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Symbols

Latin characters
a1, a2, a3 [-] solids concentration calibration coefficients. See Tab. 3-3
c [m s-1] local solids velocity
Ccor [-] correlation coefficient
d [m] distance
dp [kPa] pressure drop
ddown [m] downwards flowing layer
dwall [m] distance to wall
d50,3 [m] median value of the particle diameter (mass related)
Dopt [m] distance separating both channel on the optical probe
E [m s-1] uncertainty on solids velocity
f, fLP [Hz] frequency, low pass frequency
G [-] photodiode amplification gain
g [m s-2] earth gravific acceleration
g, G [kg m-2 s-1] local solids mass flux
h [m] probe height location (Grid location at h=0 m)
H [m] height 
Ht [m] riser top over channel to cyclone
i [V] signal amplitude (Voltage)
ID [m] inner diameter

[kg s-1] mass flux

m [kg] mass
m [-] coefficient of calibration curve
n, N [-] discrete time duration
p [Pa] pressure
P [W] power
r [m] radial position
R [m] riser radius
Rdisc [m] disc radius
S [-] normalized intensity signal (Eq. 3-7)
t [s] time
T [°C] temperature
u0 [m s-1] gas superficial velocity
u0L [m s-1] fluidization velocity
V, Vmeas [m3] volume, probe measurement volume
x [-] ratio

m·
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Greek characters
constant

difference

difference (small)

[-] porosity,  = 1 - 
λcut,high
λcut,low

[µm] high limit cut wavelength
low limit cut wavelength

[m2 s-1] Cinematic viscosity

[-] Solids volume concentration

[Lx m-2] Light flux

[-] Cross sectional averaged solids volume concentration measured 
by pressure drop (Eq. 3-1)

[kg m-2] density

[m2] cross sectional surface

Functions
Median of values (Eq. 4-10)

nn-percentile of x

 or 
median absolute deviation to median (Eq. 4-11)

cross sectionaly weighted average of  (Eq. 4-12)

cross sectionaly and solids concentration weighted average of  (Eq. 4-13)

long term trend free signal (Eq. 4-3)
normalized signal (Eq. 4-15)

Indexes
acqu acquisition
air from air
bulk from bulk
cal calibration
CC cross correlation
corr correlation
dn
down downwards

DV disk-valve
ext external
f fluid
I primary

α
∆
δ
ε ε ϕ

υ
ϕ
φ

ϕdp

ρ
σ

x50% xn{ }

xnn

∆x
xMAD

x〈 〉 x
x〈 〉ϕ x

x�

x�



X

II secundary
int Internal
inv inventory
LP low pass
p particle
rel relative (Solids to Gas)
rot rotation
s solids
up upwards
ws
w

window shift
wall, window width

Dimensionless Numbers

"Lastvielfaches"

Archimedes-number  

Particle Froude Number

Reynolds-Number (Parti-
cle)

Ω-Number

Abbreviation
ACFB Atmospheric CFB
CFB Circulating Fluidized Bed
EDF Electricité de France
EHE External Heat Exchanger
ETH Swiss Federal Institute of Technology (Eidgenössische Technische Hochschule)
GRI Gas Research Institute
IFP Institut Français du Pétrole
PCFB Pressurized CFB

n 3
4
---

CW ρf vrel
2⋅ ⋅

dp g ρs ρf�( )⋅ ⋅
---------------------------------------⋅ 3

4
--- Ω

Ar Ω⋅3
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Ar
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Abstract

Circulating Fluidized Bed (CFB) technology has proven for more than 30 years its
efficiency in various gas-solids processes and especially in power generation. The
interest of this technology is founded on its ability of burning a large variety of fuels
under environmentally friendly conditions. A noteworthy result from recent research
and worldwide development efforts is a 250 Mwe-CFB boiler built in Gardanne
(South of France) which was set on-stream in 1995. Although projects up to 600 Mwe
are emerging, the Gardanne plant is today still the worlds largest CFB unit.

The complexity of gas-solids fluid dynamics precludes a full theoretical approach, and
complete numerical models are not expected in a near future. To gain the experience
needed for building large industrial CFB units, expensive demonstration plants are
still required. Experimental measurements are thus the only reliable tools to character-
ize gas-solids flow, to enable comparisons between different CFB and to open the
door to scale-up considerations.

The gas-solid flow in the proximity of the furnace inner wall is a key parameter in the
CFB reactor design. A detailed knowledge of the solids velocities and concentrations
as well as their fluctuations is still lacking for this zone, especially in industrial CFB
units.

To bridge this knowledge gap, local instantaneous measurements of the solids velocity
and concentration near the wall have been performed with optical probes, in certain
cases for the very first time, in three CFB units of different sizes operated at low
(50 °C) and high (850 °C) temperature (Schlieren CFB: mock-up, = 0.41 m,

= 3.3 m/s; Klus CFB: combustor, = 0.83 m, = 1.5-3.5 m/s; Gardanne
CFB: 250-Mwe CFB boiler with furnace section of 11.5 m by 14.7 m,

=3.6-5.5 m/s). 

For these measurements, a novel optical probe able to work under harsch industrial
conditions at high temperatures up to 900 °C was successfully developed on the base
of an existing optical probe system of the ETH Zurich. Instantaneous solids velocity
and concentration can be measured continuously during up to 30 sec (at 20 kHz), as
deep as 1.2 m in the CFB furnace. Special attention was paid to the design to ensure
that the comparison of measurements performed at low and high temperatures remains
valid. Due to the dominant role of thermal radiation for temperatures above 500 °C,
the behaviour of the optical probe as a function of the temperature was characterized

IDriser
u0 IDriser u0

u0
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in a specially built gas-heated fluidized bed. An appropriate calibration for solids con-
centration measurement could thus be chosen.

The downwards flowing region was found to enlarge with increasing CFB unit size for
any operative conditions. In the Gardanne CFB, the downwards flowing region
enlarges noticeably when going from the top of the riser to the bottom, showing prob-
ably a more intense internal solids circulation in the bottom zone of the furnace. Fur-
thermore, at 50%-power regime, time averaged solids concentrations were found to
reach more than 5% near the wall, and time averaged solids mass fluxes up to
789 kg m-2 s-1 were observed in this region.

For all CFB units, solids velocity fluctuations - calculated with the Median Absolute
Deviation to median (MAD) - were found to be maximal where the inversion layer
occurs, i.e. where the time averaged solids flow equals zero. Towards to the riser cen-
tre, these fluctuations decreased then to the levels measured at the wall in the two
smallest CFB units, whereas fluctuations remain maximum in Gardanne CFB. This
observation demonstrates for the first time a clear difference of the solids flow related
to the size of the investigate units.

Though the variety of investigated operative conditions was limited, the present work
is a first step in a systematic comparison of gas-solids flows between industrial and
small scale CFB units by means of identical measurement and data processing tech-
niques.

The project was supported by Electricité de France, VonRoll INOVA, Swiss Federal
Office of Energy, and Institut Français du Pétrole.
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Zusammenfassung

Die Technologie der Zirkulierenden Wirbelschicht (ZWS) hat in mehr als 30 Jahren
ihre Vorzüge in verschiedenen Gas/Feststoff Prozessen und insbesondere auf dem
Gebiet der Energieerzeugung bewiesen. Das Interesse an dieser Technologie liegt in
ihrer Fähigkeit begründet, ein breites Brennstoffspektrum unter umweltschonenden
Bedingungen zu verbrennen. Ein bemerkenswertes Ergebnis der weltweiten
F+E-Anstrengungen stellt der Bau eines 250-Mwe ZWS-Kessels in Gardanne (Süd-
frankreich) dar, der 1995 erstmalig ans Netz ging. Obwohl ZWS-Kraftwerke bis zu
600 Mwe bereits projektiert sind, bleibt die Anlage von Gardanne bis auf weiteres das
größte ZWS-Kraftwerk.

Die Komplexität der Gas/Feststoff Fluiddynamik lässt eine geschlossene theoretische
Modellierung nicht zu, ferner sind vollständige numerische Modelle in naher Zukunft
nicht zu erwarten. Folglich ist als Auslegungsgrundlage für den Bau industrieller
ZWS Einheiten der Bau teurer Demonstrationseinheiten notwendig. Experimentelle
Untersuchungen sind die einzigen zuverlässigen Möglichkeiten, um Gas/Feststoff
Strömungen zu charakterisieren, Vergleiche zwischen ZWS der verschiedenen
Größen zu erlauben und sinnvolle Maßstabsbetrachtungen zu ermöglichen.

Die Gas/Feststoff-Strömung in der Nähe der Innenwände einer Brennkammer ist von
entscheidener Bedeutung bei der Auslegung von ZWS-Kraftwerken. Die Kenntnis der
Partikelngeschwindigkeiten und -konzentrationen, sowie ihrer zeitlichen Schwankun-
gen ist in dieser Zone ungenügend, besonders in industriellen ZWS-Anlagen.

Um diesen Kenntnismangel zu beheben, wurden lokal zeitlichhochauflösende Mes-
sungen der Geschwindigkeiten und Volumenkonzentration der Feststoffpartikeln an
der Wand mit Hilfe von optischen Sonden durchgeführt. Sie wurden in drei
ZWS-Anlagen verschiedenes Maßstabes, in einigen Fällen zum ersten Mal: bei nied-
riger (50 °C) und hoher (850 °C) Temperatur (ZWS Schlieren: halbindustrielle
Anlage, = 0.41 m, = 3.3 m/s; ZWS Klus: Verbrennungsanlage,

= 0.83 m, = 1.5-3.5 m/s; ZWS Gardanne: 250-Mwe, Brennkammerquer-
schnitt 11.5 m von 14.7 m, = 3.6-5.5 m/s) verwirklicht.

