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Abstract

Radiative properties of participating media are required in applica
tions where energy processes in general, and high temperature solar 
energy applications in particular, are to be optimised with respect to 
radiation heat transfer in an emitting, absorbing and scattering (i.e. 
participating)  medium.  One  route  for  determining  the  radiative 
properties is theoretical prediction, which requires knowledge of the 
material's composition and electromagnetic properties as well as the 
availability  of  a  suitable  solution to  the  underlying Maxwell  equa
tions. In the event where theoretical prediction is either not possible 
or its result too uncertain, experimental determination and verifica
tion can offer a viable solution. The present work therefore aims at 
contributing  to  the  experimental  approach.  It  encompasses  the 
review, summary and development of strategies for measurement and 
evaluation;  the  development  of  experimental  set-ups  enabling 
goniometric and transmission mode measurements; and the results of 
the investigations on reticulate porous ceramics (RPC) and a packed-
bed of zinc-oxide particles. 

The first major achievement is a goniometric set-up capable of 
measuring the angular distribution of radiation. It irradiates a sample 
perpendicularly with a rectangular  beam sized 8 mm × 6 mm and 
then  scans  the  entire  sample  cross-section  at  freely  selectable 
wavelengths between 0.3 μm ÷ 4.0 μm and viewing angles between 
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-30° ÷ 156°, with 0° being the forward direction. Upgrades for cover
ing a larger wavelength range up to 10 μm and larger angular range 
up  to  and  including  180°  have  been  designed  and  are  presented 
together with a furnace for measuring at sample temperatures up to 
800°C. 

The investigations on RPCs reveal a strong forward peak in 0° 
direction caused by a large fraction of radiation being able to travel 
through the entire sample without interacting with the solid phase. 
This is then followed by a steep drop in signal strength indicating that 
in-scattering in forward direction is low, which corroborates the good 
agreement the slope of a log-linear fit to the forward directed RPC 
signal to thickness data has with numerically determined extinction 
coefficients based on tomography scans from the same sample. The 
encountered apparent extinction coefficients for RPCs with porosities 
around 0.9 range between 220 m-1 for a nominal pore size of 2.54 mm 
and 690 m-1 for a nominal pore size of 1.27 mm. 

Unlike the RPCs the densely packed beds of ZnO powder reveal 
a very smooth angular distribution of radiative power with no partic
ular peaks in forward direction. This has to do with virtually no radi
ation being able to travel through the sample without experiencing 
multiple scattering events. A Monte Carlo ray-tracing model of the 
ZnO sample and set-up was used to estimate the radiative properties 
from a best fit to the measurement data, resulting in a model extinc
tion coefficient of 35'000 m-1 and a scattering albedo of 0.999. In case 
of the ZnO samples, the experimental results do not support but con
tradict theoretical results based on independent scattering Mie the
ory.  Reasons  for  this  contradiction  can  be  attributed  to  the 
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investigated packed beds lying in the dependent  scattering regime 
and their particle size distribution being marred by high uncertain
ties.

In conclusion,  the experimental  results  demonstrate the func
tionality  of  the  experimental  set-up,  the  feasibility  of  supportive  / 
contradictive verification of theoretical predictions, and the success
ful determination of apparent and model radiative properties from 
measurement data.





Zusammenfassung

Diese Dissertation befasst sich mit der experimentellen Bestimmung 
von Strahlungseigenschaften von sogenannt teilnehmenden Medien, 
in denen thermische Strahlung sowohl absorbiert als auch emittiert 
und gestreut werden kann. Eine wichtige Anwendung dieser Eigen
schaften liegt in der Optimierung energetischer Prozesse, bei denen 
Wärmeübertragung durch Strahlung in teilnehmenden Medien eine 
zentrale Rolle spielt. Hierzu gehören im speziellen solare Energiean
wendungen bei hohen Temperaturen.  Eine Möglichkeit  liegt  darin, 
die Strahlungseigenschaften auf theoretisch / numerischem Weg zu 
bestimmen.  Dies  bedingt  jedoch  die  Kenntnis  der  geometrischen 
Materialstruktur,  der  elektromagnetischen  Materialeigenschaften 
sowie der Verfügbarkeit einer geeigneten Lösung der Maxwellschen 
Gleichungen.  Falls  die  theoretische  Vorhersage  nicht  möglich oder 
mit  unzulässig  hohen Unsicherheiten verbunden ist,  kann gegebe
nenfalls  eine  experimentelle  Bestimmung  oder  Verifizierung  der 
benötigten Daten weiterhelfen. Entsprechend befasst sich die vorlie
gende Arbeit zunächst mit dem Erarbeiten einer Übersicht zu experi
mentellen Methoden, dann mit der Entwicklung von experimentellen 
Aufbauten und zuletzt mit direkten Anwendungen im Bereich netz
artiger poröser Keramiken sowie in einem aus Zinkoxidpulver beste
hendem Festbett.
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Grundlage  für  die  experimentellen  Untersuchungen  ist  ein 
goniometrischer Messaufbau zur winkelabhängigen Bestimmung der 
Strahlungsleistung.  Die  zu  untersuchenden  Proben  werden  dabei 
senkrecht  zu einem rechteckigen Strahl  der Grösse 8 mm × 6 mm 
aufgestellt und die durchschnittliche Strahlungsleistung durch Mittel
wertbildung  des  Signals  über  die  gesamte  Probenoberfläche 
bestimmt.  Der  einstellbare  Wellenlängenbereich  beträgt  0.3 μm  ÷ 
4.0 μm und der Betrachtungswinkelbereich -30° ÷ 156°, wobei 0° die 
Vorwärtsrichtung  des  Strahls  bezeichnet.  Weitere  Arbeiten  im 
Bereich  des  Messaufbaus  sind  Erweiterungen  zur  Abdeckung  des 
Wellenlängenbereichs bis 10 μm, zur Erhöhung des Betrachtungswin
kels auf bis und mit 180° und zur Messung bei Probentemperaturen 
bis 800 °C durch Benutzung eines speziell für die Anlage konstruier
ten Ofens.

Charakteristisch  für  die  Messungen  an  netzartigen  porösen 
Keramiken ist ein sehr starkes Signal in 0° Richtung. Diese Signal
spitze lässt sich durch die Eigenschaft der Proben, einen grossen Teil 
der Strahlung ohne jegliche Interaktion mit dem Festkörper durchzu
lassen, erklären. Direkt ausserhalb der 0° Richtung folgt ein sehr star
ker Signalabfall, was ein Indiz für die nur sehr schwache Verstärkung 
des Signals durch Streuung in Vorwärtsrichtung ist. Ferner zeigt sich, 
dass die Steigung einer linearen Regression des Signals in Vorwärts
richtung über die Probendicke gut mit numerisch aus Tomographie
daten bestimmten Extinktionskoeffizienten übereinstimmt,  was ein 
weiteres Indiz für die nur sehr schwache Vorwärtsstreuung ist. Die 
bestimmten scheinbaren  Extinktionskoeffizienten  der  untersuchten 
Proben, welche alle eine Porosität im Bereich von 90% haben, umfas
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sen den Bereich zwischen circa 220 m-1 bei einer nominellen Poren
grösse von 2.54 mm und 690 m-1 bei einer  nominellen  Porengrösse 
von 1.27 mm. 

Anders als bei den netzartigen porösen Keramiken zeigt sich bei 
den  Zinkoxid  Festbett  Proben  eine  äusserst  glatte  Verteilung  der 
Strahlungsleistung in Vorwärtsrichtung, was mit der dichten Packung 
des  Zinkoxidpulvers  zusammenhängt.  Diese  dichte  Packung  führt 
dazu,  dass  praktisch  die  ganze  Strahlung  mehrfach  gestreut  und 
deren Verteilung entsprechend geglättet wird. Die Bestimmung der 
Strahlungseigenschaften des  Zinkoxidbetts  erfolgte  durch  iteratives 
Angleichen  einer  Monte  Carlo  Simulation  an  die  Messdaten.  Der 
resultierende  modellbezogene  Extinktionskoeffizient  beträgt  35'000 
m-1 und das Albedo 0.999. Im Falle der Zinkoxidproben ergibt sich 
keine Übereinstimmung mit den theoretisch durch Anwendung der 
Mie Theorie für unabhängig streuende Strahlung erzielten Resulta
ten. Gründe dafür liegen einerseits in der dichten Packung des Fest
betts, welches abhängig streut und andererseits in der Unsicherheit 
der Partikelgrössenverteilung.

Als  Fazit:  Die  Resultate  demonstrieren  die  Funktionalität  des 
experimentellen  Messaufbaus,  die  Machbarkeit  der  Bestätigung  als 
auch der Widerlegung theoretischer Voraussagen und schliesslich die 
Bestimmung  von  modellbezogenen  Strahlungseigenschaften  aus 
Messdaten.





Preface

This dissertation was performed jointly at the Paul Scherrer Insitute 
(PSI), and the Swiss Federal Insititute of Technology Zurich (ETH). 
The topic lies in experimental determination of radiative transport 
properties, a need which arose from the modelling work performed 
at ETH's Professorship of Renewable Energy Carriers and PSI's Solar 
Technology  Laboratory.  It  occurred  that  the  models  either  lacked 
experimental verification for theoretically derived properties or were 
limited by lack  of  both theoretical  models  and experimental  data. 
Consequently  PRE's  Radiation  Heat  Transfer  Laboratory  (Radlab) 
came to life.  The author  commenced work on the  Radlab in May 
2006, at a time where the first big components of the initial set-up — 
namely the double-monochromator, the dual Xe-arc / Cesiwid lamp 
and the Si/MCT detector — began to arrive. What followed was an 
ongoing evolution of  the  optical  design,  measurements and evalu
ation. Next to the work on the Radlab the author pursued a number 
of other lengthier tasks (radiation flux measurement, website devel
opment  and  MC  code  maintenance)  which  are  documented  else
where.

A selection of important milestones in the course of the thesis 
are: The first simplified transmission mode optics (November 2006) 
combined  with  the  measurements  on  reticulate  porous  ceramics 
(December 2006); The optics for angular measurements (May 2007); 
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The  measurement  and  analysis  of  densely  packed  beds  of  ZnO 
powder (December 2007 ÷ March 2008); The SNF funded design and 
acquisition of components for upgrading the set-up for greater spec
tral range, sensitivity and measurement of radiative properties at tem
peratures up to 800°C (Spring ÷ Summer 2008 and January 2009); 
The angular measurements on three types of reticulate porous ceram
ics  (February  ÷  August  2009);  Angular  measurements  on  packed-
beds of tire shreds (September ÷ October 2009); The work on the 
extended modelling code framework for the Radlab set-up required 
for inverse analysis (July 2009 ÷ tbc.); And finally the writing of the 
thesis (March ÷ April 2009).

Though much good was performed many important aspects of 
measurement and evaluation had to be treated in an incomplete way 
or left aside entirely. This includes issues such as matching the experi
mental set-up to the mathematical model, validating the model and 
set-up by a test medium of known properties, performing an uncer
tainty  analysis  of  the  set-up,  assessing  the  consequence  of  sample 
alignment errors, building a better understanding of how to analyse 
the experimental data and assessing the uniqueness of the solutions 
obtained so far. Another important but — for reasons of time — neg
lected aspect lies in finalising the measurement hardware to include 
fully automated and computerised scanning of samples with on-line 
reference  signal  measurement,  filter  selection  and lens  adaptation. 
Investing time for automation was found to be extremely rewarding 
as every implementation of another automation step resulted in a sig
nificantly faster scanning of samples and a reduction in error caused 
by manual control. Consequently there still is a lot left to do for the 
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people taking over the Radlab and the author is committed to provid
ing additional support well beyond the completion of his thesis. Suc
cessors and other interested persons are encouraged to contact the 
author in case anything is unclear.

The structure of this thesis document is according to: (1) Funda
mentals  in  combination  with  background and  motivation.  (2)  An 
overview of the present state of knowledge and methods with respect 
to  approaching measurement and evaluation of  radiative  transport 
properties in combination with a discussion of important and critical 
issues.  (3) The experimental  set-ups as designed and used for this 
thesis. (4) A brief primer on data acquisition and evaluation as per
formed in the context of the present study. (5 & 6) Results obtained 
during experimental studies of participating media made of reticulate 
porous ceramics and packed-beds of zinc-oxide.
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Nomenclature

The  nomenclature  used  in  this  thesis  largely  adheres  to  the  one 
chosen by Modest [97]. An exception lies in the formatting of math
ematical  symbols  and  physical  units,  which  follows  the  ISO/IEC 
80000 recommendations, the NIST Special Publications 330 and 881 
[105,  106], the IUPAC Green Book [18], and the IUPAP Red Book 
[19].  An  abridged  version  of  the  standards  is  given  by  Mills  and 
Metanomski [92].

Acronyms

ETH Swiss Federal Institute of Technology Zurich
FTIR Fourier transform infrared spectrometer
IR infrared (λ > 700 nm)
LED light emitting diode
MC Monte Carlo
MCRT Monte Carlo ray tracing
MCT Mercury-Cadmium-Telluride (detector)
PPI pores per inch
PRE Professorship of Renewable Energy Carriers
PSI Paul Scherrer Institute
Radlab Radiation Heat Transfer Laboratory
RPC reticulate porous ceramic



xxv Nomenclature

RTE radiative transfer equation (equation of rad. transfer)
SNF Swiss National Science Foundation
STL Solar Technology Laboratory
UV ultraviolet (λ < 400 nm)
VIS visible (400 nm < λ < 700 nm)

Non-dimensional derived units

rad angle (radian), rad = m / m
sr solid angle (steradian), sr = m2/m2

Latin Characters

a particle radius, m
A area, m2

Ai fit coefficient
D* normalised detectivity, m Hz0.5/W
d diameter, m
dnom nominal pore diameter, m
F cumulative distribution function
f distribution function
f focal length, m
f Dirac scattered fraction. —
fv volume fraction (“solid” fraction), —
f# f-number, —
g asymmetry factor, —
I radiative intensity, W/(m2 sr)
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Iλ spectral radiative intensity, W/(m3 sr)
p ray starting point, m
Q efficiency factor, —
q detector signal, V
q (radiative) heat flux, W/m2

q0 detector signal at 0° viewing angle without sample, V
ℜ uniformly distributed random number 0…1, —
s distance along a path s, m

unity vector in direction of path s, —
st sample thickness, m
u ray direction, —

Greek Characters

α opening angle, rad
αv viewing angle, rad
β extinction coefficient, m-1

δ uncertainty prefix (for standard deviations)1

δ Dirac delta function
δ95 95% uncertainty prefix
ε porosity (void fraction), —
Θ scattering cone angle, rad
θ polar angle (cone angle), rad
κ absorption coefficient, m-1

λ wavelength, m

1 Except noted otherwise  δ will be used for standard deviations. To save 
space δ may also be used for 95% uncertainties.

ŝ
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σs scattering coefficient, m-1

τ optical thickness (aka optical coordinate), —
Φ scattering phase function, —
φ azimuthal angle (circumferential angle), rad
Φtr transport based scattering phase function, —
Ω solid angle, sr
ω scattering albedo, —

Other Characters

~ sign for scales with2

Subscripts

0 reference value
abs absorption
b black-body; black-body radiation
bwd backward
ext extinction
fwd forward
HG Henyey-Greenstein
i incident; incoming
nom nominal
s scattering
sca scattering
t thickness

2 Scales with, ~, is similar to proportional, but not as strict.
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tr transport
v viewing
λ spectral (i.e. at a and / or per wavelength of λ)
⊥ perpendicular

Superscripts

* reduced
** apparent
^ unit (e.g. unit vector)

Special scripts and symbols

' different parameter instance or parameter variation
   over-bar: average (spatial / volume)
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Introduction

1.1 Introduction

solar energy

process
optimisation

thermo-
dynamics

heat transfer

chemistry

energy

radiative
heat transfer

participating
media

radiative
properties

Figure 1.1: Context of this dissertation.

The context of this thesis, illustrated in figure 1.1, lies in determining 
radiative  properties  of  participating  media  used  in  solar  energy 
applications. This introduction will therefore first address the equa
tion of  radiative transfer  (RTE),  which is  a physical  model  for the 
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transport of radiative energy in a medium that allows radiation to 
travel,  albeit  in  a  restricted — “participating”  way.  Subsequently  a 
selection of relevant solar processes will be discussed in general and 
with respect to the RTE, and, lastly, the chapter closed by giving an 
initial introduction to the experimental approach.

1.2 Radiation heat transfer in participating media

1.2.1 Introduction

A participating medium is a substance which is capable of absorbing,  
emitting and scattering radiation [97].  Figure  1.2 outlines  ways to 
address radiation heat transfer in participating media. The more fun
damental and microscopic approach is to view thermal radiation as 
either  discrete  photons  or  electromagnetic  waves.  With  respect  to 
radiation heat transfer, it is especially the electromagnetic route with 
the Maxwell equations that is of particular importance in obtaining 
solutions for sufficiently simple bodies and media. However, as soon 
as  more  complex  structures  and  a  more  macroscopic  scale  are 
involved both the Maxwell equations as well as the discrete photon 
approach tend to be impractical for engineering purposes, either due 
to insufficient  scope (photons)3 or  due to the equations becoming 
very tedious and computationally demanding to solve (Maxwell)4. A 
more practical way for modelling radiation heat transfer in complex 
participating systems is to use the radiative transfer equation (RTE), 

3 This argument, albeit in slightly different form, is brought in chapter 8.18 
of Mishchenko et al. [94].

4 See chapter 9.1 of Mishchenko et al. [93] for a detailed discussion.
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which can be  derived both from phenomenological  considerations 
[15, 142] as well as from first principles [94, 95].

physical
description

electromagnetic
waves

photons

participating
media

equation of
radiative transfer

radiative
intensity

Maxwell’s
equations

radiative
heat transfer

quantum mech.
stat. physics

Figure 1.2: Routes for modelling radiative heat transfer and their con
nection  with  the  type  of  the  participating  media  relevant  for  this 
thesis.  The  grey  shaded area  highlights  the  particularly  important 
relationships. Dashed lines indicate secondary importance.

