
CT-based approaches have been used for the determination of the fibre orientation [217] and anisotropic permeability [45] in fibrous materials, the extinction
coefficient and scattering phase function in an anisotropic ceramic foam [235],
permeability [166], diffusivity [144] and tortuosity [143] in anisotropic rock samples.

Material from this chapter has been published in: S. Haussener, and A. Steinfeld. Effective
heat and mass transport properties of anisotropic porous ceria for solar thermochemical fuel
generation. In Proceedings of 2010 AIChE Annual Meeting, Salt Lake City, 2010. [82]
1

78

6.1

Chapter 6. Anisotropic ceramic foams

Metal oxide/metal cycles with the non-stoichiometric
CeO2/Ce redox pair

In the non-stoichometric CeO2 /Ce-based (generally described by CeO2−δ /Ce2−δ−x)
water-splitting cycles for the production of hydrogen, CeO2−δ is partially reduced
in the endothermic high-temperature step at temperatures around 1800 K
x
CeO2−δ = CeO2−δ−x + O2 .
(6.1)
2
In the exothermic oxidation step the CeO2−δ−x is partially oxidized with steam
(or CO2 ) to produce H2 and CeO2−δ at approximately 1100 K,
CeO2−δ−x + xH2O = CeO2−δ + xH2 .

(6.2)

CeO2−δ is re-used in the high-temperature reduction reaction. The net reaction
is splitting of water. CeO2−δ /Ce2−δ−x-based thermochemical cycles allow the
production of H2 over an oxygen non-stoichiometric change within the framework of a fixed crystal structure eliminating the losses due to partial product gas
recombination and consequently the need for energy and resource intense gas
quenching. Since melting (Tmelt,CeO2−δ ≈ 2800 K) and sintering do not occur during reactions (6.1) and (6.2), full accessibility of the reaction sites is guaranteed.
Additionally, it shows rapid fuel production kinetics and high selectivity [31].
Alternatively, this process allows for the production of syngas if a combination
of H2 O and CO2 is used as the oxidant in reaction (6.2). In the presence of a
base-metal catalyst, simultaneous production of methane can be achieved [32].
Water splitting by the use of ceria-based materials has been investigated recently. Solid solutions of metal oxides (MnO, NiO, CuO, Fe2 O3 , ZrO2) and CeO2
are used for solar driven thermochemical water splitting with enhanced redox
reactions reported compared to pure ceria-based cycles [97, 137, 2]. Feasibility
of solar ceria-based system used for water splitting is shown in [1, 50].
Solar reactor design proposed for the CeO2−δ /Ce2−δ−x-based water splitting
reaction is a cavity-type receiver as shown in figure 6.1, allowing for the reduction and oxidation step in the same reactor. Solar radiation enters through
a quartz window and is further concentrated by a compound parabolic concentrator (CPC). A ring of porous ceria bricks or felt absorbs the radiation,
enhances the distribution of the gasifying agent, and serves as reactant and reaction site [50]. To ensure efficient heat and mass transport to and from the
surface reaction sites and thereby maximize the kinetics of these reactions, it is
necessary to utilize the ceria in porous form. The inert carrier gas or the H2 O
and/or CO2 flows enter the reactor at four inlets from the side. The product
gas leave the reactor at the bottom.
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Figure 6.1: Schematic of the porous ceria-based water-splitting reactor [50].

6.2
6.2.1

Real samples
Computed tomography

Three types of porous ceria, each of approximately 65% porosity and prepared
using graphite (Alfa Aesar 40769 and 10129, dm ≈ 100 and 10 µm, respectively)
as a sacrificial pore-former, were used for evaluation. Sample no. 1 is prepared
by the biggest fraction of larger graphite particles (volumetric 3:1), sample no.
2 by the second biggest (volumetric 1:1) and sample no. 3 by the smallest fraction (volumetric 1:3) of the larger graphite particles. The inherent morphological
anisotropy of graphite particles and uniaxial pressing creates porous ceria with
structural anisotropy. Effective properties of the anisotropic sample are calculated along the three principal directions of the sample: the direction of uniaxial
pressing (z-direction) and the two orthogonal directions (x- and y-direction).
HRCT is obtained through synchrotron radiation of the TOMCAT beamline
of SLS at PSI [205, 197] with the following operating conditions: 36 keV photon
energy, 400 µA beam current, 100 µm Al and 10 µm Fe and 40 µm Cu filter, 2.1 s
exposure time, and 1500 projections. The data’s voxel size is 0.37 µm, and FOV
investigated is 0.76 x 0.76 x 0.76 mm3. A CT scan and a 3D rendered picture of
sample no. 2 are shown in figure 6.2. The discrete absorption values obtained by
HRCT are linearly interpolated in 3D to obtain a continuous representation of
the phase boundary. The tomographic data is segmented via the mode method.

80

(a)
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(b)

Figure 6.2: CT scan (a) and 3D rendering (b) of the porous ceria foam with
edge length of 376 µm.

6.2.2

Morphological characterization

Calculated sample porosities and specific surface areas, based on two-point correlation functions, are given in table 6.1. The underestimation of the calculated
porosities compared to the experimentally determined porosities, obtained by
weight measurements, is due to the limited resolution of the tomography data.
The pore-size distribution based on openings with spherical structuring elements is shown in figure 6.3.a. As expected, sample no. 1 shows the biggest
fraction of the largest pores. Calculated mean, mode, and median diameter of
the obtained pore-size distributions are given in table 6.1.
lREV is determined based on porosity calculations on subsequently growing
volumes. The calculated porosity as a function of lREV for 20 randomly chosen
locations in the sample is shown in figure 6.3.b. lREV for the three samples
investigated are 0.11 mm, 0.10 mm, and 0.06 mm, respectively, assuming a
porosity band of ±0.06 to be sufficient. For the following calculations, the
minimum sample size is given by REV.
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Figure 6.3: Opening pore-size distribution of the three ceria samples (a) and
porosity calculated for sample no. 3 in 20 subsequently growing volumes (b).
The dotted horizontal line in (b) indicates ε2num to which the values converge.
6.2.3

Heat transfer characterization

Radiation
The solid volume of the ceria foam is assumed to be opaque, while the void
volume is assumed to be transparent (σs,d = κd = 0), as the gas absorption coefficients of the reacting gases are orders of magnitude smaller than the absorption
of radiation at the solid-fluid boundary. For example, the Planck mean absorption coefficient of CO at 1000 K and 1 atm is 2.1 m−1, calculated based on the
HITRAN2004 database [180]. The governing equations and the methodology to
determine the radiative properties of a two-phase media composed of an opaque
and a transparent phase are given in chapters 2 and 3. A sample of 0.37 x 0.37
x 0.37 mm3, corresponding to 1000 x 1000 x 1000 voxels, is investigated and
Nray = 6 · 106.
The extinction coefficients along the x-, y-, and z-directions are listed in
table 6.2. These values are consistent with the correlation by Hendricks [85]. As
expected for small pore dimensions, the porous ceria foam behaves as a nearly
opaque medium. Due to uniaxial pressing, the pores in x- and y-directions are
elongated, while the pores in z-direction are squeezed and, consequently, lead to
shorter extinction path lengths and larger extinction coefficients. In addition,
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Table 6.1: Numerically and experimentally determined porosity, numerically
determined specific surface, mean, mode, median and hydraulic diameter of the
three porous ceria samples.
Sample no.
εnum
εex
A0 (mm−1)
dm (µm)
dmode (µm)
dmedian (µm)
dh (µm)

1
2
3
0.51
0.56
0.55
0.65 ± 0.01 0.65 ± 0.01 0.65 ± 0.01
672
706
675
13.7
11.9
20
13.3
11.8
8.9
13.1
11.5
9.7
3.0
3.2
3.3

Table 6.2: Numerically determined extinction coefficients of the three porous
ceria samples in the three principal directions.
Sample no.
β (m−1), x-direction
β (m−1), y-direction
β (m−1), z-direction

1
30003 ± 8282
31757 ± 7067
69018 ± 14735

2
3
38143 ± 6277 45173 ± 4665
35042 ± 4546 46277 ± 6485
65665 ± 9809 74835 ± 15022

the increasing fraction of smaller pores from sample no. 1 to no. 3 leads to
increased extinction. This trend is less pronounced in the z-direction because
circumferentially squeezing of an oblate by factor 2 leads to its elongation by
factor 4. Note that the uniaxial pressing is not identical for the three samples,
resulting in different grades of anisotropy.
Conduction
The governing equations and methodology to determine the effective heat conductivity in a connected porous foam are described in chapters 2 and 3. A
sample of 0.37 x 0.37 x 0.37 mm3, corresponding to 1000 x 1000 x 1000 voxels,
is investigated. Grid convergence is achieved with a mesh element size of 21.5
µm. Calculated effective thermal conductivity normalized by the solid conductivity as a function of fluid to solid conductivity, kf /ks , is shown in figure 6.4.
Also included in the graph are the maximum and minimum conductivities possible in a regular ordered two-phase media, described by serial and parallel
slab models [99], with ε = 0.51. As can be expected, the conductivity of the
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foam lies within these boundaries.
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Figure 6.4: Effective normalized conductivity of the three samples as functions
of kf /ks in the three directions and for parallel and serial slab models at ε = 0.51.
As the fluid conductivity decreases, the influence of the sample morphology
becomes more pronounced while conduction in the fluid is less important. Due
to the uniaxial pressing, the structures in the x- and y-directions are aligned
more parallel to the heat flux and exhibit enhanced conductivities compared to
that in the z-direction. kf /ks lies nearer to the conductivities predicted by the
parallel slab model. Again, samples no. 2 and no. 3 show a less pronounced
anisotropy compared to sample no. 1. An analytical description of the effective
thermal conductivity as a function of kf /ks is derived by fitting the numerically
determined results to a model described by a summation of serial and parallel
slab models,


kf
ke
kf
ks

+ (1 − a1 ) ε + 1 − ε .
= a1 
(6.3)
kf
kf
ks
k
s
ε 1 − ks + ks
The fitted parameter a1 is given in table 6.3 for three samples and in the three
directions. The RMS of the fitting was less than 0.165.
Convection
The governing equations and methodology to determine the heat transfer coefficient are described in chapter 2 and 3. A sample of 0.33 x 0.33 x 0.17 mm3,
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Table 6.3: Fitting parameter a1 of eq. 6.3.
Sample no.
1
2
3
a1 , x-direction 0.427 0.443 0.506
a1 , y-direction 0.354 0.482 0.512
a1 , z-direction 0.751 0.740 0.705

corresponding to 900 x 900 x 450 voxels, is investigated. Convergence of the
numerical calculations is achieved for a terminal residual RMS of the iterative
solution below 10−5 and for a maximal mesh element length of 3 µm. The
resulting meshes have tetrahedral element numbers between 50 and 150·106.
Calculated Nu as a function of Re (based on d = 10 µm) in the range 0.1 and
100, and for Pr = 0.1 and 1, are shown in figure 6.5 in the three directions. They
are fitted to a correlation of the form given by eq. (3.23), with the constants a1
to a4 given in table 6.4. The RMS of the fitting was less than 0.6. The heat
transfer coefficient increases along the z-direction because of the more tortuous
path for fluid flow, increasing the accessible surface area for fluid-solid heat
exchange. This trend is most pronounced for sample no. 1. Values for Nu lay
above those experimentally measured for ceramic foams [234], but within the
range of those for packed beds [222], see eq. (7.20).
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Figure 6.5: Nu number as a function of Re and Pr numbers (points) and fit
(lines) for sample no. 1 in the three directions.
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Table 6.4: Nu correlations for the three porous ceria samples in the three principal directions.
Sample no. 1
Nu, x-dir. 0.38+0.35Re0.75Pr0.64
Nu, y-dir. 0.37+0.41Re0.68Pr0.58
Nu, z-dir. 1.96+0.60Re0.80Pr0.52
6.2.4

2
1.09+0.50Re0.69P0.56
0.75+0.53Re0.68Pr0.59
1.28+0.65Re0.75Pr0.57

3
0.82+0.64Re0.66Pr0.51
0.81+0.68Re0.65Pr0.47
0.97+0.97Re0.67Pr0.51

Mass transfer characterization

Permeability and Dupuit-Forchheimer coefficient
CFD at the pore level in the laminar fluid phase is applied to determine K
and FDF , as described in chapters 2 and 3. Πpg for sample no. 1 is shown in
figure 6.6.a as a function of Re (based on d = 10 µm) for the three directions. The
Dupuit-Forchheimer term comes into play at Re > 0.5. Calculated K and FDP
are given in table 6.5 in the three directions. Channels in the x- and y-directions
that evolved during the uniaxial pressing lead to smaller pressure gradients and,
consequently, higher permeabilities. The Dupuit-Forchheimer term decreases as
well, since less inertia forces apply to fluid particles flowing through the foam
in the x- and y-directions in a less disturbed manner. This trend is again most
pronounced for sample no. 1. K versus FDP is shown in figure 6.6.b for the
three samples and in the three directions. Comparison of the calculated K
with estimates by the capillary model (K = 2.03·10−12 m2, see eq. (7.25)) [99],
hydraulic radius model (K = 1.25·10−12 m2, see eq. (7.26)) [99], and fibrous bed
model (K = 0.86·10−14 m2, see eq. (7.27)) [111], and of the calculated FDP with
estimates by extended Ergun equation (FDP = 22.9104 m−1, see eq. (7.31)) [123],
for ε = 0.65 and d = 10 µm, show reasonable agreement, given the differences
in morphology.
Tortuosity and residence time distributions
Tortuosity and residence time distributions, calculated for sample no. 1 and
lsample = 0.17 mm, are shown in figure 6.7. Tortuosities in the x- and y-directions
are smaller and show narrower peaks than the one in the z-direction, as the fluid
is able to pass through the foam along the channels formed during the uniaxial
pressing. Tortuosity along the z-direction decreases as Re increases because
of the evolution of vortices in partially connected pores. The vortices block
them and force the fluid to flow though more direct paths. Residence time
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Figure 6.6: Normalized pressure drop as a function of Re number for the three
directions in sample no. 1 (a), and calculated K versus FDP for the three samples
and in the three directions (b).
distributions in the z-direction show a sharper peak than that in the two other
directions, especially at large Re. At small Re, the distribution shows a tail
due to fluid particles temporarily trapped in partially connected pores or death
ends. Calculated mean tortuosities and residence times are given in table 6.6
for Re = 1.

6.3

Tailored foam design

Artificially generated samples with morphologies composed of bimodal distributed
overlapping transparent sphere (BDOTS) in an opaque ceria matrix will be
examined for enhanced transport properties in this section. The porosity of
BDOTS is calculated by



4π  3
εBDOTS = 1 − exp − n ξr1 + (1 − ξ)r23 ,
(6.4)
3

where n represents the number density of pores, ξ represents the number fraction
of larger pores, and 1 − ξ the number fraction of smaller pores. ri represents the
mean radius of the pores. A 2D slice through the samples is shown in figure 6.8.
Nu, K, and FDP are calculated for samples made of ξ = 1, εBDOTS = 0.6
and 0.8, and r1 = 50 µm. Figure 6.9.a shows the normalized pressure gradient
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Table 6.5: Calculated permeability and Dupuit-Forchheimer coefficient for the
three samples in the three principal directions.
Sample no.
K (m2), x-direction
K (m2), y-direction
K (m2), z-direction
FDP (m−1), x-direction
FDP (m−1), y-direction
FDP (m−1), z-direction

1
6.04·10−12
7.97·10−12
7.43·10−13
18.4·104
12.4·104
278.9·104

2
3.54·10−12
3.80·10−12
1.27·10−12
16.8·104
17.5·104
93.5·104

3
2.92·10−12
3.03·10−12
1.21·10−12
19.4·104
19.3·104
74.9·104
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Figure 6.7: Tortuosity (a) and residence time (b) distributions for Re = 0.1 to
100 and for the three directions.
over the porous sample. The resulting K and FDF are given in table 6.7. K
increases considerably (by more than an order of magnitude) when the sample
porosity is increased, which is consistent with the hydraulic radius and fibrous
bed models [99, 111]. Note that the capillary model, which only linearly relates
K and ε, underestimates this dependence. In contrast, FDF decreases with
increasing porosity, which is a result of less tortuous paths for fluid flow across
the sample, reducing the inertia-induced forces. This is consistent with FDF
being proportional to (1 − ε)/ε3 as predicted in [123].
Nu numbers are shown in figure 6.9.b. For low Re numbers (Re < 20 for Pr
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Table 6.6: Nu correlations for the three porous ceria samples in the three principal directions.
Direction
x
y
z

τm
1.24
1.20
1.61

(a)

τmode
1.20
1.20
1.80

τmedian
1.22
1.19
1.59

tm (s)
0.0026
0.0028
0.0018

tmode (s)
0.0006
0.0007
0.0009

tmedian (s)
0.0018
0.0020
0.0011

(b)

Figure 6.8: 2D slice trough the artificial BDOTS samples with ξ = 1, r1 = 50
µm, εBDOTS = 0.6 (a) and 0.8 (b). Edge length is 540 µm.
= 0.1, and Re < 3 for Pr = 1), heat transfer is favored for samples with high
porosity. The opposite is true for high Re numbers, because vortices evolve in
partially open pores (cavities) and obstruct the passage of fluid flow.