Zur Durchführung dieser Messungen wurde, auf Basis eines existerenden Systems der
ETH Zürich, eine neue optische Sonde entwickelt. Die neue Sonde kann unter indus-
triellen Bedingungen bei bis zu 900 °C bei Normaldruck arbeiten. Die momentanen
Feststoffgeschwindigkeiten und Volumenkonzentrationen konnten kontinuierlich in

IDriser u0
IDriser u0
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einer Entfernung bis zu 1.2 m von der Innenwand bis zu 30 sec gemessen werden (bei
20 kHz). Besonderes Augenmerk wurde bei der Auslegung der Sicherstellung der
Vergleichbarkeit von Heiss- und Kaltmessungen gewidmet. Auf Grund der Wärmest-
rahlung die bei Temperaturen über 500 °C vorherrscht, wurde das Verhalten der neuen
optischen Sonde in Abhängigkeit von der Temperatur in einer gasgefeuerten Wirbels-
chicht charakterisiert. Eine Kalibrationsmethode, die an die Messung der Feststoffvol-
umenkonzentration angepasst ist, konnte so gewählt werden.

Die Wandzone, in der die Feststoffpartikeln sich meistens abwärts bewegen, ver-
größert sich mit der Größe der durchgemessenen ZWS-Anlagen für alle beobachteten
Betriebsbedingungen. In der Gardanne-ZWS vergrößert sich dieses Gebiet auf
bemerkenswerte Weise in vertikaler Richtung nach unten. Diese Beobachtung mag
man auf eine stärkere interne Feststoffrezirkulation im unteren Teil des Steigrohres
zurückführen. Bei 50%-Leistung ist die Feststoffvolumenkonzentration über 5% an
der Wand und die mittleren Feststoffmassenströme erreichen bis zu 789 kg m-2 s-1 in
dieser Zone.

Für alle ZWS-Anlagen sind die zeitlichen Schwankungen der Feststoffgeschwindig-
keiten - mit der Absoluten Abweichungen zum Medianswert (MAD) berechnet - max-
imal an dem Ort, wo sich die mittlere Feststoffbewegung umkehrt, das heißt wo der
mittlere zeitliche Feststoffmassenstrom null ist. Im Zentrum des Steigrohres verrin-
gern sich diese Schwankungen bis zu den Niveaus, die in die zwei kleinsten durch-
gemessenen ZWS an der Wand gemessen wurden, während der Wert in der ZWS
Gardanne maximal bleibt. Diese Beobachtung beweist zum erstenmal einen klaren
Unterschied der Feststoffströme, die mit der Anlagengröße skaliert.

Obwohl die Breite der untersuchten Bedingungen beschränkt ist, bildet diese Arbeit
einen ersten Schritt in dem systematischen Vergleich der Gas/Feststoffströme
zwischen kleinen und industriellen ZWS mit Hilfe einer identischen Meßmethode und
Datenverarbeitung. 

Diese Arbeit wurde von Electricité de France, VonRoll INOVA, schweizerischen
Bundesamt für Energieforschung und dem Institut Français du Pétrole finanziell
unterstützt.
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Résumé

La technologie des Lits Fluidisés Circulants (LFC) a démontré depuis plus de 30 ans
son efficacité dans divers procédés gaz-solides et plus particulièrement dans le
domaine de la production d'énergie. L'intérêt de cette technologie réside dans sa
capacité à brûler une grande variété de carburants dans des conditions respectueuses
de l'environnement. Un résultat remarquable des efforts récents de la R&D dans ce
domaine est constitué par la construction à Gardanne (Sud de la France) d�une
chaudière de 250 Mwe qui a été mise en réseau pour la première fois en 1995. Bien
que des études de projets jusqu'à 600 Mwe existent déjà, l'unité de Gardanne reste
aujourd'hui la plus grande chaudière de type LFC au monde.

La complexité de la dynamique des fluides gaz-solides rend une approche purement
théorique impossible et des modèles numériques complets ne sont pas à espérer dans
un avenir proche. Ainsi, pour gagner l'expérience nécessaire à la conception de
grandes unités industrielles de type LFC, la construction d'unités onéreuses de démon-
stration est toujours requise. Les mesures expérimentales sont ainsi les seuls outils fia-
bles pour caractériser les flux gaz-solides, permettre des comparaisons entre des LFC
de dimensions différentes, et enfin rendre possible l�élaboration de considérations
d'échelle dans les LFC.

Le flux gaz-solides à proximité des parois intérieures de la chaudière est un paramètre
clé dans la conception des réacteurs LFC. Une connaissance détaillée des vitesses des
solides et de leurs concentrations, aussi bien que de leurs fluctuations temporelles
manque toujours pour cette zone, particulièrement dans des unités de LFC industri-
elles. Pour combler ce vide, des mesures locales instantanées des vitesses des solides
et leur concentration en paroi ont été réalisées à l'aide de sondes optiques, dans cer-
tains cas pour la première fois, dans trois unités de LFC de tailles différentes fonction-
nant à basse (50 °C) et haute (850 °C) températures (LFC Schlieren: maquette
semi-industrielle, = 0.41 m, = 3.3 m/s; LFC Klus: incinérateur,

= 0.83 m, = 1.5-3.5 m/s; LFC Gardanne: chaudière de 250 Mwe avec une
section verticale de 11.5 m par 14.7 m, = 3.6-5.5 m/s). 

Pour l�accomplissement de ces mesures, une nouvelle sonde optique, capable de tra-
vailler dans des conditions industrielles jusqu'à 900 °C, a été spécialement développée
sur la base d'un système existant de l'ETH Zurich. La vitesse instantanée des solides et
ainsi que sa concentration ont pu être mesurées de manière continue durant des temps

IDriser u0
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allant jusqu'à 30 sec (à 20 kHz), et aussi profondément que 1.2 m à l'intérieur des
LFCs. Une attention toute particulière a été portée dans la conception de la sonde afin
d�assurer que la comparaison des mesures réalisées aux températures basses et hautes
restent valables. En raison du rôle dominant de la radiation thermique pour des tem-
pératures au delà de 500 °C, le comportement de la sonde optique a été caractérisée en
fonction de la température dans un lit fluidisé chauffé au gaz, spécialement construit à
cet effet. Une calibration appropriée pour la mesure des concentrations de solides a pu
être ainsi choisie.

La région en paroi, où les solides chutent, s'agrandit avec la taille des unités de LFC
investiguées, et ceci pour n'importe quelle condition d'opération. Dans le LFC
Gardanne, cette région s'agrandit de manière notable lorsqu�on va vers le bas de la
chaudière, montrant ainsi probablement une recirculation interne des solides plus
intense dans le bas de la chaudière. En outre, à 50% de charge, la concentration des
solides est de plus de 5% près du mur et les flux moyens de masse solide atteignent
jusqu'à 789 kg m-2 s-1 dans cette région.

Pour toutes les unités de LFC, les fluctuations temporelles des vitesses solides - cal-
culées sur la base de la Déviation Médiane Absolue à la médiane (MAD) - ont été
observées maximales là où les flux moyens s�inversent, c'est-à-dire où le flux tempo-
rel moyen des solides égale zéro. Vers le centre, ces fluctuations diminuent jusqu�aux
niveaux mesurés en paroi dans les deux unités de LFC les plus petites, tandis que
celles-ci restent maximales dans le LFC Gardanne. Cette observation démontre pour
la première fois une différence claire du comportement des flux de solides liée à la
taille des unités.

Quoique la variété de conditions examinées soit limitée, ce travail constitue un pre-
mier pas dans la comparaison systématique des flux gaz-solides entre des petites
unités et les LFC de dimension industrielles au moyen d'une méthode de mesure et
d�un traitement des données unique. 

Le projet a été soutenu par Electricité de la France, VonRoll INOVA, le Office fédéral
suisse de l�énergie et l�Institut Français du Pétrole.
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1 Introduction

Today, a large range of services and commodities is considered to be of unlimited
availability, e.g. petrol based fuels, petrochemicals and follow-up products such as
polymers and plastics, and - on a more abstract basis - electric energy, communication
etc. One may just imagine what our world would look like without these products and
services.

However, these products and services are based on limited resources. Even though no
prediction of world energy reserves has ever turned out to be very reliable (see Fig.
1-1), our planet has only limited reserves of what raw materials ever. 

The concepts for regenerative energy are still lacking reliability. Most of the claimed
future energy sources are indeed energy sinks for the time being. Hence, mid term
resource management must follow two tracks: improving the known technology
(Schilling 1997) and investigating new concepts (Jacobs 1997; Bergmann et al. 1997;

FIGURE 1-1:  Crude oil price scenari as established in 1984, 1986, 
1989, 1994 and 1998 by the Gas Research Institute (GRI), and 
presented by Reh 1999.
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Jones 1995), keeping in mind that technologies focusing on small replacement capaci-
ties will not survive, since large problems will require accordingly large solutions.