1.2.2 Phenomenological description

In the  following a  simplified phenomenological  description of  the 
RTE showing the relevant processes leading to the radiative proper
ties targeted in this thesis will be given. Readers interested in a more 
complete derivation,  as well  as in additional fundamentals of radi
ation heat transfer, are advised to consult a textbook on the subject 
matter [97, 130].
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Equation 1.1 presents the radiative transfer equation in a basic, quasi-
steady form showing only the terms relevant for the work performed 
in this thesis. The RTE describes the change of the spectral radiative 
intensity Iλ in direction of  along the path s, i.e. dIλ/ds. I, the radiat
ive intensity, is defined as the infinitesimal radiative power dP per 
unit solid angle dΩ per unit area dA normal to the direction of travel 
, as shown in equation  1.2. Its unit is therefore W/(m2 sr). Usually 

the material properties depend on the radiation's wavelength, which 
is accounted for by using the spectral radiative intensity Iλ, equation 
1.3, with units W/(m3 sr).

⊥
=

2d
d d

PI
Ω A

(1.2)

⊥
= =

3d d
d d d dλ

I PI
λ Ω A λ

(1.3)

The right hand side of equation 1.1 contains the radiative properties, 
which are the absorption coefficient  κ,  the scattering coefficient  σs 

and the scattering phase function  Φ.  κ and  σs can further be com
bined to give the extinction coefficient

β = κ + σs (1.4)

and the scattering albedo
ω = σs / β (1.5)

ŝ

ŝ
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Note that in case of the spectral radiative properties κλ, σsλ, βλ, ωλ and 
Φλ the subscript λ denotes that the properties are at a wavelength of λ 
and not per wavelength of λ. Therefore the unit of κ, [κ] = m

-1, is the 
same as that of κλ, [κλ] = m

-1.
Phenomenologically the radiative transport properties and their 

associated terms in equation 1.1 account for the following:

• κ : Attenuation by absorption, (dIλ)absorbed = -κλ Iλ ds .
I.e. the amount of radiation absorbed along path ds.

• σs : Attenuation by “out-”scattering, (dIλ)out-scattered = -σsλ Iλ ds .
I.e. the amount of “out-”scattered radiation along path ds.

• κ : Augmentation by thermal emission, (dIλ)emitted = κλ Ibλ ds .
Ibλ is the spectral black-body intensity which follows from Planck's 
function for black-body emission.

• σs,  Φ: Augmentation by scattering into the direction of s,

sλ
in-scattered 4π

(dI
4π
σ

= 

 ∫ 




I ŝ ŝ ŝΦ dΩ dsi iλ λ i i) ( ( )) ,λ  .

Iiλ is the incident radiative intensity of which the fraction

sλ
in-scattered(d

4π
σ

= I ŝ ŝ ŝΦ dΩi iλ λ i i) ( ( )) ,λI2 ds







is scattered from the incident direction  i into the direction of the 
path  . The integral over a hemisphere (4π) then results in the net 
intensity augmentation by in-scattering from all directions into the 
direction .

It  is  apparent  that  the  absorption  coefficient  κ scales  both 
absorption  and  emission,  which  can  be  shown  by  a  variation  of 

ŝ
ŝ

ŝ
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Kirchhoff 's law [97]. It further is implicitly assumed that the scatter
ing coefficient σs is independent of incoming direction.

To summarise: The radiative transfer equation is essentially an 
energy balance over an infinitesimal control volume in the direction 
of s, taking into account absorption (κ), scattering (σs,  Φ) and emis
sion (κ) of radiation. Radiative energy is thereby primarily modelled 
by  the  concept  of  the  radiative  intensity  I.  This  is  further  shown 
graphically in figure 1.3:
 

dI
ds ⇒ I I+dI

s s+ds
⇒

s s+ds
change of
intensity

thermal
emission

by

dIthermal

s s+ds

absorption

s s+ds
in-scattering

dIin

s s+ds
out-scattering

dIout

dIabsorbed

∫ dΩ ∫ dΩ

Figure 1.3: Energy balance of the radiative transfer equation shown in 
graphical form.

1.2.3 The concept of optical thickness

It is possible to re-write the radiative transfer equation 1.1 in terms of 
a non-dimensional optical thickness τλ, which is defined as shown in 
equations 1.6 and 1.7. τλ can be seen analogously to the path s scaled 
by the extinction coefficient βλ.

dτλ = βλ ds (1.6)
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= ∫
0

d
s

λ λτ β s (1.7)

The RTE then takes the following form:

= − − + ∫b i i i i4π

d ˆ ˆ ˆ(1 ) ( ) ( , )d
d 4π

λ λ
λ λ λ λ λ

λ

I ωω I I I Φ Ω
τ

s s s (1.8)

1.2.4 On dropping the spectral subscript λ

In the remainder of this thesis the spectral subscript λ will frequently 
be omitted for brevity. Radiative properties generally are spectrally 
dependent and thus the spectral subscript is implicitly assumed.

1.2.5 On the scattering angle Θ

For further brevity the remainder of this thesis will frequently use the 
scattering  angle  Θ,  which is  the  angle  between  ŝ  and  îs ,  with 

= ⋅î ˆcos( )Θ s s . An implication of this is that scattering is, at least on 
average,  assumed to be symmetric  in azimuthal  (“circumferential”) 
direction around ŝ .
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1.3 The context of solar energy

sun

concentrator
(optional)

cavity receiver
(optional)

participating
medium

• reactant / absorber
(ZnO, CaCO3, CxHy, …)
• inert or catalytic

absorber (porous
ceramic, wire mesh, …)
• …

solar
radiation

thermal
radiation

Figure  1.4:  Example  solar  energy  configuration.  The  participating 
medium is exposed to thermal radiation from both the surrounding 
walls as well as from within the medium. Solar radiative power can 
either be directed straight on the medium or alternatively be used to 
heat  surfaces  which  then  give  on  the  solar  power  in  the  form of 
thermal radiation.

Figure 1.4 shows a schematic of a typical application where solar radi
ation is used for driving a process involving a participating medium. 
The energy transfer that takes place can have both significant direct 
solar as well as significant indirect thermal radiative components. As 
outlined in figure 1.5, one of the important aspects of process design 
and optimisation is to match the heat transfer rate to the processes' 
chemical  and  thermodynamic  characteristics  [109],  which  for  the 
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part involving radiative heat transfer requires knowing the radiative 
transport properties described in chapter 1.2.

solar
energy

radiative
energy

process
participating

medium

radiative heat transfer route

task:

 requires
radiative properties

κ, σs, β, ω, Φ

matchradiative heat
transfer rate

process
dynamics

Figure  1.5: The radiative heat transfer route showing that radiative 
properties are required for process design and optimisation.

As the solar  energy applications involving participating media 
suitable for modelling with the radiative transfer equation (1.1,  1.8) 
are numerous and diverse, it will first be tried to give a unified gener
alised overview before moving on to a more specific review of applic
ations. In this respect figure  1.6 is an attempt to highlight the core 
functions and components. 
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solar energy

receivers

participating
media

porous
materials

reactants

semi-transparent
materials

absorbers

for

• power generation
• fuel production
• production of

commodities
• desalination
• detoxification
• …

Figure  1.6: Radiatively participating media and the context of solar 
energy applications.

Participating media typically are part of a receiver absorbing dir
ect solar and indirect thermal energy — take the cavity in figure 1.4 
for example. As such the absorber / receivers can be either inert bod
ies that get heated up and pass on the thermal energy or, alternatively, 
the absorbers themselves can be reactants or catalyst carriers used 
directly in chemical processes. The involved participating media can, 
in principle, consist of any sort of solid ÷ gas ÷ liquid material com
bination, provided that radiation is able to significantly penetrate the 
medium,  which  in  turn  requires  that  at  least  one  phase  is  non-
opaque, semi-transparent. The materials frequently constitute porous 
structures such as fluidised and packed beds, aerosol flows, foams, 
wire meshes, micro channels and other configurations.
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In the following an overview of processes in the field of high-
temperature solar thermo-chemistry, which are this thesis'  primary 
target (figure 1.7), as well a selection of processes in additional fields 
will be given.

primary target

radiative properties of
materials used in high-temperature

solar thermo-chemical processes

Figure 1.7: This thesis' primary target.

As the name implies,  high-temperature solar  thermo-chemical 
processes involve running chemical reactions occurring at high tem
peratures in the range of 1000 K ÷ 2000 K and above, thereby using 
solar energy as a source of endothermic process heat [134]. While the 
production of solar fuels such as hydrogen and synthesis gas tends to 
be the most highlighted application, other uses, for example the pro
duction of general chemical commodities such as lime [86] or the 
recycling of waste [125], are possible as well and frequently occur in 
combination with producing fuels [38, 63, 133, 136].

Specific applications of radiation heat transfer modelling in par
ticipating media occurring in high-temperature solar thermo-chem
istry  include:  Clouds  and  aerosols  made  of  particles  such  as 
carbonaceous-compounds [26, 61, 75, 87] and metal-oxides [39, 40]; 
Packed beds of  zinc-oxide  [129]  and carbon-based feedstocks [48, 
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113]; Fluidised beds made of calcium carbonate [103] and coal [62, 
144]; Carbon slurries [149]; Porous foams as absorbers and catalyst 
carriers for the cracking of methane [111].

Examples of additional solar applications with radiatively parti
cipating  media  that  are  not  limited  to  high-temperature  thermo
chemistry  are:  The  analysis  of  porous  high-temperature  insulating 
materials consisting of a semi-transparent solid phase [82]; Materials 
for volumetric receiver-absorbers such as foams [117], cellular struc
tures [37], wire meshes [49] and gas-particle suspensions [91]; The 
study of radiation heat transfer in photobio- and photocatalytic react
ors [4,  5], which have applications in the field of growing algae for 
producing solar fuels [98,  118], directly producing hydrogen [3,  11] 
or in the context of photocatalysis for wastewater treatment [3, 77].

1.4 Determination of radiative transport 
properties

In this sub-chapter a brief introduction to the methods for determin
ing radiative transport properties will be given. An extensive treat
ment of the subject matter can be found in the reviews of Baillis and 
Sacadura [7], Viskanta and Mengüç [143] and in their respective cita
tions.

1.4.1 Theoretical and numerical predictive

Figure  1.8 gives  an overview of  the  main theoretical-  /  numerical 
approaches and their shortcomings.
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accuracy?

determining radiative properties
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predictive,  theoretical / numerical
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applicability?
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direct
solution

requires:
independence

approach

superposition of
known solutions
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Figure 1.8: Overview of the approach and the issues when predicting 
radiative properties from a theoretical / numerical point of view.

Prediction based on the Maxwell equations
As  already  stated  in  chapter  1.2,  one  could  in  principle  directly 
determine the radiative properties by solving the Maxwell equations. 
In practice — and even with today's powerful computers — this is 
still  limited to simple enough bodies, typically isolated particles or 
particles having only few neighbours. Particularly important and well 
known examples are spherical particles, for which the Mie solution 
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exists [12, 90], and infinitely long cylinders [60, 141]. Note that it is 
possible  to  get  computational  solutions  for  non-spherical  particles 
and particle compounds by applying more advanced numerical meth
ods for solving electromagnetic fields [93].

Prediction based on geometrical optics
Geometrical optics can be applied in situations where the size of the 
structure of interest is much larger than the wavelength. It may also 
be applicable in cases where diffraction and interference effects are 
simple enough to be combined with a geometrical optics approach, 
for  example  by  introducing a  corrective  term [137].  A number  of 
bodies ranging from simple, such as large spheres [147], to complex, 
such as large and porous structures, have been covered in literature 
(see Tancrez and Taine [137] for an overview). A particularly power
ful tool is Monte Carlo ray-tracing (MCRT), which when combined 
with  accurate  three-dimensional  geometry  data  can  be  used  to 
determine the volume averaged radiative properties of highly com
plex structures. An example for this given in Petrasch et al.  [111], 
where the 3D geometry of reticulate porous ceramics was obtained by 
tomography scans and then analysed by MCRT.

Prediction by volume averaging — a cloud of particles
One way of obtaining volume (i.e. spatial) averaged radiative proper
ties is  by directly solving radiation heat  transfer  through an entire 
structure and then determining the radiative properties leading to the 
equivalent  effect.  In case of  geometrical  optics  based Monte Carlo 
ray-tracing this consists of averaging each ray absorption and scatter
ing event. Alternatively the effects of isolated objects can be superim
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posed on a per volume basis. A textbook example for this is a cloud of 
non-uniformly  sized  particles  (chapter  11.3  in  Modest  [97]).  The 
main requirement is independent scattering, i.e. that the particles do 
not influence each other, which mainly depends on the inter-particle 
spacing and the particle size, both with respect to wavelength [138]. 

1.4.2 The case for measurements

Despite  their  capabilities,  there  still  are  a  number  of  issues  which 
limit  the  practical  applicability  of  predictive  models  for  radiative 
properties.  In  the  following some of  these  limitations  will  be  dis
cussed as illustrated in the lower half of figure 1.8:

Lack of underlying (or “base”) material properties
For the the Maxwell based approaches such as the Mie solution this is 
mainly the complex index of refraction (or alternatively the magnetic 
permittivity  and  electric  susceptibility).  In  case  of  the  geometric 
optics approach both the complex index of refraction (→ fresnel laws) 
as well as surface properties such as the reflectivity can be of concern. 
Although fairly large collections of optical properties exist [108, 139] 
and sometimes can also be found in specific material data sheets, it 
often occurs that many properties either miss entirely, or, when avail
able, lack scope, for example by being limited to certain wavelengths 
or restricted to certain surface roughnesses. Investigators are there
fore  often  forced  to  make  somewhat  speculative  assumptions  and 
data extrapolations such as in Dombrovsky et al. [31].
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Lack of and uncertainty in model scope, solutions and applicability
When models are applied to real world engineering materials there 
frequently is  a need for simplifying assumptions, for example with 
respect to a particle's shape or the effect of impurities in semi-trans
parent materials. There may also be cases where models either do not 
exist, are disputed or are at the limit of their applicability range. An 
example for a critical  case is  dependent scattering,  a condition for 
which only few theoretical  models exist,  with most  of them being 
rather narrow in scope [138]. One option is to resort to theoretical 
simplifications and extreme end idealisations, which can help in giv
ing an understanding of where the true result  might lie,  especially 
when combining this with parameter studies as in Haussener et al. 
[47]. Although this can allow narrowing down the expected outcome 
it may still not always be possible nor straightforward to quantify the 
difference between the idealised and the real world's result.

Uncertainty in the material's geometry and constitution
Information  about  a  material's  geometrical  size,  constitution 
(species),  micro-pores,  impurities,  particle  coagulation  may  not 
always be available, be incomplete or be burdened with a large uncer
tainty.  A particular  example for this  are the particle  size  measure
ments performed in the framework of studying packed beds of ZnO 
[21]. There the particle size distribution was measured by a laser scat
tering / laser diffraction type device (Horiba LA-950), an instrument 
which does not necessarily return the true particle size distribution 
but rather an idealised derived one, suitable mainly for comparative 
studies and not for situations where quantitative accuracy is required 
[71, 89].



1.4. Determination of radiative transport properties 18

The case for measurements
The case for measurements was made in both review papers of Baillis 
and Sacadura [7] / Viskanta and Mengüç [143], with the respective 
authors arguing along the lines of the above as well as highlighting 
additional points, most notably the lack of data at high temperatures 
and the need for further development of good inverse solution tech
niques for analysing measured data. It further was observed [7, 143], 
that while a lot of work had been done on the theoretical side, there 
still was a lack of good quality measurements covering a wide range 
of in- and output data that allows for determining reliable radiative 
properties and also for verifying mathematical models. Based on the 
present author's observations, the lack of good measurements and of 
good inverse solution approaches is  a situation that,  although new 
experimental  contributions  have  been  made,  still  hasn't  changed 
much in the last ten years since [7] was published.5

As a last argument in favour of measurements: The experiment 
is an integral part in the knowledge building process of the physical 
and engineering sciences, and even the most sophisticated theoretical 
models and theories must be subjected to some form of experimental 
verification [52].

5 At least with respect to radiation heat transfer in very dense and complex 
media. It is to say that certain fields such as the study of radiation heat  
transfer in biological tissue appear to have established both large collec
tions  of  experimental  data  as  well  as  standard  approaches  to 
measurement and inverse solution [140].
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In conclusion (figure 1.9) — There still is an ongoing need for:
(a) measurements both at ambient and at high temperatures
and
(b) development in the field of inverse solution techniques suitable 

for practical measurement data.

need for

temperature

spectral radiative
properties

ambient high

inverse solution
techniques

measurement
facilities

Figure  1.9: On the still ongoing need for measurements and inverse 
solution techniques.

1.4.3 Experimental determination

Experimental determination of radiative properties usually consists 
of the two steps shown in figure 1.10. First the actual measurement in 
which input and output data is obtained by exposing a number of 
samples to radiation, typically a near-parallel beam, and then meas
uring a part of the emanating radiation. In a second step the meas
urement data must be analysed and the radiative properties extracted. 
A detailed discussion of both steps will follow in chapter 2.
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participating
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physical
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Figure 1.10: The two steps for experimental determination of radiat
ive properties

1.4.4 Limiting assumptions and requirements

This thesis  is  in  the first  place concerned with obtaining radiative 
transport  property data useful  for  engineering purposes.  Therefore 
two main assumptions and a number of requirements are made with 
respect to the investigated materials:
(a) Pseudo-homogeneous / pseudo-continuous samples

A given material's samples and the subsequent applications of the 
deduced radiative properties are required to allow for a volume 
averaged  treatment.  As  a  consequence  the  resulting  properties 
will  be constant throughout the medium and the medium can 
therefore  be  treated as  pseudo-continuous /  pseudo-homogen
eous6. This in turn requires that the size, shape and composition 

6 In this thesis pseudo-continuous is seen as equivalent to pseudo-homo
geneous and therefore both terms will be used interchangeably.
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of the material's local constituents (grains, cells, struts, …) do not 
systematically in- or decrease in any direction. Note that a peri
odic distribution of the constituents is not the same as a quasi 
monotone-systematic  change and therefore is  seen as valid for 
averaging.  Varying  properties  are  required  to  be  modelled  by 
splitting into different media.