6.4

Conclusions

Ceramic foams of ceria, used in redox reactions for the solar thermochemical
splitting of H2O and CO2, were analyzed for their morphological characteristics and their effective transport properties. The samples were produced by a
sacrificial pore-former process, using graphite particles with diameters in two
different size ranges. The anisotropy of the primary particles and the uniaxial
pressing during preparation result in structural anisotropy.
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Figure 6.9: Normalized pressure gradient as a function of Re (a), and Nu numbers as a function of Re for Pr = 0.1 and 1 (b), for the artificially generated
porous sample (ξ = 1 and εBDOTS = 0.6 and 0.8).
Table 6.7: Permeability, Dupuit-Forchheimer coefficient, and Nu correlation for
the artificial porous sample with ξ = 1, and εBDOTS = 0.6 and 0.8.
εBDOTS K (m2)
FDF (m−1) Nu
0.6
6.62·10−11 219143
3.03+0.55Re0.71Pr0.54
0.8
2.13·10−10 23315
3.59+0.28Re0.76Pr0.55
The ceramic foam’s exact 3D micro-geometries were obtained by high-resolution
tomography and were incorporated in direct pore-level numerical simulations to
determine anisotropic effective heat transfer properties, i.e. extinction coefficients, thermal conductivities, and heat transfer coefficients as well as mass
transfer properties, i.e. permeabilities, Dupuit-Forchheimer coefficients, tortuosity and residence time distributions, along the principal directions. Due to
uniaxial pressing (z-direction), channels evolved along the x- and y-directions,
which resulted in increased radiative extinction along the z-direction. The thermal conductivity along the x- and y-directions was adequately described by the
parallel slab model. Convective heat exchange along the z-direction was enhanced, which can be explained with larger tortuosity. Calculated Nu values
were within those predicted for packed beds. Permeability was higher, while the
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Dupuit-Forchheimer coefficient was lower in the z-direction compared to those
in the other directions, and showed reasonable agreement with those calculated
by capillary, hydraulic radius, fibrous bed and extended Ergun equation models.
Artificial porous ceria samples composed of BDOTS in an opaque medium
were examined for enhanced transport properties. Permeability increased while
Dupuit-Forchheimer coefficient decreased with increasing porosity. For large Re
numbers, lower porosity resulted in enhanced convective heat transfer, while the
opposite was true for high Re numbers because of evolving vortices in partially
open pores and obstructing the passage of fluid flow.
The calculated effective properties can be incorporated volume-averaged models for accurate modeling and subsequent optimization of the solar reactor configuration [60]. The preliminary study on tailored foam design adjusted to the
specific process needs can be extended and allows for foam engineering and
consequently enhanced process performance.

Chapter 7
Reacting packed bed of carbonaceous
material1,2
In this chapter, a reacting packed bed undergoing a high-temperature solid-gas
thermochemical transformation is characterized for morphological and effective
transport properties. The model reaction investigated is the solar gasification
of carbonaceous material to syngas in a packed-bed reactor, which is introduced
in the first part of this chapter. An analysis on using carbonaceous feedstock
in different processes for the production of electricity is conducted to compare
the energy efficiency and emission mitigation potential of the different processes
involved.
CT is employed to obtain the exact 3D digital geometrical representation of
the packed bed composed of complex, porous, and nonspherical particles, the
morphology of which varies with time and process parameters (e.g., temperature,
gasifying agent, partial pressure, and feedstock size) as the reaction progresses.
This stands in contrast to previously investigated inert reticulate porous ceramic
and anisotropic ceramic foams. Additionally, a packed bed is classified as a nonconsolidated porous material, where contact resistance influences the effective
transport properties. The morphological and effective heat and mass transfer
properties are determined based on the CT data in the second part of this
chapter. Experimental validation of the calculated morphological and effective
radiative properties are reported.
Exemplary processes investigated by dynamic (unsteady) CT-based methodology are cement hydration [84], drying in granular media [107], bone ingrowth
Material from this chapter has been published in: S. Haussener, W. Lipiński, P. Wyss, and A.
Steinfeld. Tomography-based analysis of radiative transfer in reacting packed beds undergoing
a solid-gas thermochemical transformation. Journal of Heat Transfer, 132: 061201, 2010. [81]
2
Material from this chapter has been submitted for publication: S. Haussener, I. Jerjen, P.
Wyss, and A. Steinfeld. Tomography-based determination of effective transport properties for
reacting porous media. Journal of Heat Transfer, submitted, 2010. [79]
1
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into tissue-engineered scaffold materials [94], snow metamorphism under alternating temperature gradients [167], and foam growth [139].
The obtained effective properties can then be applied for the accurate derivation of the reaction kinetics and for the design and optimization of a packed-bed
solar reactor [163].

7.1

Production of syngas by gasification of carbonaceous
material

Gasification of carbonaceous feedstock is an chemical process occurring via pyrolysis, the thermal decomposition and devolatilization of the feedstock, and
subsequent heterogeneous solid-gas reaction of the pyrolysis residue (char) with
reactive gases (usually H2 O and/or CO2). The desired product is syngas. A wide
variety of carbonaceous feedstock (generally described by CHx Oy Sz Nu) such as
coal, biomass, agricultural, municipal and industrial waste, can be used. The
process allows converting low-value or waste products to higher value products.
If solid waste material, normally disposed by land filling, is used as feedstock,
the required sites for waste disposal can be reduced.
Some of the most important factors of the syngas quality are feedstock composition, preparation and particle size, residence time, reactor heating rate, and
reactor type (feed system, feedstock-reactant flow geometry, heat generation and
transfer mode, and syngas clean-up system).
Steam and dry (CO2) gasification of carbonaceous material can be described
by the simplified net reactions:
1
1
CHx Oy Sz Nu + (1 − y)H2O = (x + 2(1 − y) − 2z)H2 + CO + zH2S + uN2 , (7.1)
2
2
1
1
CHx Oy Sz Nu + (1 − y)CO2 = (x − 2z)H2 + (2 − y)CO + zH2 S + uN2 . (7.2)
2
2
In reality, several concurrent reactions take place, especially in the low temperature region [173]. Combinations of steam and dry gasification are possible and
allow for the production of the desired syngas quality.
The model feedstock used are waste tire shreds, which are nowadays mostly
disposed by land filling. Worldwide 6·106 t/y (EU: 1.5·106 t/y, Switzerland:
0.05·106 t/y) of waste tire have to be disposed. Generally, waste disposal (which
is achieved by land filling up to 60% today) could be avoided or at least reduced
by waste-to-energy solutions, such as gasification [4].
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The equilibrium composition, calculated with Gibbs’ free enthalpy minimization [154], for the stoichiometric systems of steam and dry gasification of waste
tire shreds (x = 1.035, y = 0.029, z = 0.004, u = 0.008) at 0.1, 1 and 10 bar is
shown in figure 7.1. Species with fractions below 1% are not shown. Higher pres(b)
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Figure 7.1: Equilibrium composition of stoichiometric steam gasification (a) and
dry gasification (b) for 0.1 bar (dash-dotted line), 1 bar (solid line), and 10 bar
(dotted line).
sure shifts the equilibrium position to the left, due to Le Chatelier’s principle,
which states that higher pressure changes the position of the equilibrium in such
a way that the pressure change is counteracted. The steam gasification at 1 bar
goes to completion at 1300 K while the CO2 gasification needs 1500 K. Lower
pressures lower the needed reaction temperature considerably (e.g., steam gasification at 0.1 bar needs 1100 K for completion). Over- and understoichiometric
equilibrium compositions of reactions (7.1) and (7.2) are shown in figure 7.2.
Understoichiometric reactions leads to unreacted carbon while overstoichiometric reaction leads to excess of the gasifying agent and increased production of
CO2.
Steam and dry gasification of waste tire shreds (LHVwts ≈ 38 MJ/kg) to
syngas has the potential to increase the low heating value (LHV) by 23 and
20%, respectively.
An energy analysis is carried out in order to examine the performance of
waste tire shreds used as fuel for the production of electricity. Five different
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Figure 7.2: Equilibrium composition at 1 bar of steam (a,c) and dry (b,d)
gasification for understoichiometric (stoichiometry factor = 0.5) (a,b) and overstoichiometric (stoichiometry factor = 2) (c,d) reactions.
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systems are investigated:
 Tires are used to fuel a Rankine cycle (RC)
 Tires are solar gasified and the syngas is used to fuel a combined Brayton-

Rankine cycle (SG+CC)
 Tires are solar gasified, the syngas is processed to hydrogen by water-gas

sift reaction and used to fuel a H2 /O2 fuel cell (SG+WGS+FC)
 Tires are solar gasified, the syngas is used in a high-temperature solid-oxide

fuel cell, its waste heat is used to drive a Rankine cycle (SG+FC+RC)
 Tire shreds are autothermally gasified and the syngas is used to fuel a

combined Brayton-Rankine cycle (AG+CC)
Waste tire shreds feedstock (fs) is compared to using anthracite as feedstock.
The analysis follows partially the analysis described in [221]. The baseline parameters and assumptions for the five systems are: feedstock mass flow of 1
g/s desulfurized and cleaned carbonaceous material, ambient pressure, Rankine
cycle with 35% efficiency, solar reactor of black-body type at 1350 K and radiation input of 2000 kW/m2 at its aperture, combined cycle with 55% efficiency,
water-gas shift reaction processes exothermally at 700 K, separator based on
pressure swing adsorption with recovery rate of 90% and its energy expenditure
is taken from the energy produced by the fuel cell, H2/O2 fuel cell with 65%
efficiency, solid-oxide fuel cell with 65% efficiency processes at 1300 K, and ideal
autothermal gasification (gasification reaction enthalpy matches partial oxidation reaction enthalpy). The system efficiency,
η=

Ẇ
,
qsol + ṁfs LHVfs

(7.3)

eo =

Ẇ
,
ṁfs

(7.4)

egf =

Ẇ
,
ẆRC

(7.5)

(MC + 2MO)ṅCO2
,
Ẇ

(7.6)

specfic electric output,

electric gain factor,

and the specific CO2 emissions,
em =
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Table 7.1: Efficiency, specific electrical output, electrical gain factor, and the
specific CO2 emissions of the five different electricity generation routes using
tire waste shreds or anthracite as feedstock and H2 O or CO2 as gasifying agent.
η em (kgCO2 /kWh) egf eo (kWh/kgfs)
tire
0.35
0.885
1
3.68
RC
anthracite 0.35
0.985
1
3.47
H2O gasification
tire
0.44
0.448
1.98
7.28
SG+CC
anthracite 0.44
0.506
1.95
6.76
tire
0.53
0.384
2.32
8.48
SG+WGS+FC
anthracite 0.51
0.438
2.27
7.80
tire
0.64
0.314
2.82
10.37
SG+FC+RC
anthracite 0.63
0.355
2.77
9.61
tire
0.45
0.689
1.28
4.73
AG+CC
anthracite 0.44
0.778
1.27
4.39
CO2 gasification
tire
0.47
0.832
2.10
7.73
SG+CC
anthracite 0.48
0.932
2.08
7.23
tire
0.52
0.761
2.32
8.44
SG+WGS+FC
anthracite 0.51
0.868
2.27
7.76
tire
0.67
0.592
2.95
9.38
SG+FC+RC
anthracite 0.66
0.665
1.91
8.77
tire
0.48
0.649
1.36
5.02
AG+CC
anthracite 0.47
0.727
1.35
4.70
for the five systems are given in table 7.1. Gasifying agents analysed are H2 O
or CO2.
Systems which use solar energy to pre-process the products result in system
efficiencies above 0.44. This is considerably larger than in the conventional RC
with an efficiency of 0.35. The egf nearly doubles for the solar routes and the
specific CO2 emissions are reduced by more than a factor two. Autothermal
gasification only allows for an egf of approximately 1.3 and somewhat lower reduction in CO2 compared to the solar routes. Waste tire shreds and anthracite
perform equally well. Quenching of the product gases at different steps in the
five systems investigated allows for heat recovery and increases the system per-
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formance.
Three directly or indirectly irradiated reactor concepts for the solar gasification of carbonaceous material have been proposed: packed-bed reactors [68, 69,
163], fluidized-bed reactors [92, 142, 55, 105, 220, 104], and particle-flow/aerosol
reactors [238, 134, 114]. Fluidized-bed and particle-flow/aerosol reactors exhibit
enhanced heat and mass transfer properties and consequently higher efficiencies.
Packed-bed reactor on the other side convince by their relatively high-contacting
area, and by their simple design and operation. The indirectly irradiated solar
reactor used for coal gasification in [163] is shown in figure 7.3. The carbonaceous
material builds a packed bed in the reaction chamber. It absorbs the radiation
from the emitting plate of the upper chamber and serves as reactant and reaction side for the gasification reaction.

Figure 7.3: Indirectly irradiated solar reactor used for coal gasification [163],
hosting a packed bed of carbonaceous material in the reaction chamber.

7.2

Experimental campaign for sample production3

A packed bed of tire shreds is selected as the model reactor. The gasification of
this waste carbonaceous material into high-quality synthesis gas is investigated
Material from this chapter is partially based on work performed in the framework of: J.
Gaabab, Experimental investigation of the morphological changes in a packed bed of tire shreds
undergoing gasification, Semester thesis, ETH Zurich, 2008. [61]
3
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in a packed-bed reactor using concentrated solar energy as the source of hightemperature process heat [164]. In this study, a laboratory packed-bed reactor,
schematically shown in figure 7.4, is used to conduct the gasification reaction
at controlled conditions and to produce sample materials at different reaction
extents. Prior to the actual gasification reaction pyrolysis takes place. These

Figure 7.4: Schematic of the tubular packed-bed reactor setup used for the
gasification of carbonaceous materials.
samples are then scanned by tomography. Their BET specific surface area is
measured by N2 adsorption (Micromeritics TriStar 3000) and their particlesize distribution is measured by laser scattering (HORIBA LA-950 analyzer).
Outlet gas composition during gasification is monitored by mass spectrometry
(MS, Pfeiffer Vacuum OmniStar GSD 301 O1) and gas chromatography (GC,
Varian CP-4900 Micro GC). Proximity analysis of the tire shreds indicates 63
wt% volatiles, 29 wt% fixed carbon, 7 wt% ash and 1 wt% moisture. Elemental
analysis indicates 82 wt% C, 7 wt% H, 3 wt% O, 2 wt% S, and heavy metal
impurities. Energy dispersive X-ray spectrometer analysis shows that the main
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components in the ash are Si, Zn, and Fe based oxides.
Samples are first pyrolyzed at 1000 K (heating rate approximately 90 K/min)
to release volatiles. Approximately 3 g of pyrolyzed material is loaded in a 2.6 cm
inside diameter quartz tube, rapidly heated by a radiative source, and gasified
either by steam or CO2 diluted by Ar. Once the reaction reaches a desired
carbon conversion, the quartz tube is removed from the furnace and rapidly
cooled. The partially reacted sample is extracted. The carbon conversion (or
reaction extent) is defined by
R1
ṅAr x−1
nC
Ar (xCO2 + xCO + xCH4 ) dt
0
.
= R∞
XC = 1 −
−1
nC,0
ṅ
x
(x
+
x
+
x
)
dt
Ar Ar
CO2
CO
CH4
0

(7.7)