The present work mainly aims at contributing to a better understanding and conse-
quently a better reliability of circulating fluidized beds (CFB) reactors - especially
combustors - that have increasingly proven efficient in various processes for more
than 30 years by now (Reh 1998). Coal combustion in CFBs represents an environ-
mentally friendly way to generate electric energy from solid fuel, thus contributing to
satisfy the large and still increasing demand for electric energy, especially in develop-
ing countries with mainly coal as domestic primary energy (Anonymous 1999 - BP
Statistics). For instance, the largest single source of energy in the Asia Pacific region
is coal (43.9%). Moreover, coal and lignite have worldwide the largest reserve-to-pro-
duction ratio (see Fig. 1-2) and accounted in 1998 for over 26% of the world primary
energy consumption. 

In view of the carbon dioxide reduction commitment, it is more than obvious that the
increasing energy demand can only be met with modern low emission and high effi-
ciency fossil fired power plants, respecting the prevailing popular reluctance to
nuclear energy.

FIGURE 1-2: Fossil fuel R/P (Reserves-to-Production) ratios at end 
1998. The coal R/P ratio is by far greater than those for Oil and 
Natural Gas. From Anonymous 1999 (BP statistics).
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1.1 The Concept of Circulating Fluidized Beds
Assuming that the reader is familiar with the basic notions of fluidization technology,
only a few aspects of CFB reactors will be highlighted in this section.

Fig. 1-3 facilitates the definition used in this report. The concept of CFB reactors is
based on a fast fluidized section, the riser, along which particles are constantly swept
and removed by the gas. In order to maintain the solids inventory of the reactor, the
gas/solids flow that is exiting the riser section is separated in a cyclone. The recycled
particles fall into a downer and are fed back into the riser through a suitable recycle
device, which is, in most of the cases, a loop seal but which may be a J-, L- or V-valve
as well. 

A comparison of differing CFB concepts requires comparison criteria, of course.
Since the focus is often put on reaction kinetics, criteria such as residence time distri-

FIGURE 1-3: Schematic of a CFB reactor. From Müller 1998
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bution, mean gas and solids residence time as well as isothermicity of the reactor are
important aspects.

1.1.1 The Evolution from Fixed Beds to Fluidised Beds
The fixed or packed bed reactor is one of the most popular gas/solid reactors. From the
reaction kinetic point of view, this type of reactor is mainly characterized by the com-
plete lack of backmixing and the subsequent plug flow of the fluid phase, whereas the
particulate phase remains immobile. Fluidized beds, whether if stationary, turbulent or
fast fluidized beds, are backmixing reactors, offering the advantage of isothermal
operation.

A key parameter in industrial gas/solids processes is the ratio of solids to gas mass
flow rate. One may consider two different aspects of this parameter: first the ratio
between the reactor volume and the respective flow rate of either gas or solids, and
then the ratio of both. The first aims at characterizing the space-time-yield perform-

FIGURE 1-4: Classification of different fluidized bed by mean 
relative velocity between solids and gas phases. From Reh 1973
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ance of a given process, while the latter indicates the proximity to optimal stochiome-
try and the ability of the reactor to supply or remove heat via the fluid phase.

A variety of gas/solids processes was first implemented in fixed bed reactors, and
fixed bed reactors are nowadays still very common for standardized tests (Talman
1998), e.g. the micro-activity test for solid catalysts. One should however make sure to
consider those tests as screening tools, but not as predictive tests for large scale proc-
ess kinetics. Furthermore, highly active catalysts for endothermic or exothermic reac-
tions need efficient heat supply and removal, respectively. Fixed beds do not offer the
required heat removal or supply capacities. In addition, lateral and radial mixing is
often insufficient, provided the reaction system needs backmixing. Therefore, fluid-
ized beds often represent an evolutionary step in gas/solids reactor technology (Reh
1978; Bunk et al. 1999).

In addition, fluidized bed reactors allow constant renewal of the solids inventory,
which is a major advantage compared to fixed bed reactors, in cases where the solids
degrade - for instance catalysts that deactivate because of coke formation. It should,
however, be remembered that the best technology in industry is the technology that
provides the desired product at the lowest costs.

1.1.2 Industrial Applications
Without going into details, a few industrial applications of circulating fluidized beds
are given:

1. Coal combustion: circulating fluidized bed boilers at atmospheric or elevated pres-
sure are attracting attention because of their high thermal efficiency, low specific 
investment costs and their ability to be operated with various and especially low 
grade fuel (Wang et al. 1993; Anthony 1995). Since fluidized bed combustors are 
operated at moderate temperatures - typically 850°C - the NOx emission can be effi-
ciently suppressed (Jensen et al. 1995), and feeding lime or limestone into the reac-
tor can remove SO2 in situ, thus reducing the downstream efforts for off-gas 
cleaning (see Fig. 1-5). 

2. Fluid Catalytic Cracking: this process has emerged from fluidized bed technology. 
Today�s FCC reactors are typically riser reactors, i.e. reactors where the gas veloc-
ity is set to values up to 20 m/s or more in order to obtain plug flow of both gas and 
solids (King 1992), a flow pattern that has been claimed before to be exclusively 
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guaranteed by fixed bed reactors. About 30% of the world crude oil production is 
processed in FCC units to obtain light fuel oils and other light hydrocarbons.

3. Alumina calcination: Calcination is very well suited to circulating fluidized beds 
(Reh 1970; Reh et al. 1971) since fine particles resulting from the Bayer-process 
can be calcinated at controlled high temperatures and mean solids residence times 
(typ. some hours). In addition, the spread of the solids residence time distribution 
does not strongly affect the product quality.

4. Direct reduction of iron ores: circulating fluidized beds offer a remarkable and cost 
effective way for direct reduction of fine iron ores, eliminating sintoring and pel-
letizing processes. If performed by hydrogen as reluctant, it allows to make steel 
with reduced CO2-emissions. Similar to the calcination example, this process 

FIGURE 1-5: Industrial CFB boiler in Gardanne/France. Off-gas 
cleaning is reduced to dust-removal by means of electrofilters 
(right bottom).
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requires high thermal power input and is not sensitive to small changes in either the 
shape of the residence time distribution or the mean residence time.

A more detailed list of other reactions and processes conducted in the CFB technology
and their respective level of development (Laboratory-, Pilot- or Commercial-scale) is
given in Reh 1995.

1.1.3 CFB Technology in Power Generation
As mentioned in the previous section, circulating fluidized beds have found their prin-
cipal application in combustion technology (Engstrom 1990). CFBs have proven their
ability to cushion changes in fuel quality and composition and to cope with low grade
fuels, e.g. high ash coal and lignite or residue of various kinds. For this latter reason,
CFB technology has gained its omnivore reputation, which justifies in itself the
intense research in this field. But in addition to this disposal aspect, the application to
power generation has encountered increasing interest (Jacobs 1999). From an engi-
neer�s point of view, power generation is closely related to the question of heat
removal at a relevant temperature level from the combustion chamber (Leckner 1990).
It is known that in CFB boilers the bed-to-wall heat transfer is strongly affected by the
solids volume fraction in vicinity to the wall (Shi 1996; Mattmann 1991), i.e. the heat
transfer surface. Predictive models for bed-to-wall heat transfer in industrial size units
are, however, rather scarce, mainly because the relevant quantities - solids velocity
and solids volume fraction - cannot be accessed easily. With the vision to pressurized
circulating fluidized beds (Louge et al. 1999), the emerging problems appear even
clearer (Bauer et al. 1998). In pressurized units the volume for placing heat transfer
surfaces is significantly smaller than in atmospheric units. This unfavourable volume
to surface ratio becomes even more dominant with increasing plant size. From this
very simple fact, one may deduce that heat transfer under high pressure needs reliable
and predictive models.

Since strictly theoretical models are unable to describe the mentioned phenomena
(Fox 1995), experimental investigation is needed for both design purposes and model
validation.

The present work aims at improving the knowledge on flow patterns and flow dynam-
ics in the combustion chamber of circulating fluidized bed combustors, with special
attention to the zone close to the wall. The data collected should allow a better
description of flow phenomena in the CFB riser through analysis with appropriate
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mathematical tools, as well as provide necessary knowledge for current and future
computational fluid dynamic approaches in this field.

1.2 Transport Phenomena in CFB Reactors
It is not intended to provide an extensive overview of the various models describing
momentum, heat and mass transfer in gas/solids fluidized beds. Various approaches
have been pursued over the years (see Horio et al. 1989, Berruti et al. 1995, Gidaspow
et al. 1992, Yerushalmi et al. 1978, Glicksman et al. 1993, Balzer et al. 1996, Molerus
1992a, Molerus 1992b, Nieuwland 1994). In the beginning, convenient descriptions
for the fluid dynamics and the complex interaction between gas and particles gathered
most of the scientific interest. In a second step, further transport phenomena, i.e. heat
and mass transfer, were investigated.

A clear gap between the needs of industrial process design and development and the
focus of the academic community became obvious. Industrial CFB research needs to
provide reliable design tools for large scale applications, focusing thus on improving
the know-how, whereas academic research tends to increase our general understanding
of multiphase flow, or in other words the know-why. The distinction between true and
important is not always realized. The following sections will only introduce some
popular model descriptions, while a more detailed analysis can be found in the litera-
ture cited.