(b) Applicability of the RTE
It is assumed that the radiative transfer equation as outlined in 
(1.1) and (1.8) is  valid for the investigated materials,  provided 
that  the  measurements  were  performed  and  averaged  over  a 
volume large enough to be considered pseudo-homogeneous.

(c) Existence of a volume (spatial) average
It is further assumed that volume (spatial) average radiative prop
erties do exist in a way that the average radiative transport beha
viour can be calculated with the RTE. This is again provided that 
the material can on average be seen as pseudo-homogeneous.

Both assumptions are further assumed to be valid regardless of the 
material's local homogeneity and also regardless of the sample thick
ness st, at least as long as the latter is much larger than the wavelength 
st >> λ.

Note that the whens and abouts regarding the RTE's validity for 
different cases is a topic still discussed in literature [45,  53,  70,  81]. 
The assumptions and requirements made in this thesis mainly draw 
from what  can be found in the works of  Baillis  and Sacadura [7], 
Kaviany [59], Viskanta and Mengüç [143], and the references therein.



Chapter 2

Measurement and evaluation 
strategies

2.1 Introduction

The intention of this chapter is to build an understanding of possible 
experimental  paths  by  reflecting  on  strategies  and  approaches  for 
determining  radiative  properties  by  measurement.  This  includes  a 
discussion of selected types of measurement set-ups, the kind of data 
that is obtained, the data evaluation and the specifics as well as limita
tions of the resulting radiative properties. It is not the aim to give a 
complete review of all possible options but rather to set the emphasis 
on reflecting and understanding.

Figure 2.1 serves as an overview of the core aspects of measure
ment and evaluation which will be worked out in further detail in the 
course of this chapter. One of the important things to realise is that 
the  measurement  quantities  dictate  the  degree  to  which  radiative 
properties can be resolved. It will be shown, that the resolution not 
only  depends  on  the  measurement  facilities,  but  also  strongly 
depends on the investigated material and specifically its samples. A 
further consequence of this is that one will only in special cases be 
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able to directly solve for the radiative properties and often be forced 
to  use  an  idealised form of  the  RTE.  Usually  this  has  particularly 
strong consequences for the scattering phase function. It will further 
be discussed that the resulting radiative properties will not necessar
ily be the conceptual “true” properties but instead be coupled to the 
idealised RTE.

measurement 

quantities
radiative model

evaluation

what can be
resolved?

compatibility
required!

Figure  2.1:  On  measurement  and evaluation:  There  is  an  interde
pendence between the measurement quantities, the degree to which 
radiative properties can be resolved and the radiative model.

There still is a tendency for more work being done and progress 
being made on the theoretical rather than experimental side, which 
according to Baillis and Sacadura [7] and also in the author's own 
experience can be attributed to the difficulties arising with setting up 
and performing measurements, an issue which will be further elabor
ated in the course of this chapter. Nevertheless a considerable amount 
of  experimental  work was performed and published in the last  50 
years. Unfortunately there is still hardly any literature dedicated to an 
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extensive yet concise and boiled down treatment of measuring radiat
ive  transport  properties  in  participating  media  (i.e.  an  additional 
motivation for writing this chapter). In this respect the author found 
the work of Tuchin [140], who summarised the measurement meth
ods for radiative properties of biological tissue in a dedicated chapter, 
to be a worthwhile and rewarding read. Although tissue is different 
from the more high-temperature oriented materials targeted both by 
this thesis and also by many researchers in the heat transfer com
munity, most of the measurement and analysis methods used in radi
ation  heat  transfer  are  strikingly  similar  to  the  ones  presented  by 
Tuchin [140].  Other  works giving  information about  experimental 
aspects  that  go  beyond  just  the  specific  problem  studied  by  the 
respective  researchers  are  mainly  associated  with  Sacadura,  Baillis 
and co-workers [8, 99, 123, 124].

2.2 Measurement quantities

2.2.1 Spectral resolution

Spectral resolution is obtained by measuring the radiative power as a 
function of a single wavelength or a sufficiently narrow wavelength 
band. A selection of possible ways to achieve this are: (a) Directly use 
a laser operating at a single mode, which for most applications can be 
seen as perfectly monochromatic; (b) Use a narrow-band source, for 
example an LED with a 99% bandwidth of ± 50 nm; (c) Use a broad-
band source and separate the wavelength by some sort  of  filter or 
spectral resolver. 
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An extended discussion on obtaining spectrally resolved data is 
given in appendix C.

2.2.2 Sample shape

Solid samples, including packed-beds, mostly tend to be shaped as 
plane-parallel slabs, while particulate clouds often are confined to a 
cylindrical  shape.  It  is  commonplace  to  vary  the  thickness  of  the 
plane-parallel slabs in order to have another measurement parameter. 
Certain  sample  materials  require  using  a  transparent  supporting 
structure  —  glass  windows  for  example.  In  some  cases  an  index 
matching liquid is used in order to compensate for changes in refract
ive index (examples: [35, 148]).

2.2.3 Input radiation

α

a) diffuse-
hemispherical

b) collimated
“parallel”

c) collimated
narrow-angle

Figure 2.2: Options to irradiate a sample.

Irradiation solid angle
The three main options to irradiate a sample are (figure 2.2): Hemi
spherical diffuse, collimated near-parallel and collimated with a nar
row  opening  angle.  The  hemispherical  diffuse  case  has  been 
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considered, but is less common as the non-directionality of the input 
tends to make identifying the radiative properties more difficult [99]. 
For  example,  it  is  not  possible  to  identify  a  forward  peak,  which 
depends  on  a  more  collimated directional  input.  Still  experiments 
with hemispherical-diffuse irradiation may make sense when study
ing transport properties for this specific boundary condition.

Almost  perfectly  parallel  beams can be  obtained by  using  an 
appropriate  laser  without  any  diffusing  optics,  while  narrow-angle 
collimated beams can be obtained using optics to collect  radiation 
from incoherent sources such as lamps and glowing surfaces. Open
ing half-angles  observed in literature range from ±1° [10] to ±10° 
[78], though larger ones up to ±40° are possible when considering 
that spectrometers with f-numbers around 0.7 exist7.

Modulation of the incoming radiation
A common approach is to modulate the incoming radiation at a cer
tain frequency.  This allows separating out the modulated from the 
non-modulated — “ambient” — radiation ending up on the detector. 
Note that FTIR based devices operate based on a different physical 
principle and their signal therefore cannot be modulated in the afore
mentioned sense8.

7 Example: Varian 600 IR series FTIRs (brochure # SI-01335 03/08).
8 FTIR signals vary based on an interferometric principle, which can be 

seen as an analogue to conventional modulation [42, 132].
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2.2.4 Output radiation

Narrow- and wide solid angle transmission
Perhaps the easiest and also one of the earliest [16, 66] approaches for 
measuring the transmitted radiation is to place a detector directly or 
very close to a sample's boundary, opposite to the irradiated side as 
shown in figure 2.3a. Next to its simplicity, one of the big advantages 
of doing this is that the detector collects a lot of radiation (75% of a 
2π hemisphere in case of [14]) and therefore is more likely to be cap
able of measuring strongly attenuating samples. 

c) transmission
with lens

α

sample lens detector

pinhole

b) transmission
with pinhole

a) transmission, detector
close to or on sample

incoming
radiation

Figure  2.3: A selection of transmission measurement configurations 
with varying acceptance opening angles.
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The  opposite  case  of  a  very  narrow  acceptance  angle  can  be 
achieved by using pinhole arrangements, figure 2.3b. In this case very 
little radiation is collected and highly sensitive detectors such as pho
tomultiplier  tubes  are  often  required  (compare  [104]).  Due  to  the 
potentially very small acceptance angles such devices are often suited 
for  measuring  extinction  coefficients  [12,  79],  though  it  must  be 
noted that measuring extinction has its pitfalls (picked up in chapter 
2.5.3).

Intermediate acceptance half-angles result when using collecting 
optics (lenses and spherical mirrors). It is common for the receiving 
and  the  irradiation  optics  to  be  arranged  mirror-symmetrically 
around the samples and the acceptance angles in the receiving case, 
figure  2.3c, are therefore of similar order as in the irradiating case, 
figure 2.2c, which are around ±1° ÷ ±10° with extreme settings span
ning up to ±40°. Note that various combinations of lenses, pinholes, 
diaphragms  and  other  optical  components  are  also  possible.  An 
advantage  of  transmission  only  measurements  is  that  non-hemi
spherical,  approximately  collimated  transmission  is  the  standard 
mode of operation for most  commercial spectrometers,  with some 
even offering parallel beam accessories9.

Hemispherical transmission and reflection
Figure 2.4 shows a typical integrating sphere set-up which allows sim
ultaneous hemispherical measurements in forward and backward dir

9 Example (2010): Brucker Inc. A480 parallel beam transmission access
ory.
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ecting, with additionally measuring narrow angle transmission in for
ward direction, all in one pass (compare [114]).

sample

incoming
radiation

hemispherical
detectors

transmission
detector

integrating
spheres

Figure 2.4: A possible integrating sphere based set-up.

Simpler set-ups measuring only forward hemispherical transmission 
or backward hemispherical reflection (one at a time) are also possible 
[140], and in fact often are a standard option in readily available “off 
the shelf ”  spectrometers10.  Using such turnkey devices is therefore 
quite popular among researchers [50, 55, 64].

10 Examples (2010 products): (1): Varian Inc. Cary 300 UV-Vis spectropho
tometer  with  Labsphere  DRA-CA-30I  for  hemispherical  transmission 
and  reflection.  (2):  Brucker  Inc.  Vertex  FTIR  with  A562  integrating 
sphere.
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Gonio-radiometric — at varying viewing angles
Measurements  under  varying  viewing  angles  (“goniometric”  or 
“gonio-radiometric”11)  tend  to  use  similar  optics  as  in  the  nar
row-solid  angle  transmission case (figure  2.3 b & c) and combine 
them  with  additional  hardware  for  rotating  around  an  irradiated 
sample. An — in modern radiative heat transfer terms — “earlier” 
record of such a device can be found in van de Hulst [141]. Sub
sequently a number of researchers have opted to build and use such 
devices for applications in the field of particulate flows [88], foam 
and fibre insulations [10, 41], human tissue [79], and many more (see 
[2, 7, 143]). Note that some authors classify gonio-radiometric meas
urements  as  “bi-directional”  [7,  123].  A  peculiarity  of  gonio-ra
diometers is that they, based on the author's market research, don't 
seem to be available as ready made commercial devices.

φ

sample lens

detector

incoming
radiation

Figure 2.5: Set-up for measurements as a function of viewing angle.

Narrow solid angle reflection
Goniometric measurements usually are not capable of measuring in 
direction directly opposite the incoming ray (φ=180° in figure  2.5) 

11 See e.g. chapter 8.15 in McCluney [83].
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because the receiving optics will block out the incoming ray. There 
can be situations however, for which the 180° direction is important 
as it can contain a lot of energy which should be measured in order to 
be able  to properly  close the energy balance [21].  A discussion of 
ways to overcome this is given in appendix C.2.

Spatial distribution

sample

lens detector

incoming
radiation

Δx

Figure 2.6: Measuring the signal as a function of spatial location.

Another approach that has received a significant amount of attention 
in the field of tissue optics [140] is to measure not only the intensity 
distribution as a function of viewing angle, but also the on-sample 
spatial  distribution of  intensity,  which gives  information about the 
“spread” of the radiation, which is directly connected to the radiative 
transport  properties.  A  number  of  different  set-ups  have  been 
devised, capable of scanning the surface with a single detector [43, 
76, 150], measuring at multiple positions simultaneously by using an 
array of optical fibres [34, 100], instant scanning by using a CCD-ar
ray placed directly on the sample [80], and taking an image of the 
surface by using a CCD camera [29, 58, 121, 145]. Note that it is pos
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sible to measure on both the irradiated and the non-irradiated side of 
the sample.

2.2.5 Temperature dependence — Heated samples

Measuring radiative properties of participating media at high temper
atures poses a number of challenges which all have to do with heating 
the sample whilst being able to isolate or tolerate interfering effects 
caused by the heating mechanism and heating surroundings. A good 
overview  of  issues  in  measurement  of  high  temperature  radiative 
properties is given by Rozenbaum et al. [122]. Although Rozenbaum 
targets emissivity measurements, the issues when attempting to meas
ure radiative transport properties at high temperature remain largely 
the same. 

Some  of  the  possible  difficulties  when  dealing  with  heated 
samples  are  —  compare  figure  2.7 —  :  (a)  Detector  overloading 
caused by thermal radiation of the heating source. In some cases this 
can easily be overcome by placing a narrowband pass in front of the 
detector, for example a monochromator or laser line-pass filter. Note 
that this may not work for systems using an FTIR12. (b) Modulated 
radiation from the incoming beam reaching the detector via reflec
tions from surrounding walls  (e.g.  for  insulation or heating).  This 
effect may be particularly severe in the event of strongly attenuating 
samples. It may be possible however to estimate the severity by mod

12 In an FTIR based set-up the detector must be exposed to a broad band of 
radiation coming from the sample. The alternative would be to place the 
FTIR's analogue to modulation after the sample but as a result the fur
nace's radiation would be “modulated” as well, which is undesirable.
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elling the radiative heat transfer of the modulated beam in the fur
nace.

sample lens detector
modulated
radiation

reflection
at wall

thermal
emission

(hot) wall

Figure 2.7: Possible issues when heating samples.

In the following the pros and cons of a number of approaches to get  
around the aforementioned issues will be presented in the context of 
work performed in literature.  It  will  be said straight  away that  no 
truly satisfying, more universally applicable approach was found.

Heating with a CO2 laser
This approach was pursued by Baillis and Sacadura with co-workers 
Lopes, Delmas and Moura [72, 73]13. The big advantage is that there 
is no need for furnace walls and the sample can therefore stand freely 
in space without interfering wall reflections. An additional benefit is 
that the power from the CO2 laser heating source occurs at a single 
wavelength (typically 10.6 μm) and can be separated out by placing a 
narrow-band  line  filter  in  front  of  the  detector,  thereby  avoiding 

13 A number of other groups have used CO2 lasers as well, but not explicitly 
for radiative transport properties. See Rozenbaum [122] for an overview.
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detector overloading from the surrounding radiation. Disadvantages 
are temperature gradients in the sample, a subsequent non-uniform 
temperature distribution, thermal stresses and safety issues caused by 
the high power laser beam.

Heating with a furnace
Linford  et.  al.  [68]  used  a  furnace  to  study whether  the  radiative 
properties of insulation were temperature dependent by measuring 
the change of amount transmitted as a function of temperature. No 
special measures to deal with unwanted effects caused by the furnace 
walls were taken, but the radiative properties were found to be inde
pendent of temperature.

Cabannes [13] determined the temperature dependent absorp
tion though single crystals of metal-oxides based on reflection and 
transmission  measurements  by using an FTIR spectrometer.  Radi
ation from the furnace was separated out by an FTIR alignment tech
nique, though it remains unclear how the diffuse part of the furnace 
radiation was dealt with.

Mittal, Gore and Viskanta [96] studied radiation emitted from a 
cellular ceramic placed in a furnace. Radiation from the walls was 
avoided by using a sight-limiting tube.

One-sided heating or cooling
Jones et. al [57] got around the problems caused from heating sur
faces by making the heating element an integral part of their analysis. 
In their work the radiation from a hot plate was seen as the radiative 
source. A packed bed of steel spheres was placed directly on the hot 
plate  and  the  radiative  properties  of  the  packed  bed  analysed  by 
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measuring the spectrally  resolved angular distribution of  radiation 
emitted from the top of the bed. Disadvantages of this approach are a 
non-uniform temperature distribution in the sample, the non-direc
tionality of the thermally emitting source and the need to take con
ductive and convective effects into account as well.

Yamada et al [146] took a similar approach by having a heated 
fluidised bed of particles which on one side is exposed to a cold wall. 
Measuring the radiative power flowing from the fluidised bed to the 
cold wall then allowed deducing information about the bed's radiat
ive properties.

Alternative: Calorimetric heat transfer / apparent thermal conductivity
The approach here is to measure the heat flux between a hot and a 
cold wall with an embedded participating medium and combine this 
with a heat transfer model that  includes a radiative component.  A 
well known model for this case is the Rosseland approximation (dif
fusion approximation) for optically thick media [97, 130], which uses 
an extinction coefficient as the radiative parameter. Limitations of the 
approach are that only few radiative properties are obtained — i.e. 
mainly the extinction coefficient β —, that there is little to no spectral 
information,  and  that  the  radiative  properties  represent  a  mean 
between the hot and cold wall  temperature. Materials studied with 
the approach include SiO2 aerogels [127], glass fibre insulations [120] 
and reticulate porous zirconia [56].
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2.3 Important approximative models

2.3.1 On the importance of approximative models

Approximate models are important for the following reasons:
(a) Measurements may not always be capable of revealing all neces

sary  details  to  allow fully  resolving  all  radiative  properties.  In 
particular the scattering phase function may in many cases only 
be resolvable for the special  case of  single  scattering measure
ments (compare chapter 2.4.2).

(b) A good mathematical  fit  should ideally  only result  in  a  single 
unique, stable and well conditioned solution. Adding additional 
parameters may result in a better fit and greater degree of detail, 
but can in turn also lead to more than one solution to the system 
of equations or even destabilise the solution finding algorithm, 
both of  which are undesirable.  Approximations may help with 
stabilising the problem and reducing the number of fit paramet
ers.

A more extensive discussion of the above will follow in chapter 2.4.

2.3.2 Transport approximation

It is possible to define an asymmetry factor g [97],

4π
1 )

4π
g Φ(Θ)= ∫=Θcos( ) cos(Θ dΩ (2.1)

with -1 ≤ g ≤ 1, and the sign if g indicating in which direction — for
ward or backward — the net transport of energy takes place. If posit
ive non-zero, g > 0, then more energy is scattered in the forward than 
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in the backward direction, while g = 0 indicates that the same amount 
of energy goes both forward and backward.