The process parameters are listed in table 7.2: furnace temperature, type of
gasifying agent, partial pressure of gasifying agent, and type of feedstock. Carbon conversions, starting after pyrolysis (XC = 0.68), are shown in figure 7.5 as
a function of reaction time for the five different experimental runs. Samples at
XC = 0 (initial), 0.68 (after pyrolysis, called char), 0.79, 0.9, and 1 (ash) obtained in each of the five experiments are selected for the subsequent analysis.
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Figure 7.5: Carbon extent XC , starting after pyrolysis, as a function of reaction
time for five different sets of process parameters, as described in table 7.2.
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Table 7.2: Process parameters for the five experimental runs.
Case
T (K) Gasifying agent pga (bar)
Reference
1273
H2 O
0.8
Powder
1273
H2 O
0.8
T
1173
H2 O
0.8
Reduced pH2 O 1273
H2 O
0.4
CO2
1273
CO2
0.8

7.3
7.3.1

Feedstock (mm)
Granular, dm = 1
Powder, dm = 0.5
Granular, dm = 1
Granular, dm = 1
Granular, dm = 1

Morphological characterization
Computed tomography

LRCT of the samples are obtained by exposing them to an unfiltered X-ray beam
generated by electrons incident on a wolfram target. The generator is operated
at 40–50 keV and a current of 0.2–0.3 mA. A Hamamatsu flat panel C7942
CA-02 protected by a paper filter is used to detect the transmitted X-rays. The
samples are scanned at 1800 angles (projections). Each projection consists of an
average of six scans at 1.2 s exposure time. The scans are performed for voxel
sizes of 10 µm (at XC = 0, 0.68, 0.79, 0.9) and 5 µm (at XC = 1). The fields of
view investigated are 11.2 x 11.2 x 12 mm3 and 5.6 x 5.6 x 6 mm3, respectively.
In addition, HRCT (voxel size of 0.37 and 3.7 µm and field of view 0.76 x 0.76
x 0.62 mm3 and 7.6 x 7.6 x 7.6 mm3, respectively) are obtained with synchrotron
radiation at the TOMCAT beamline at SLS of PSI [205, 197]. The scans are
obtained for 10 and 23 keV photon energy, respectively, 0.4 mA beam current,
1.5 and 0.94 s exposure time, respectively, and 1500 projections. Figure 7.6
shows tomograms obtained with HRCT (voxel size of 3.7 µm) for the reference
case sample at XC = 0, 0.68 and 1 (figure 7.6.a, b and, c) and with submicron
HRCT (voxel size of 0.37 µm) for a single particle of the reference case sample at
XC = 0.79 (figure 7.6.d). The latter scan was performed to examine the amount
of pores below 3.7 µm. Table 7.3 summarizes the scans with different resolution
obtained for the samples.
The data obtained by tomography is digitally processed by brightness and
contrast adjustment, and by intensity transformation, obtained via a two-step
gamma correction. When appropriate, median filtering is applied to reduce
the noise. Due to the highly heterogeneous material containing optically thin
carbon-containing compounds and optically thick heavy metal impurities, phase
segmentation is complicated. Local multistep threshold segmentation, imple-
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(a)

(b)

(c)

(d)

Figure 7.6: Tomograms of the reference case sample with voxel size of 3.7 µm:
(a) initially at XC = 0, (b) after pyrolysis at XC = 0.68 (char), and (c) after
gasification at XC = 1 (ash). The scale bar in (c) applies to (a) and (b). In (d)
a high-resolution tomogram (voxel size of 0.37 µm) of a single carbon particle
at XC = 0.79 is shown.

102

Chapter 7. Reacting packed bed of carbonaceous material

Table 7.3: Resolution of tomographic scans obtained for the packed bed of
carbonaceous material at different XC .
Low–resolution
High–resolution at SLS
Sample
10 µm voxel 5 µm voxel 3.7 µm voxel 0.37 µm voxel
XC = 0
x
x
x
XC = 0.68
x
x
x
XC = 0.79
x
x
x
XC = 0.9
x
x
x
XC = 1
x
x
x
mented in MATLAB, is used to allow for more accurate phase detection. Adjustment of calculated and experimentally determined porosity is not used for
threshold selection as it results in wrong phase segmentation due to insufficient
resolution of the nanopores, which account for 10–20% of the porosity. The
iso-surface describing the phase interface is obtained when the continuous density value equals the threshold value for phase segmentation. A representative
rendered 3D geometry is shown in figure 7.7.

Figure 7.7: A 3D rendered geometry of the reference case at XC = 0.68 with
cube length of 1.5 cm.
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Porosity and specific surface area

Experimental determination
Porosity is determined by weight measurements, when the approximate intrinsic
density is assumed to increase linearly with decreasing carbon content, and is
given by ρ = ρash XC + ρC (1 − XC ) with ρC = 1700 kgm−3 and ρash = 2500
kgm−3. ρtire of the initial tire shreds (before pyrolysis) is measured to be 1200
kgm−3 by He pycnometry (AccuPyc 1330). In figure 7.8, ε during gasification
is shown as a function of the carbon conversion for the five experimental runs
listed in table 7.2. The porosity peaks at XC = 0.86 as a result of growing
1
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0.8
0.7
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T
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fit
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0.7 0.75 0.8 0.85 0.9 0.95
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1

Figure 7.8: Experimentally determined porosity for the packed bed of tire shred
as a function of carbon conversion for the five experimental runs listed in table 7.2.
pores and break-up of fragile particles during gasificaiton [122]. The measured
values correspond to a loosely packed bed of randomly oriented and located
nonspherical particles having uniform size and sphericity (fraction of surface area
of volume–equivalent sphere to surface area of particle) smaller than 0.25 [232],
indicating highly porous particles. The measured porosity during gasification is
fitted to a second order polynomial function (RMS = 0.002)
εex (XC) = −2.208XC2 + 3.789XC − 0.699.

(7.8)

The porosity of the unreacted packed bed of tire shreds is determined to be εex
= 0.60 ± 0.05, which corresponds to a packed bed of nonspherical particles of
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uniform size and with sphericity of 0.55 [232]. If this value is included in the fit,
one obtains (RMS = 0.002)
εex (XC) = −0.366XC2 + 0.673XC + 0.593.

(7.9)

The BET specific surface area and the corresponding fraction resulting from
nanopores (dpore < 2 nm) is shown figure 7.9 as a function of the carbon conversion for the five experimental runs listed in table 7.2. Before pyrolysis, BET
surface area is 0.6 m2g−1 for the granular and 1.6 m2g−1 for the powder feedstock, and no nanopores are detected. During pyrolysis, it increases to 70 m2g−1
of which a small fraction (∼5%) is associated to nanopores. During gasification,
the BET specific surface area increases up to ∼ 700 m2g−1 for XC = 0.9 and
decreases for the residual ash (XC = 1), which is consistent with the variation in
porosity. The fraction of nanopores increases and peaks at 60% for XC = 0.79.
No nanopores are detected in the ash. The different values obtained for H2 O
and CO2 gasifying agents are presumably the result of different mechanisms as
CO2 mainly reacts at the external surface while H2 O diffuses to the particle
core [40].
In general, the variation in the reaction temperature, partial pressure, gasifying agent, and particle-size (as described in table 7.2) do not significantly affect
the morphology of the sample at the same carbon conversion.
Numerical determination
Two-point correlation function is used to determine porosity and specific surface area. The calculated porosity of the unreacted packed bed of 0.61 compares
well to the experimentally determined one of 0.60 ± 0.05. Figure 7.10 shows
the experimentally measured and numerically calculated porosity as a function
of the carbon conversion during gasification for the reference case. The failure
in predicting the porosity and its increase with increasing XC is related to the
resolution of the tomographic scans, which is limited by the tomographic setup,
the subsequent image processing (especially filtering) and the relative increase in
optically thick material, which distorts the tomographic image. The impact of
the insufficient scanning resolution and subsequent image processing is roughly
calculated to be (1 − ε)εsub ≈ 0.02, where εsub (≈ 0.2 for XC = 0.79) is the
porosity of the particle only detectable by submicron high-resolution tomography. Nanopores are not detectable, but obviously present as is indicated by the
BET measurements.
Calculated specific surface shows an increase up to XC = 0.9 but the experimentally observed decrease for the ash cannot be elucidated in this study.
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700

1

500
400
300

0.6

0.4

200
0.2
100
0
0.65 0.7

0.75 0.8 0.85 0.9
XC

0.95

1

0
0.65 0.7

0.75 0.8 0.85 0.9
XC

0.95

1

Figure 7.9: Experimentally determined specific surface area (a) and the corresponding fraction resulting from micropores (b) as a function of carbon conversion for the five experimental runs listed in table 7.2.

1
0.9

ε

0.8
0.7

experiment
calculated

0.6
0.5
0.4
0.65 0.7

0.75 0.8 0.85 0.9
XC

0.95

1

Figure 7.10: Experimentally measured and numerically calculated porosity as a
function of the carbon conversion for the reference case.
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7.3.3

Particle-size distribution

Experimental determination
The experimentally measured (volume-based) particle-size distribution is shown
in figure 7.11.a for the reference case at XC = 0, 0.68, 0.79, 0.9, and 1. As
expected, the main peak shifts to the left as particles shrink, and the small
peaks associated with smaller particles resulting from particle break-up increase
during the reaction. Note that these distributions are qualitative as particles
are not spherical. Mean and median diameters of the measured distributions
are given in table 7.4.
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Figure 7.11: Experimentally measured (a) and numerically calculated (b) size
distribution of the particles for the reference case at various carbon conversions
XC = 0, 0.68, 0.79, 0.9, and 1.

Numerical determination
The numerically calculated particle-size distributions, shown in figure 7.11.b for
the reference case at XC = 0.68, 0.79, 0.9, and 1, are based on the largest sphere
that fits inside the particle. Therefore, for nonspherical, complex, porous and
fractal-like particles, as evolving during pyrolysis, these distributions deviate
from those experimentally measured. The calculations are limited by the voxel
size of the CT scans (dmin = 4·voxel size). Since the particle-size distribution is
calculated based on the solid phase, the limited resolution of the CT scans leads

7.4. Heat transfer characterization
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Table 7.4: Mean and median diameter of the particles in the packed bed as
function of reaction extend.
Sample at XC dm,ex (mm) dmedian,ex (mm)
0
1.21
1.14
0.68
0.99
0.97
0.79
0.71
0.75
0.9
0.68
0.73
1
0.54
0.42
to an over-prediction of the particle-size due to virtual particle agglomeration.
The measurements (see figure 7.11.a) show that the amount of particles in the
10 µm range is small compared with the one in the 100 µm range. Therefore the
influence of this distortion is assumed negligible on the particle-size distribution
in the range of 60 to 100 µm. Indeed, an increase in small particles due to
shrinkage and break-up of the initial particles during the reaction is observed in
the numerically calculated size distributions.
7.3.4

Representative elementary volume

REV is determined by calculating the porosity of a subsequently growing subsample until its variation is within a tolerance band of ±0.05. The edge length of
the REV, lREV , was found to be 5 mm, independent of the process parameters.

7.4
7.4.1

Heat transfer characterization
Radiative characterization

The packed bed of the carbonaceous material is assumed to be opaque for visible and near-IR radiation, which is the spectral range encountered in the solardriven reactor [164]. The fluid phase is assumed to be radiatively nonparticipating. Hence, the variation in the radiative intensity in continuum models
is described by a single equation of radiative transfer as derived in chapter 2.
LRCT data is used for the calculation of the radiative properties. Since the
smallest pores or particles detected by CT and consequently employed in the
analysis are larger than the voxel sizes of the scans, geometric optics can be
assumed for radiation wavelengths smaller than 1 µm [138].
The collision-based MC method is applied to compute the cumulative distri-
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bution functions of the radiation mean free path and of the cosine of incidence
at the solid wall, and consequently extinction coefficient, scattering coefficient
and scattering phase function of the packed bed of waste tire shreds at different
reaction extents, see chapter 3.
The absorption characteristics of the samples and the contribution of dependent scattering vary with the reaction extent since ash is less absorbing than
coal (ρr,sp,C = 0.273, ρr,d,C = 0.1, ρr,sp,ash = 0.092, and ρr,d,ash = 0.75 [213, 94]).
Gas, packed-sphere, liquid, and modified liquid models are used to estimate the
deviations of the scattering and absorption coefficients from the corresponding
values obtained by assuming independent scattering [211]. For a packed bed
with dm = 0.4 and 1 mm (dm of particle-size distribution shown in figure 7.11.a
at XC = 1 and 0.68, respectively), the maximum deviation of the scattering efficiency (appearing at the largest radiation wavelength in our spectral range of
interest 1 µm is 5% and 23% for εex = 0.82 and 0.86, respectively (measured and
depicted in figure 7.8 at XC = 1 and 0.68, respectively). Therefore, dependent
scattering effects are neglected in the radiative transfer analysis.
The cumulative distribution function of the cosine of incidence at the solid
wall and the scattering phase function are computed for two limiting cases: a
specular and a diffuse solid-gas interface. For tire shreds, a combination of these
two cases is anticipated to be valid. The specular directional-hemispherical
reflectivity is calculated using Fresnel’s equations for the complex refractive
index of the carbon-ash mixture m = (1 − XC )mC + XC mash , where mC =
2.2 − 1.1i is the complex refractive index of carbon and mash = 1.5 − 0.02i
is the complex refractive index of ash [138, 181]. The refractive index of tire
is estimated to be mtire = 1.38 − 1.12i (tires main components are styrenebutadiene-copolymer and carbon black). Note that the cumulative distribution
function of radiation mean free path, and consequently, the extinction coefficient,
are independent of the interface reflection type in the geometrical optics range.
The extinction coefficient β and scattering phase function Φ are shown in figure 7.12 for the reference case at XC = 0, 0.68, 0.79, 0.9, and 1. β increases with
XC as particles shrink and shorten the attenuation path length. An empirical
correlation of the extinction coefficient inversely proportional to the characteristic diameter supports this trend [85]. The extinction coefficient is fitted to an
exponential function (RMS = 22.3):
βMC (XC ) = 3968 + 0.00138 exp(16.0XC).

(7.10)

The scattering phase function is independent of the reaction extent for the
assumed diffusely reflecting interface. This result is consistent with the small
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Table 7.5: Coefficients of the exponential fit to the scattering phase function for
specularely reflecting solid-gas interface as a function of XC .
XC
0
0.68
0.79
0.9
1

a1
0.804
0.986
0.899
0.750
0.614

a2
8.430·10−2
5.031·10−7
1.415·10−2
3.622·10−2
6.377·10−3

a3
2.431
13.55
4.057
4.017
6.697

RMS
0.007
0.017
0.001
0.009
0.124

differences obtained between the phase functions for diffuse reflecting identical
overlapping transparent spheres and for diffuse reflecting identical overlapping
opaque spheres [208, 162, 80], although they differ largely in morphology. Φ is
described by a second order polynomial function (RMS = 0.01):
Φd = 0.565µ2s − 1.394µs + 0.812.