1.2.1 Fluid Dynamics in CFBs

Global and local gas-solids flow
Fluid dynamic modelling has mainly concentrated on the upflow or riser section of
circulating fluidized beds. The recycle loop and especially the downflow section has
only recently become subject to research. A well known and qualitatively correct
description of the CFB riser flow is given by the so-called core annulus model, which
distinguishes a solids enriched phase near the outer circumference of the riser: the
annulus, and a dilute phase core of the gas/solids flow. The solids in the annulus
region and some entrained gas flow mainly downwards, while gas and solids in the
core region are moving upwards. It should be pointed out, that this description applies
to fully developed flow regimes and describes the time averaged motion of the phases.
No information is given on the local time resolved motion of gas or particles.
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The quantitative description of the gas/solids two phase flow requires more deeply
elaborated mathematical approaches. State of the art follows two different tracks. A
part of the research community applies discrete particle models (Euler-Lagrange),
whereas another part works on Euler-Euler-methods (Simonin 1991). According to the
author�s knowledge, none of the models available today for design procedures is able
to provide reliable quantitative predictions.

In addition to these numerical methods, a number of useful semi-empirical methods
should also be mentioned.

The aforementioned theoretical descriptions aim at predicting the flow regime in CFB
reactors on the basis of very sophisticated or at least very extensive physical models.

FIGURE 1-6: Basic solids and gas flow circulation in a CFB unit.
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From the engineering point of view, the critical points arising when dealing with CFB
reactors are different:

� the fluidizing velocity of gas

� the optimum particle size to obtain good fluidization, no erosion and wear and the 
required heat transfer

� the necessary heat exchange surface

Trying to answer these questions often results in interpreting flow regime maps and
comparing correlations predicting the bed-to-wall heat transfer.

Based on single particle drag calculations and combining them with corrections for
aggregating flow drag under impact pressure influence, Reh suggested a fluidized bed
regime map in 1961 (Reh 1961), which is still one of the most consulted diagrams and
design methods in fluidization engineering. The basic concept of this - and more or
less all other - regime maps is a correlation of the gas velocity and the particle size.
The relative averaged gas velocity is incorporated in the Omega number, the
Archimedes number standing for a dimensionless particle diameter.
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Similar concepts have been independently applied by Grassmann 1961, and in the fol-

lowing years by Grace and Horio (Bi et al. 1995) using gas absolute velocities. Even
though the dimensionless numbers applied by different authors differ, the advantage
of all �graphic� methods remains the same: they allow for quick generation of relevant
design data, which is an ability all extensive mathematical models are lacking.

Another well known predictive model description has been given by Wirth 1990.
Based on steady state force equilibrium, this model offers an estimation method for
the solids volume fraction in the fully developed flow region of a CFB riser, under
cluster formation conditions, and the solids carryover from the riser to the cyclone.
Similarly to the flow regime maps, this method rapidly provides estimations for vari-
ous relevant quantities.

Aggregative behaviour of particles
Except for very low solids concentration or low density ratio between the two phases,
gas-solids flows are decisively steered by aggregation phenomenon (Kwauk et al.
1996, Reh 1998, Li et al. 1994 and 1998). This aggregative flow condition occurs
mainly in gas-solids flows of high solids loadings such as CFB risers. Fig. 1-8
describes the basics of that phenomenon. Upwards flowing single particles tend to

FIGURE 1-7: Gas-solids systems can be classified following their 
mean operation parameters in a diagram (Reh 1971)
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come together by pressure forces in order to reduce drag forces, and form clusters or
strands. Because of their increased mass-to-area ratio facing the gas flow, the aggre-
gated particles will fall down jointly against gas flow and accelerate due to the gravity
field. As shear forces increase with velocity, the strand may be dislocated and particles
will return to particulate flow. The described cycle can then repeat endlessly. This
basic phenomenon leads to an heterogeneous distribution of the density in CFB risers
in space as well as in time. Local solids concentrations and velocity thus show a high
degree of fluctuations.

As a matter of fact, this aggregative behaviour of particles complicates modelling con-
siderably!

1.3 Scale-up of Circulating Fluidized Beds
A main topic in CFB technology is the scale-up of reactors. As explained before, the
conditions of gas-solids flow close to the heat exchanger surfaces is of paramount
importance for CFB combustors, as well as for the prediction of the effective catalyst
activity for FCC riser reactors. The prevailing concern is the similarity of laboratory
or pilot scale units with large industrial reactors. Most of the observations arise from
experimental investigations of small units, often operated with sand and air or glass
beads and air at ambient pressure and temperature. Hence, we may ask if the corre-

FIGURE 1-8: Aggregative behaviour of particles collectives. From 
Reh 1998 following works from Li 1994.
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sponding results are useful for more than a detailed description of the unit that was uti-
lized for the studies. The weak point in most experimental studies is whether the
knowledge gained can be transferred to industrial units, whether the similarity of dif-
ferent units allows for predicting the properties of a unit A by the findings of unit B by
applying a whatsoever scaling law. On the other hand, many studies are conducted on
industrial scaled units by industrial design or operation companies. Due to the large
investments done, the firms are not delighted to unveil the results in their full extent.
Consequently, such studies are rarely available to the academic research community. 

Scaling laws are the counterpart to predictive physical models since they are based on
the aforementioned similarity. Consequently, they have to emerge from extensive
comparisons of various units. For interpolation is usually the way to go in engineering,
a reliable scaling law for CFB reactors, needs to be validated with data from a large
scale application. 

Commercially existing CFB combustors have nowadays typical power outputs of hun-
dreds of MWe (see Fig. 1-9). The present ultimate goal for coal combustion aims at
600 Mwe (Sapy 1998). Their riser volumes are typically several thousands of m3.

FIGURE 1-9: Electrical output (Mwe) of atmospheric CFB plants. 
From Sapy 1998.
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Undoubtedly, the size difference between laboratory scale units and plants of indus-
trial relevance is very large. The direct extension of theoretical models, adjusted to
and proven on small units only to such large industrial plants appears questionable. At
least, additional experimental studies on large plants have to be conducted. This
thought underlies the present work.

1.4 Survey of studies performed at ETH Zurich
Previously or in parallel to the present work, various experimental studies at ETH
Zurich have been performed in order to improve the understanding of gas solids flow
dynamics in CFB reactors and to provide reliable experimental data for future CFD
modelling attempts. The CFB mock-up at ETH Zurich, which is depicted in the Fig.
1-10 has been in use for more than 10 years and has been modified and optimized over
the years.

FIGURE 1-10: ETH Zurich CFB plant. 
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The data obtained in numerous measurement series were carefully collected and proc-
essed in such a way that they are now available as a versatile Oracle database (Herbert
et al. 1998), presently used by more than 10 internationally recognized academic and
industrial research groups. The following sections gives a short survey of the CFB
investigations carried out at the Institute of Process Engineering (ETH Zurich), thus
allowing the present study to be positioned in the continuous effort of this institute to
the progressing scientific investigation of CFB reactors.

Experimental investigation of the fluid dynamics of a CFB riser
Two extensive studies focused on measuring solids volume fraction and solids veloc-

ity at various axial and radial locations in the CFB riser. Furthermore, local gas veloc-
ities were measured, thus enabling for determining averaged slip velocity profiles of

FIGURE 1-11: Aggregative solids structures length versus local 
solids concentration. From Tanner 1994. 
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the CFB riser. The original optical probe system is sketched in Fig. 1-12. Extensive
descriptions of the initial probe are given in Tanner 1994 & Nicolai et al. 1995.

Tanner and Li (Tanner et al. 1993; Tanner 1994) developed an analysis method to
predict gas/solid slip velocity profiles. In addition, statistical time series analysis was
utilized to determine the characteristic dimensions of solids clusters. An example of
Tanner�s findings is given in Fig. 1-11.

Nicolai optimized the optical probe developed by Tanner and developed additionally a

momentum flux probe in order to directly measure solids momentum flux at different
radial and axial locations in the riser (Nicolai 1995). Hence, it became possible to
cross-validate former results obtained by the optical measurement method.

Fig. 1-13 represents one of the main results found by Nicolai proving that solids reflux
in the wall zone occurs even at high superficial gas velocities as high as 13 m/s.

Experimental investigation and modelling of the bed-to-wall heat 
transfer in a CFB riser
As discussed in the previous sections, the fluid dynamic analysis methods serve in fact
to find correlations for the heat and mass transfer abilities of CFB reactors. This is
why a group focusing on bed-to-wall heat transfer (Goedicke 1992, Goedicke et al.
1993, Shi 1996) worked in parallel to the fluid dynamic group. Heat pipe technology

FIGURE 1-12: Initial voidage & velocity measurement system as 
developed in ETH Zurich. From Tanner 1994.
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was applied to measure wall-to-bed heat transfer coefficients at three different and
changing heights of the CFB riser. Correlating the measured heat transfer coefficients
with local solids fractions and operating conditions of the CFB allowed for discerning
and quantifying the influence of the particle size and the particle size distribution.
Detailed descriptions of the measurement method can be found in the respective liter-
ature. Fig. 1-14 shows the main result found in a series of heat transfer measurements
performed with spherical glass particles of different mean size and varying size distri-
bution.