One can now determine a reduced scattering coefficient

σ*
s = σs (1 − g) (2.2)

and subsequently a reduced extinction coefficient

β* = κ + σ*
s = β (1 − ω g) (2.3)

and reduced albedo

ω* = σ*
s / β

* (2.4)

A popular approach is  the so called transport approximation (also 
called isotropic scaling) which uses the reduced radiative properties 
and sets the phase function to isotropic, Φ*= 1 [27, 30, 32, 64, 85]. For 
cold, non-emitting media the RTE, equation (1.1), becomes:

= − + ∫
*

* s
i i i4π

d ˆ( )d
d 4π

I σβ I I Ω
s

s (2.5)

One  therefore  only  has  to  solve  for  the  two  parameters  β* and 
σ*

s = ω
*
 / β

*.
Care must be taken not to confuse the transport approximation 

with approximative transport, or simply transport, a term used in this 
thesis to name any property or method that can be used to describe 
the transport of radiative energy on a macroscopic scale.
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2.3.3 Dirac delta approximations

A number of media can have distinct forward and backward peaks, a 
situation where the standard isotropic scaling approach can give con
siderable errors [97]. A way around this is to introduce Dirac delta 
phase  function  approximations,  which  when  having  both  forward 
and backward peaks look as follows (compare chapter 11.9 in Modest 
[97]):

Φ(Θ) ≈ 2 ffwd δ(1−cos(Θ)) + 2 fbwd δ(1+cos(Θ)) + …

(1− ffwd− fbwd)Φ*(Θ)
(2.6)

In equation (2.6)  ffwd is the forward Dirac and  fbwd is the backward 
Dirac scattered fraction. Note that the reduced scattering phase func
tion Φ* does not necessarily have to be isotropic. Furthermore Φ*(0) 
and Φ*(π) need not be 0. The main condition is that

0 ≤ ffwd + fbwd ≤ 1 (2.7)

and

0 ≤ ffwd ≤ 1;    0 ≤ fbwd ≤ 1 (2.8)

An interesting feature of the forward Dirac peak is that it freely 
scales the scattering coefficient with no change in the resulting net 
transport of radiative energy. One can therefore introduce a forward 
Dirac reduced scattering coefficient,

σ*
s = σ*

s.0 (1 − ffwd) (2.9)
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with σ*
s.0 being the solution for ffwd = 0. Using σ*

s as determined from 
equation (2.9)  will  give  valid  results  for  all  ffwd fulfilling equation 
(2.7), provided Φ* and fbwd are kept as for the solution with ffwd = 0 .

In the course of the work in packed beds of zinc-oxide particles 
(chapter 6 and reference [21]) the author found the forward scattered 
Dirac fraction to be a potentially disturbing fit parameter as it will  
result in an infinite number of identical solutions when not balanced 
with  Φ*.  It is therefore suggested to only use the forward scattered 
fraction as a fit parameter when the measurement data allows resolv
ing ffwd in combination with simplifying the scattering phase function 
Φ*. In other words  ffwd must be balanced by  Φ* — the two are not 
independent. In the absence of other means for determining the for
ward scattered fraction, the suggestion is to set ffwd = 0, with the  con
sequence that the resulting extinction and scattering coefficients will 
be forward fraction reduced. An example based discussion of this is 
given in chapter 6.3.3.

Given a Dirac reduced scattering phase function  Φ*(Θ)  and a 
forward Dirac fraction  ffwd three fit parameters remain:  fbwd,  κ and 
σ*

s . For a cold, non-emitting medium the RTE becomes

= − + ∫
*

* s
i i i bwd i4π

d ˆ ˆ ˆ( ) ( , , )d
d 4π

I σβ I I Φ f Ω
s

s s s (2.10)

with σ*
s according to equation (2.9), β* = κ + σ*

s and Φ according to 
equation (2.6).

In  the  absence  of  more  information  on  the  scattering  phase 
function setting  Φ*=1 (isotropic) can already give acceptably good 
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results. In some cases, such as in Coray [21], it may also make sense 
to force the Dirac reduced asymmetry factor g*=0, with

4π
1 )

4π
g* Φ*(Θ)∫= cos(Θ dΩ (2.11)

On another note: A setting of fbwd=0, ffwd= g and Φ*=1 is equival
ent to the transport approximation (chapter 2.3.2) [59].

2.4 Measurement and evaluation

2.4.1 Basic approach

The basic approach to measurement and evaluation as pursued in the 
context of this thesis is, as outlined in figure 2.8: (a) Perform a meas
urement  on  what  is  locally  a  discontinuous  and  inhomogeneous 
medium; (b) Determine global average measurement signals  q as a 
function of sample thickness  st and viewing angle  αv by scanning a 
large  enough volume14;  (c)  Simulate  radiative  transfer  through an 
idealised pseudo-continuous and pseudo-homogeneous participating 
medium of the same thicknesses st; (d) Determine the radiative prop
erties from a best fit of the radiative model to the measurement data.

14 Ideally the criterion for large enough volume would be based on the res
ulting standard deviation of the mean values. In practice this ideal case 
may often be limited by the size and number of available samples as well 
as by the time available for taking measurements.
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Figure  2.8: The approach to determining radiative properties.  Left: 
The measurement consisting of spatially (volume) averaged detector 
signals q taken as a function of sample thickness st and viewing angle 
αv .  Right:  The  radiative  model  with  simulated  solutions  for  the 
detector signal based on an equivalent medium. Fitting the model to 
the measurement results in the radiative properties κ, σs, Φ.

Aspects
The approach to measurement and evaluation, also shown in step 2 of 
figure  1.10, encompasses three things: (a) The “raw” (volume aver
aged) measurement data; (b) The physical model and (c) The math
ematical solution to the physical model



2.4. Measurement and evaluation 42

Measurement quantities
The base measurement quantities as used in this thesis are: The radi
ative input q0 and the volume averaged radiative output q(st, αv) as a 
function of sample thickness st and viewing angle αv .

2.4.2 The physical model — limitations to determining the 
scattering phase function

Experimental  set-ups  for  measuring  the  scattering  phase  function 
have already been summarised in text books as early as van de Hulst's  
work from 1957 [141]. Further textbook summaries of a number of 
different approaches and variations to the measurement of scattering 
can  be  found in  the  works  of  Bohren and Huffman [12],  Tuchin 
[140], Mishchenko and co-workers [93, 95], and Modest [97], just to 
name a few. It  might seem therefore that  measuring the scattering 
phase function should be a relatively straightforward and well estab
lished procedure.  However,  it  is  so only when the rays  or electro
magnetic waves reaching the detector are scattered just once — i.e.  
single scattering (first order scattering) must form the predominant 
part of the signal! Note that single scattering is not synonymous with 
a mono-disperse and homogeneous distribution of particles. Particles 
that do scatter may exhibit very different scattering patterns, which is 
perfectly  valid  for  obtaining  an  average  scattering  phase  function. 
The question of how many multiple scattering events can be tolerated 
in order  to recover  the scattering phase function is  discussed and 
reviewed in Agarwal and Mengüç [2].
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Once multiple scattering prevails angular (directional) measure
ments around a sample will no longer allow determining the scatter
ing phase function from the measurement alone [2]. Quite contrary, 
an  increasing  number  of  scattering  events  will  tend  to  lead  to  a 
decrease in directional information and an increase in isotropic dis
tribution of radiation, which is why diffusion approximations tend to 
work well in the event of optically thick (highly scattering) samples 
[97].  It  may  therefore  make  sense  to  replace  the  scattering  phase 
function with a radiative transport oriented approximation15, aiming 
at  giving  correct  results  for  the  net  transport  of  radiative  energy, 
rather  than  faithfully  reproducing  the  scattering  phase  function 
(compare chapter  2.3). With respect to the materials investigated in 
this thesis,  the main directional information observed by measure
ment  consists  of  an  occasional  forward  peak  in  direction  of  the 
incoming beam, with only little directional information being con
tained  in  the  non  forward  and  backward  direction.  This  further 
explains why the integrating sphere based measurements outlined in 
chapter  2.2.4 can, in combination with forward and backward peak 
measurements, lead to very useful results.

2.4.3 The mathematical solution — “inverse” analysis

Inverse heat transfer problems in general [107] and inverse radiation 
heat transfer problems in particular [97] tend to be ridden with diffi
culties which have to do with their ill-posed nature. Ill-posed or ill-
conditioned in this respect means that the problem does not neces

15 Not to be confused with the transport approximation (chapter 2.3.2).
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sarily  have  a  unique  solution  and  that  existing  solutions  are  not 
necessarily stable. A review of inverse radiation heat transfer prob
lems and methods  relevant  for  this  thesis  is  given  by McCormick 
[84], with a particularly interesting and relevant investigation of the 
interplay of measurement quantities, analysis and numerical condi
tion / well-posedness being given by Baillis, Sacadura and Moura [99, 
123].

Due to the complexity of the subject matter this thesis takes a 
pragmatic approach based on the following principles:
• The determined radiative properties and scattering phase function 

must be capable of reproducing the net radiative energy transport 
on a macroscopic (“global”) over the sample scale, but not necessar
ily at the local microscopic level.
◉ The resulting radiative properties and models will  therefore be 

called transport based properties.
• The number of fit parameters should be kept at the bare minimum 

that will allow resolving the measurement data.
◉ Consequently  complex  scattering  phase  functions  should  be 

avoided,  except  for  the  case  where  other  reliable  means  to 
determine the scattering phase function exist.16

• “Competing” parameters that directly compensate each other are to 
be  avoided  by  setting  one  of  them  to  a  fixed  value.  The  main 
example  for  this  is  forward scattering,  which competes  with  the 
scattering coefficient (explained in chapter 2.3.3).

16 For example: The Mie solution in combination with reliable particle size 
and complex refractive index information.
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• Values  must  be  kept  in  a  physically  meaningful  range.  Negative 
extinction for example does not make physical sense.

2.5 Notes

2.5.1 Uniqueness — radiative properties bound to their 
model scattering phase function

An  important  consequence  of  the  approach  taken  in  this  thesis 
(chapter  2.4.3)  is  that  the  transport  based  radiative  properties  are 
bound to the radiative model and in particular the approximate scat
tering phase function used for fitting the measurement data! Using a 
radiative  property  determined  based  on  one  radiative  transport 
model  with  another  model  may  require  a  transformation  to  take 
place.  It  may  further  be  necessary  to  ascertain  that  an  alternative 
model is adequate for simulating the same type of medium.

2.5.2 Awareness of the interface effect — a potential pitfall

q0

participating
mediumst

interface
→ discontinuity

Figure  2.9: The interface into a participating medium constitutes a 
discontinuity.
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As outlined in chapter  2.4.1, the modelled participating medium is 
seen as pseudo-continuous and pseudo-homogeneous. The interface 
into the medium however represents a discontinuity. How this dis
continuity has to be taken into account depends on the real world 
medium (figure 2.8a). As a rule of thumb, interface effect modelling 
should take into account how the input radiation  q0 changes when 
passing  into  the  medium and  vice  versa  when passing  out  of  the 
medium. In the following a number of approaches as used in literat
ure and in this thesis will be presented.

Interface to an independently scattering medium with no change in the  
base refractive index
Conditions: (i) scattering is independent and (ii) the index of refrac
tion of  the  medium surrounding the  scatterers  is  the  same as  the 
index  of  refraction  outside  the  medium.  Consequently  scattering 
right at the boundary is identical to scattering inside the medium and 
radiation can directly pass in to and out of the medium without addi
tional interface effects. An explicit mention of this assumption in lit
erature can be found in the works of Baillis and co-workers [20, 64].

Interface to an independently scattering medium with a change in the  
base refractive index and a smooth surface of the medium
In this case refraction and reflection at the smooth interface can be 
taken  into  account  by  using  the  Fresnel  laws.  Examples  for  the 
approach are the study of latex particles in a liquid suspension [2, 
138], applications with biological tissue [17, 140] and slabs of glass or 
quartz containing bubbles [9].
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Interface to a dependently scattering medium
In the case of dependent scattering the scattering behaviour depends 
on a scatterer's surroundings. One could argue that the surroundings 
at the interface to the medium are different from the surroundings 
inside the medium. Scattering at the interface would therefore be dif
ferent from inside the medium. For the case where no other means of 
determining  this  interface  effect  exists,  the  author's  opinion  is  to 
judge where the dominant effect lies. If scattering inside the medium 
is predominant, for example due to a large optical thickness and high 
albedo, then any additional interface effect may well be negligible in 
comparison. The other question is whether the measurements would 
actually allow resolving additional parameters taking interface effects 
into account. If not, then measuring an interface effect is futile and 
the engineer better served by trying to approximate with a simpler 
model. Note that it may still make sense to apply the Fresnel laws in 
case passing the interface is also accompanied by a change in the host 
medium's refractive index.

Interface to a plane-cut medium consisting of an opaque and a void  
phase.
An example for this are plane-cut reticulate porous ceramics (RPC) 
as studied by Coray et. al [24]. In the numerical analysis radiation is 
only allowed to start in the void phase. One can therefore argue, that  
for the experiment to be comparable, the radiation at the interface 
should be reduced by the fraction of the opaque phase. Note that the 
reducing fraction has a striking similarity to the parameter T0 used by 
Hendricks and Howell [51] in their work on RPCs.
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General interfaces
So far  no dedicated,  systematic and more generalised treatment of 
interface effects in was found in literature.  One could in principle 
resort to solving the Maxwell equations, but as explained in chapter 
1.2.1 this  is  not  necessarily  straightforward.  With  respect  to  the 
present work the mainly important thing is that the result can be used 
for  engineering  purposes.  This  in  the  first  place  requires  that  the 
measured and modelled energy balance over a participating medium 
must match for a given application's parameter range.

2.5.3 Apparent extinction coefficients
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radiative
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Figure 2.10: Radiative input and output for determining an apparent 
extinction coefficient

For a cold medium (Ib = 0) with no scattering into path s, equation 
(1.1) reduces to

= −
d
d

I
βI

s (2.12)
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Consequently the change in radiative intensity, which is approxim
ately the change in radiative flux over a finite area and narrow solid 
angle becomes

I(s) = I0 exp(−β s) (2.13)

The  flux  q measured  by  a  detector  over  a  narrow  solid  angle  is 
roughly proportional to the radiative intensity I, q ~ I. Therefore

q(st) ≈ q0 exp(−β** st) (2.14)

 
≈ −  

 
**

t 0

1 ln qβ
s q

(2.15)

with β** being an apparent extinction coefficient. It has already been 
noted by van de Hulst [141] that  β** may also include in-scattering 
picked up by the detector. Consequently  β** is  not  equivalent to a 
“true” extinction coefficient. Further note that  β** is not necessarily 
constant for different thickness and it may therefore make sense to 
add an additional fit parameter such as T0 in q(st) / q0 ≈ T0 exp(−β**st) 
used by Hendricks and Howell [51] or a series of fit parameters Ai as 
used by Lipiński et al [69].



Chapter 3

Experimental set-ups

3.1 Introduction
17

In  the  course  of  this  thesis  a  number  of  different  set-ups  were 
developed and implemented.  These are: (i)  An initial  transmission 
only  set-up;  (ii)  The  first  “main”  goniometric  set-up  used  for  the 
majority of the measurements; (iii) An adaptation of the “main” set-
up  for  high-attenuation  wide-angle  transmission  mode  measure
ments; And (iv) a set of complementary, SNF co-funded, but not yet 
finalised set-ups capable of covering almost the entire spectral range 
of interest.

In the following chapters  the set-ups will  be presented in the 
order of their importance.

3.2 Current main goniometric set-up

The main experimental set-up as used for this thesis is shown in fig
ure  3.1.  It  consists  of:  (#1)  A dual  Xenon-arc  and Cesiwid  globar 
lamp, with both sources rated at 150 W input power; (#2) An aspher

17 The material from chapter  3.2 has been submitted for publication [23] 
and used in a report [22], both by Coray et. al.
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ical Czerny-Turner type double monochromator with 300 mm focal 
length and an aperture ratio of f/4, with (#2') the monochromator exit 
slit; (#3 and #5) Two symmetrically arranged plano-convex spherical 
lens pairs made of MgF2;  (#4) A sample; (#6) A thermoelectrically 
cooled  dual  Si  /  MCT sandwich  detector  with  a  normalised  peak 
detectivity of 2.8e+12 cm Hz0.5 W-1 (Si) and 1.66e+10 cm Hz0.5 W-1 

(MCT); (#7) A mechanical beam chopper; (#8) A lock-in amplifier 
for measuring the modulated signal; (#9) A PC based data acquisition 
system.

The maximum spectral range and minimum bandwidth for the 
set-up shown in figure  3.1 are 0.3 μm ÷ 4.0 μm and 1 nm, respect
ively.  In  practice  however,  the  participating  media  encountered  in 
solar thermal and thermochemical applications frequently show such 
a strong attenuation of radiation that measurements can only be per
formed at much higher throughput settings. This typically limits the 
use  of  the  double  radiation  source  to  the  Xe-arc  lamp  only,  and 
restricts the operation of the double monochromator to the 0.35 μm 
÷ 2.5 μm range with the bandwidth increased to 15 nm ÷ 30 nm.

The first lens pair (#3 in figure 3.1), which is on the source side, 
forms a sharply focused image of the monochromator exit slit centred 
on the pivotal axis. The second lens pair (#5 in figure 3.1), located on 
the detector side, is exactly symmetric to the first lens pair mirrored 
around the pivotal axis, therefore forming an image of the monochro
mator exit slit #2' on the detector plane. The lens focal lengths are 
chosen to be f = 75 mm and f = 150 mm, thereby first magnifying the 
monochromator exit slit by a factor of two, which leads to an irradi
ated sample cross section of 8 mm height and 6 mm width. On the 
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detector side the monochromator exit slit then is magnified back to 
its original size of 4 mm x 3 mm. This leads to a maximum half-cone 
acceptance angle of 3.6° for rays exiting the sample with respect to the 
optical axis of the receiving lens. 
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Figure 3.1: Goniometric experimental set-up consisting of: (#1) dual 
Xe-arc / Cesiwid globar lamp, (#2) double monochromator, (#3 and 
#5) imaging lens pairs, (#4) sample, (#6) rotary detector, (#7) beam 
chopper, (#8) lock-in amplifier, and (#9) data acquisition system. The 
x-y-z coordinate system is centred at the pivot point.