(7.11)

Φsp = a1 + a2 exp(a3 µs ),

(7.12)

In contrast, the scattering phase function for specularly reflecting particles exhibits a large forward scattering peak. This peak decreases during pyrolysis as
the real part of the tire particle increases. During gasification the peak is enhanced with increasing XC due to the decrease in the real part of the refractive
index of the carbon-ash particle. The coefficients of the exponential fit,
are listed in table 7.5. The scattering albedo (σs/β) during gasification (XC =
0.68–1) can be approximately calculated as:
σs
= (1 − XC )ρr,C + XC ρr,ash,
(7.13)
β
for the specular solid-gas interface, σs /β = 0.273 and 0.092 at XC = 0 and 1,
respectively. For the diffuse solid-gas interface σs/β = 0.1 and 0.75, respectively, [213, 94].
The extinction coefficient of the unreacted packed bed of tire shreds (XC =
0) is experimentally estimated with the spectroscopy system that is described
in chapter 5.2.3. βex = 4976 ± 1180 m−1 compares well with the numerically
determined extinction coefficient at XC = 0 of β = 4172 m−1.
7.4.2

Conductive characterization

The effective conductivity as a function of the fluid and solid conductivity (kf /ks)
is determined for the reacting packed bed. The tomography data of the HR scans
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Figure 7.12: (a) Extinction coefficient as a function of carbon conversion (markers) and its fit (solid line) given by eq. (7.10), and (b) scattering phase function
for the reference case at various carbon conversions XC = 0, 0.68, 0.79, 0.9, and
1 for diffusely and specularly reflecting particles.
is used (voxel size 3.7 µm) for XC = 0 and 0.68, and of the LR scans (voxel size
5 µm) for XC = 1. Samples of 5.18 x 5.18 x 2.59 m3 and 4 x 4 x 4 mm3,
respectively, limited by FOV of the scans and larger than REV, are used for the
conduction calculations. Contact resistance between the particles is neglected.
The normalized effective conductivity is shown in figure 7.13. It decreases as the
reaction progresses due to increase in porosity (during pyrolysis) and particle
shrinkage (during gasification), and lies between the values predicted by the
parallel and serial slab models, describing maximum and minimum effective
conductivities for a two-phase media [99].
7.4.3

Convective characterization

The tomography data of the HR scans is used (voxel size 3.7 µm) for XC =
0 and 0.68, and of the LR scans (voxel size 5 µm) for XC = 1. A sample
with dimensions of 4.7 x 4.7 x 2.3 mm3 is used for the calculations, limited by
the FOV of the CT scans. This volume corresponds to a cubic edge length of
3.7 mm. It results in a half bandwidth δ < 0.054 when using the porositybased definition of lREV . ε calculated based on the absorption value in each
voxel (ε = Nvox,void/Nvox,tot) are 0.61, 0.74 and 0.65 for XC = 0, 0.68 and 1,
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Figure 7.13: Effective conductivity (normalized by solid conductivity) of the
packed bed initially, after gasification (char) and after full conversion (ash) in
function of the fluid to solid conductivities. Normalized effective conductivity
of serial and parallel slab models are shown for the numerically determined
minimum and maximum porosities of the packed bed.
respectively. The Re number is based on the experimentally determined median
diameter, dmedian,ex, given in table 7.4.
Convergence of the numerical calculation is achieved for a terminal residual
RMS of the iterative solution below 10−4 and for a maximal mesh element length
of 90 µm (initial and char) and 117 µm (ash). The meshes are composed of
approximately 3.5·107 tetrahedral elements. The meshes are generated by the
in-house generator for unstructured body-fitted grids [57]. Two quad-core Intel
Xeon 2.5 GHz processors and 32 GB RAM are used to solve the governing
equations in approximately 24 h. Alternatively, using twelve AMD Opteron 2.5
GHz processors and 42 GB RAM of ETH’s high-performance cluster Brutus
reduces computational time by a third.
The calculated and fitted Nu correlations for the packed bed at different XC
are given in table 7.6. Figure 7.14 shows the numerically calculated Nu numbers
for the packed bed at Pr = 0.1, 1, and 10 and their fits. The four constants of
the Nu correlation are related to the reaction extent by a 2nd-order polynomial
function,
a1 (XC ) = 23.92XC2 − 27.66XC + 8.34,

(7.14)
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Table 7.6: Fitted Nu correlations and RMS of the fit for the packed bed at XC
= 0, 0.68 and 1.
Nu
Initial (XC = 0)
8.399 + 0.234Re0.909Pr0.627
Char (XC = 0.68) 0.754 + 0.091Re0.740Pr0.570
Ash (XC = 1)
4.592 + 0.274Re0.886Pr0.684

RMS
3.928
0.288
2.338
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Figure 7.14: Re-dependent Nu numbers for the packed bed at XC = 0, 0.68
and 1 (initial, char and ash) and at Pr = 0.1, 1, and 1. The dots indicate
the numerically calculated Nu numbers and the lines indicate the fits given in
table 7.6.
a2 (XC) = 0.83XC2 − 0.79XC + 0.23,

(7.15)

a4 (XC) = 0.47XC2 − 0.42XC + 0.63.

(7.17)

Nu = a1 (XC ) + a2 (XC )Rea3 (XC ) Pra4 (XC ) ,

(7.18)

a3 (XC) = 0.74XC2 − 0.76XC + 0.91,

(7.16)

Thus, the following Nu correlation is derived for a packed bed of shredded tires
undergoing pyrolysis and gasification:

with a1 to a4 given by eqs. (7.14)–(7.17).
For validation purposes several Nu correlations for packed beds of spherical and nonspherical particles, given in the literature [65, 222, 70, 184], are
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compared. Gnielinski’s correlation [65] resulted from a combination of Nu correlations around a single sphere for laminar and turbulent flow,
NuGn = (1 + 1.5(1 − ε))Nus,
q
Nus = Nus,min + Nus,lam2 + Nus,turb 2 ,


s

2
0.8
0.037Re Pr
.
= 2 + (0.664Re0.5 Pr1/3)2 +
−0.1
2/3
1 + 2.443Re (Pr − 1)

(7.19)

Wakao’s correlation [222] was obtained by fitting experimental results, correcting
for axial dispersion if needed,
NuWa = 2 + 1.1Re0.6Pr1/3.

(7.20)

Gunn’s correlation [70] is based on a stochastic model for the packed bed geometry,
NuGu =(7 − 10ε + 5ε2)(1 + 0.7Re0.2 Pr1/3)

+ (1.33 − 2.4ε + 1.2ε2)Re0.7Pr1/3.

(7.21)

Saidi’s correlation [184] is derived from fitting experimental results with a packed
bed of non-spherical particles with ε = 0.8 to a continuum model:
NuSa = 0.015 + 0.11Re0.75Pr0.75.

(7.22)

The Nu correlation determined for the reacting packed bed of complex, porous,
and non-spherical particles, given by eq. (7.18), is compared to those Nu correlations given by the models of eqs. (7.19)–(7.22). Results of this comparison
are shown in figure 7.15 as a function of Re and for Pr = 0.1 and 1. For the
initial packed bed, the Nu correlations of eqs. (7.19)–(7.21) are not appropriate,
especially for low Re. Mousa [140] reports measured Nu numbers exceeding 40
for 9 < Re < 30 and Pr = 0.7. For the packed bed after pyrolysis (char), consisting of non-spherical and highly porous particles, the Nu numbers lie in the
range proposed by Saidi [184] (RMS = 1.2 for Re·Pr < 25). For the final ash,
all the modeled Nu correlations of eqs. (7.19)–(7.21) approach the one derived
in this study. Ash particles are more spherical-like and less porous. The strong
increase in Nu for the packed bed at XC = 0 and 1 at high Re is related to the
large Dupuit-Forchheimer coefficient and the larger tortuosities (see following
sections), allowing for superior heat transfer.
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Figure 7.15: Nu correlations for packed beds given by Gnielinski (ε = 0.61 and
0.74) [65], Wakao [222], Gunn (ε = 0.61 and 0.74) [70], Saidi [184], and of the
present study for Pr = 0.1 (a), and for Pr = 1 (b).

7.5
7.5.1

Mass transfer characterization
Permeability and Dupuit-Forchheimer coefficient

The sample size and the mesh and iteration convergence criteria used for the
determination of the heat transfer coefficient are again used for the calculations
of the velocity and pressure field in the packed bed. The pressure variations
associated with the artificially abruptly changing flow patterns at the sample’s
inlet/outlet (see chapter 3) represent less than 1% of the pressure drop across
the sample and are therefore negligible.
The dimensionless pressure gradients for the three samples of the packed
bed at different XC are plotted in figure 7.16. The resulting K and FDP are
tabulated in table 7.7. The highest K of the packed bed is obtained at XC =
0.68 (char). This is consistent with the fact that the highly porous, fractal-like
particles evolved during pyrolysis. The lowest FDP is obtained at XC = 0.68.
This again is explained by the porous structure of the particles contained in the
bed, allowing the fluid to pass through the sample in a less disturbed manner,
as is verified by the tortuosity distributions calculated in the next section. The
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Figure 7.16: Dimensionless pressure gradient, Πpg , as a function of Re for the
three samples of the packed bed at XC = 0, 0.68 and 1 (initial, char and ash).
Table 7.7: XC -dependent permeability and Dupuit-Forchheimer coefficient of
the reacting packed bed.
K (m2)
FDF (m−1) RMS
Initial (XC = 0)
1.242·10−9
10941
43.4
Char (XC = 0.68) 8.817·10−9
4130
14.9
Ash (XC = 1)
2.444·10−10
23348
28.6
following correlations for K,
and FDF ,

K(XC) = −4.03 · 10−8XC2 + 3.92 · 10−8XC + 1.24 · 10−9,

(7.23)

FDF (XC ) = 75862XC2 − 63255XC + 10941,

(7.24)

of a packed bed of shredded tire particles undergoing pyrolysis and gasification
are proposed.
For validation purposes the obtained permeability and Dupuit-Forchheimer
coefficient are compared to K and FDF of packed beds of spherical and nonspherical particles available in the literature. K of a medium composed of
parallel channels with Hagen-Poiseuille flow is given by [99],
Kcap =

εd2
.
32

(7.25)
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The hydraulic radius model [99] based on the Carman-Kozeny theory is given
by
ε3 d2
ε3 d2
Khyd =
=
,
(7.26)
36k0τ (1 − ε)2
36kK(1 − ε)2
whereby kK is the Kozeny constant, which is the product of a shape parameter,
k0 , and the tortuosity, τ . kK is approximated to be 5 for packed beds [99]. For
fibrous beds, Kyan et al. [111] proposed,


2
q
2π
(1 − ε) + 107.4 ε3
62.3
1−ε − 2.5
KK,fib =
.
(7.27)
16ε3(1 − ε4)
Kuwabara, Sparrow et al., and Happel et al. [110, 195, 75] have derived correlations for kK by solving the external flow around parallel and perpendicular
arranged cylinders and spheres,
KK,k =

(1 − ε) 2 ln

1
1−ε

KK,⊥ =



2ε3
,
− 3 + 4(1 − ε) − (1 − ε)2

2ε3
1−ε
.
1−(1−ε)2
1
−
1−ε
1+(1−ε)2

(7.28)

(7.29)

Rumpf et al. [182] showed that for a packed bed of spherical particles with a
narrow size distribution, K is well approximated by
ε5.5d2
KR =
.
5.6

(7.30)

Itoh [93] determined the permeability of a random array of rigid spheres accounting for the so called intermediate layer, a particular state formed around a
test sphere. Davis et al. [44] calculated the permeability of a packed bed made
of porous particles with an inner permeability, Kinner .
For higher Re numbers, MacDonald et al. [123] suggested a formulation to
determine FDP based on Ergun’s theory,
FDF,MD = 1.8
Ward [223] proposed

1−ε
.
ε3 d

(7.31)

0.55
FDF,W = √ .
(7.32)
K
Figure 7.17 compares the DPLS-determined K and FDP of the reacting packed
bed at XC = 0, 0.68, and 1 (initial, char, and ash) with those obtained by eqs.
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Table 7.8: Mean, mode and median tortuosity and residence time for the packed
bed at Re = 1.
Sample
τm
τmode τmedian
XC = 0
1.256 1.184 1.232
XC = 0.68 1.196 1.094 1.165
XC = 1
1.204 1.150 1.197

tm (s) tmode (s) tmedian (s)
0.014
0.011
0.010
0.030
0.006
0.009
0.003
0.002
0.003

(7.25)–(7.32) and models given by Itoh [93] and Davis [44]. For clarity, a packed
bed with Kinner = 10−10 m2 is assumed for the calculations. ε and d (particle’s
diameter for all models) are adapted according to the sample specification for
XC = 0, 0.68, and 1. The values for K and FDP scatter in a range of several
orders of magnitude, spanned by the models.
7.5.2

Tortuosity and residence time

Calculated distributions of tortuosity, τ , and residence time, t, for the packed
bed at XC = 0, 0.68, and 1 (initial, char, and ash) and Re = 1 are shown in
figure 7.18. Mean, median, and mode of the calculated distributions of τ and t
at Re = 1 are given in table 7.8. The following correlations of τm and tm for a
packed bed of shredded tire particles undergoing pyrolysis and gasification are
derived (Re = 1, lsample = 2.3 mm):
τm (XC) = 0.08XC2 − 0.14XC + 1.26,
tm (XC) = −0.12XC2 + 0.10XC + 0.01.

(7.33)
(7.34)

τ at XC = 0.68 is smaller than the one at XC = 0 and 1. Since the particles after pyrolysis are highly porous, fluid is able to pass through the packed
bed with lower tortuosity. The τ and t distributions at XC = 0.71 exhibit a
tail accounting for fluid particles trapped for some time at unconnected pores,
resulting in larger residence times.

7.6

Conclusions

Discrete-scale numerical simulation was applied to a reacting packed bed whose
complex 3D geometry had been determined by CT at different reaction extents.
The pyrolysis and gasification of carbonaceous material (shredded waste tire)
to syngas was chosen as the model reaction.
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Figure 7.17: K and FDP numerically determined by DPLS with
those calculated by models for
packed beds with Kinner = 10−10
m2 and for: ε = 0.61, d = 1.14
mm (a); ε = 0.74, d = 0.97 mm
(b); ε = 0.65, d = 0.42 mm (c).
FDP is calculated by MacDonald
(gray symbols, eq.(7.31)) and by
Ward (black symbols, eq.(7.32)).
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Figure 7.18: Residence time (a) and tortuosity (b) distribution at Re = 1 for
the reacting packed bed at XC = 0, 0.68, and 1 (initial, char, and ash).

The variation in the morphology during the thermochemical solid-gas reaction of the packed bed was experimentally investigated at discrete carbon
conversion steps (XC = 0, 0.68, 0.79, 0.9, and 1) and for different process parameters (feedstock size, furnace temperature, gasifying agent, and partial pressure
of gasifying agent). Porosity (measured by weight measurements), BET surface
area (measured by N2 adsorption), and particle-size distribution (measured laser
scattering) were compared to numerically determined morphological characteristics. Discrepancies were explained by limitations in the CT scan resolutions and
to image distortions around optically thick heavy metal impurities. The morphological results can be used for the determination of structural parameters
needed in kinetic models [122].
The effective radiative heat transfer properties (extinction coefficients, scattering albedo and scattering phase function) were determined as a function of
reaction extent. The extinction coefficient increased as particles shrank and
shortened the attenuation path length. For diffusely reflecting particles, the
scattering phase function was found to be independent of the reaction extent.
For specularly reflecting particles, the scattering phase function exhibited a
strong forward peak and dependency on the refractive index, and therefore XC .
The effective conductivity of the packed bed was calculated, neglecting contact resitance at the particle-particle boundary. It decreased as the reaction pro-
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gresses due to increased porosity (during pyrolysis) and due to particle shrinkage
(during gasification). ke /ks converges to 0.0114, 0.0056, and 0.002 for XC = 0,
0.68 and 1, respectively, for low kf /ks values.
The convective heat transfer coefficient, permeability, and Dupuit-Forchheimer
coefficient of the reacting packed bed were determined and compared to correlations available in the literature. The initial packed bed was characterized
by larger Nu numbers than those obtained with the models of Gnielinski or
Wakao [65, 222] but smaller values than those measured by Mousa [140]. The
packed bed after pyrolysis (char) was composed of porous and nonspherical
particles. The final packed bed (ash) showed Nu values comparable to those
proposed for packed beds of rigid and spherical particles. The packed bed after
pyrolysis (char) showed the highest K and the lowest FDF . This was because
the high inner porosity of particles enhanced the bed porosity and shortened
the calculated tortuosity.
All effective transport properties were found to be strong functions of the
reaction extent. Analytical β, β/σs, Φd , Φsp , ke /ks, Nu, K, FDF , τm and tm
correlations for a packed bed undergoing pyrolysis and gasification were derived
as a function of the reaction extent.
These effective transport properties can in turn be incorporated in volumeaveraged (continuum) models for the purpose of design and optimization of
(solar) packed-bed reactors used for gasification processes.