Investigation and optimization of the solids recycle system of a CFB unit
Maintaining both the solids inventory and its particle size distribution is crucial for
CFB reactors, as - see the preceding paragraph and the literature cited - the particle
size and its distribution determine the heat removal or supply capacity of the fluidized
bed. Consequently, research has to concentrate on the question how to ensure a con-
stant solids circulation without losing fines (Hugi 1997). The whole solids recycle sys-
tem, consisting of cyclone, downer and siphon were subject to careful analysis
yielding guidelines for optimized recycle system design. Fig. 1-15 shows the influence

FIGURE 1-13: Upwards and downwards flowing solids fluxes versus 
netto solids mass flux in the riser. From Nicolai 1995
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of the cyclone design on the fractional separation efficiency for high laden gas-solids
flow. 

It should, however, be mentioned that other optimization approaches result in compa-
rable results (Muschelknautz et al. 1996).

Additional works
Additional research work into CFB reactor design was accomplished at the Institute of
Process Engineering, which is summarized below: 

� Investigation of bed material changes in combustion of waste fuels (Steiner et al. 
1996).

� Characterization of chemical kinetics of ozone decomposition on ferroxydized par-
ticle as model reaction (Bolland et al. 1998)

� Deterministic chaos theory for characterizing local fluid dynamic in riser (Kikuchi 
et al. 1999).

� Neural network for on-line prediction and optimization of CFB process steps (Reh 
et al. 1999).

FIGURE 1-14: Wall-to-bed heat transfer coefficients versus solids 
concentration at the riser. From Shi et al. 1998
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1.5 Objectives of the present work
Due to a common commitment between academic and industrial partners (Electricité
de France, VonRoll INOVA, Institut Français du Pétrole and ETH Zurich), and thanks
to public founding (Swiss Federal Office of Energy), it became possible to measure in
several CFB units and to compare directly the results. Measurements were performed
in two industrial size units - a Ø0.8 m riser CFB combustor and a 250 Mwe boiler in
Gardanne/F. Further measurements were realized on a Ø0.4 m riser ID CFB mock-up
located at the ETH Zurich. 

The study was aimed at characterizing local fluid dynamics at different locations of
the investigated CFB risers. A quantitative determination of flow patterns in the wall
vicinity constitute the main objective. The acquired data should offer the possibility of
both a better immediate understanding of riser fluid dynamics, and the validation of
future models.

Experimental studies realized on different CFB units are very often carried out by
diverse research groups using different measurement methods. Consequently, compar-
ison considerations are very often heavily distorted by the differences in the

FIGURE 1-15: Separation efficiency as a function of the cyclone 
design. From Hugi 1997.
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approaches. Thus, a central concern of the present work was to use the same measure-
ment principle and statistical processing of data gathered on all CFB units investi-
gated. To enable such study, the optical measurement equipment initially developed at
ETH Zurich demanded to be substantially adapted. At that time, it had been used only
with glassbeads or FCC particles, exclusively in the ETH mock-up at low temperature
conditions (up to 60°C). Basic work had thus first to be done for enabling measure-
ments in a rough industrial environment and at temperatures up to 900°C.
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2 Investigated CFB units

2.1 Overview
In the frame of the Swiss-French joint research program mentioned before, a unique
opportunity occurred to perform a comparative experimental study between several
CFB units of different scale. It became possible to investigate the gas-solids flow in
the riser of several CFB units, at least in the proximity of wall in the largest unit. A
summary of the principal characteristics of the investigated units is listed in Table 2-1,
and a comparative visualization layout of the investigated CFB units and the location
which where investigated are depicted in Fig. 2-1.

The following sections give a complete description of the considered CFB units. The
exact location and nature of the performed measurements are precisely depicted there.
The used measurement technique is described in detail (chap 3).

The results of the experimental study in each unit are presented (chap 5), and compar-
ative considerations are then discussed.

2.2 A - Semi-Technical CFB Unit (Schlieren, CH)
In the early nineties, as experimental work in the field of Circulating Fluidized Bed
was a high necessity, a new CFB unit was built at the Institute of Process Engineering,
ETH Zurich, in its laboratory facilities in Schlieren. The objective was to develop a
large-scale laboratory unit, since the majority of the laboratory scale units existing at
that time were far away from industrial field of interest, specially regarding their small
size. The underlying ambition of this project was on one hand, to provide a field as
large as possible for experimental investigation, in order to support numerical model-
ling of CFB units, and on the other hand, to understand more precisely the essential
physical phenomenon driving fluid dynamics in a gas-solids reactor like a CFB (Reh
1988).

The measurement session, presented here, took place in the Schlieren CFB from Sep-
tember 1998 onwards.
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.

2.2.1 Description of the CFB unit
The riser pipe has a circular cross section shape of Ø0.411 m in diameter, and an effec-
tive height of 8.5 m. Flowing upwards as suspension in the riser pipe, and being sepa-
rated in the cyclone apparatus, the solids return undelayed to the riser lower section
through the downer pipe and a U-seal. The unit, represented in Fig. 2-2, is made of an
assembly of steel modules. Each of them is equipped with different instrumentation
(socks for pressure, temperature, local measurement techniques, wall-to-bed heat
transfer calorimeter, etc.), and may be interchanged if desired.

Primary (I) and secondary (II) air inlets are placed at two different levels in the bottom
region of the riser.

In addition to the usual fluidization air inlets in the syphon, some additional fluidiza-
tion air can be blown at three different heights into the downer pipe, since the solids

FIGURE 2-1: Comparative visualization of the investigated CFB 
units and locations of the investigated zones in each CFB units
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FIGURE 2-2: Semi-technical CFB unit from the ETH-Institute of 
Process Engineering, located in Schlieren, Switzerland. A picture 
of the U-seal is shown on the right hand.

H
 =

 8
,5

 m
H

 =
 8

.5
 m

ID 0.411 m

Solids
inlet

Air

Solids
outlet

Air
J

F

B

I

ED

C

A

H

Bag House Filter
Screw Feeder
Fines Recycling
Fluidized Bed Cooler
Disc-Valve

Roots Blower
Riser Pipe
Heat Pipes
Cyclone
Fan

A
B
C
D
E

F

G

H

I

J

G



25
circulation may be stopped under some particular operational conditions. This was not
necessary in the experiments discussed here however. In addition, fluidization air is
introduced into the U-seal through several air inlets. In the presented U-seal configu-
ration, external solids circulation is very sensitive to the last mentioned parameters.

At the cyclone exit, the exhaust air passes through a filter, and the efficiency of
cyclone separation (typically better than 99.9%) can be characterized by comparing
the mass flow rate of particles trapped in the filter with the externally circulating mass
flow rate through the bottom of the cyclone (see Hugi 1997). The presence of heat
exchange calorimeters around the riser pipe allows to measure the heat transfer
between wall and gas-solids suspension (Goedicke 1992, Shi 1996). In order to be able
to keep the temperature in the bed constant, a heat exchanger installed in the lower
region, surrounding the syphon, provides controlled cooling.

A quick closing porous disc valve, placed at mid height in the downer pipe (Fig. 2-2,
No. 10), allows to measure the externally circulating mass flow rate, . This meas-
urement can be partially validated with an energy balance around the already men-
tioned cooling system, when the calorimeters were in function and the unit in
temperature equilibrium (see Goedicke 1992 or Nicolai 1995 for a more detailed
description).

The new U-seal system, as shown in Fig. 2-2, was installed by the end of 1997, but
most measurements within the CFB unit were performed with a more conventional
loop-seal or syphon system (see Fig. 1-10). All measurement data from both configu-
rations are stored in a database containing all data sets acquired on the CFB unit (Her-
bert et al. 1998).

In addition to different bed materials with varying particle size distributions, different
geometrical configurations were tested in this unit by co-workers. Several cyclone
designs with and without vortex finder were intensively examined (Hugi 1997); the
fluid dynamics in the riser by means of different local measurement techniques (opti-
cal, momentum, and gas pulse flight time) were characterised (Goedicke 1992, Nicolai
1995, Tanner 1994); wall-to-bed heat transfer was measured with the heat transfer cal-
orimeters (Goedicke 1992, Shi 1996). Experiments on ozone decomposition by fluid-
ized iron oxides particles provided some comprehension on the reaction kinetics in the
CFB (Bolland et al. 1998). More, recently, signals obtained by means of the optical
probe were analysed with chaos theory (Kikuchi et al. 1999), and a neural network

m· ext
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was used to predict the behaviour of the unit regarding yield of ozone decomposition,
cyclone separation efficiency and temperature control (Reh et al. 1999).

2.2.2 Operation
The particles used for the experiments described in this thesis were glassbeads of
d50.3 = 62 µm; their principal characteristic are listed in Table 2-2.

 Some typical values for the operation parameters, as encountered during our measure-
ment, are shown in Table 2-3. Various pressure transducers, placed in various loca-
tions around the installation and particularly along the riser pipe, allow on-line
monitoring of the dynamic behaviour of the CFB unit. Based on the calculation of the
impulse balance of the gas-solids flow over a thin height section at stationary state, a

TABLE 2-2:  Principal characteristics of the used solids fraction. Adapted 
from Nicolai 1995.

Characteristics Value Source
Morphology Spherical Microscope

Averaged particle diameter, 
d50,3

62 µm Diffractometry, Sym-
patek Helos

10%-percentile of particle 
diameter d10,3

50 µm Diffractometry, Sym-
patek Helos

90%-percentile of particle 
diameter d90,3

88 µm Diffractometry, Sym-
patek Helos

Sauter Diameter ds 59 µm calculated
Archimedes-Number 18 calculated from d50,3

Material density 2500 +/- 50 Pycnometer
Bulk density, 1486 kg m-3 Fluidization test

Fluidization velocity, 0.0036 m s-1 Fluidization test

Refraction index 1.514 Manufactor�s data

ρbulk

u0L
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good approximation of the axial solids volume concentration  profile can be
obtained from the axial pressure profile (see §3.1.1).