In  order  to  allow  for  at  least  partial  compensation  of  change  in 
refractive index and thereby lens focal length with wavelength, the 
axial location of the first and the last of the four lenses can be adjus
ted individually by using a separate linear translation stage for each 
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lens. The second lens pair and the detector are mounted on a rotary 
arm, which enables angular measurements in the range between -30° 
and 156°, with 0° being the direction of the incoming ray coinciding 
with the direction of the z-axis.

The sample is mounted on a three-axis linear translation stage 
aligned according to the x-y-z coordinate system. Automated sample 
positioning, monochromator operation, and data acquisition are per
formed by an in-house software application. Ambient radiation on 
the detector is minimised by shielding the set-up with an attenuating 
cover and restricting the detector acceptance solid angle by use of a 
view limiting tube equipped with two diaphragms. The detector fur
ther  allows  mounting  neutral  density  filters,  required  to  avoid 
detector overloading caused by too strong incoming radiation. In the 
region  of  the  Xe-arc’s  maximum  output  power,  which  is  at 
wavelengths between 500 nm and 1000 nm, the dynamic addition 
and  removal  of  calibrated  neutral  density  filters  according  to  the 
actual signal strength makes it possible to increase the dynamic range 
of the set-up by up to three orders of magnitude. The largest dynamic 
range of the set-up occurs at a wavelength of about (950 ± 50) nm, 
with the peak ratio between the strongest signal and the noise base 
being approximately 1:10-9.
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3.3 Main set-up in wide-angle transmission mode
18
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Figure  3.2:  Experimental  set-up  with  a  fixed  detector.  (#1÷4)  and 
(#7÷9) are as in figure 3.1, (#6') is a separate Si-detector.

The components used for the wide-angle set-up shown in figure 3.2 
are almost identical to the ones in figure 3.1, with the only difference 
being  a  different  make  of  Si-detector  that  can  be  placed  directly 
behind the sample with no additional collecting optics between the 
sample and detector. This results in a ray acceptance half cone angle 
of 50° ÷ 60°, which in turn increases the detector signal, thus allowing 
measurements  at  sample  optical  thicknesses  larger  than  with  the 
goniometric set-up shown in figure 3.1.

18 The material in chapter 3.3 is from Coray et al. [21, 22].
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3.4 Initial narrow angle transmission only set-up
19

Figure 3.3 shows the initial spectroscopy measurement set-up as used 
before upgrading to the goniometric set-up covered in chapter  3.2. 
The only difference to figure 3.1 are the lens pairs #3 and #5, which 
both consist of plano-convex sapphire lenses, all having a focal length 
of f = 25 mm. In combination the lenses form an image of the mono
chromator  exit  slit  #2'  directly  onto  the  detector,  with  no  images 
being formed in-between. In terms of optics and collection of radi
ation, this is an important difference to the set-up in figure 3.1, as in 
figure 3.3 the sample is not imaged onto the detector, which results in 
a different response behaviour to rays originating from the sample. In 
this set-up wavelength dependent effects are stronger than for the set-
up in figure 3.1 which is due to using sapphire instead of MgF2 as well 
as not having any wavelength compensation in form of being able to 
dynamically adapt the lens position with wavelength. The beam cross 
section area, the maximum cone angle of rays incident on the sample, 
and the maximum cone angle of rays exiting the sample and intercep
ted by the detector vary with wavelength because of the spectrally 
varying refractive index of the lenses. For λ = 0.5 μm, the beam cross 
section area was approximately 8 mm (vertically) × 8 mm (horizont
ally) and it increased to 13 mm × 13 mm at λ = 4 μm. The maximum 
angle relative to the optical axis for rays incident on the sample was 
4.5° (4.4° at  λ = 0.5 μm and 4.2° at  λ = 4 μm). For rays exiting the 
sample  and intercepted  by  the  detector,  the  maximum  acceptance 

19 The material in chapter 3.4 is from Coray et al. [22, 24].
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angle relative to the optical axis was 5° at all wavelengths (limited by 
diaphragm).
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Figure  3.3:  Initial  narrow  angle  transmission  mode  set-up  with  a 
fixed detector. (#1, 2, 4) and (#6÷9) are as in figure 3.1, (#3') and (#5') 
are collimating and focusing lens pairs. The detector cannot rotate.

3.5 SNF co-funded set-up upgrades
20

3.5.1 Introduction

In the course of the thesis funding for upgrading the experimental 
facilities became available. Summarised, the upgrade's aims are:
• Extended wavelength range spanning all wavelengths of interest for 

solar thermal and solar thermo-chemical engineering.

20 Material from chapter 3.5 has been published by Coray et al. [22].
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• Extended viewing angle range.
• Higher power sources and more sensitive detectors to allow meas

uring at larger optical thicknesses.
• Hardware for measuring at higher sample temperatures.
• Increased productivity  and precision  by  automation of  measure

ments.
The  design  consists  of  a  total  of  three  sub  set-ups  and additional 
shared hardware. It covers a wavelength range of 0.3 μm ÷10 μm and 
can be used to measure samples at temperatures between 20 °C and 
800 °C. Having only one set-up with one set of optics, as suggested in 
the original proposal related to reference [22], would require limiting 
the  upper  end  of  the  wavelength  range  to  approximately  6.5  μm 
(using MgF2 lenses). Splitting the set-up has the additional advantage 
of higher optical efficiencies and further allows incorporating a laser 
as a high power source of radiation.

At this place only the designs will be presented. It must be noted 
that their implementation is still incomplete and will require design 
adaptations and optimisations. The reason for this is that no time was 
available for step by step engineering design, testing, implementation 
and refinement.  Therefore many risks  had to  be taken during the 
design phase, mainly due to lack of knowledge about the mechanical 
stability and rigidity of the components, suitability of the parts for 
precision alignment, and whether the components in general would 
work as expected.
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3.5.2 Optimised visible to near infrared set-up

The  upgraded  optimised  visible  to  near  infrared  set-up  covers  a 
wavelength range of 0.3 μm ÷ 2.5 μm (~3.0 μm)21 and operates in two 
modes:  Angular  measurement  at  viewing angles  between -30°  and 
+170° (figure 3.4) and backward measurement at 180° (figure 3.5). 
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Figure  3.4: Optimised visible to near infrared set-up in goniometric 
operation mode — angular measurement. Components: (#1) 150 W 
Xe-arc lamp, (#2) double monochromator, (#3 and #5) imaging lens 
pairs,  (#4)  sample  on  a  multi-axis  translation  stage,  (#6a)  rotary 
detector, (#6b) reference detector, (#7) optical chopper (#8) lock-in 
amplifier, (#9) data acquisition system, (#10) neutral density filter on 
a motorised filter wheel, (#11) bandpass filter, (#12) fibre optic.

21 The upper end of the Xe-arc lamp's spectral range is fuzzy due to strong 
variations in the quartz envelopes' transmissivity.
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The  following  components  are  identical  to  the  previous  set-up: 
150 W Xe-arc  lamp (#1),  double  monochromator  (#2)  and optical 
chopper (#7). The rest of the components have changed as follows: 
The  cesiwid  globar  source  was  discontinued due  to  its  size  being 
poorly  matched to  the monochromator and the higher end of  the 
wavelength range now being covered by a dedicated infrared set-up 
with dedicated and optimised IR source.  The imaging lens system 
was optimised for increased throughput and consists of MgF2 lenses 
with focal  lengths  f = 50 mm and  f = 150 mm. In addition the first 
and last lens are on translation stages to dynamically compensate for 
chromatic aberration. The sample (#4) is on a multi-axis translation 
stage and can be moved in three dimensions (automatic), as well as 
rotated (manual). The rotary arm is driven by a motorised precision 
worm gear drive rotary stage with a positioning accuracy of 0.05°. To 
attenuate the beam, neutral density filters can automatically be selec
ted via a motorised filter wheel (#10). For measurements with high 
background  radiation,  heated  samples  for  example,  a  selection  of 
bandpass filters (#11) can be used to reduce the amount of unwanted 
radiation  reaching  the  detector.  To  pick  up  the  signal  from  the 
sample, a set of modularly exchangeable detectors, optimised for dif
ferent  wavelength  ranges,  can  be  used  (#6a).  These  detectors  are 
mounted on a manual three axis positioning system which allows for 
fine positioning of the detector relative to the beam. Next to the main 
signal, a reference signal from the lamp is picked up via an optical 
fibre (#12) and a broadband Si detector (#6b). This reference signal is 
modulated with  the same optical  chopper  as  the main beam (#7). 
Picking up the signals is  done by two lock-in amplifiers (#8).  The 
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simultaneous measurement of the relative lamp power and the signal 
from the  sample  results  in  reduced uncertainty  from lamp fluctu
ations. Finally the system is connected to a data processing and con
trol system (#9).
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Figure  3.5: Optimised visible to near infrared set-up in 180° opera
tion mode — backward measurement.  Components:  (#1÷12) as in 
Figure 7, (#13) beam splitter.

The  180°  backward  measurement  mode,  figure  3.5,  allows  to 
measure the amount of radiation reflected normal to a perpendicu
larly mounted sample. For many of the samples studied during this 
thesis this direction contains a large fraction of reflected energy and it 
therefore is important to be able to quantify it.



61 Chapter 3. Experimental set-ups

Switching to operation in the 180° backward measurement mode 
is done in two steps: Mounting of the beam splitter (#13) and mount
ing of the detector (#6a) in direction of the split beam. A kinematic 
base is used for rapid and highly repeatable positioning of the beam 
splitter, while fast positioning of the detector is achieved by the same 
three  axis  manual  positioning  system  as  on  the  rotary  arm.  The 
receiving pair of lenses (#5’) are permanently mounted and therefore 
do not have to be re-aligned. A beam dump (not shown) is used to 
trap the radiation reflected in the direction opposite the detector.

With respect to the visible to near infrared part of the spectrum 
there presently are two options for further set-up optimisation:
• Lower wavelength range of 0.2 μm instead of 0.3 μm.
• Lamp power of 450 W or even 1000 W instead of 150 W.
The lower wavelength range is because the present lamp’s bulb is UV 
limiting. For terrestrial solar thermal energy applications the 0.2÷0.3 
μm range is of minor importance, as less than 0.001 % of the incom
ing solar radiation is contained in that band (based on the standard 
ASTM air mass 1.5 spectrum). There therefore is no immediate need 
to  measure  in that  wavelength range.  However,  enabling  measure
ments in the 0.2÷0.3 μm range is easily achievable by replacing the 
present  Xe-arc  lamp with  a  UV enhanced one22.  All  other system 
components such as lamp power supply, lamp socket, housing, lenses 
and detector are directly compatible.

The motivation for increased lamp power originates  from the 
need of a higher power source in situations with highly attenuating 

22 I.e. just the core lamp or “bulb”. The lamp housing, optics and electronics 
remain the same. The only difference lies is the lamp's quartz envelope.
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samples or high background radiation (furnaces). Initial calculations
23 have shown that, for the present constraint of constant monochro
mator  optics,  the  amount  of  collected  useful  radiation scales  with 
lamp power  raised  to  (1/3),  i.e.  Pcollected ~  Plamp

1/3.  Increasing  the 
lamp  power  is  therefore  highly  inefficient.  Consequently  it  was 
decided to invest in a laser, as this is more beneficial than investing in 
a higher power lamp.

23 P. Coray, “PRE‘s Radiation Heat Transfer Laboratory − An Inside View”. 
Presentation, PRE Seminar, Arosa, 2007-02-12.
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3.5.3 Infrared set-up

The main features of the infrared set-up are: Angular measurement 
from -30° to +160° (figure 3.6) and 180° backward measurement (fig
ure 3.7) for the wavelength range between 2.5 μm and 10 μm.
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Figure 3.6: Infrared set-up in goniometric operation mode — angular 
measurement. Components: (#1) 30 W ceramic IR emitter, (#2) IR 
monochromator, (#3 & #5) spherical mirrors, (#4) sample on a multi-
axis translation stage, (#6b) reference detector, (#7) optical chopper, 
(#8) lock-in amplifier, (#9) data acquisition system.
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Both angular and 180° configurations use the same base com
ponents. On the source side these are: A 30 W platinum heater with 
ceramic coating as IR source (#1), a mechanical chopper (#7), silver 
coated spherical mirrors (#3) and a broadband Si detector for refer
ence  signal  measurement  (#6b).  In  contrast  to  the  visible  near 
infrared set-up the entire source side of the infrared set-up is rotated 
when measuring at different angles. As the sample (#4) is irradiated 
normally it is usually rotated with the source. The rotary stage used 
for the rotation is identical to the one used with the visible set-up. All 
elements on the receiver side are fixed. The optics consist of the same 
type and size of spherical mirrors (#5) as the source (#3). Mirrors 
have lower losses in the infrared than lenses and, unlike lenses, they 
do not exhibit any chromatic errors and consequently do not need 
wavelength compensation. The mirrors direct the radiation into an 
infrared monochromator (#2) and finally the radiation is collected by 
a detector (#6). The also required lock-in amplifiers (#8) and data 
processing and control system (#9) are identical to and shared with 
the other set-ups.

For 180° measurements the source side platform is positioned as 
in figure 3.7 by means of kinematic locators. In addition a beam-split
ter (#13), plane mirror (#14) and beam dump (not shown) are moun
ted using the same type kinematic base system as in the visible set-up. 
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Figure  3.7:  Infrared  set-up  in  180°  reflection  measurement  mode. 
Components:  (#1÷9) as in figure  3.6, (#13) IR beam splitter,  (#14) 
plane mirror.

3.5.4 Laser based set-up

The  operation  of  this  set-up  is  very  similar  to  the  previously 
described visible to near infrared set-up. As a radiation source a 635 
nm wavelength laser with 5 mW output power is  used (#18). The 
laser is operated in modulated mode and therefore doesn’t require an 
external mechanical chopper. Unlike the previous visible and infrared 
set-ups, which use a separate frequency generator, one of the lock-in 
amplifiers (8a) is  used as frequency source for the laser.  The laser 
beam is fine aligned via a plane mirror (#14) and then expanded with 
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a 3x beam expander (#16). A selection of neutral density filters held 
in a manual filter wheel (#10) are used for beam attenuation. For ref
erence  measurement  ten  percent  of  the  beam  is  split  by  a  beam 
sampler  and  measured  with  a  broadband  Si  detector  (#6b).  Both 
detectors (#6a and #6b) are identical and both use a laser line filter 
(#11) to separate the laser radiation from other radiation. 
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Figure  3.8:  Laser  based  set-up  in  goniometric  operation  mode  —
angular measurement. Components: (#4) sample , (#5) imaging lens, 
(#6a) rotary detector, (#6b) reference detector, (#8) lock-in amplifier, 
(#9) data acquisition system, (#10) neutral density filter, (#11) band
pass  filter,  (#14)  plane  mirror,  (#15)  beam  sampler,  (#16)  beam 
expander, (#18) laser.

Due to  the  high laser  power  extremely  sensitive  detectors  are  not 
required. In the original set-up design of figure 3.8 the receiver side 
optics consists of one lens only (#5), which is mainly to keep the set-
up simple. Initial tests have shown however, that the high power and 
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high directionality of the beam makes the set-up very susceptible to 
even the slightest alignment errors. This could be improved by use of 
a laser beam diffuser24 to slightly diverge the beam and couple it to a 
dedicated beam shaping optic similar to the ones used in figure 3.4.
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Figure 3.9: Laser based set-up in 180° reflection measurement mode. 
Components: (#1÷11, 14÷16, 18) as in figure 3.8, (#13) beam splitter, 
(#17) beam dump. 

3.5.5 Furnace

The furnace shown in figure 3.10 has been designed to study temper
ature dependent effects at operating temperatures similar or at least 
close to those occurring with solar-thermal and solar-thermochem
ical  applications.  It  consists  of  an inconel  coated heating  coil  (#1) 

24 An “engineered” laser beam diffuser diverges a collimated laser beam at a 
certain opening angle, for example 20°, but unlike a lens does this in an 
angularly confined diffuse way, similar to an incoherent source.
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with an input power of 420 W and a maximum admissible temperat
ure of 1000 °C. The heating coil is enclosed in Al2O3 / SiO2 vacuum 
formed insulation (#2) with ports for optical access (#3). To drive the 
furnace a temperature control system (#4, #5), combined with tem
perature measure hardware  for feedback (#6) is  used.  Samples  are 
held by ceramic sample holders and fixed with cement (not shown). 
As discussed in chapter  2.2.5, proper evaluation may require taking 
radiation reflected from the furnace walls into account.
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Figure 3.10: Furnace and control. Components: (#1) heating coil, (#2) 
insulation, (#3) optical access, (#4) temperature control system, (#5) 
transformer, (#6) temperature measurement system.
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3.5.6 Detectors

In the course of the SNF co-funded upgrade it was decided to acquire 
a  set  of  independent  standalone  detectors.  The  alternative  option 
would have been to acquire a single multi-element detector (essen
tially  an array of  detectors  in  one unit).  It  was  found that  buying 
single  detectors  is  cheaper,  results  in  more  compact  detectors  and 
reduces the cost of replacement in case of failure.
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Figure  3.11:  Detector  performance  as  a  function  of  wavelength  λ. 
Solid  lines:  detectors  after  upgrade;  dashed lines:  detectors  before 
upgrade.
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Figure 3.11 shows the detector performance graph based on data 
from the manufacturer25 for a selection of acquired detectors. Solid 
lines show the new detectors while dashed lines show the previous 
detector combination (Si and MCT) as used in the current goniomet
ric set-up (chapter  3.1). It is obvious that the detector performance, 
measured  in  normalised  detectivity26 D*,  has  improved,  though it 
must  be  noted  that  the  uncertainty  of  the  manufacturer  data  is 
unclear27. Next to choosing optimal normalized detectivity the active 
detector area was chosen to give a good match to the optics of the set-
ups. With respect to monochromator based set-ups the optimal active 
detector area is typically given by the projected monochromator exit 
slit size.