Chapter 8
Semitransparent-particle packed bed1
In this chapter, the morphological and spectral radiative characteristics of a
packed bed composed of nonspherical, semitransparent particles are determined.
As the radiative properties of complex morphological structures significantly
deviate from those obtained when applying simplifying approximations, e.g.,
spherical particles, CT is applied in order to obtain the exact 3D geometrical
representation of the complex porous media. A packed bed of CaCO3 particles,
used in industrially relevant high-temperature processes and in capturing CO2
from combustion flue gases or air [198, 145], is used as model reaction and
introduced in the first part of this chapter.
Thermal decomposition of CaCO3 takes place at reasonable rates above 1000
K. At these temperatures, thermal radiative transport becomes the dominant
heat transfer mode. Thus, knowledge of the radiative properties of packed beds
is crucial for the engineering design and optimization of these chemical reactors
and processes. The CT-based radiative characteristics of the packed bed of
semitransparent particles are determined in the second part of this chapter.
Experimental investigations of transmittance and extinction coefficients have
been performed for packed beds of opaque, transparent, and semitransparent
phases [30, 102, 153]. Numerical simulation were carried out for artificially
generated packed beds of spherical particles [210] by applying the method of
MC-based RDFs [208], MC [36, 37], two-flux [233, 26, 8], and DO [24] methods.
In contrast to previous investigations, the CT-based methodology enables the
determination of accurate, effective radiative properties in the limit of geometric
optics with negligible diffraction, which, in turn, can serve as reference values
to those obtained by approximate numerical or experimental methods.
Material from this chapter has been published in: S. Haussener, W. Lipiński, J. Petrasch, P.
Wyss, and A. Steinfeld. Tomographic characterization of a semitransparent-particle packed bed
and determination of its thermal radiative properties. Journal of Heat Transfer, 131: 072701,
2009. [80]
1
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Thermal decomposition of calcium carbonate

The high-temperature processing of calcium carbonate (limestone) leads to the
production of calcium oxide widely used in construction and building, steel making processes, agriculture and food industry, water treatment, and fine chemical
production. It also describes the high-temperature step of a thermochemical
multi-step process proposed for CO2 capturing from flue gases and air [198, 145].
It is described by the simplified net reaction:
CaCO3 = CaO + CO2.

(8.1)

The reaction proceeds endothermically above 1200 K at 1 atm. The reaction enthalpy is 270 kJmol−1 when the reactants are initially at 298 K and the products
at 1200 K.
Solar energy instead of fossil fuels has been proposed as energy to drive reaction (8.1), which results in a CO2 reduction potential of 20 to 40%. Economical
evaluations have predicted lime prices of 128 to 157 $/t for the solar production of lime in 2005 [133]. This is about two or three times the selling price of
conventionally produced lime.
A solar reactor, based on an indirectly irradiated multi-tube reactor [78], has
been proposed [132]. The reactor is depicted in figure 8.1. Solar radiation enters
the reactor and heats the cavity and the absorber tubes, which transport the
energy to the small grained calcium carbonate particles. The particles continuously enter the rear of the reactor and are pre-heated before being transported
through the absorber tube, where they react.
As the reactor is rotating moderately, the particles build packed beds within
the absorber tubes. Packed beds provide relatively high contacting area allowing
for efficient heat transfer. The radiative characterization of the semitransparent
particle bed is of importance for design and optimization of the reactor and
process.

8.2
8.2.1

Morphological characterization
Computed tomography

The sample investigated consists of a packed bed of nonspherical CaCO3 particles (source: Carrara marble, Ferret’s diameter ≈ 3 mm) randomly placed in a
4.5 cm-diameter rubber tube, as seen in figure 8.2.a. The sample is exposed to a
polychromatic X-ray beam, generated by electrons incident on a wolfram target
and filtered by a 0.0025 mm Re filter. The generator is operated at an accel-
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Figure 8.1: Schematic of the indirectly irradiated solar calcination reactor [132].
The solar radiation is absorbed by the tubes, which emit the radiation to the
calcium carbonate particles. The particles are transported through the tube
and react. The products leave the reactor at the front side.
eration voltage of 140 keV and a current of 0.11 mA. A Hamamatsu flatpanel
C7942 CA-02 protected by a 0.1 mm brass filter is used to detect the transmitted X-rays. The sample is scanned at 600 angles (projections). Each projection
is an average of 8 scans with an exposure time of 0.25 s, leading to a voxel
size of 45 µm. Figures 8.2.b and 8.2.c show the 2D tomographic image and the
3D surface rendering of the sample, respectively. The histogram of the normalized absorption values α/αmax , shown in figure 8.3, reveals two distinct peaks
that account for the solid and fluid (void) phases. The calculated and nearly
identical width of the two peaks supports the assumption of homogeneity. The
calculated minimum between the two peaks (α/αmax = 0.43) is used as threshold
value for phase identification. Phase boundaries between two CaCO3 particles
are neglected, as they cannot be distinguished in the tomography images.
8.2.2

Porosity and specific surface

Figure 8.4.a shows the two-point correlation function for the CaCO3 packed
bed. The calculated porosity is 0.39, which compares well with the porosity
determined experimentally from the sample weight 0.40 ± 0.02. This value is
close to the one for a dense random or orthorhombic packed bed made of uniform
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(b)

(c)

Figure 8.2: Sample of the
packed bed of CaCO3 particles:
top view photograph (a), 2D tomographic image (b), and 3D
surface rendering (c).
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Figure 8.3: Normalized histogram of the sample’s absorption values obtained
by CT for the void phase (left peak) and for the solid phase (right peak). The
bullet indicates the threshold value α/αmax = 0.43 used for phase identification.
monodispersed spheres [232]. The calculated specific surface area is 1.31·103
m−1, which corresponds to an analytically calculated particle diameter of 2.8
mm for uniform monodispersed spheres. As will be shown later, the hydraulic
particle diameter for the randomly shaped CaCO3 particles is approximately 1.9
mm.
8.2.3

Representative elementary volume

REV is determined based on the porosity for subvolume sizes at ten random
locations in the sample, as indicated in figure 8.4.b. Note that for an edge
length l approaching 0, the porosity is either 0 or 1, depending on whether the
point lies in the void or in the solid phase. Assuming a tolerance band of ±0.01,
lREV = 0.0152 m (for ±0.02, lREV = 0.0105 m; for ±0.05 lREV = 0.0054 m) and
is used as the minimum sample size in the following analysis.
8.2.4

Pore- and particle-size distributions

An opening with a spherical structuring element, is applied to calculate the poreand particle-size distributions, i.e., the size distribution defined by the sphere
that fits completely within the pore or particle space, respectively. Figure 8.5
shows the distribution functions of the pore and particle sizes. The mean, mode,
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Figure 8.4: (a) Two-point correlation function for the CaCO3 packed bed. The
value at r = 0 corresponds to the bed porosity. The dashed line indicates the
asymptotic value of the function, which corresponds to ε2. (b) Determination
of the REV edge length (indicated by the vertical dashed line) by calculating
the porosity of ten subvolumes with varying edge lengths l at random locations.
The tolerance band for conversion and determination of the REV volume at
ε ± 0.01 is indicated by the two horizontal dashed lines.
median, and hydraulic diameters are listed in table 8.1. Thus, the assumption
of geometrical optics is valid for λ < 3500 µm.

8.3

Radiative Properties

In this section, the void phase and the CaCO3 particles of the packed bed are referred to as fluid and solid phases, respectively. The corresponding phase indices
i, j used in the governing equations and methodology (see chapters 2 and 3)
are 1 for the fluid phase and 2 for the solid phase. Spectral calculations of the
radiative properties are performed for 150 distinct points between 0.1 and 100
µm. Reflection and refraction at the specularly reflecting and diffusely reflecting
interfaces are modeled by Fresnel’s equations and diffuse reflection/refraction,
respectively.
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Figure 8.5: Opening size distribution functions of the solid and fluid phases of
the CaCO3 packed bed (dh = dh,pore for fluid and dh = dh,particle for solid).
Table 8.1: Arithmetic mean diameter, mode, median, and hydraulic diameter
calculated from the pore and particle size distributions.
Pore Solid
dm (mm)
1.00 1.66
dmode (mm) 0.81 1.89
dmedian (mm) 0.98 1.75
dh (mm)
1.19 1.87
8.3.1

Single-phase internal radiative properties

The fluid phase is assumed to be transparent, i.e., its internal absorption and
scattering coefficients σs,1 and κ1 , respectively, are equal to 0, and its refractive
index is equal to 1. The bulk properties of CaCO3 are determined based on
the properties of CaCO3 grains (monocrystals). They are randomly shaped and
oriented, as seen in the scanning electron microscope (SEM) photograph shown
in figure 8.6. Their characteristic size is 160 µm. Figure 8.7.a shows the complex
refractive index m2 = n2 − ik2 of CaCO3 [155]. In the spectral range 0.2 to 6
µm, the imaginary part was obtained by applying the Lorentz theory [171].
The directional-hemispherical reflectivities at the specular fluid-solid interface
for radiation incident from the fluid phase ρr,sp,12 and for radiation incident
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Figure 8.6: SEM picture of a single CaCO3 particle.
from the solid phase ρr,sp,21 are calculated using Fresnel’s equations [138]. The
directional-hemispherical reflectivity at the phase boundary as a function of
the incident angle is exemplary shown in figure 8.8.a for changing n1/n2 at
constant ki = 0. ρr,sp,ij stays nearly constant at small incident angles, where
its value increases with increasing n1 for n1 > n2 or increasing n2 for n2 > n1,
respectively. A steep increase of ρr,sp,ij at large incident angles (θin > 70 °)
is observed for n2 > n1 and an abrupt increase at the total reflection angle
for n1 > n2 . Changes in ki (for ki < 1) do not have a significant influence
on the directional-hemispherical reflectivity. The refraction angle at the phase
boundary, calculated by Fresnel’s equations [138], as a function of the incident
angle is given in figure 8.8.b. The maximum refraction angle from medium
1 to medium 2, with n1 < n2 , is decreasing with increasing n2 at constant
ki = 0. The total reflection angle from medium 1 to medium 2, with n1 > n2,
is decreasing with increasing n1 at constant ki . The imaginary part of the
refractive index has a minor influence on the refraction angle for small ki values.
The hemispherical reflectivities of both sides of a diffuse fluid-solid interface
ρr,d are equal to that for a diffuse CaCO3 surface [177]. For λ < 0.8 µm and
λ > 2.5 µm, the hemispherical reflectivity is extrapolated with constant values
0.85 and 0.87, respectively. ρr,sp,12, ρr,sp,21 and ρr,d are shown in figure 8.7.b as
a function of wavelength. The internal radiative coefficients of CaCO3, σd,s,1,
and κd,2 , obtained by applying the Mie theory, are shown in figure 8.9.a [16].
The spectral oscillations, particularly for λ > 6 µm, result from oscillations
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Figure 8.7: (a) Complex refractive index of CaCO3: real part obtained experimentally (solid line) [155], and imaginary part obtained by the Lorentz theory
in the spectral range 0.2 to 6 µm [171] and experimentally in the remaining
range (dashed line) [155]. (b) Spectral directional-hemispherical reflectivities at
the specular fluid-solid interface for selected incidence directions, and spectral
hemispherical reflectivity of the diffuse fluid-solid interface.
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Figure 8.8: Directional-hemispherical reflectivity as a function of incident angle
at phase boundary from medium 1 to medium 2: ki = 0, with n1 < n2 or
n1 > n2 (a), and refraction angle as a function of incident angle from medium 1
to medium 2: ki = 0, with varying n1 < n2 or n1 > n2 (b).
in the complex refractive index (see figure 8.7). The internal scattering within
CaCO3 is assumed to be isotropic (Φd,2 = 1). Figure 8.9.b shows the ratio of the
scattering efficiency factor for dependent scattering, calculated by gas, packedsphere, liquid, or modified-liquid model [211], to that for independent scattering
calculated by Mie theory (assumed fv = 1). Dependent scattering effects are thus
neglected in this study since the maximal reduction in the scattering efficiency
factor for 100 µm > λ > 0.1 µm is only approximately 10%.
8.3.2

Two-phase medium radiative coefficients

The scattering coefficients of the CaCO3 packed-bed two-phase medium are
shown in figure 8.10 as a function of wavelength for the fluid phase (figure 8.10.a
and 8.10.b) and the solid phase (figure 8.10.c and 8.10.d), assuming specularly
reflecting particles (figure 8.10.a and 8.10.c) and diffusely reflecting particles
(figure 8.10.b and 8.10.d). The reflection behavior of the fluid-solid interface
significantly influences σs,ij and σs,refl,i . For the fluid phase and specular interface, σs,refl,i < σs,ij for λ < 6 µm, while for the diffuse interface σs,refl,i > σs,ij .
For the solid phase, σs,refl,i > σs,ij , and this trend is independent of the reflection
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Figure 8.9: (a) Internal absorption and scattering coefficients of CaCO3 particles. (b) Ratio of the scattering efficiency factor obtained for dependent scattering calculated by gas, packed-sphere, liquid, and modified-liquid models to
the one obtained for independently scattering calculated by Mie theory.
interface type. σs,refl,1 , obtained for the specular and diffuse interfaces, clearly
follows the shape of ρr,sp and ρr,d , respectively (see figure 8.7.b). σs,refl,2 and σs,21
are additionally influenced by the presence of the total reflection phenomenon
in the particle. Obviously, for any phase, σs,ij is complementary to σs,refl,i since
it refers to the transmitted portions of radiation across the interface.
The extinction coefficients βi are shown in figures 8.11. They are independent
of the interface reflection type (specular/diffuse). In addition, β1 is independent
of λ as it is a function of the interface geometry only. β2 increases with λ
because of the increasing κd,2 + σd,s,2. The spectral oscillations in β2 result from
the statistical MC oscillations. The spectral oscillations in β2 are mostly the
result of the spectral oscillations of κd,2 and σd,s,2 (see figure 8.9.a).
8.3.3

Two-phase medium scattering phase functions

The probability density functions of the directional cosine of the incidence angle
at the fluid-solid interface, determined by MC, are plotted in figure 8.12 for
both phases. Assuming κd,2 = σd,s,2 = 0, Fµin,1 and Fµin ,2 compare well to Fµin ,
computed for identical overlapping opaque spheres (IOOS) and for identical
overlapping transparent spheres (IOTS), respectively [208]. For the real values
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Figure 8.10: Spectral scattering coefficients of the CaCO3 packed bed for the
fluid phase (a,b) and the solid phase (c,d), assuming specularly reflecting particles (a,c) and diffusely reflecting particles (b,d).
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Figure 8.11: Spectral extinction coefficients of the packed bed: fluid phase (a)
and solid phase (b).
of κd,2 and σd,s,2, Fµin ,2 depends weakly on β2 and hence on λ. The dependency
of Fµin ,2 on β2 is explained by the fact that, for increasing β2 , the incidence
angles corresponding to longer paths occur less frequently.
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Figure 8.12: Probability density functions of the directional cosine of the incident angle at the fluid-solid interface for selected wavelengths.