2.2.3 Measurement Specifications
More than forty introductory socks are available all around the unit for probes, includ-
ing the channel conducting the gas-solids flow to the cyclone (for pressure, tempera-
ture, etc..). In the riser pipe, four levels section are available for local measurement
(h = 1.54, 2.59, 4.21 and 7.08 m). Up to eight radial introductory socks per level,
equally distributed around the pipe (45°, 135°, 225° and 315°) are provided (see Fig.
2-3). In the investigations presented in this report, only two middle height levels have
been used, in order to reproduce conditions analogous to those of measurements that
have been performed at Klus CFB (h= 2.59, 4.21 m ).

The measurement presented here were done with a P1-type B probe following the
description given in §3.4.

2.3 B - 1.5 MWth CFB Combustor (Klus, CH)
Consecutively to a joint research program with the Institute of Process Engineering
from the ETH Zurich, partially financed by the Swiss Federal Office for Energy, the
swiss company VonRoll INOVA decided to build a pilot CFB plant to investigate
combustion of low grade fuels (Fig. 2-4). Relevant information obtained with the
semi-technical CFB unit of the ETH (§2.2) could thus be used to enable an optimal

TABLE 2-3:  Typical values for the operation parameters in Schlieren CFB 
during this work 

Parameter Symbol Value

Primary Air (I) 1520 kg/h

Secondary Air (II) 370 kg/h

Ratio Primary Air 
to Total Air

xI 0.80

Fluidization Air (Downer) 0 kg/h

Gas Superficial Velocity 3.3 m/s

External Mass Flux (related 
to riser cross section) 20; 60 kg m-2 s-1

Bed Temperature Tbed 45 °C

ϕdp

mI
·

m· II

m· downer

u0

Gs DV,
ext
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design of the new unit. Therefore, the two CFB units exhibit similar geometries, and
make then interesting comparisons possible.

To enable optimal comparison, solids concentration and velocity have been first per-
formed at quasi-ambient temperature (typ. 40 °C). Unfortunately, they could not be
followed by high temperature measurements within the frame of the present work.
Only preliminary measurements could be realized at high temperature conditions. The
measurements presented in this work were performed in July 1995.

The unit will be described here only briefly. For more detailed information and other
interesting results, see Steiner 1996. In that thesis report, special attention was paid to
monitor changes in the bed material composition with emphasis on particle size distri-
bution during combustion of ink sewage and sludge. The information presented here
comes mostly from the aforementioned reference.

2.3.1 Description of the unit
Like its smaller twin unit in Schlieren (see Fig. 2-2), this pilot plant is based on the
principle of a high expanded Circulating Fluidized Bed with undelayed and unre-
stricted circulation of solids. With a riser diameter of ID 0.826 m, an effective height

FIGURE 2-3: Introductory socks and measurement locations in the 
Schlieren CFB.
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FIGURE 2-4: Klus CFB unit
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of 11.2 m and a possible thermal capacity of 1.5 MW, this unit belongs to one of the
worlds largest pilot plants to examine the combustion of low grade waste fuels. 

As shown in Fig. 2-5, the unit is fully equipped for combustion operation, including
gas treatment, and feed devices for various types of low grade waste combustible, in a
granular form, as well as in a paste-like preparation. 

Having been designed to burn low grade materials and to reduce as much as possible
the use of additional high grade fuels, the entire circulation loop, including the
cyclone, is thermally isolated with a five layered isolation wall (Isolation layer thick-
ness in the riser pipe: 0.48 m). Several temperature sensors and pressure transducers
located along the circulation loop allow easy monitoring of the CFB behaviour.
Deduced from the axial pressure profile in the riser, a cross-sectional estimation of the
solids volume concentration can be obtained through Eq. 3-1.

2.3.2 Operation
Because the unit had not been designed to be operated at low temperature, and due to
the insufficiency of thermal gas expansion at quasi-ambient temperature, only a lim-
ited adjustment of superficial gas velocities could be realized in spite of the use of
additional blowers. In Table 2-4, the main operation parameters are shown, as encoun-
tered during the measurement periods. The unit was typically run in a stationary state
during half an hour before beginning the optical measurement. To assure an optimal
comparison with the data collected in the Schlieren CFB, exactly the same solids were
used (see characteristics Table 2-2).

TABLE 2-4:  Operative conditions of CFB pilot plant in Klus as encountered 
in this work

Parameters Symbol Value

Superficial Gas Velocity 1.5-3.5 m/s

Ratio Primary Air 
to Total Air

xI 0.39-0.55

Bed Temperature Tbed 30 - 60 °C

u0
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FIGURE 2-5: Diagram of the CFB pilot plant in Klus. Adapted from 
Steiner 1996
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2.3.3 Measurement specifications
In the riser pipe, three level sections were used for local measurement (h = 4.5, 7.1 m).
Three radial introductory socks per level distributed around the pipe are provided. A
detailed view of the introductory socks used for the optical measurements is depicted
in Fig. 2-6. These socks are multipurpose, and had to be specially adapted for the use

of the optical probe whereby special attention was paid to limiting as much as possible
the size of �dead� volumes, which could potentially change the overall solids inven-
tory circulating within the CFB loop.

The measurements were done with a P1-type probe with lenses following the descrip-
tion given in §3.4.

FIGURE 2-6: Detail of the introductory sock and measurement 
locations in the Klus CFB.
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2.4 C - 250 Mwe CFB boiler (Gardanne, F)
According to a long-term strategy aiming for CFB power plants with electrical power
generation capacity up to 600 Mwe per unit, burning coal and/or oil heavy fractions
(Darthenay et al. 1989), the national French electricity supplier Electricité de France
(EDF) decided to built in 1992 the worlds largest CFB commercial boiler (250 Mwe),
scaled-up from the 125 Mwe Emile-Huchet unit. It is operated by SOPROLIF, a firm
owned partially by EDF. First operation at 100% of the nominal load (250 Mwe) of
the Gardanne CFB goes back to 1995. It is important to realize that, in spite of its
industrial size, this unit is equipped with a large number of introductionary socks or
additional measurement techniques for scientific investigation to complement EDF�s
comprehensive CFB measuring and simulation research work.

The CFB of Gardanne was built by GEC Alsthom Stein Industries according to Lurgi
CFB technology. The location Gardanne has been chosen partly due to its proximity

FIGURE 2-7: Simplified draft of the SOPROLIF 250 Mwe CFB 
Boiler located in Gardanne (F). Adapted from 
Frydrychowski-Horvatin et al. 1997
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of mines. The coal extracted there has a high sulphur content and significant limestone
inclusions leading to a high natural Ca/S ratio. It enables thus desulfurization without
extra limestone addition. This fuel is thus very well suited for combustion in CFB,
thanks to the exceptional ability of CFB technology to integrate desulfurization into
the combustion process. As it replaced an old pulverized coal plant, the unit was
designed to match an existing 250 Mwe steam turbine. In addition to coal, the plant
can also burn heavy oil cuts.

All the information in this section is available in publications (Darthenay et al. 1989,
Frydrychowski-Horvatin et al. 1997, Jacquet et al. 1989, Levy et al. 1996, Lucat et al.
1993, Lucat et al. 1996, Sapy 1998, Semedard et al. 1996), where more detailed
descriptions of the unit and its components can be found.

Measurement sessions described in this work took place in June 1997 and April 1998.

2.4.1 Description
The central furnace has a square section riser of 11.5 x 14.7 m, and a height of 37 m
(Frydrychowski-Horvatin et al. 1997), which discharges into four recycling cyclones,
placed by two on either side of the chamber. They are all equipped in their lower part
with a syphon seal, returning solids directly to the furnace and to an External Heat
Exchanger (EHE), receiving the solids through an adjustable control valve, as
depicted in Fig. 2-7. These four EHEs, in addition to the water-cooled furnace walls,
extract enough heat from the gas-solids flow to maintain the bed temperature at
850 °C in narrow limits. The bottom of combustion chamber is built in a �pant-leg�
design, where each leg has its own fluidization grid, air and solids feeding points. This
arrangement allows a better lateral penetration of the secondary air, whose injection
points are located at mid height all around each leg.

Heat is mainly extracted from the three following sections: furnace cooling wall (23%
of total extracted heat), EHEs (40%), and off-gas convective recovery systems (37%).

Pre-ground coal is continuously fed into the four solids return pipes (about 150 T/h in
total for the design coal), and ashes can be regularly discharged from the bed through
the furnace bottom (about 60 T/h at full load with the design coal) in order to maintain
constant bed inventory. If the Ca/S content is not high enough for desulfurization fol-
lowing the prevailing emission limits, additional limestone can be introduced in the
furnace (Lucat et al. 1996).
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2.4.2 Measurement specification
Measurement of the solids velocity and concentration profiles were performed at three
different levels (h= 11.0, 14.0 and 21.5 m) as depicted in Fig. 2-9. Two ranges of three
introduction socks each are arranged symmetrically to the face centerline. The lowest
level at h=11.0 m is near the pant-leg section. A typical introductory sock is also
depicted in Fig. 2-8. One can deduce the minimal disturbance induced in the fluid
dynamics.