25 Electro-Optical  Systems Inc.,  detailed specifications and a list  of data-
sheets will be made available in appendix D.

26 The normalised detectivity D* is a measure for the smallest measureable 
signal normalised with respect to detector area and bandwidth. Higher 
values indicate better performance. [28]

27 Specifically  the  Si-detector  in  the  old  set-up  (dashed  line  below  Si) 
should be similar to the new one. A reason for the difference may be that 
the old set-up uses an Si detector with a smaller MCT planted on top of 
of  it.  This could cause additional noise and thereby decrease the per
formance.





Chapter 4

Data acquisition and evaluation

4.1 Measurement procedure
28

In the majority of cases the measurement procedure consists of irra
diating samples of varying thickness perpendicularly to their surface 
and then measuring the angular distribution of radiation around the 
sample. Samples are therefore usually cut or arranged into plane-par
allel  slabs,  although other shapes,  cylindrical  for  example,  are also 
possible. Glass slides are used as a supporting structure in situations 
where the sample material cannot stand on its own, which is typical 
for packed beds of grains and powders. In case of angular measure
ments, it is of importance that the sample centre or alternatively edge 
is aligned flush with the pivot point. Any offset of the sample with 
respect  to  the  pivot  point  would  lead  to  a  shift  in  the  receiving 
detector’s response, which is an undesired effect and can result in a 
significant error when viewing at an angle. Once aligned, the sample 
is scanned over its entire cross section with one data-point (detector 
signal) being taken per sample spatial location. Before and after each 
cross sectional scan, the sample is moved outside the line of sight and 
the detector response at a viewing angle of 0° measured, resulting in a 

28 The material in chapter 4 has been submitted for publication [23].
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reference signal used for normalising the measured data. This pro
cedure of spatial  scanning and recording is  then repeated for each 
viewing angle.

4.2 Data evaluation

In  a  first  step  the  raw  measurement  data  is  pre-conditioned  by 
determining  the  spatially  averaged  normalised  detector  signal  per 
viewing angle and per sample thickness. An uncertainty analysis is 
performed based on the scatter of the data. In the next step, the radi
ative properties are determined by fitting a suitable theoretical model 
to  the  measurement  data  as  sketched  schematically  in  figure  2.8. 
Depending on the sample and the required degree of detail, the the
oretical model can range in complexity from a simple log-linear fit 
[24]  right  up  to  a  detailed  Monte  Carlo  ray-tracing  model  of  the 
entire set-up [21].



Chapter 5

Reticulate porous ceramics

5.1 Introduction
29

Reticulate porous ceramics (RPC) are ceramic structures, which are 
in their appearance similar to that of a large-pore sponge or foam 
[65]. Their porous structure combined with large specific surface area 
gives  them  favourable  heat  and  mass  transfer  characteristics  and 
therefore they are encountered in several energy-related applications 
such as gas burners, heat exchangers, regenerators, and recuperators 
[101]. Three campaigns involving RPC were undertaken in the course 
of this thesis. These are as listed in table 5.1:
• The investigation of the apparent extinction coefficient of a rho

dium catalyst coated RPC (#1) made of silicon-carbide with silicon-
oxide binder employed for solar steam reforming of hydrocarbons 
at  above 1100 K [110].  This  material's  radiative  properties  were 
extensively analysed on a numerical-geometrical basis by Petrasch 
and co-workers [111, 112] who performed ray-tracing on RPC geo
metry data obtained by tomographic scans. 

29 Material from chapter 5 has been published by Coray et. al. [23, 24], with 
additional  information  taken  from  Haussener,  Coray  and  co-workers 
[46].
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• The  determination  of  the  apparent  extinction  coefficient  of  an 
uncoated, non-hollow SiSiC RPC (#2) [46].

• Goniometric measurements of the distribution of radiation around 
three types of RPC samples: The two RPC as above and an addi
tional  silicon-carbide  /  silicon-oxide  based  RPC  (#3)  used  in  a 
high-temperature solar air receiver [54].

Main components Porosity ε PPI dnom

#1 SiC, SiO / SiO2, rhodium coating 0.91 ± 0.02 10 2.54 mm

#2 Si and SiC 0.91 ± 0.02 20 1.27 mm

#3 SiC, SiO2, Al2O3 0.85 ± 0.02 10 2.54 mm

Table  5.1: Investigated RPC materials.  The porosity shows the 95% 
uncertainty. PPI (pores per inch) and dnom (nominal pore diameter) 
are nominal and therefore don't have an uncertainty.

Previous  experimental  and combined experimental-theoretical 
work on RPC like samples and structures include (i) measurements of 
the optical properties of stabilised ZrO2 based on effective conductiv
ity measurements [56], (ii) the absorption and scattering coefficients 
and the scattering phase function of stabilised ZrO2 and oxide-bon
ded SiC RPC [50, 51] and aluminium foam similar in appearance to 
an RPC [74], all based on hemispherical transmission and reflection 
measurements.
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5.2 On normalising the signals by the porosity

In  the  tomography based analysis  of  RPC #1 [111,  112]  the  solid 
phase is seen as opaque. The rays used for determining the extinction 
coefficient can therefore only start in the void phase. Consequently it 
can be argued that an experimentally determined attenuation of radi
ation in transmission mode q/q0 should be normalised by the poros
ity ε to allow comparison, i.e. q/(ε q0), with q being the attenuated and 
q0 the unattenuated signal at a viewing angle of 0°. This can be inter
preted in the  following way:  Rays  immediately  hitting the  opaque 
phase at the sample interface, i.e. a fraction of ε, must drop out as this 
would be equivalent to starting in the opaque phase. The measure can 
be seen as an interface effect compensation (chapter 2.5.2). Note that 
this assumption is only valid when the geometry in question is much 
larger than the wavelength. Normalising by porosity won't work with 
fine structures due to diffraction effects causing scattering in the for 
ward direction.

With respect to RPCs the author has some reservations to norm
alising  by  porosity.  RPCs  #1  and  #3  for  instance  have  a  discrete 
semitransparent  phase (silicon oxide and aluminium oxide),  there
fore a fraction of radiation could be able to get into the medium even 
when immediately  hitting  the  interface.  The second reservation  is 
that normalising by porosity doesn't make sense with respect to the 
signal in backward direction as reflection from the opaque phase is 
included.
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5.3 Initial transmission only measurements

In this campaign three samples made of the rhodium catalyst coated 
RPC #1 were investigated using the transmission only set-up docu
mented in chapter 3.4. The samples, shown in figure 5.1, have a thick
ness st of 5.7, 10.1, and 16.0 mm and were scanned at wavelengths of 
λ = 0.3, 0.5, 0.7, 1, 2, 3 and 4 μm.

~36_

~3
0_

5.710.116.0
units: mm

Figure  5.1: The three rhodium catalyst coated RPC #1 type samples 
made of silicon-carbide mixed with silicon-oxide binder.

A total  of  60 measurements per sample and wavelength were per
formed, whereas the sample position was resolved by 1 mm vertically 
and 4 mm horizontally. The measured relative detector signals qλ/qλ,0 

were averaged over the 60 measurement locations for each measured 
wavelength λ and sample thickness st, and normalised by the porosity 
ε  = 0.91 ± 0.02  30.  The 95%-confidence based uncertainty in  qλ/qλ,0 

was then estimated by taking into account the variation of qλ across 

30 Normalising by the porosity ε is done for improving the comparability to 
to the tomography based results.
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the  samples,  the  uncertainty  in  the  reference  signal  qλ,0 measured 
without  any  sample,  the  noise  base  of  the  system  qλ,noise,  and the 
uncertainty in the porosity ε,
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with δ denoting the uncertainty at 95%.
The  wavelength-  and  sample  thickness-average  relative  signal 

variation  δqλ/qλ,  uncertainty  in  reference  signal  δqλ,0/qλ,0,  noise 
qλ,noise/qλ and uncertainty in porosity ε were 40, 2, 6 and 1%, respect
ively. In the worst case, corresponding to  λ = 4 μm and  st = 16 mm, 
δqλ/qλ = 71%, δqλ,0/qλ,0 = 2% and qλ,noise/qλ = 59%. The maximum rel
ative 95%-confidence uncertainty in the sample thickness was 1.8% 
(0.1 mm at s = 5.7 mm), without including the systematic error due to 
non-parallel  rays.  When  the  latter  was  included,  this  uncertainty 
increased to 2.1%.

The porosity  compensated apparent  spectral  extinction coeffi
cient βλ.ε

**, equation (2.15) with additional compensation for porosity 
ε,  was determined from a chi-square merit  function based best  fit 
[116] of exp(−βλ.ε

**
 st) ≈ qλ/(ε qλ,0). The resulting value of βλ.ε

** is prac
tically constant for all wavelengths, with 220 m-1 <  βλ.ε

** < 230 m-1. 
The uncertainties of the fitted βλ.ε

** were determined by the method 
of  constant  chi-square  boundaries  as  95% confidence  limits  [116]. 
They vary between ±20 m-1 and ±40 m-1, with the higher uncertain
ties tending to occur at higher wavelengths. The experimentally-de
termined  wavelength-averaged  apparent  extinction  coefficient  is 
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βε
**= (230 ± 20) m-1.  The contribution of the above-mentioned sys

tematic error in the sample thickness to the uncertainty in βε
** was as 

small as 1 m-1. The values of  qλ/(εqλ,0) are plotted in figure  5.2 as a 
function of the normalised path length31.
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Figure  5.2:  Radiative  intensity  obtained  numerically  (squares)  and 
detector signal obtained experimentally (circles) as a function of the 
normalised path length  s  31.  Also shown are the fitted exponential 
functions for determining βε

**= 230 m-1 and βMC= 210 m-1. The error 
bars are at 95%.

31 When comparing a measurement to a tomography-based analysis,  the 
tomography path length s is implicitly seen as a length of travel equival
ent to a sample thickness st. The requirements for this to hold are given 
by the assumptions stated in chapter 1.4.4.
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Figure  5.2 also  shows  the  relative  radiative  intensity  IMC(s)/IMC.0 

computed by Monte Carlo ray-tracing on a tomography scan of the 
same RPC material before cutting into samples. The MC simulation 
was run for 107 rays and a grid resolution of 0.05 mm. Each MC data 
point has an estimated standard deviation of less than 50 μm in path
length and 0.01 in normalised intensity. The MC data and grid con
vergence are reported in detail in [111]. The function exp(-βMC s) was 
fitted to the MC data, leading to the MC-determined extinction coef
ficient of βMC = (210±2) m-1 at 95% confidence.

Effects contributing to the relative difference in the fit paramet
ers, (βε

**− βMC) / βMC, of 10% are local material anisotropy for finite 
and relatively small RPC samples and possible in-scattering. Further
more, the experimental measurements of q/q0 are carried out along a 
single  direction,  while  the function  IMC/IMC.0 is  integrated by MC 
over all solid angles. It was estimated [112] that the directional vari
ation of βMC is of order ±20 m-1.

5.4 Goniometric measurements on 3 sets of RPC
32

Goniometric measurements on the three types of RPC listed in table 
5.1 and shown in figure  5.3 were performed in the framework of a 
master thesis [1]. It was not yet possible to perform an inverse ana
lysis allowing to determine a set of radiative properties33 and  con

32 The data presented in chapter 5.4 was acquired by R. Affolter [1].
33 This is because the analysis software has not yet been completed. Further 

information is given in appendix B.
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sequently only a selection of raw data with an additional determina
tion of apparent extinction coefficients will be presented.

~30 mm

#2

#3

#1

Figure 5.3: The three types of RPC investigated by goniometric meas
urements (compare table 5.1). Note that RPC #2 has much finer pores 
and darker surface than RPC #3 and RPC #1. It is further apparent 
that RPC #1 and #2 have much sharper edges than RPC #3.

Figure  5.4 shows the results obtained by goniometric measure
ments on three samples of RPC #1 by using the set-up covered in 
chapter  3.1,  figure  3.1.  Qualitatively,  the  goniometric  results  from 
RPC #2 and #3 are very similar to those of RPC #1 and therefore their 
plots are not reproduced at this place. It is apparent that figure  5.4 
shows a strong forward peak at 0°, followed by a steep drop of the sig
nal between a viewing angle of 0° and 10°. Subsequently there is only 
a  moderate  signal  decrease  with  angle  between 10°  and 60°.  Phe
nomenologically and intuitively the strong peak at 0° can quite easily 
be  understood  on the  basis  of  the  sample's  large  open pores  and 
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sample thicknesses on the order of a few pore sizes, which lets one 
look through the sample by bare eye (compare figure 5.1). It therefore 
doesn't surprise when a lot of radiation can pass straight through the 
sample without being absorbed or scattered, hence the strong forward 
peak.
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Figure  5.4:  Directional data obtained from measurements on three 
thicknesses st of reticulate porous ceramic sample #1. The wavelength 
is λ=500 nm and the error bars indicate the 95% uncertainty.

In backward direction, i.e. for angles between 120° and 156°, the sig
nal in figure  5.4 also only shows a moderate change with angle and 
does not change with sample thickness. The independency of signal 
and sample thickness in backward direction can be partially attrib
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uted to the positioning of the RPC samples, which have the directly 
irradiated surface aligned flush with the rotary arm pivot point. If, for 
example, the sample centre had been aligned with the pivot point,  
then the subsequent additional blockage by sample material in view
ing direction would have led to a change of signal with sample thick
ness at backward angles.

Note that  figure  5.4,  unlike figure  5.2,  does not  include com
pensation by the porosity ε. The reason for this is that the backward 
directed signal includes a component originating from reflection on 
the plane-cut interface having a fraction of ε. One could still normal
ise the forward directed part, but this would complicate the graph.

Figure 5.5 shows the normalised signal q/q0 versus sample thick
ness st for the three different types of RPC. The drawn lines represent 
equation (2.14), i.e. the function q ≈ q0 exp(-β**st), with β** being the 
apparent extinction given in the last column of table 5.2. It is appar
ent that RPC #1 and #3 exhibit a very similar attenuation behaviour, 
which can be explained by both having the same nominal pore dia
meter and almost the same porosity. As observed and summarised in 
Hendricks and Howell [50] the extinction coefficient β of RPCs with 
features (struts, pores, …) sized in the regime of geometrics optics 
mainly scales with the solid phase fraction 1− ε and inverse pore-size 
1/dnom,

β ~ (1 − ε) / dnom (5.2)

hence the strong similarity between RPC #1 and #3.
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Figure  5.5:  Normalised signal  in 0° forward direction as measured 
with the goniometric set-up figure  3.1. The error bars indicate 95% 
uncertainties. The uncertainty in sample thickness st is about the size 
of the symbols. The drawn lines are a best fit of equation (2.14).

Table 5.2 further shows the difference between porosity normal
ised and non-normalised apparent extinction coefficients βε

** and β**. 
Porosity normalisation decreases the apparent extinction coefficient, 
but the difference is small. Also shown is that the apparent extinction 
coefficient  as  determined with  the  transmission  only  set-up  βε

**(a) 

remains the same when determined with the goniometric set-up βε
**. 

Agreement between the tomography based and the measured values 
is also good. The reason for the tomography based extinction coeffi
cient  βMC of RPC #2 having a much higher standard deviation than 
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that of RPC #1 lies in the poorer quality of both the sample and the  
associated tomography scan34.

βMC, m-1 βε
**(a), m-1 βε

**, m-1 β**, m-1

RPC #1 210 ± 2 230 ± 20 230 ± 20 240 ± 20

RPC #2 630 ± 70   (b) — 680 ± 60 690 ± 60

RPC #3 — — 210 ± 10 220 ± 10

Table  5.2: Comparison of apparent extinction coefficients based on 
measurements  with  the  goniometric  set-up.  β** is  as  described  by 
equation (2.15), while βε

** additionally normalises by the porosity. (a) 

denotes  the  value  determined  from  the  initial  transmission  only 
measurements (chapter 5.3). βMC is as determined by tomography. (b) 

is from reference [46].

34 RPC #2  has  finer  pores  and  therefore  less  resolution  per  pore  than 
RPC #1.  Furthermore  RPC #2  is  partially  contaminated  with  dirt-like 
residues.



Chapter 6

A packed bed of ZnO particles

6.1 Introduction
35

With respect to high-temperature solar thermo-chemistry, the ZnO 
sample material considered in this chapter has its main application in 
the two-step water-splitting thermochemical cycle based on ZnO/Zn 
redox reactions  considered for  solar  hydrogen generation [135].  It 
encompasses  the  endothermal  dissociation  of  ZnO  using  concen
trated solar radiation as the energy source of high-temperature pro
cess heat, followed by the non-solar exothermal hydrolysis of Zn. The 
solar chemical reactor features a packed bed of ZnO particles directly 
exposed to high-flux direct solar and thermal irradiation at temperat
ures above 1700 K. The ZnO particles thereby simultaneously serve 
the functions of radiant absorbers and chemical reactants [128].

The samples of 24 mm x 24 mm cross-section were prepared by 
pressing ZnO powder to a target volume fraction36 of fv = 40% ÷ 45% 
(the actual range was between 34% ÷ 51%). To support the packed 
bed of ZnO after pressing and prevent it from breaking, it was placed 
between  two  parallel  ISO  8037/1  standard  compliant  microscopy 

35 Material from chapter 6 has been published by Coray et al. [21].
36 I.e. the fraction of volume occupied by ZnO.
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slides. The normalised volume distribution density function f(a) and 
the corresponding cumulative volume distribution function  F(a) of 
the ZnO particles,

( ) ( ) ( )= ∞ =∫ * *

0
d ; 1

a
F a f a a F (6.1)

were obtained by laser scattering particle size analysis (Horiba LA-
950) and are shown in figure  6.1, though it must be noted that the 
obtained values are more of qualitative “order of magnitude” rather 
than quantitative value37. The Sauter mean particle radius a32, volume 
median  radius  aVM,  and  the  maximum  radius  amax are  0.95 μm, 
1.21 μm, and 6.6 μm, respectively. At a wavelength of λ = 555 nm this 
corresponds to particle size parameters ξ ≡ π d/λ of 4.6, 13.7, and 75 
(with d=2a). For the present particle size and volume fraction range, 
the scattering regime is dependent [138], which considerably com
plicates theoretical prediction of the radiative properties.