134

Chapter 8. Semitransparent-particle packed bed

Functions Fµin ,i are then used to calculate the scattering phase functions, see
chapter 3. Figures 8.14 and 8.13 show the scattering phase functions for spectral
and diffuse interfaces, respectively, as a function of the cosine of the scattering
angle at selected wavelengths λ = 0.1 µm, 1 µm, 10 µm, and 100 µm. Φ12
and Φ21 are identical for the specularly reflecting solid-fluid interface because
the Fresnel’s equation yields the same results when the angle of incidence and
transmission are interchanged [138]. The forward scattering peak decreases with
λ because of an increase in normal-hemispherical reflectivity of the interface,
which in turn is the result of the increasing n2 and k2. q
Since total reflection
is assumed for the diffuse interface, Φ21 = 0 for µs < − 1 − µ2refl,tot . For the
specular interface, Φrefl,1 and Φrefl,2 are clearly functions of λ due to the spectral
variation of ρr,sp , while this cannot be observed for the diffuse interface. The
jump of Φrefl,2 is explained by enhanced interface reflections for µs > 1−2µ2refl,tot .
Obviously, Φ12 is equal to Φrefl,1 because of the absence of internal scattering
in the fluid phase. In contrast, Φ22 is mostly influenced by Φd,2 because of the
large internal scattering in the solid phase (see eq. (2.36)).
8.3.4

Sensitivity analysis

A MC parametric study is carried out to elucidate the influence of the uncertainties in n2 , k2 , and ρr,d on the radiative properties by varying by ±20% their
reference values n2 = 1.64, k2 = 2.3·10−5, and ρr,d = 0.87 at λ = 1 u m. These
variations do not affect βi (<1% change). κ2 is influenced by variations of k2
(up to 20%) and n2 (6%) for specular and diffuse fluid-solid interfaces.
For the specular interface, variation of n2 leads to remarkable effect on σs,refl,1,
σs,refl,2, σs,12, and σs,21 (up to 66% change), because ρr,sp depends on n2. For
diffusely reflecting particles, variation of n2 and k2 leads to small variations in
σs,refl,1, σs,refl,2, and σs,12 only (up to 5% change) because of the varying particle
optical thicknesses and the total reflection angles. The change in σs,21 is up
to 55%. The variation of ρr,d has a more pronounced effect on the scattering
coefficients. For example, for ρr,d = 1.0 (no refraction), σs,ij = 0, while reduction
in ρr,d by 20% nearly doubles σs,ij . Decreasing values of n2 augments the forward
scattering peaks of Φ12 and Φ21 for both specular and diffuse interfaces, as seen
in figure 8.15.a. This is due to smaller relative angles between the incident and
refracted rays for both specular and diffuse interfaces, according to Fresnel’s
equations.
Variations of k2 and ρr,d by ± 20% do not affect the scattering phase functions.
Variation of n2 has an effect on Φrefl,1 and Φrefl,2 for the specular interface because

8.3. Radiative Properties

135

(b)

(a)

80

4
λ = 0.1 µm
λ = 1 µm
λ = 10 µm
λ = 100 µm

60

Φ12

Φrefl,1

3

2

1

40

20

0

0
-1

-0.5

0
µs

0.5

1

-1

-0.5

0
µs

0.5

1

0.5

1

(d)

(c)

80

4
λ = 0.1 µm
λ = 1 µm
λ = 10 µm
λ = 100 µm

λ = 0.1 µm
λ = 1 µm
λ = 10 µm
λ = 100 µm

60

Φ21

3

Φrefl,2

λ = 0.1 µm
λ = 1 µm
λ = 10 µm
λ = 100 µm

2

1

40

20

0

0
-1

-0.5

0
µs

0.5

1

-1

-0.5

0
µs

Figure 8.13: Scattering phase functions of the CaCO3 packed bed versus cosine
of the scattering angle for a diffusely reflecting solid-fluid interface, at selected
wavelengths λ = 0.1 µm, 1 µm, 10 µm, and 100 µm.
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Figure 8.14: Scattering phase functions of the CaCO3 packed bed versus cosine
of the scattering angle for a specularly reflecting solid-fluid interface, at selected
wavelengths λ = 0.1 µm, 1 µm, 10 µm, and 100 µm.
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the shape of ρr,sp (µin ) depends on n2. Specular reflection generally leads to more
pronounced forward scattering in Φrefl,1 and Φrefl,2, mainly as a result of the
enhanced reflective behavior of the interface at larger incidence angles, while
backward scattering is favored for diffusely reflecting particles. This behavior
is less evident for materials with higher β2 and σd,s,2 , respectively, since the
fraction of internal (isotropic) scattering is larger. Sensitivity analysis of the
statistically determined characteristic size of the grains indicates that reduced
grain size enhances the variations in the extinction behavior for wavelengths
above 10 µm, while the opposite is true for larger grain sizes. Changing the
characteristic size by ±20% leads to variations in the extinction efficiency of up
to 13%, scattering efficiency of up to 25%, and absorption efficiency of up to
19%.
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Figure 8.15: (a) Scattering phase function Φ12 and Φ21 for specular and diffuse
fluid-solid interfaces, as a function of the scattering angle cosine, for selected
refractive indices n2 = 1.31, 1.64, and 1.97. (b) Normalized two-norm of the
cumulative distribution functions.

8.3.5

Accuracy and validation of the MC algorithm

MC convergence is examined for 2-norms of Fµin,i , Ge,i , Ga,i, and Gs,ij for 104,
105, 106, 107, and 108 stochastic rays, normalized with respect to the reference
solution for 109 rays,  = ||y − y ref ||2 / ||y ref ||2 , with y being the computed vector of the corresponding cumulative distribution function for the corresponding
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number of rays. The results are shown for the selected functions in figure 8.15.b.
 decrease exponentially with Nray. The maximum  = 1.3, obtained for Fµin ,2
using Nray = 104, decreases to 1.2·10−2 using Nray = 108.  is relatively high for
Fµin ,2 because of the large values of the optical thickness inside the particles that
leads to a small number of rays reaching particle boundaries and, consequently,
high uncertainties in Fµin ,2.
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Figure 8.16: MC and analytically calculated phase functions of a particle cloud
for fv = 1.6·10−3, d = 2 µm, n = 1.64, and k = 2.6·10−5 at λ = 1 µm, ρr,d =
0.866 and for specularly and diffusively reflecting particles.
The MC algorithm was used to calculate the radiative characteristics of an independently scattering particle cloud of large opaque spheres for fv = 1.6·10−3,
d = 2 µm, n = 1.64, and k = 2.6·10−5 at λ = 1 µm. The scattering phase
functions for diffusely reflecting and specularly reflecting particle surfaces are
plotted in figure 8.16. Also shown are the corresponding phase functions obtained analytically [138]:

8 p
Φrefl,1,d,an (µs ) =
1 − µs − µs arccos (µs ) ,
(8.2)
3π
ρr,sp (1/2 (π − arccos (µs )))
.
(8.3)
Φrefl,1,sp,an (µs ) =
R1
2 0 ρr,sp (µin ) µin dµin
The scattering and extinction coefficients can be calculated analytically [138] as
follows:
2 fv
Qs ,
(8.4)
σs,an =
3d
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2 fv
Qe ,
(8.5)
3d
where Qs,d = ρd , Qs,sp = ρsp , and Qe = 1 for large spheres without diffraction [138]. The MC-computed scattering coefficients for diffuse and specular
particles, and the extinction coefficients are 1071 m−1, 126 m−1, and 1237 m−1,
respectively; the analytically calculated coefficients are 1032 m−1, 121 m−1, and
1200 m−1, respectively. Furthermore, the code was validated for IOOS and
IOTS [161].
The anisotropy of the sample was examined by subdividing the volume domain in eight subvolumes and calculating βi along each coordinate axis for each
subvolume petrasch2008, assuming opaque particles. The results are presented
in figure 8.17; they indicate the negligible role of the sample’s anisotropy.
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Figure 8.17: Normalized mean intensity along three orthogonal directions as a
function of sample length.
The MC algorithm was further used to compute the radiative characteristics
of a cubic (ε = 0.48) and orthorhombic (ε = 0.40) packed bed of glass spheres
(n = 1.5, k = 0 at λ = 0.6328 µm) with a diameter of 1.269 mm. Since the
glass particles are transparent at λ = 0.6328 µm, I1 (ŝ) = I2 (ŝ) [235] and βMC
= β1 ε + β2 (1 − ε). βMC was calculated to be 1775 m−1 and 1952 m−1 for the
cubic and orthorhombic bed configurations, respectively. The experimentally
determined value for a randomly packed bed (ε = 0.42) was βex = 2326 ± 416
m−1 [102].
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Conclusions

A computational technique has been developed in order to study the thermal
radiative properties of two-phase media containing densely packed large nonspherical semitransparent particles. The 3D digital geometry of a packed bed
of CaCO3 particles was obtained by employing CT and was used to directly determine medium morphological characteristics such as porosity, specific surface,
pore- and particle-size distributions, and the REV for the continuum domain.
The collision-based MC method was applied to calculate the PDFs of the attenuation path length and the direction of incidence at the fluid-solid interface
for the fluid and solid phases. The RDFs were then used to obtain the radiative
properties of the two-phase medium.
Spectral extinction coefficients were found to be independent of the reflectivity type (specular/diffuse) of the fluid-solid interface. In contrast, they were
found to depend strongly on the packed-bed geometry and the internal extinction coefficient κd,2 +σd,s,2, which increases with wavelength due to the increasing
complex refractive index. The scattering coefficients associated with refraction
and reflection at the fluid-solid interface σs,ij (i 6= j) and σs,refl,i, respectively,
depend on the morphology and the reflective characteristics of the fluid-solid
interface and on the internal radiative properties of the solid phase. σs,ij and
σs,refl,i behave complementarily. Scattering functions related to the refraction
phenomenon Φij (i 6= j) are restricted by total reflection. Φrefl,i strongly depends on wavelength for specularly reflecting interfaces, while the opposite is
true for diffuse-reflecting interfaces. Forward scattering was found to be predominant for specular-reflecting particles, while backscattering is typical for diffusely
reflecting particles. Large internal extinction coefficients with isotropic internal
scattering lead to less pronounced directional behavior of Φii. Directional determination of the extinction coefficient elucidated the negligible anisotropy of the
sample. The MC algorithm was validated by computing the radiative properties
of semitransparent porous media reported in the literature.
The CT-based methodology’s strength is its utilization of the exact 3D geometry of porous media in the limit of geometric optics with negligible diffraction.
Once the accurate material’s spectral bulk radiative properties and interface are
known, the macroscale radiative properties can be accurately determined.
The methodology presented here can be applied generally for the determination of the radiative properties of porous materials with a complex geometry,
e.g., radiation characteristic of snow samples (see next chapter), especially for
low porosity media where measurements are difficult to carry out.

Chapter 9
Characterization of snow layers
The theory and methodology for the radiative characterization complex multiphase media, described in chapters 2 and 3, is applicable in multiple fields
of engineering and science, as shown in this chapter for a multi-phase medium
relevant in environmental science. The multi-phase medium investgated is snow,
a packed bed of ice particles in a void phase composed of air and water vapor.
A multi-scale approach is chosen in this chapter: (i ) tomography-based
discrete-scale simulations are conduced to obtain the effective radiative properties of snow, namely: the extinction coefficients, the scattering coefficients and
the scattering phase functions; (ii ) the previously determined effective properties are used to solve the spatially averaged RTEs to determine overall reflectance, transmittance and absorptance of a snow slab (continuum model).
The results of the model are validated through experimentally measured transmittance. Additionally, they are compared to models which assume simplified
snow morphologies, allowing for conclusions on validity and accuracy of these
simplified models.
The presence of soot and other impurities (ash, soil, bubbles) in snow can
reduce the snow albedo and hence affect the radiative behaviour of the snowpack [226, 152]. The tomography-based multi-scale approach allows for a straightforward quantification of these effects, which is shown in the last part of this
chapter.
Radiative characterization of snow is of importance in environmental science,
especially for energy and water balances [126, 127]. Climate models, modeling
surface-atmosphere interactions, rely on the accurate prediction of the surface
albedo of the snow cover [47, 179]. Remote sensing interpretation, crucial for the
determination of heat and mass transfer parameters in snow and consequently
for avalanche prediction and energy balance, as well as hydrological and circulation models, strongly depends on the accurate radiative characterization of
snow composed of different snow types [56, 148, 130].
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Snow is a packed bed of semitransparent ice particles and semitransparent air
and water vapor void phase. Models that are generally used to radiatively characterize snow are based on diluted spherical ice particles in air. These models
determine the radiative properties by solving the problem of an electromagnetic wave incident on a spherical particle accompanied by an abruptly changing refractive index, corresponding to solving the Maxwell equations around a
spherical particle [231, 224, 196, 16]. Nevertheless, these models reduce accuracy of the calculated radiative properties if applied to snow since they neither
account for the complex ice grain morphology, which influences radiative properties [190, 165], nor for dependent scattering effects present for densely packed
multi-phase media. A first approach to account for the complex morphology of
snow has been introduced in CT-based radiation studies [96, 9]. Macroscopic
optical properties, such as reflectance or transmittance of snow layers, have been
calculated. But the models proposed do not allow to calculate the volumetric
radiative properties such as extinction coefficient or scattering phase function,
which are crucial for detailed snow cover models.

9.1
9.1.1

Morphological characterization
Computed tomography

Five different characteristic natural snow samples are used in the analysis, specified in table 9.1. They cover the grain shape classifications DFdc, RGsr/DFdc,
RGsr, DHcp, and MFcl of the International Classification for Seasonal Snow on
the Ground (ICSSG) [54]. They have been used in previous studies on snow’s
specific surface area [100]. Three types of snow called ’decomposing snow’ (ds),
’metamorphosed I’ (mI) and ’metamorphosed II’ (mII) were prepared by sieving fresh snow into boxes after precipitation. The boxes were stored at different
temperatures, allowing for isothermal metamorphism at different rates. Two
additional snow samples were collected in the field: ’depth hoar’ (dh) and ’wet
snow’ (ws). The dh snow was collected in blocks, while ws was sieved into boxes
and soaked with ice water.
A modified Scanco µCT 80 desktop X-ray CT setup with a microfocus X-ray
source emitting a polychromatic spectrum is used to scan the samples. The
acceleration voltage of the generator is 45 keV. The sample is scanned at 1000
angles (180°). Each measurement is an average of two scans with exposure
times of 0.25 s. The resulting voxel sizes are 10 µm for the ds, mI and mII snow
samples and 18 µm for the dh and ws snow samples. The CT data is filtered
with a median and Gaussian filter (each 3 x 3 x 3) and subsequently segmented
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(a)

(b)

(c)

(d)

(e)
Figure 9.1: Rendered geometry of the snow samples investigated: ds (a), mI (b),
mII (c), dh (d), and ws (e).
The size of the samples (a)–
(c) is 6 x 6 x 4 mm3 and the
size of the samples (d)–(e) is
10.8 x 10.8 x 7.2 mm3.
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Table 9.1: Grain shape classification (ICSSG) [54], measured density [100],
preparation method, and voxel size of the CT scans of the characteristic snow
samples.
Sample ICSSG

ρex (g/cm3) Preparation

ds
mI
mII
dh
ws

0.11
0.15
0.19
0.31
0.54

DFdc
RGsr/DFdc
RGsr
DHcp
MFcl

±
±
±
±
±

0.01
0.01
0.05
0.02
0.03

Voxel size
(µm)
fresh snow for 8 days at -50 °C 10
fresh snow for 14 days at -17 °C 10
fresh snow for 17 days at -3 °C 10
snow from field
18
field snow, soaked with water
18

by mode method. For the ds snow sample the threshold for segmentation was
determined by fitting two Gaussian curves to the grey value histogram and by
calculating their intersection. This allows minimizing the amount of spurious
voxels [100]. Figure 9.1 shows 3D rendered samples of the five characteristic
snow samples.
9.1.2

Porosity, specific surface area and REV

The two-point correlation function is used to calculate porosity, ε, and specific
surface area, A0, of the characteristic snow samples. The specific surface area is
defined as air-ice phase boundary surface per snow volume. Good agreement of
porosity and specific surface to earlier measured values [100] is observed. REV
is determined based on porosity calculations for cubic subvolume sizes at 20
random locations in the sample. Table 9.2 depicts the calculated ε, A0 and edge
lengths of the REV, lREV , for the five snow samples. For the determination of
lREV a tolerance band in ε of ±0.05 is assumed.
9.1.3

Pore- and particle-size distributions

The mathematical morphology operation opening with a spherical structuring
element is used to calculate the pore- and particle-size distribution, i.e. the size
distribution defined by the sphere that fits completely within the pore or particle
space, respectively. Figure 9.2 shows the opening distribution functions of the
pore and particle sizes for the five snow samples. The mean, mode, median, and
hydraulic diameters are listed in table 9.3. Thus, the assumption of geometrical
optics is valid for λ < 126 µm.
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Table 9.2: Calculated and measured [100] porosity and specific surface area,
respectively, and REV length of the five characteristic snow samples.
Sample
ds
mI
mII
dh
ws

ε
0.854
0.845
0.805
0.670
0.384

εex
A0 (m−1) A0,ex (m−1) lREV,γ=0.05 (mm)
0.88 ± 0.01
8178
6776 ± 694
0.63
0.84 ± 0.01
6450
5190 ± 383
1.27
0.79 ± 0.05
5488
5130 ± 1473
1.37
0.66 ± 0.02
2777
2883 ± 242
3.33
0.40 ± 0.03
3016
2646 ± 219
3.93
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Figure 9.2: Opening size distribution functions of the pores (a), and the particles
(b) for the five characteristic snow samples.