The measurement were done with a P2-type probe (see §3.4 for detailed description),
for high temperature environment. Locations of up to 1.2 m away from the furnace
wall could be thus investigated.

FIGURE 2-8: Introduction sock in Gardanne CFB. Left: inside 
view; Right: schematic arrangement, (A) optical probe, (B) seal, 
(C) closing slide door, (D) furnace wall, (E) cooling pipes 
embedded in boiler wall, (F) measurement location, (G) vertical 
view.
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FIGURE 2-9: Boiler combustor chamber inside view with 
indication of probe inlets location. The bottom zone is 
divided in two legs to provide a better control of the furnace 
fluidization. Such construction art is commonly called 
�pant-leg� design. Adapted from Semedard et al. 1996
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3 Measurement methodology

First the existing measurement techniques for gas-solids flow are surveyed (§3.1) with
emphasis on the techniques commonly used in the CFB technology, then the basic
principle of the optical probes used in this work is described (§3.2). Finally, its spe-
cific development for industrial-like high temperature environment is explained
(§3.3).

3.1 Survey on measurement techniques for gas-solids flow
The need for characterizing experimentally both gas and solids phases in CFB units is
very high, because of the extreme complexity to model gas-solids fluid dynamics and
the associated limitation of numerical models predictability. In theory, various meth-
ods based on different physical approaches can be used, but few are really suited to
gas-solids flow typically encountered in laboratory or industrial scale CFB units.
Gas-solids flow in CFB units shows the typical characteristics listed in Table 3-1. It

should be emphasized that these characteristics are rough approximations over several
gas-solids processes and units. Even in a single unit, the solids-gas local flow can dif-
fer tremendously when observing two different measurement spots.

3.1.1 Global measurement techniques

Pressure gradient
As pressure measurements are very easy and cheap to operate, the majority of CFB
units are equipped with a more or less sufficient number of sensors. A good monitor-

TABLE 3-1:  Typical characteristics of gas-solids flow commonly encountered 
in CFB units.

Physical Property Typical Value
Solids diameter from some µm to 1 mm

Solids volume concentration 0.01 to 60%
Solids density 1000 to 9000 kg m-3

Solids velocity -20 to +20 m s-1

Temperature 20 to 1000°C
Static pressure less than 1 bar
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ing of the behaviour in the solids circulation loop is thus allowed. In this work, the
pressure gradient was measured all along the riser height, and especially around the
optical probe measurement location. Using these pressure gradients, the cross-sec-
tional and time-averaged solids volume concentration, , can be estimated through
a momentum balance made on a thin horizontal portion of the riser pipe (Eq. 3-1)

assuming that wall friction and acceleration can be neglected. This estimation of the
cross-sectional solids concentration is widely used in the CFB literature, but one
should not forget that it is applicable only in regions where the flow is developed and
where no acceleration or deceleration phenomenon occurs.

Disc-valve or quick closing valve techniques
Along the external solids circulation loop, the gas-solids flow is deviated to a con-
tainer during a short period of time. The weight of the collected solids gives an estima-
tion of the external circulation mass flux. This method is often used in small
laboratory scaled units operated at low temperature (around 20°C). Because it pro-
vokes a sudden interruption of the external gas-solids flow circulation, it may not be
suited to CFB units with undelayed solids circulation, such as the CFBs studied in this
work.

Another way to measure the mentioned external circulation consists in sliding rapidly
(less than 0.5 sec) a porous disc valve across the downer pipe section. As solids parti-
cles coming from the cyclone are stocked over the disc valve, the quantity of particles
located under the disc valve decreases continuously. Because the latter are still fluid-
ized through the loop seal, and the external solids circulation into the riser is still
ongoing, the decrease of the pressure under the disc valve allows to quantify solids
mass flux through the downer. This method is applied in this work in the Schlieren
CFB, is more detailed descriptions are given in Goedicke 1992, Hugi 1997, Nicolai
1995.

Unfortunately, these methods are of limited use in industrial units at high temperature
(typ. 900°C), and other techniques must be used to estimate external solids circulation.

(3-1)

ϕdp

ϕdp
z∂
∂p ρg g⋅�

g ρs ρg�( )⋅
-----------------------------=
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3.1.2 Survey on local measurement techniques for industrial 
environments

Some good reviews of the existing measurement methods for gas-solids flow in cold
and high temperature environment are available in the literature (Louge 1995, Rajan et
al. 1993, Werther et al. 1993; Werther 1998). We shall give here only a short sum-
mary of the most commonly used techniques available for use in industrial units.

The choice of an appropriate measurement technique is always subordinated to the
spatial scale of the phenomena to observe. As each measurement technique has its
own measurement volume characteristics and time resolution, extreme care should be
taken when comparing data from different measurement systems, especially in CFB
flows.

Optical techniques
Thank to their high sensitivity and high time responsiveness, optical techniques repre-
sent an efficient tool for characterizing gas-solids flow. The general principle is the
reflection/diffusion or absorption of incident light by the solids particles, which is
related to solids concentration. Due to the high solids concentrations encountered in
the wall region of CFB units, only semi-intrusive back-scattering methods can gener-
ally be applied in CFB flows: the light is brought to the measurement location by a
tube and thus, the flow is moderately disturbed. If the system is duplicated in the
direction of the flow, solids velocities can be measured. Optical probes represent thus
a very powerful tool to characterize simultaneously the dynamics of the solids flow
and its structure at a given location. The shortcomings of this method is the possible
screening of light by deposition on the observation window due to electrostatic charg-
ing or condensation. Direct calibration can also be tricky. Furthermore, multi-scatter-
ing phenomena may inhibit the possibility of a direct numerical calibration method.

Many groups use optical techniques, but few applied it to industrial environment. To
the author�s knowledge, only two such applications were published (Werther et al.
1995 and Johnsson et al. 1996). The second group restricted their measurement to sol-
ids concentration only.

Though very powerful, Laser Diffraction Anemometry methods (LDA) are limited in
use to very diluted flow regions ( << 0.01). As they track single particles, the ability
to characterize solids aggregates or clusters, which dominate in CFB flows, is ques-
tionable.

ϕ
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Capacitive techniques
The general principle of capacitive methods is based on the variation of the dielectric
constant of a confined volume due to solids concentration changes. By measuring the
capacitance of two metallic surfaces located around the confined measurement vol-
ume, solids concentration can be determined. By optimizing the configuration of the
probe tip, the disturbance can be reasonably reduced. Furthermore, adding a so called
�guarding� electrode limits signal drifts. However, air humidity changes and conden-
sation can alter the measurement output. An adequate calibration is needed for solids
concentration measurements. If the system is doubled in the main flow direction,
velocities can be measured as well.

Based on this method, several groups (Werther et al. 1973, Hage et al. 1997) devel-
oped a guarded capacitance probe, applied it succesfully to laboratory-scale unit as
well as industrial-scale CFB units at high temperature.

Extraction technique
Extraction methods or suction probes are very popular because of their low complex-
ity of design and use. Generally constituted of a tube having an aperture facing the
main direction of flow, gas and solids particles are aspired through the hole at a con-
stant rate fixed around the supposed local velocity. By this mean, solids mass flux can
be determined as solids is collected during a known period of time. Several authors
observed that the measured mass flux are not dependant on the aspiration rate within a
certain range, and they called it in this case �pseudo-isocinetic suction probe�. In prin-
ciple, only a constant aspiration, an efficient gas-solids separator and a weight are
needed (but solids can be weighted off-line). The spatial resolution of the probe is lim-
ited, as the hole can not be too small (typically 10 mm), because of the risk of stuffing.
This limits its use to sufficiently large units. 

Though it is very easy to use, the technique suffers of some shortcomings. Facing the
particles, the flow is much more disturbed than with the two previous techniques. In
addition, a single local measurement requires several minutes (depending on the local
concentration) and only time-averaged values over long time sequences are available.
Furthermore, high frequencies in solids concentrations and velocities can not be ana-
lysed. Finally upwards and downwards flows can not be characterized locally at the
same time.
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In industrial applications, the probe is normally cooled to allow simpler collection of
the aspired solid particles. Several groups use this technique successfully in units of
industrial relevant sizes (Brunier 1994, Zhang et al. 1995, Brunier et al. 1999).

3.2 New optical probe for gas-solids flow at low and high temperature
At the Institute of Process Engineering of the ETHZ, a novel optical measurement sys-
tem for characterizing the solids phase was developed and continuously improved
since 1990 (Reh et al. 1991). By this mean, the local solids dynamics at the Schlieren
CFB (see Section 2.2) with glass-beads of different sizes or FCC-particles, was thor-
oughly investigated.

To achieve the objectives of the present work, it was necessary to develop further the
existing measurement system in order to be able to measure solids velocity and con-
centration in larger CFB units. The major challenges underlying this new development
were:

� to widen its field of application to other gas-solids systems in other CFB units: 
the issue is then that solids commonly used in laboratory scale CFBs, like glass-
beads, reflect visible light very efficiently and are thus favourable to backscattering 
probes, but �real� solids like ashes or other commonly used modelled solids (like 
Bronze) are much darker, and may impair the measurement.

� to design a probe withstanding high temperature environment as encountered 
in CFB combustor (up to 900 °C) and being compliant with measurements in a 
harsh industrial environment.

� to keep a similar design in order to enable more direct comparisons between meas-
urements made separately in low and high temperature environment.

� a tight time schedule: only one year was originally foreseen to finish the develop-
ment of the new probe. 