The measurements were conducted with the goniometric set-up 
as covered in chapter 3.2. Initial tests indicated a high attenuation of 
the ZnO packed bed, and therefore the set-up was operated at max
imum throughput in the wavelength range between 555 nm and 1 
μm. To allow further measurements at very high sample optical thick
nesses,  additional  measurements  were  also  performed  using  the 
wide-angle transmission mode set-up covered in chapter 3.3.

37 Discussed in  chapter  1.4.2's  section  on “Uncertainty  in  the  material's 
geometry and constitution”.
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Figure 6.1: Normalised volume distribution density function f(a) and 
the corresponding cumulative volume distribution function  F(a) of 
ZnO particles as a function of particle radius a.

6.2 Monte Carlo analysis

6.2.1 Ray generation

Solving for the radiative fluxes measured by the two set-ups was done 
by  a  Monte-Carlo  ray-tracing  simulation  [36],  written  in  Fortran 
2003. A large number of stochastic rays are launched at the rectangu
lar exit slit of the second stage of the double monochromator. The 
starting  points  p are  distributed  uniformly  over  the  slit38.  A  ray’s 

38 Underlined variables (p, u) indicate local lens system coordinates. u con
tains the slopes with respect to the optical axis and is not a unit vector.



89 Chapter 6. A packed bed of ZnO particles

emission direction is expressed as a function of its distance from the 
optical axis and the monochromator  f#. At the centre of the slit the 
ray  emission  direction  is  uniformly  distributed  over  a  cone  with 
opening angle θ = ±atan(0.5/f#). For off centre rays the inward point
ing half of this cone of emission becomes skewed to an elliptical base,  
which is sketched in figure 6.2.
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Figure 6.2: Directions of emission from the monochromator exit slit. 
Left: Front view of the monochromator exit slit; Right: Cross section 
of the monochromator exit slit.

As indicated in figure 6.2 two characteristic opening angles,  θup 

and  θlow ,  are used to determine the direction of  emission.  For all 
starting points p the outward pointing angle is θup = atan(0.5/f#). The 
inward pointing angle  θlow is a linear function of distance from the 
slit  centre  (i.e.  the  magnitude  of  p).  At  the  centre  of  the  slit 
θlow = -atan(0.5/f#)  and  at  the  upper  edge  of  the  slit 
θlow = -atan(0.25/f#).
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Using θup and θlow and the starting point p, the ray circumferen
tial angle φ and cone angle θ are determined by the following random 
number relation

θ
up

up
low

cos(φ)
π

sin(φ)φ
θ

φ = θ θℜ − −ℜ, ( )1θ θℜ = (6.2)

The angles  θ and  φ resulting from equation (6.2) are aligned 
with respect to a radial coordinate system that is transformed into the 
lens coordinate system by using:
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sin(φ) tan(θ),
cos(φ)
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(6.3)

The lens system is modelled based on a paraxial approximation 
[44]. At each lens the ray direction is transformed from  u to  u’ as 
shown in equation (6.4).  Rays with positions  p exceeding the lens 
clear aperture are discarded from further ray tracing.

( ) ( )−  
= − ⋅  

 
1 21

1 2
1 2

' ' 1
p p

u u f
u u (6.4)

The microscopy slides (windows) containing the packed bed are 
treated as non-absorbing and modelled using the Fresnel equations.

6.2.2 Ray-tracing in the participating medium

The  assumptions  for  modelling  the  medium  are  as  outlined  in 
chapter 1.4.4. In particular it is assumed that transition effects, which 
may occur when a ray passes the packed bed boundaries, are negli
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gible in comparison to the absorption and scattering events occurring 
inside the medium. 

The collision-based Monte Carlo method is used to solve for the 
radiative intensities described by the equation of  radiative transfer 
[36, 97]. Hence, the attenuation path length s is computed via

1 ln( s
λ

s
β

= )− ℜ (6.5)

At the location of attenuation, another random number condi
tion is checked to decide whether absorption or scattering occur. If  
the condition

ℜω ≥ ωλ (6.6)

is satisfied, the history of the ray is terminated. Otherwise, the ray is 
scattered and the scattering direction is obtained from

sca

sca

*
sca

0

12π
2

Θ

φφ ∫ * *( ( )) sin d, =ℜΘsca
Φ Θ= scaℜ Θsca Θsca (6.7)

where θsca is the scattering cone angle, measured with respect to the 
direction of the incident ray and φsca is a circumferential angle.

Rays leaving the sample are traced until  they either reach the 
detector surface or get lost. In case of the rotary detector lens system 
(figure 3.1), the rays are transformed into a local lens coordinate sys
tem and traced using equation (6.4).
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6.2.3 Participating medium properties for independent 
scattering

Although a number of models for the theoretical prediction of radiat
ive properties in presence of dependent scattering have been presen
ted in literature [7, 138], none of the existing methods was found to 
be ideal for the present case of polydisperse ZnO particles sized on 
the order of the radiation wavelength. In a more heuristic than theor
etical attempt to get a first estimate for the effective radiative proper
ties (βλ,  ωλ and  Φλ), a scaling approach similar to the one made by 
Singh and Kaviany [131] and later discussed and applied by Dom
brovsky et al. [33] is taken. The approach consists of first obtaining 
the independent scattering properties of polydispersed ZnO particles 
by applying the Mie solutions [12, 30, 97, 138] and then individually 
scaling the absorption and scattering coefficients while  leaving the 
phase function unchanged. Thus, the unscaled absorption, scattering 
and extinction coefficients, and the scattering phase function are cal
culated as

{ } { } ( )
∞

= ∫ abs sca ext
sca,

0

, ,
, , 0.75 dλ λ λ v

Q Q Q
κ σ β f f a a
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   (6.8)
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λ

Q ΦfΦ
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∞
= ∫ f( ) ( ) ( )a

Θ aa
a,Θ

(6.9)

In equations (6.8) and (6.9), Qabs(a), Qsca(a), Qext(a) and Φλ(a,Θ) 
are obtained by using the BHMIE subroutine from Bohren and Huff
man [12].
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6.2.4 Empirical approximate scattering phase function 
approach

As  shown  in  chapter  6.3.2,  the  aforementioned  approach  from 
chapter  6.2.3 based  on  scaling  of  independent  properties  without 
changing the scattering phase function gives  results  which are too 
inaccurate  for  using  them  for  engineering  design  purposes.  The 
option of getting better results by trying to perform a more sophistic
ated  theoretical  prediction  of  radiative  properties  is,  due  to  the 
involved complexity, beyond the scope of this work. Therefore a more 
empirical approach is pursued. This empirical approach makes use of 
an approximate scattering phase function consisting of a variation of 
the double Dirac-delta approximation outlined by equation (2.6). The 
non Dirac part of equation (2.6), Φ*, is modelled as a forced symmet
ric Henyey-Greenstein shaped phase function

( )
( )
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The  reason  for  not  leaving  Φ* isotropic  is  that  using  values  of  g’ 
between 0 and 0.5 leads to an improved agreement with the measure
ment results in backward direction. To keep the number of variable 
parameters as low as just  necessary for a  good fit,  the asymmetry 
factor g, equation (2.1), of Φ* is set to g(Φ*) = 0 by forcing a symmet
ric shape. The extinction coefficient  β, scattering albedo ω, for- and 
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backward scattered fractions ffwd,  fbwd and shape g’ are then determ
ined by an iterative trial and error based best fit to the measurement 
results. 

On a side note, the true Henyey-Greenstein phase function is 
written as [97]

2

HG 3/22

1(Θ)
1

gΦ
g

−=
 +


g2− cos(Θ)

(6.12)

The difference between equations (6.10) and (6.12) is, that (6.10) uses 
the  sign  function  to  force  the  results  for  angles  in  the  interval 
[-90°,90°] to be the same as those between [90°,270°].

6.3 Results

6.3.1 Measured data

Eight packed beds of thickness between 0.85 mm and 2.65 mm were 
scanned at four wavelengths λ = 555 nm, 650 nm, 800 nm, 900 nm 
and 1000 nm. Figure  6.3 shows the detector signal with sample (i.e. 
packed bed and two windows),  q, normalised by the signal without 
sample,  q0,  plotted against the packed bed thickness  st.  Within the 
region of measurements the signal is approximated by an exponential 
fit  with coefficients  A1 and  A2.  It  can also be seen that  the signal 
attenuation decreases with increasing wavelength, as expected from 
the decreasing absorption index of ZnO [31]. This is further reflected 
in the fit coefficient A2. At 555 nm A2 = (4000 ± 100) m-1 and at 1 µm 
A2 = (2100 ± 100) m-1.
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Figure  6.3: Normalised detector signal  q/q0 versus sample thickness 
st. Data obtained with the wide-angle transmission set-up, figure 3.2.

The directional distribution of radiation around the sample for 
the two wavelengths λ = 555 nm and 1000 nm is shown in figure 6.4. 
In forward direction, i.e. at angles with magnitude smaller than 90°, 
the detector signal is approximately proportional to the cosine of the 
viewing angle, indicating diffuse behaviour. In backward direction it 
was found that the signal is roughly proportional to the product of 
the cosine of the viewing angle and a Henyey-Greenstein type phase 
function with asymmetry factor  g = -0.4 at  555 nm and  g = -0.1 at 
1000 nm.
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Figure 6.4: Measured normalised signal q/q0 as a function of viewing 
angle  αv for different packed bed thicknesses  st at  λ = 555 nm and 
1000 nm. Data obtained with the main goniometric set-up, figure 3.1.

6.3.2 Performance of the independent scattering (Mie) 
approach

A first set of simulation runs was carried out based on a scattering 
phase function obtained by the Mie solution for the polydispersed 
particles of figure 6.1. The phase function Φ was left unchanged while 
the extinction coefficient  β and scattering albedo ω were adapted to 
give a best fit to the measurements. A typical result is presented in 
figure 6.5 and table 6.1. It appears that when matching the measured 
signal  in  backward  direction,  the  attenuation  in  forward direction 
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turns out higher than measured. However, the parameter study also 
revealed that an increased albedo leads to increased agreement in for
ward direction, at the cost of poorer agreement in backward direc
tion.
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Figure  6.5: Measured data (points) versus Mie phase function based 
simulation (lines). The normalised detector signal q/q0 is plotted as a 
function  of  viewing  angle  αv for  two  sample  thicknesses  st.  The 
wavelength is λ=555 nm. Further details in table 6.1.
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β, m-1 ω, — st, mm

Case 1 25.0 × 103 0.85 0.91

Case 2 43.0 × 103 0.95 0.91

Case 3 25.0 × 103 0.85 1.7

Case 4 43.0 × 103 0.95 1.7

Table 6.1: Extinction coefficients β, scattering albedos ω, and sample 
thicknesses st for Cases 1÷4 shown in figure 6.5.

6.3.3 Performance of the empirical approximate scattering 
phase function approach

The results obtained by trying to scale independent scattering onto 
the measured dependent scattering results, figure 6.5, were judged to 
be unsatisfactory for further use in engineering design calculations. 
Therefore,  simulation  runs  finding  a  best  fit  for  the  approximate 
double Dirac-delta phase function, equation (2.6), were performed. 
An initial parameter analysis showed, that in order to get a good solu
tion with the existing measurement data, the forward scattered frac
tion must be artificially forced to zero, ffwd := 0. The main reason for 
this is that ffwd competes with σs, which is outlined in the second half 
of chapter 2.3.3. Another reason is that the employed sample prepara
tion equipment does not allow manufacturing packed bed samples 
thin enough to measure a pronounced forward peak. Without such a 
peak resolving  any  pronounced forward directed behaviour  of  the 
scattering phase function is not possible. An important consequence 
of this is that the determined properties  β,  ω and fbwd are bound to 
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ffwd := 0  and  the  forced  symmetric  Henyey-Greenstein  part  of  the 
phase function  Φ*, which, in a sense, makes them apparent proper
ties. 
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Figure  6.6:  Measured  data  (points)  versus  model  phase  function 
based simulation (lines). The normalised signal  q/q0 is plotted as a 
function of sample thickness st. The data was obtained with the wide-
angle transmission set-up, figure 3.2, at a wavelength of 1000 nm.

An intermediate result for  λ = 1000 nm, ffwd := 0,  fbwd = 0.8 and 
0.9, g’ = 0.25, β = 35'000 m-1 and ω = 0.999 is shown in figures 6.6 and 
6.7. In figure 6.6 the signal in forward direction is observed as a func
tion of thickness for one viewing angle only. It shows that there first is 
a steep decay of the signal before gradually taking on the log-linear 



6.3. Results 100

slope of the measurement data points. This zone of initial steep decay 
is interpreted as the region where radiation is predominately attenu
ated by scattering with only little augmentation by incoming scatter
ing.  Once  a  sufficient  amount  of  scattered  radiation  is  available 
incoming scattering begins to contribute, which leads to the observed 
reduced slope.
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Figure  6.7:  Measured  data  (points)  versus  model  phase  function 
based simulation (lines). The normalised signal  q/q0 is plotted as a 
function of viewing angle  αv.  The data was obtained with with the 
main  goniometric  set-up  (figure  3.1 —  backward  direction)  at  a 
wavelength of 1000 nm.
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In  backward  direction,  shown in  figure  6.7,  it  appears  that  a 
good  agreement  can  be  reached  for  a  backward  Dirac  peak  fbwd 

between 0.8 and 0.9. This would imply that at  λ = 1000 nm between 
80% and 90% of all scattered radiation has a scattering angle θ close 
to 180°.  In the simulation the signal  at  180° becomes very strong. 
Having  an  experimentally  measured  signal  in  that  direction  will 
therefore be of great importance for further improving and verifying 
the approximate phase function. Experimental support for the exist
ence of a strong backward peak can presently be drawn from previous 
studies on radiative properties of compacted zinc oxide powder [139]. 
For wavelengths between 0.5 and 1 μm, the reported normal spectral 
reflectance  of  compacted  zinc  oxide  powder  is  in  the  range  of 
80%÷99%. The main parameters affecting the normal spectral reflect
ance in [139] are compaction pressure and particle size distribution.

In a final note it  must  be said that the present results mainly 
serve to show the path towards a solution to the problem or, in other 
words, a “proof of concept”. Reasons for this are that (i) the simula
tion was not yet run to full convergence, mainly for reasons of time 
and (ii) the Monte Carlo model is not yet fully matched with the set-
up nor validated with respect to the set-up's optical properties. This is 
further shown in figure 6.8 where the simulated results are compared 
to those obtained with the goniometric set-up. The settings are as in 
figures 6.6 and 6.7 with fbwd set to 0.8. There is an obvious mismatch 
in forward direction between -90° and +90° which is due to the wide-
angle transmission set-up used for figure 6.6 not yet being matched to 
the  goniometric  set-up  used  for  figures  6.7 and  6.8.  This  further 
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demonstrates the importance of properly matching the model to the 
set-up and experimentally determining the goodness of this match.
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Figure  6.8:  Measured  data  (points)  versus  model  phase  function 
based simulation (lines). The normalised signal  q/q0 is plotted as a 
function of viewing angle  αv. The data was obtained with the main 
goniometric set-up (figure 3.1) at a wavelength of 1000 nm. fbwd=0.8.





Chapter 7

Conclusions

The task  of  determining radiative  properties  is  addressed in  three 
steps: (i) Assessment and review of experimental methods, (ii) design 
and implementation of experimental set-ups and (iii) measurement 
and  evaluation  of  reticulate  porous  ceramics  and  packed-beds  of 
zinc-oxide.

All  considered  experimental  methods  are  based  on  having  a 
sample or samples of the material of interest, irradiating the samples 
(radiative  input),  measuring the radiative  output  and subsequently 
determining information about the radiative properties by a physical 
interpretation of the obtained data, mainly done by fitting a radiative 
model. Samples are predominately irradiated by some form of collim
ated beam, though hemispherical or near-hemispherical radiation is 
also possible. The measured quantities can include the overall trans
mission and reflection, as well as the spatial and directional variation 
of radiation. With respect to evaluation it is important to have a well 
defined radiative model that can be fitted to the experimental data 
without  excessive  ambiguity  and  poorly  conditioned  parameters. 
Simplified approximative models such as the transport  approxima
tion tend to be advantageous in this respect.
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In the course of the experimental work the set-up used for the 
measurements underwent a number of step by step design improve
ments  and adaptations.  The first  measurements were made with a 
narrow angle transmission only set-up which was then extended to a 
goniometric  set-up with a receiver that  can be rotated around the 
sample of interest. The main source of radiation is a combined Xen
on-arc and Cesiwid globar lamp coupled to a double monochromator, 
enabling measurements in the range between 0.3 μm and 4 μm. The 
monochromator is coupled to a chopper for modulation, a set of col
lecting and receiving lenses and a thermoelectrically cooled detector 
coupled to a lock-in amplifier and computer for detection and con
trol. An extension of the set-up capabilities into the wider infra-red 
up to 10 μm with additional optimisation of the optics and the capab
ility of incorporating a furnace was designed in the course of a set-up 
upgrade,  though implementation is  still  incomplete  at  the  time of 
writing.