9.2
9.2.1

Radiative characterization
Single-phase internal radiative properties

The fluid phase is assumed to be transparent, i.e. its internal absorption and
scattering coefficients, σd,s,1 , κd,1 , respectively, are equal to zero, and its refractive index is equal to 1. The bulk properties of (pure) ice are determined based
on the complex refractive index of ice (shown figure 9.3) determined in [225].
Internal scattering is assumed to be 0 and the absorption coefficient is calculated
by the imaginary part of the refractive index, κd,2 = 4πk/λ, according to the
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Table 9.3: Calculated mean, mode, median and hydraulic pore and particle
diameter of the five characteristic snow samples.

dm
dmode
dmedian
dh

pore
0.24
0.20
0.27
0.42

ds
particle
0.05
0.04
0.07
0.07

mI
pore part.
0.27 0.08
0.24 0.08
0.28 0.10
0.52 0.10

mII
pore part.
0.32 0.13
0.32 0.12
0.33 0.15
0.59 0.14

dh
pore part.
0.75 0.40
0.90 0.36
0.81 0.42
0.97 0.47

ws
pore part.
0.41 0.66
0.43 0.61
0.43 0.70
0.51 0.82

electromagnetic theory [20, 138]. The directional-hemispherical reflectivities at
the specular fluid-solid interface for radiation incident from the fluid phase and
for radiation incident from the solid phase, respectively, are calculated using
Fresnel’s equations accounting for absorption in ice [20, 138].
100

1.5

10−1
1.25

10−2
10−3
10−4
10−5

0.75

k

n

1

10−6
10−7

0.5
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0.25

10−10
0
0.5

1

1.5
2
λ (µm)

2.5

3

10−11

Figure 9.3: Real (solid line) and imaginary (dashed line) part of the complex
refractive index of ice for 0.3 µm < λ < 3 µm [225].
9.2.2

Two-phase medium radiative properties

Scattering and extinction coefficients
The scattering coefficients of the five characteristic snow samples are shown in
figure 9.4 as a function of wavelength, for the fluid phase (figures 9.4.a and 9.4.b)
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and the solid phase (figures 9.4.c and 9.4.d). Obviously, for any phase, σs,ij is
complementary to σs,refl,i since it refers to the transmitted portions of radiation
across the interface. σs,refl,2 and σs,21 are additionally influenced by the presence
of the total reflection phenomenon in the particle.
The extinction coefficients βi are shown in figure 9.5. β1 is independent of λ as
it is a function of the interface geometry only. β2 increases with λ, qualitatively
following the λ-dependence of κd,2 . For λ > 2.7 µm, internal scattering strongly
increases and leads to the black body like behavior of ice in the near-IR spectral
region.
Scattering phase functions
Figure 9.6 shows the scattering phase functions for the five characteristic snow
samples as a function of the cosine of the scattering angle, µs . The sharp increase in Φrefl,2 can be explained by the total reflection phenomena leading to
an increased fraction of forward scattering. The scattering phase functions for
the five characteristic snow sample behave nearly identical and no significant
wavelength dependence is observed. This finding is consistent with the low sensitivity of the two-phase medium scattering functions on morphology [208, 77].

9.2.3

Continuum properties

Methodology
In order to obtain the macroscopic optical properties (overall reflectance, transmittance and absorptance) of the five characteristic snow samples, a spatially
averaged model (continuum domain model) is developed. The previously determined two-phase medium properties account for the complex geometry and
the single phase internal radiative properties. A snow slab of thickness lslab is
exposed to (i ) a collimated incident radiation flux or (ii ) a diffuse incident radiation flux at z = 0. The situation is depicted in figure 9.7. The lateral edges
of the slab are assumed infinitely large, equal to a periodic boundary. The inlet
and outlet faces are exposed to nonparticipating black surrounding, therefore T
= 0 K and emissivity εr = 1. Path-length based MC technique is used to solve
the two coupled averaged RTEs. Overall reflectance, R, transmittance, T r, and
absorptance, A, of the slab with thickness lslab are defined by Eqs. (9.1)–(9.3).
qij describes the radiative flux averaged over the cross sectional area in forward
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Figure 9.4: Spectral scattering coefficients of the five characteristic snow samples
for the fluid phase (a,b) and the solid phase (c,d).
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Figure 9.5: Spectral extinction coefficients of the five characteristic snow samples: fluid phase (a) and solid phase (b).
or backward direction (j: +, −), and in the void or solid phase (i: 1, 2).
R=

q1− (z = 0) + q2− (z = 0)
,
qin

q1+ (z = lslab) + q2+ (z = lslab )
,
Tr =
qin
A = 1 − R − Tr .

(9.1)
(9.2)
(9.3)

Radiative properties
The calculated R, T r and A of the five characteristic snow samples, spectrally
resolved, are shown in figure 9.8 for lslab = 4 cm for collimated incidence radiative
flux. Reflectance and absorptance closely follow the λ-dependence of κd,2 . The
results are qualitatively in agreement with the radiative properties of snow with
varying spherical grain radius determined in [231].
Comparison between R and T r calculated for collimated or diffuse incident
radiative flux are depicted in figure 9.9. R for a diffusely irradiate boundary
increases by 1% (at λ = 0.5 µm) up to 13% (at λ = 1.4 µm) for ds, mI and mII.
For dh and ws R increases even by 40% (at λ = 1.4 µm). T r for a diffusely
irradiated boundary decreases by 27% (at λ = 0.5 µm) and by 50% (at λ = 1.4
µm) for all five snow types. A decreases for a diffusely irradiated boundary.

3
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Figure 9.6: Scattering phase functions of the five characteristic snow samples at
λ = 0.5 µm (a) and at λ = 1.5 µm (b).

Figure 9.7: Schematic of the snow slab sample used for the continuum domain
00
calculations. The inlet radiative heat flux is depicted by qin
, the black body
surrounding at the inlet and outlet is given by T = 0 K and εr = 1, respectively.
The lateral walls are infinitesimally large.
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Figure 9.8: Spectral dependence of the overall reflectance
(a), transmittance (b), and absorptance (c) of a slab with lslab
= 4 cm and composed of the five
characteristic snow types and
irradiated by collimated radiative flux.
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Figure 9.9: Comparison of the spectral dependence of the overall reflectance (a),
and transmittance (b) of a slab with lslab = 4 cm, composed of the five characteristic snow types and irradiated by collimated (thin solid line) and diffuse
(thick solid line) radiative flux.
Transmittance as a function of sample thickness is depicted in figure 9.10 for
ds and ws snow types. The expected exponential decrease in T r with increasing
lslab is observed. Figure 9.11 shows transmittance as a function of snow types
for 2 cm and 8 cm thickness, respectively. The behavior qualitatively follows
the mean pore sizes of the five characteristic samples (see table 9.3).
Experimental validation
Experimental validation of the calculated results and consequently the CT-based
multi-scale methodology proposed is presented in the following. Experimentally
estimated transmittances of different snow samples are determined with a selfbuilt integrating sphere setup [63]. A 60 W halogen lamp is used as radiation
source. The sphere is made of styrofoam with an interior coating of aluminium
foil, spray-painted in flat white. It diffusely illuminates the snow sample of
thickness lslab. The radiation transmitted through the snow sample is measured
by an Analytical Spectral Device (FieldSpec Pro) in the spectral range of 350
to 1050 nm.
Two sets of experiments are performed. In the first set the transmittance
measurements of a snow sample collected in the field are done at two wavelengths
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Figure 9.10: Transmittance in function of the sample’s thickness for different
wavelengths for two characteristic snow samples: ds snow (a) and ws snow (b).

(830 and 928 nm) for 4 different sample thicknesses (lslab = 2.5, 4, 6, and 8 cm).
Measured ε of the sample is in the range of 0.33 to 0.52 and measured A0 is
in the range of 3300 to 3900 m−1. The experimentally estimated transmittance
is compared to the transmittance calculated for the dh and ws samples, which
show similar ε and A0 . The results are depicted in figure 9.12.a. The error bars
account for the variation in sample thickness and an assumed uncertainty in
transmittance measurement of 10%. The slightly lower calculated transmittance
at lower wavelengths is explained by the generally lower porosity of the dh and
ws samples.
In a second set of experiments, samples of three additional snow types are
investigated: ’refrozen wet natural snow’ (ns, small melt forms) with mean lslab
= 4.5 cm, ’stomped ns’ (small rounded grain) with mean lslab = 4.85 cm and
’stomped snowmaker snow’ (ss, fine grains) with mean lslab = 4.75 cm. After
each the measurement, three subsamples of each snow type are scanned by CT
and used for transmittance calculations with the proposed CT-based multi-scale
methodology. The results of the comparison are depicted in figure 9.12.b. The
error bars in the calculations account for the morphological variation between
the three subsamples and the variation in sample thickness. Results and calculations are in good agreement, except for the refrozen wet ns sample where
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Figure 9.11: Transmittance in function of the five characteristic snow samples
for varying λ and for lslab = 2 cm (a) and 8 cm (b).

acceptable agreement is obtained. The discrepancies are attributed to inhomogeneities in the snow sample and measurement uncertainties, especially at these
low transmittances.
Comparison to simplified morphologies
To investigate the influence of the incorporation of the exact snow sample morphology on radiative properties e.g. by means of CT, on the radiative properties
the previously obtained results are compared to radiative characterization of idealized snow types. An artificially generated regularly structured snow sample,
a packed bed of identical overlapping semitransparent spheres (IOSS), is used
for comparison. Porosity, εIOSS , and specific surface area, A0,IOSS , of IOSS are
given by
π
(9.4)
εIOSS = exp(nd3 ) ,
6
6εIOSS ln(εIOSS)
.
(9.5)
A0,IOSS = −
d
n describes the number of spheres per volume and d the diameter of the identical spheres. Three types of IOSS samples are generated: (i ) with d equals
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Figure 9.12: Transmittance as a function of sample thickness calculated for
a ws snow sample at 825 and 925 nm (solid and dashed lines) compared to
experimentally determined transmittance of a similar snow type at 830 and 927
nm (solid and dashed lines) (a); and experimentally determined transmittance
of wet refrozen snow, stomped ns, and stomped ss with mean thicknesses of 4.5,
4.85 and 4.75 cm, respectively (b).
to the corresponding dm (given in tables 9.2 and 9.3) and εIOSS equals to the
corresponding ε of the snow type; (ii ) with A0,IOSS equals to the corresponding
A0 of the snow type and εIOSS = ε; and (iii ) with d = dm and A0,IOSS = A0 .
The comparison of R for snow slabs of ds and ws snow types calculated based
on the CT morphology or the 3 types of IOSS morphologies with each having
two common parameters (d = dm and εIOSS = ε; or A0,IOSS = A0 and εIOSS = ε;
or d = dm and A0,IOSS = A0) are shown in figure 9.13. Table 9.4 indicates the
normalized 2-norms,
kRIOSS,typei − RCT k2
=
,
(9.6)
kRCT k2
and the relative difference,
rdif =

|RIOSS,typei − RCT |
,
|RCT |

(9.7)

of the calculated R based on the idealized morphologies and exact morphology.
Of the five characteristic snow types investigated, a slab composed of ds
snow type is worst approximated by IOSS while a slab of mII snow is best
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approximated by IOSS. This is due to the fact that the grains of mII are closest
to a sphere. The IOSS with A0,IOSS = A0 and εIOSS = ε best approximates the
morphology. Nevertheless, the relative difference of the calculated morphology
still deviates by 6 (mII) to 24% (ws).
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Figure 9.13: Comparison of R of a ds snow slab (a) and ws snow slab (b) of lslab
= 4 cm using either exact snow morphology (CT) or idealized morphology (3
types of IOSS).
9.2.4

Snow with soot impurities

To demonstrate the power of the CT-based multi-scale methodology proposed,
the influence of impurities in snow on radiative behavior is analyzed. Snow
impurities most often consist of dust, soil or soot. Additionally, bubbles in
the ice grain may act as radiation scatter. Soot impurities are chosen for the
following analysis due to its largest expected influence on snow albedo and,
therefore, on climate and hydrological models [226, 152, 170]. Nevertheless, the
same procedure is applicable for dust or soil impurities, or bubble inclusions.
Single phase properties of ice grains with soot impurities
Soot impurities are most likely randomly distributed within the ice grains [17].
Therefore the properties of the ice grains have to be adapted in order to adequately account for soot impurities. Measured soot impurities are in the range
of 1 to 10 ppm weight fraction (corresponding to approximately 1 to 10 ppm
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Table 9.4: Normalized, 2-norm ξ, and relative difference at λ = 1 µm, rdif,λ=1 ,
of the calculated R based on exact morphology and idealized geometry.
CT vs.

ds 85.7
mI 59.2
mII 42.1
dh 61.4
ws 50.1

dm /ε-IOSS
rdif,λ=1
0.0770
0.0653
0.0601
0.1252
0.0876

CT vs.

12.3
13.2
6.4
11.4
25.4

A0/ε-IOSS
rdif,λ=1
0.0139
0.0116
0.0061
0.0238
0.0406

CT vs. dm /A0-IOSS

rdif,λ=1
87.8
0.0734
61.5
0.0595
42.2
0.0569
52.3
0.1288
76.8
0.1536

fv ) [226]. Mie theory [16] is used to calculate the radiative behavior of an ice
particle with soot impurities. The refractive index of soot [43, 27, 108, 17],
shown in figure 9.14, together with an approximate diameter of (primary) soot
particles of 10 to 100 nm [226, 17] are assumed for the calculations. It is as1.2
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Figure 9.14: Real (solid line) and imaginary (dashed line) part of the complex
refractive index of soot for 0.3 µm < λ > 3 µm [27].
sumed the soot particles are isotropically scattering (Φd,2 = 1). The radiative
behavior of the ice/soot mixture is then determined by:
κd,2,ice =

4πkice
,
λ

(9.8)
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κd,2,imp =

3 fv
Qa ,
2d

(9.9)

σd,s,2,imp =

3 fv
Qs ,
2d

(9.10)

βd,2 = (1 − fv )κd,2,ice + κd,2,imp + σd,s,2,imp .

(9.11)

Qa and Qs are the absorption and scattering efficiencies calculated based on Mie
theory. Since soot particles are probably agglomerated, additionally, an equivalent sphere approach [108] is used to account for the agglomerated soot particles.
The diameter of the equivalent sphere of the agglomerate is determined by:
deq =

q
3

Np/aggdp .

(9.12)

For the calculations it is assumed that an agglomerate consists of approximately
400 primary particles, Np/agg = 400 [108], of 10 to 100 nm diameter.
Direct pore-level radiative properties
The determination of the two-phase medium radiative properties of the snow
sample of different snow types, containing soot impurities, is straightforward; it
is described in chapter 2. There is no change in σs,ij (i 6= j) and σs,refl,i compared
to the pure snow sample since they solely depend on the morphology of the snow
sample. The same is valid for Φs,ij (i 6= j) and Φs,refl,i . βd,2 is changing due to
the soot impurities, and consequently β2, σs,22 and Φs,22 are changing.
Continuum model
The continuum model, described in section 9.2.3, is used to calculate reflectance,
transmittance and absorptance of snow slabs composed of the five characteristic
snow types, containing soot impurities. The calculated spectral reflectance of
a snow slab with lslab = 4 cm composed of ds snow or ws snow are shown
in figure 9.15. A more pronounced influence on R is observed for the sample
composed of larger ice grains. For small λ and dp = 10 nm and fv = 10−5 R
is reduced up to 46% and 87% for the samples composed of ds and ws snow,
respectively. For λ > 1.4 µm, no significant influence of soot impurities on R
is observed. The influence of soot particle size (dp ) is less pronounced than the
volume fraction of the soot particles (fv ). If the soot is modeled as agglomerates,
the influence on R is less pronounced.
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Figure 9.15: Reflectance of a snow slab of lslab = 4 cm of ds snow type (a,c) and
ws snow type (b,d) containing soot impurities, either modeled as single particles
homogeneously distributed within the ice (a,b) or as agglomerates composed of
the same size primary particles homogeneously distributed within the ice (c,d).
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Conclusions

For the accurate determination of spectrally resolved (0.3 to 3 µm) radiative
characteristics of different snow types, a tomography-based multi-scale methodology was proposed. As characteristic snow types, decomposed snow, two types
of metamorphosed snow (composed of small and large rounded grains), depth
hoar and wet snow were chosen. The complex morphology of the different snow
types had been digitalized by CT and were used in direct discrete-scale numerical simulations for the determination of the morphological and effective radiative
properties, namely: porosity, specific surface, pore- and particle-size distribution, edge length of the representative elementary volume, extinction coefficients,
scattering coefficients and scattering phase functions. A continuum model was
developed to determine overall reflectance, absorptance and transmittance of
snow slabs composed of the different snow types.
The results obtained were in agreement with previously published radiative
properties of snow calculated by alternative methods, based on simplified snow
morphologies. In turn, the calculated properties were in agreement with the
experimentally estimated transmittance of snow samples, obtained by a self-built
integrating sphere setup [63]. The comparison between radiative properties of
snow samples composed of the five different characteristic snow types obtained
based on the exact snow morphology or simplified snow morphologies showed
discrepancies in reflectance up to 24%.
The power of the CT-based multi-scale methodology developed was shown
by additionally calculating radiative characteristics of snow slabs composed of
different characteristic snow types containing soot impurities. Soot particles
of 10 nm diameter and present in a volume fraction of 10−5 can reduced the
reflectivity by 47 to 83%. This reduction potential of soot was decreased when
modelling the soot impurities as agglomerates.
The CT-based, multi-scale methodology proves to be an accurate and powerful method to determine effective radiative properties of snow based on the
exact and complex snow morphology. Radiative characteristics of snow composed of stratified slabs, each slab composed of another snow types, can be
modeled straightforwardly with the proposed method.