Measurements were performed on a number of different sample 
materials,  including reticulate  porous ceramics,  calcium carbonate, 
solid  zinc-oxide  ceramics,  packed-beds  of  zinc-oxide  powder,  thin 
aluminium-oxide  plates  and  packed-beds  of  tire  shreds.  Of  these 
measurements the two extensively studied examples of reticulate por
ous ceramics and packed-beds of zinc-oxide are presented. The meas
urements  on  reticulate  porous  ceramics  (RPC)  give  experimental 
support for numerically determined extinction coefficients which use 
geometric data based on tomographic scans. Additional goniometric 
measurements on RPCs further reveal a particularly strong forward 
peak which is a direct contrast to the smooth signals obtained with 
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materials exhibiting a stronger scattering behaviour such as the zinc-
oxide  samples.  Spectral  and  directional  measurements  on  packed 
beds of μm sized zinc-oxide particles confirm the expected tendency 
of  decreased attenuation  with  increasing  wavelength.  They further 
allow to experimentally verify the inapplicability of independent scat
tering for the case of dependently scattering ZnO materials — at least 
on an indicative basis with respect to that the theoretical and experi
mental  data,  as  expected,  do not  agree.  It  further  is  shown on an 
indicative level that the packed bed of zinc-oxide can be modelled 
with an approximate Dirac based scattering phase function approach, 
giving good agreement with the experimental data. Perfect agreement 
has not yet been reached for reasons of incomplete numerical conver
gence and incomplete matching of the numerical model to the exper
imental set-up. It further is shown that enabling the measurement of 
a  backward  peak at  180°  scattering  direction  is  of  importance  for 
properly  closing  the  energy  balance.  Consequently  a  design  for 
implementing such measurements was made in the framework of the 
still to be completed set-up upgrade.

With respect to future work the author's recommendation is to 
first set the emphasis on numerical evaluation of the measurement 
data.  A  substantial  amount  of  unevaluated  experimental  data  has 
already  been  acquired  but  not  yet  evaluated  with  respect  to  the 
extraction  of  radiative  properties.  The  evaluation  approach  taken 
with the packed-bed of zinc-oxide already goes in this direction, but 
it is still at a very basic level and suffers from low productivity due to 
the  need  for  a  lot  of  time  consuming manual  evaluation  work.  A 
Monte Carlo ray-tracing based framework to achieve a more flexible 
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and productive  evaluation  tool  was  commenced but  not  yet  com
pleted.  Additional  options  for  numerical  evaluation  are  methods 
based on spherical harmonics and discrete ordinates in combination 
with  a  numerical  optimisation  algorithm.  Further  work  can  then 
focus on obtaining experimental results at elevated sample temperat
ures.  A  furnace  for  this  purpose  has  already  been  designed  and 
assembled. 

In a final conclusion it can be said that the results obtained by 
this thesis widen the previous understanding on radiatively particip
ating media used in solar energy applications, extend the Professor
ship  of  Renewable  Energy  Carrier's  experimental  capabilities,  and 
serve as a basis for future work, given in form of hardware, software 
and experimental experience.



Appendix A

Results from additional materials

A.1 Introduction

This  appendix  gives  a  brief  overview  of  additionally  investigated 
materials. All cases lack a full determination of radiative properties in 
the sense of what is outlined in appendix B, though there is an excep
tion in that most materials  allow to determine apparent extinction 
coefficients obtained from slopes of log-linear regressions (discussed 
in chapter  2.5.3). Where possible further documents and the meas
urement data will be made available as outlined in appendix D. 

A.2 Tire shreds

Samples made of grainy particles from shredded tires were studied in 
the framework of the semester thesis Leumann [67]. Both unpyro
lysed  particles  with  mean  diameters  of  0.4 mm  and  1.1 mm  and 
porosities (void fraction) of 0.6, as well as pyrolysed particles with a 
mean diameter of 1.0 mm and porosity of 0.9 were used. The samples 
were supported by two glass windows and had thicknesses ranging 
between 2 mm and 6 mm.
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The results were obtained using the main goniometric set-up as 
covered in chapter  3.2.  As the samples have large pores  and large 
porosities,  a  significant  amount  of  radiation  was  able  to  travel 
through the sample without getting scattered or absorbed and there
fore  the  qualitative  behaviour  of  the  results  is  identical  to  those 
obtained when studying reticulate porous ceramics (chapter 5.4).

A.3 Dense aluminium oxide plates

Dense plates made of sintered aluminium-oxide were studied in the 
framework of the PhD thesis Clemens Suter39. The plates of thickness 
between  0.2 mm  and  1.0 mm  were  measured  at  wavelengths  of 
300 nm, 555 nm, 800 nm and 1000 nm using the main goniometric 
set-up covered in chapter 3.2. Due to the dense structure and the high 
transparency of the aluminium-oxide scattering was dominant and 
produced smooth angular distributions of radiation which are qualit
atively identical to those obtained with the backed beds of zinc-oxide 
particles (chapter 6.3.1).

A.4 Calcium carbonate grains

Loosely packed beds made of Carrara marble grains40 used for the 
solar production of lime [86] and sized in the range of approximately 

39 PhD performed at the Professorship of Renewable Energy Carriers, to be 
completed. The measurements were taken around April 2009.

40 The main constituent of Carrara marble is calcium carbonate (calcite, 
CaCO3), though the exact constitution of the material remains unclear.
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1 mm to 2 mm, with resulting bed thickesses between 5 mm and 13 
mm were measured in the framework of the semester  thesis  Port
mann [115]. At the time of the measurements the only available set-
up was the narrow angle transmission only type device covered in 
chapter 3.4. This set-up was found to perform rather poorly for meas
urements on CaCO3.  Three of the main reasons for the poor per
formance are: (i) Lack of directional data. Directional information is 
important  for  this  kind  of  porous  CaCO3 packed bed  material  as 
there is potential for significant amounts of both scattered as well as 
un-scattered radiation. Measurements in forward and near forward 
direction can contribute to getting a better understanding of which 
effect is dominant. (ii) Lower signal to noise ratio than in the suc
ceeding set-ups (10-6 versus 10-9). (iii) A strong noise base marring 
the measurements at sample thicknesses above 5 mm.

The radiative properties of the CaCO3 grains were also studied 
in the PhD work of  Sophia Haussener41,  who took a tomographic 
approach similar to the one used for analysing the RPC but this time 
with  also  taking  the  semi-transparent  phase  into  account  [47].  A 
comparison between the tomographic results and the present meas
urements based on the (apparent) extinction coefficient was not pos
sible, as the noise in the measured data didn't allow performing a log-
linear regression.

41 Performed  at  the  Professorship  of  Renewable  Energy  Carriers,  to  be 
completed in the second half of 2010.
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A.5 Dense ZnO plates

Dense plates made of sintered zinc-oxide and used for lining the walls 
of a solar-thermal zinc-oxide dissociation reactor [128] were studied 
for  their  suitability  of  performing  goniometric  measurements.  For 
this purpose a 7 mm × 18 mm wide section of the tile's tip was grin
ded to a thickness of 0.5 mm and then exposed to the initial trans
mission mode (chapter  3.4.) set-up's beam. At a wavelength of 550 
nm the transmitted part of the radiation was clearly visible by eye and 
also gave a detector signal on the order of a millivolt, indicating that 
measurements with the goniometric set-up (chapter  5.4) should be 
possible.42

42 Further details can be found in the corresponding lab notes “2007-04-
13_ZnO_Sintered.pdf ”, by P. Coray.
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On solving for radiative properties

B.1 Introduction

During Patrick Coray's PhD most of the emphasis and focus was on 
acquiring measurement data with comparably little time being alloc
ated to the subsequent step of extracting, i.e. solving for, the radiative 
properties.  In  order  to  make  most  out  of  the  measurements  and 
indeed obtain the actually desired set of radiative properties a signi
ficant amount future work will have to be dedicated to the issue of 
inverse solving.

The task is two-fold:
1. Work up and get an understanding of the knowledge published in 

literature.
2. Establish or get hold of a code framework for solving.

An initial  coverage of the topic is given in chapter  2.4, specifically 
with figure 2.8 and chapter 2.4.3. The following two sub-chapters will 
give a some more information.
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B.2 Status in literature

The group with perhaps the most  persistent  activity in the last  25 
years is the one associated with Sacadura, Baillis and coworkers. They 
basically follow a pattern consisting of a discrete ordinates approxim
ation based solution (Sacadura,  1986 [124]) in combination with a 
least square optimisation based on Gauss linearisation (Nicolau, 1994 
[102]). This principle then was more or less carried on into their fur
ther work [6, 8, 9, 10, 73, 119, 123].

Further, to some degree more general and different reflections 
on  the  inverse  approach  can  be  found  in  McCormik  [84],  Özisik 
[107], Modest [97] (chapter 22) and Agarwal [2].

Note that there are a number of other relevant works which, for 
reasons of time did not make it into this chapter. Much of this work is 
referenced in the literature mentioned above.

B.3 A summary of thoughts

B.3.1 Requirements

As outlined in figure 2.8, there are two main requirements for solving 
for radiative properties:

1. A solver for radiation heat transfer in participating media for the 
same input- / output conditions as the experimental set-up.

2. A  solution  finder  for  matching  the  radiative  properties  to  the 
experimental results.
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B.3.2 Issues and trade-offs

The solver for radiation heat transfer should be able to represent both 
the sample, and the input- / output conditions of the experimental 
set-up.  It  furthermore should — ideally  — be fast,  as the iterative 
nature of the solution finding may require finding hundreds of solu
tions for different radiative properties, sample parameters (i.e. mainly 
sample thickness) and input conditions. A Monte-Carlo ray-tracing 
based solver is expected to be more accurate and may also be able to 
better account for the experimental set-up by including all, or altern
atively  a  selection  of,  the  optical  components  into  the  ray-tracing 
based  model.  However,  Monte-Carlo  solvers  tend  to  be  slow  and 
therefore a discrete ordinates or spherical harmonics approximation 
based solution finder may offer a substantially faster alternative. One 
can also consider finding an initial  solution with a fast  solver and 
then refining with Monte-Carlo. 

An important constraint arises from the amount of time avail
able for coding, which should not be underestimated. Time is essen
tially a management issue, where one will have to make a trade-off 
between achieving a more complete, fast  and universally applicable 
solver suited for long-running productivity and studying many differ
ent sample materials or, alternatively, focus on a quick and fast solu
tion for a specific problem with less ability for long-term use and re-
use.

The iterative solver can in the simplest case be a non-automated 
trial and error based approach consisting of manually setting radiat
ive property values, running the participating media solver, and com
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paring the simulated with the measured results, for example by visu
ally assessing the agreement between plotted values. In a more soph
isticated approach the iterative solution finding is automated, ideally 
allowing the iterative solver to automatically run and evaluate parti
cipating media simulations. Issues on the solver side are the compar
ison  criterion,  the  stability  and  the  uniqueness  of  the  achieved 
solution (compare chapter 2.4.3).

Lastly a sound result will include an uncertainty analysis and a 
verification of the codes and algorithm as a whole. One option for 
verification is to evaluate one or multiple materials of known radiat
ive properties. The uncertainty analysis should include topics such as 
the scatter in the measured data, the study of alignment effects and 
the positioning accuracy (both of the sample and optical set-up).

B.3.3 How solving was addressed for the ZnO beds

For  evaluating the  packed-bed of  ZnO results  (chapter  6)  a  Mon
te-Carlo ray-tracing code was written specifically for the set-up and 
sample as used in the ZnO experiments. This code had the advantage 
that it could be written in relatively short time, but it was never fully 
tested and also didn't have a great deal of flexibility other than allow
ing to vary the sample radiative properties and sample thickness via 
an input file. Changes in the optical set-up, the sample and the scat
tering phase function had to be hard coded, which cost a lot of time 
and resulted in many different code versions. Consequently the code 
ended up being rather messy, but it was very useful in getting some 
first results in relatively short time.
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Solving for the radiative properties was done by hand which was 
highly time-consuming and error prone as hundreds of solutions had 
to be managed. Still it did give a first result to start with.

B.3.4 On the incomplete in house MC Radlab software

Due to the experience gained from the ZnO evaluation (appendix 
B.3.3) the author attempted to write  a highly flexible  Monte-Carlo 
code base capable of organising and managing multiple simulations 
on a computing cluster such as PSI's Merlin43. 

Specific aims of the code were to:
• Automate hundreds of simulations with varying input parameters.
• Allow  parameter  based  implementation  of  possible  changes  in 

optical components. 
• Be capable of coordinating, organising and managing hundreds of 

calculations.

It turned out that there simply was not enough time to complete44 the 
rather ambitious code.  The issue was not the programming of  the 
core  MC ray-tracing,  as  this  is  the  easiest  part.  The  difficult  and 
tricky thing is trying to make vast parts of the code and the envisaged 
calculations parametrisable, manageable and flexible.

43 A computing cluster as used for the present work typically consists of 
multiple CPUs on which jobs may run within a given time limit. The 
time limit is an important constraint as it requires integrating time man
agement and optimal use of the available resources into the code.

44 The code's documentation is still available but incomplete (appendix D).
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In hindsight, the author made a major mistake in not properly 
taking into account the required time.  As a result  the code wasn't 
completed and the time invested (on the order of 3 to 6 months) was 
lost.  Despite  the complexity  of  the inverse analysis  task,  allocating 
between 6 and 12 months to get a first and relatively simple code-base 
and experience that one can build on, should be a reasonable amount 
of time, provided the focus is set on simplicity rather than achieving 
all requirements of a full featured solver.



Appendix C

Notes

C.1 On spectral resolution

C.1.1 On the importance of spectral resolution

The  need  for  spectral  resolution  arises  not  only  from  spectrally 
dependent  quantities,  but  also  from  the  non-linear  effect  spectral 
dependence has on radiative transport. This will be explained in the 
following example:

Assume that a laser beam with two lines at wavelength λ1 and λ2 

travels through a purely absorbing medium with absorption coeffi
cients κλ.1 and κλ.2 . The total radiative intensity of the laser beam as a 
function of path length s then is

− − − −= +.1 0 .2 0
1 2

( ) ( )
0 0( ) ( ) ( )λ λκ s s κ s s

λ λI s I s e I s e (C.1)

Due to the exponential function it  is not possible to determine an 
equivalent  absorption  coefficient  κ capable  of  directly  allowing  to 
express the total radiative intensity as a function of path-length s

− −≠ 0( )
0( ) ( ) κ s sI s I s e (C.2)
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at least not for the general situation where κλ.1 ≠ κλ.2 and s ≠ constant. 
It therefore is necessary to determine both κλ.1 and κλ.2. Fortunately 
many  materials  allow  averaging  over  certain  wavelength  bands  of 
near constant radiative properties (see the topic on band approxima
tion in [97, 133]).

C.1.2 Obtaining a narrow wavelength band

spectral
source

laser

LED

broad-band

FTIRmono-
chromator

optical
filter

narrow-band wavelength
separation

mono-chromatic

+

lamps

arc halogen
glowers

globar

mercury
wire coil

Figure  C.1:  Options  to  achieve  spectral  resolution  (wavelength 
dependent properties).

Ways to obtain spectrally dependent properties are listed in figure 
C.1.  Lasers  directly  operate  at  what  can be  considered as  a  single 
wavelength45.  LEDs tend to  have  99% bandwidth on the  order  of 

45 Or at least as extremely narrow with, for example, a standard HeNe laser 
having a bandwidth (or linewidth) of 0.002 nm [25].
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roughly ± 20 nm … ± 50 nm [25,  126] and can therefore directly be 
used  in  applications  allowing  a  somewhat  wider  band.  The  other 
option is  to use a broad-band source such as a lamp or a glowing 
(heated) surface and to combine this with a wavelength separating 
device such as a wavelength selecting monochromator or a fast four
ier infrared spectrometer.

C.2 Measuring 180° reflection at a narrow opening 
angle

C.2.1 Measuring at almost 180° by tilting the sample

φ'

sample

lens
detector

incoming
radiation

-φ'

Figure C.2: Near perpendicular reflection measurement by tilting the 
sample.

A  relatively  simple  way  for  measuring  narrow  angle  reflection  in 
near-perpendicular direction is to use a goniometric device, slightly 
tilt  the  sample  (angle  φ' ~ 1° ÷ 15°,  depending on the  set-up)  and 
measure symmetrically around the sample's normal axis (figure C.2). 
This method has been used by Cabannes for studying radiative heat 
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transfer in porous and fibrous materials [13], and is also available as 
an add-on for commercial devices46.

Critique:
Measuring reflection at a narrow opening angle by tilting the sample 
as in figure  C.2 has two major shortcomings: Firstly, if the sample's 
scattering behaviour is not or only insignificantly affected by tilting 
the sample, then the method outlined in appendix  C.2.1 will reveal 
little to no information about the amount reflected at 180°. Secondly, 
a numerical model for solving the radiative output around the sample 
as a function of radiative input, as used for example by Coray [21], 
can be capable of returning the output at 180°. Knowing the output at  
180° is  therefore  very useful,  especially  as otherwise  an additional 
simulation  for  the  tilted  case  (figure  C.2)  would  have  to  be  per
formed.

C.2.2 Measuring at 180° by using a beam-splitter

One way of performing a measurement that is truly at 180° is shown 
in figure C.3. The incoming radiation first has to pass a beam-splitter, 
thereby loosing a part of its radiation — typically 50% (losses neg
lected). In turn another 50% of the 180° reflected radiation will get 
reflected towards the detector, which thus measures at an angle that 
truly is 180°. The incorporation of this option into the Radlab set-ups 
has been devised in the course of the SNF sponsored upgrade. Diffi
culties  observed  so  far  lie  in  alignment,  offsets  caused  by  the 

46 Example  (2010):  Brucker  A510/Q-T  11°  combined  transmission  and 
specular reflection accessory.
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beam-splitter, stability (rigidity) of the set-up. Having to change some 
parts of the set-up in-between measurements may also be of concern, 
though the use of of kinematic stages can make this a relatively swift 
procedure. Calibration can be performed by comparing to the signal 
obtained with a mirror placed at the sample's location. 

sample

lens
detector

incoming
radiation

beam-
splitter

“lost”
radiation

Figure C.3: Measuring reflection at a narrow opening angle by using a 
beam-splitter.





Appendix D

Extended documentation

An extended documentation containing a technical documentation 
of the set-up and further material is available on the author's web-
page  and  can  also  be  downloaded as  an  independent  html  based 
cross-linked package.

● The download link is: http://www.yaroc.ch/diss_eth/

● As some of the non-thesis documentation is confidential, a pass
word is required and must be requested from the author:
○ p.coray@yaroc.ch
○ http://www.yaroc.ch/contact/

http://www.yaroc.ch/contact/
mailto:p.coray@yaroc.ch
http://www.yaroc.ch/diss_eth/
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