Chapter 10
Summary and outlook
This thesis examines complex, chemically reacting multi-phase media in multiscale systems used in solar energy applications. In the course of this thesis,
the derivation of the volume-averaged radiative transfer equations and, consequently, the effective radiative properties of multi-phase media was achieved.
The accurate determination of the morphological, effective heat and mass transfer properties, based on the exact discrete-scale geometry obtained by computed
tomography, was achieved for (i ) highly porous ceramic foams, (ii ) anisotropic
ceramic foams, (iii ) packed beds of reacting material, and (iv ) packed beds of
semitransparent particles. A fifth medium relevant in the area of environmental
sciences and climate modeling was investigated to show the wide applicability
of the methodology: (v ) layers of characteristic snow types. Experimental validation was carried out for the morphological and effective radiative properties.
Preliminary studies on tailored ceramic foam design, adapted to the specific
process needs, were conducted. Continuum models for the highly porous ceramic and the layers of characteristic snow were developed. The properties of
the highly porous ceramic foam were incorporated in a continuum model of a
solar reactor used for the evaporation and decomposition of sulfuric acid, the
high-temperature step of sulfur-based cycles for the production of hydrogen.
Comparison with temperature measurements of experiments obtained at the solar furnace of DLR in Cologne was done. The subsequent process optimization
of the operational conditions, the reactor design, and the foam morphology was
analyzed. The properties of the snow were incorporated in a continuum model
of an irradiated snow slab and analyzed for the macroscopic optical properties.
Comparison with transmission measurements of snow showed good agreement.
Subsequent analysis of the influence of snow morphology and snow impurities
on the macroscopic optical properties was carried out.
The thesis was performed in the framework of the Hycycles and the SolRad projects. HycycleS is an ongoing project and aims at the qualification and
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enhancement of materials and components for key steps of sulfur-based thermochemical and thermochemical/electrochemical cycles for solar or nuclear hydrogen generation. Its final aim is to put to practice thermochemical water-splitting
by improving the efficiency, stability and practicability and by lowering the costs.
The task of ETH was to develop the detailed heat and mass transfer model in
the porous foam of the solar evaporator/decomposer reactor and it subsequent
optimization. The SolRad project aimed at the investigation of the fundamental heat and mass transfer phenomena in chemically reacting multi-phase media
applied to the production of hydrogen via gasification of carbonaceous materials
under concentrated solar radiation.
In chapter 2, an introduction to volume averaging theory is given. The
volume-averaged radiative transfer equations (RTEs) were derived and used for
the derivation of effective radiative properties in multi-phase media, assuming
geometrical optics to be valid. The general approach was simplified for twophase media composed of semitransparent phases, where the derivation showed
that two averaged RTEs need to be solved, each requiring an extinction coefficient, two scattering coefficients and two scattering phase functions. It was
shown that the properties solely depend on the discrete-scale geometry of the
multi-phase material and its component’s intrinsic radiative properties. Additionally, a brief description of the closure of the volume-averaged mass, species,
momentum and energy equations was given.
The methodology based on discrete-scale numerical simulations is introduced
in chapter 3. It is used for the investigation of the morphological, effective heat
and mass transfer properties. The methodology was extended to the specific
multi-phase media’s requirements analyzed in this thesis. Radiative distribution functions, computed by collision-based Monte Carlo, was used for radiative
characterization. Finite volume techniques were used for the solution of the
discrete-scale mass, momentum, and energy equations, needed for the conductive, convective and mass transfer characterization. As the effective properties
of multi-phase media solely depend on component’s intrinsic properties and
discrete-scale geometry, a computed-tomography (CT) based approach for obtaining an accurate discrete-scale geometry representation was used. The morphological characterization by CT, segmentation of the CT data and its subsequent use for the determination of porosity, specific surface area, pore- and
particle-size distributions and representative elementary volume, are described
in chapter 4.
The governing equations and the corresponding methodology for the solution of the equations were then applied to the characterization of four different
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multi-phase media used in four different solar applications and one multi-phase
medium relevant in environmental science.
The sulfur-based water-splitting cycles are introduced in chapter 5. A solar
reactor, hosting reticulate porous ceramic (RPC), was proposed for the evaporation/decomposition step. Therefore, RPC with nominal pore diameter of
1.27 mm was characterized for morphological, effective heat and mass transfer
properties. The extinction coefficient was calculated to be 431 m−1 and was in
quantitative agreement with its experimental estimate of 673 ± 30 m−1. Discrepancies were assumed to be the cause of neglecting incoming scattering in
the experimental methodology. The calculated scattering phase functions for the
limiting cases of pure diffuse or specular surface reflection showed predominant
back-scattering or nearly isotropic behavior, respectively. The effective conductivity converged to 0.022·ks for kf  ks and the Nu correlation converged to Nu
= 6.8 for small Re numbers. Calculated permeability and Dupuit-Forchheimer
coefficient compared well to values available in the literature for similar discretescale geometries. Tortousity showed a mean value of 1.07. The dispersion tensor
for neglected molecular dispersion was determined as a function of Re. The effective properties were then incorporated in a continuum model of the solar
reactor containing the foam. Experimental comparison by means of measured
temperatures showed good agreement. The model was used for the optimization
of the operational conditions, reactor design and foam morphology. Acid solution inflow and solar irradiation showed to be the most important parameters.
For the current design a solar irradiation of 150 W and an acid solution inflow of
2 ml/min achieved highest energetic and chemical efficiencies of 73% and 45%,
respectively.
A ceria-based water-splitting cycle is introduced in chapter 6. The nonstoichiometric ceria foam used in the solar reactor for its redox reactions showed
structural anisotropy due to its processing (uniaxial pressing in z-direction and
anisotropic primary particles). Therefore, morphological and effective transport
properties of different ceria samples (with different pore-size distributions) were
determined along the three principal directions. Pore squeezing in z-direction
led to the enhanced extinction behavior in z-direction, consistent – also in the
other two directions – with values available in literature for similar media. The
calculated effective conductivities showed enhanced conductivity along the xand y-directions due to a more parallel alignment of the structure with the
heat flux in these directions. The determined Nu correlations showed enhanced
convective heat exchange along the z-direction. Permeabilites decreased while
Dupuit-Forchheimer coefficients increased for the z-direction because of an en-
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hanced pressure gradient due to hindered fluid paths and considerable increase
in tortuosity for the z-direction. Finally, preliminary studies on tailored foam
design, adjusted to the specific process needs, were carried out, with the aim to
analyze and optimize the artificially generated ceramic foams and their effective
heat and mass transfer properties.
Solar-driven gasification of carbonaceous material (waste tire shreds) in a
packed-bed configuration is introduced in chapter 7. An energy analysis of different electricity production processes using waste tire shreds as feedstock was
conducted. Thus, its applicability and its CO2 emission potential was shown.
In the subsequent analysis, the accurate determination of morphology, effective
heat and mass transfer properties dependent on reaction extent was achieved.
In contrast to the previously investigated ceramic foams, the packed bed was a
non-consolidated structure and its morphology considerably changed during the
reaction. Experimentally determined porosity for different operational conditions increased with reaction extent, peaked at XC = 0.86 and decreased again.
Comparison to numerically calculated values showed good agreement for low
XC , while at large XC discrepancies, associated to evolved nanopores not detectable with the CT techniques, were observed. Measurements of BET specific
surface area supported this explanation. Measured particle-size distributions
showed that during pyrolysis, where devolatilization takes place, the particle
became highly porous without significant decrease in diameter. On the other
side, particles shrank and broke apart during subsequent gasification resulting
in substantially smaller particle sizes. Numerically calculated particle-size distribution were able to predict the increase in small particles with increasing
XC . Calculated extinction coefficients increased with reaction extent as particles shrank, broke apart and shortened the attenuation path length. Scattering phase functions for diffusely reflecting particles showed no significant influence on the reaction extent while the opposite was true for specularly reflecting
particles. Effective conductivity, calculated by neglecting the particle-particle
contact resistance, decreased with reaction extent because of the increase in
porosity and the decrease in particle size. Nu correlations showed a decrease in
Nu correlation during the pyrolysis and subsequent increase during gasification.
Permeabilities increased and Dupuit-Forchheimer coefficients decreased, respectively, during and subsequently decreased and increased, respectively, during
gasification. These changes were associated with the evolution of highly porous
particles – also observed in the tortuosity calculations – during pyrolysis, allowing for more direct paths through the packed bed and subsequent particle
break-up. Calculated effective properties showed acceptable agreement with
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properties available in the literature, given the differences in morphology. An
in-depth understanding of the reaction mechanism was achieved and characterized.
In chapter 8, the thermal decomposition of calcium carbonate in a packedbed configuration is introduced. It is relevant in the industrial production of
calcium oxide and in CO2 capturing processes. Its morphological and spectral
radiative characterization, in the wavelength range of 0.1 to 100 µm, was carried
out. In contrast to the previously investigated multi-phase media, radiation is
able to partially pass through the particles in the packed bed. The spectral
extinction coefficients for the void and the calcium carbonate phase were determined. The former showed to be solely dependent on morphology while the
latter was strongly influenced by the intrinsic properties of calcium carbonate.
Two spectral scattering coefficients for each phase were calculated, behaved
complementary and showed strong dependence on the reflection behavior of the
particle surface. Two spectral scattering phase functions for each phase were
determined. For diffusely reflecting particles, they showed minor spectral dependence. The results were validated by comparing the calculated properties
for an independently scattering particle cloud of large opaque particles with its
analytical solution.
The CT-based methodology, applied and extended in this thesis, is widely
applicable. An application in the area of environmental science and climate
modeling is introduced in chapter 9. The morphological and radiative characterization (in the spectral range of 0.3 to 3 µm) of different snow layers, each
composed of a different characteristic snow type, was carried out. The calculated
radiative properties were incorporated in a continuum model of a 1D snow slab
irradiated by diffuse or collimated radiation flux. Macroscopic optical properties
of the snow layer were calculated. The results were validated by experimental
transmission measurements and showed good agreement. The influence of snow
morphology was analyzed by comparing the calculated macroscopic optical properties based on the exact snow morphology with the one calculated based on
simplified morphologies (packed beds of spheres). Determined deviations in reflectance up to 24% implied a significant influence of snow morphology on the
radiative behavior. Soot impurities in snow were included in the model and
showed a reduction in the calculated reflectivity by up to 83%.
Further development of the methodology to characterize directional morphological properties in anisotropic material is proposed. The influence of particleparticle resistance on effective heat transfer properties should be analyzed.
The methodology is used in medical engineering for mechanical character-
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Figure 10.1: 3D rendering of the CT data of the alumina foam with edge length
1.2 cm (a), and 3D rendering of fibrous ceria with edge length of 1.5 mm (b).
ization of bone structures and can be applied straight-forwardly for stability
analyses of porous media, e.g., used in solar reactors. Additionally, other physical phenomena such as sound absorption and electrical conductivity could be
analyzed.
The analysis of coupled phenomena and subsequent conclusions on whether
decoupling is a reasonable assumption can be investigated by the discretescale numerical simulations. Additionally, the influence of neglecting fluctuation terms and of closing assumptions in the volume-averaged equations can be
analyzed by this method.
The continuum model developed for the solar evaporator/decomposer reactor should be extended to a three-phase model to accurately account for the
evaporation process. This would allow for an in-depth understanding of the
evaporation process in the porous media and for further optimization of the
reactor.
The methodology can be applied to other materials of energy- and nonenergyrelated areas. An alumina foam, depicted in figure 10.1.a, produced by a novel
colloid-based technique [6] is considered for applications in the area of advanced
insulation material and advanced materials for efficient high-temperature solidoxide fuel cells (anode, cathode and electrolyte). Morphological characteristics,
effective heat, and (multi-phase) mass transfer properties are crucial for the determination of the insulation performance as well as the performance of the fuel
cell. Fibrous ceria, depicted in figure 10.1.b, is considered for application in
the ceria-based water-splitting process. Advantages or disadvantages of fibrous
material compared to foams can be determined by morphological, heat and
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Figure 10.2: Tomographic image of a packed bed of coated polymeric particles
with edge length of 1.7 mm (a), and a La1.98Sr0.02CuO4 p-type material with
edge length of 403 µm (b).

mass transfer characterization and, consequently, process optimization can be
achieved. Packed beds of hollow particles coated with few nanometers of alumina
and ferrite by atomic layer deposition [113] are depicted in figure 10.2.a. They
are considered as efficient heat- and mass-transport medium for ferrite-based
water-splitting cycles. Thermoelectrical processes where low-temperature solar
radiation is directly converted into electrical energy [207] use p- and n-doped
materials, exemplary shown for La1.98Sr0.02CuO4 (p-type) in figure 10.2.b. Morphological characteristics and effective heat and electric transfer properties are
crucial for modeling and optimization of the thermoelectric converter. Multiple
applications of the CT-based method in nonenergy-related areas are possible,
e.g, in medical engineering where the radiative properties of pathological and
healthy tissue, exemplary shown in figure 10.3, are of interest in cancer treatment. Additional applications in medical engineering are the analysis of the
mechanical stability of bone structure [141, 124], of the bone ingrowth into
tissue-engineered scaffold materials [94], and of the flow and stresses within
vessels [21].
The CT-based multi-scale investigations allow for an in-depth understanding
of various involved processes and, additionally, help to understand the morphologies’ influence on the effective heat and mass transfer properties. The
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Figure 10.3: 3D rendering of CT data obtained of a mouse’s skin melanoma.
Edge length is approximately 6.8 mm.
preliminary studies on the tailored foam designs, described in the second part
of chapter 6, are a first approach in this regard and allow for foam engineering
and consequently enhanced process performance.
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[96] T. Kämpfer, M. Hopkins, and D. Perovich.
A three-dimensional
microstructure-based photon-tracking model of radiative transfer in snow.
Journal of Geophysical Research, 112:10.1029/2006JD008239, 2007.
[97] H. Kaneko, T. Miura, H. Ishihara, S. Taku, T. Yokoyama, H. Nakajima,
and Y. Tamaura. Reactive ceramics of CeO2-MOx (m = mn, fe, ni, cu) for
H2 generation by two-step water splitting using concentrated solar thermal
energy. Energy, 32:656–663, 2007.
[98] T. Kappauf and E. Fletcher. Hydrogen and sulfur from hydrogen sulfide
– vi. solar thermolysis. Energy, 14:443–449, 1989.
[99] M. Kaviany. Prinicples of heat and mass transfer in porous media.
Springer, New York, 1999.
[100] M. Kerbat, B. Pinzer, T. Huthwelker, H. Gäggeler, M. Ammann, and
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A. Lüdeke, P. Marchand, M. Muñoz, M. Pedrozzi, L. Rivkin, T. Schlichter,
V. Schlott, L. Schulz, and A. Wrulich. Comission of the Swiss Light Source.
In Proceedings of the 2001 Particle Accelerator Conference, Piscataway,
2001.
[206] A. Studart, U. Gonzenbach, E. Tervoort, and L. Gauckler. Processing
routes to macroporous ceramics: A review. Journal of the American Ceramic Society, 89:1771–1789, 2006.
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W. Lipiński, J. Petrasch, and S. Haussener. Application of the spatial averaging
theorem to radiative heat transfer in two-phase media. Journal of Quantitative
Spectroscopy and Radiative Transfer, 111:253–258, 2010.
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S. Haussener, W. Lipiński, P. Wyss, and A. Steinfeld. Tomography-based analysis of radiative transfer in reacting packed beds undergoing a solid-gas thermochemical transformation. In Proceedings of the 2009 ASME Summer Heat
Transfer Conference, San Francisco, 2009.
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