In the following sections, we shall present the different aspects of the probe, and dis-
cuss in detail the main factors influencing the quality of the measurement.

3.2.1 System Principle
The probes used here are based on the following two basic principles. First, the
back-scattered light intensity increases with the quantity of solids particles found in a
confined measurement volume1 located in front of the probe. Secondly, solids parti-
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cles flying over a short distance generate similar signal patterns, as local solids struc-
ture do not change radically meanwhile. One can thus determine their time of flight
between two measurement locations, and obtain their velocity (see §3.2.3).

The base of the system is depicted in Fig. 3-1. The light from a laser diode (wave-
length λ = 670 nm or 685 nm; optical power: 1 to 15 mW) (A) is coupled into an opti-
cal fibre (glass; multimode; core diameter: Ø 550 µm; length 500 to 2200 mm) (B)
through an appropriate optical coupling system (C), and guided to the probe tip. A

very small portion of the emitted light is reflected by the solid particles located in front
of the probe tip (D), and collected by a second fibre, running along the first one. The
intensity of the reflected light, directly related to the solids volume concentration, is
measured by a temperature stabilized avalanche photodiode (HAMAMATSU
C5460-SPL) (E), converted to a 0 to 12 V voltage signal, filtered by a low pass analog
filter at  (F), and acquired continuously at  by an IO Tech 488/8S 16-bit
Analog-to-Digital signal converter during  sec (G). Due to limited data transfer
speed, both signals are first provisory stored in the A/D Converter memory, and then

1. A detailed discussion on the measurement volume is given in §3.2.2 p. 44

FIGURE 3-1: Optical measurement system: (A) laser diode, 
(B) fibres, (C) optical coupler, (D) probe tip, (E) avalanche 
photodiode, (F) low pass analog filter, (G) analog-to-digital 
converter, (H) acquisition
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moved to the computer for further analysis through a GPIB bus (H), once the actual
measurement is finished.

As the described system is doubled in the direction of the flow, the velocity of the par-
ticles can be calculated by cross-correlating the signals, as the distance between the
two sub-systems is known ( = 10 mm).

While the low pass analog filter suppresses high frequencies, aliasing effects can be
considerably reduced (Bendat et al. 1986). The value of  is the Nyquist fre-
quency and takes a value of . 

TABLE 3-2:  Estimation of the light intensity through the optical system. 

Element Trans-
mission

Power Left 
[mW]

Source
E: Estimated
M: Measured

MD: Manufacturer 
Data

Origin

Laser Diode - 2500 M Power Tech-
nology

Optical Cou-
pling Device 60% 1500 M Volpi

Fibre 1 (96%)2 1382 E �

Lens (96%)2 1274 E Newport

Window (96%)2 1174 E Comadur

Solids particles 0.5-5% Ea

a. Calculated from emitted and measured light minus estimated losses

-

Window (96%)2 4-43 E Comadur

Lens (96%)2 4-40 E Newport

Fibre 2 (96%)2 4-36 E Volpi
Optical Cou-
pling Device 60% 3-33 M �

Photodiode 50% 2-20 MD HAMA-
MATSU

Power Left 1 to 10 -

Loss more than 
99%! E

Dopt

fLP
facqu 2⁄
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While the light is the measured quantity, an rough estimation of the transmission effi-
ciency of each element is important to track the potential sources of error or signal
losses. A complete study was undertaken with the help of the Ecole d�Ingénieurs Can-
tonale de Neuchâtel (EICN) (Holzherr 1997). Table 3-2 gives an overview of the path
of the probe light through each component of the optical system. From the 2.5 mW
originally emitted by the laser, a signal approximately three decades smaller is
detected at the end. This consideration underlines the sensitivity of the optical system.
By this mean, the ratio between the amount of detected light to that illuminating
directly the particles out of the probe is roughly estimated to 0.01%.

The dependence of the signal on the incident light is given approx. by Eq. 3-2, where

 is the amplification gain,  a constant depending on the hardware (photodiode
mainly),  is the part of the light collected when no particles are present, and  the
light flux coming from the particles, for a given solids concentration . If properly
set, the gain  remains constant within the range of . The parameter  is mainly
dependant on the optical configuration (due for instance to internal reflection of the
laser light). Under the assumption that solids particles reflectivity remains constant
within the investigated temperature range, a generalization of Eq. 3-2 to high tempera-
ture conditions is given by Eq. 3-3, where as  is the light flux coming

from thermal radiation and  from light reflected on the solids. As small val-
ues of  are measured, we may neglect the extinction of thermal radiation through the
aforementioned particles. It has to be noted that  and  may change between exper-
iments.

3.2.2 Measurement volume
The measurement volume or localizability of the optical probe developed here, but
also of any other probe, has to be carefully defined, because it determines the scale of
the observed phenomenon, and consequently the type of collected data about the

(3-2)

(3-3)
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gas-solids flow (Reh et al. 1991). In this section we will explain the main considera-
tions related to the measurement volume.

Size consideration
On one hand, the smallest possible volume yields the best spatial resolution; on the
other hand, the measurement volume should contain enough particles to minimize the
error caused by the statistical fluctuations of the particles population. With the hypoth-

esis of spherical solid particles of known diameter equally distributed in space, the
number of particle simultaneously present in the measurement volume can be esti-
mated as a function of the solids volume concentration and diameter, as shown in Fig.
3-2. For particles with a diameter of 60 µm, their number is large enough to cover sta-
tistical fluctuations (about 103 particles for ϕ = 0.1%), but for larger particles, this
condition is badly fulfilled specially for small values of ϕ. Following these thoughts, a
volume of approximately 50 mm3 is wanted in our case. In a real case, these fluctua-

FIGURE 3-2: Theoretical number of particles present 
simultaneously in the measurement volume in function of the 
solids vol. concentration. Measurement volume, Vmeas, is 

approximately 50 mm3.
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tions are smaller, because the effective measurement volume has, because of the gaus-
sian-like spacial distribution of the emitted light, no clearly defined border.

At high value of solids concentrations, as the mean free path between the particles
decreases (in the order of the particle diameter for solids volume concentrations
around ), light is absorbed in a very short distance, and effective measure-
ment volume in smaller than estimated.

Optical arrangement
Two possible configurations of the probe extremities are shown in Fig. 3-3. The laser

light shines out of the fibre (A), is refocused by the - optional - lens (focal length:
6 mm) (C), and is reflected by the particles flowing in front of the probe (E). A certain
amount of light comes back through the lens, and is collected by the second fibre. The
sapphire window (D) can easily be changed and protect the fibre ends from being
scratched by the particles.

Characterization of the measurement volume
The measurement volume is determined by the mentioned optical rays. In our case, an
approximate measurement volume of 50 mm3 is suitable, and can be set properly by

FIGURE 3-3: Two optical configurations of one channel of the probe 
tip: (A) optical fibre (Diameter 550 µµµµm), (B) adjustable optics set, 
(C) lens (optional), (D) protective sapphire window, (E) solids 
particles. dF-L is the distance between Fibre end and Lens.
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changing the optical arrangement at the extremity of the probe. To characterize it, a
simple system was built on an optical bench. A surface, made of mirror is placed in

front of the probe tip (Fig. 3-4). The reflected light is then measured simultaneously
for different positions of the mirror along the probe axis. The dependence between the
signal and the mirror distance gives an estimation of the longitudinal extension and
indirectly of the measurement volume. Because the real reflecting behaviour of solids
particles is closer to those generated by a white diffusing surface, like a paper sheet,
than those generated by a mirror, we tried the same characterization method with a
special material (Spectralon) reflecting 99.9% of the incident light but in a diffuse
manner. Such measurements are shown in Fig. 3-5 for the two configurations depicted
in Fig. 3-3: A- with lens, and B-without lens. There are no differences between both
configurations and the type of reflector -mirror or diffusing- does not play any role.
We can conclude that both configurations are equivalent in regard to the measurement
volume size. The window placed in front of the fibres is nevertheless very important,
and not only for preventing scratches on the fibres. It avoids the measurement volume

FIGURE 3-4: Optical bench to characterize the longitudinal 
extension of the measurement volume. The mirror is moved along 
the probe axis.
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characteristic curve to be ambiguous or multi-valued (see f.i. Fig. 3 from Nicolai et al.
1995).

Signal quality
In an optical system, each surface or more precisely interface between two mediums
of different refraction index can reduce the signal intensity as a small part of the origi-
nal signal gets lost in internal reflections. In our system, since the laser light is
launched into the fibres and until the signal returns to the detection device, there are
ten such interfaces for the configuration A (with lens, see Fig. 3-3). As approximately
4% of light get lost in each interface passage, the total loss of light reaches 20%. This
signal reduction would not be so bad in itself, if this reflected light would not travel
back to the photodiode generating there a high level background noise. This amount of
light may be relatively large in comparison to the very small quantity of light
back-scattered by the particles, and thus can impair the signal quality. For that reason,
the configuration B, without lens (see Fig. 3-3) shows better performance. The experi-
mental demonstration of this improvement is discussed later (§3.2.4 p. 51).

FIGURE 3-5: Characterization of the measurement volume for two 
probe tip configurations; A- with lens, B- no lens (see Fig. 3-3 for 
detail). Two types of reflector are used: a mirror or a white surface 
(Spectralon).
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3.2.3 Measurement of solids velocity
The local solids velocity at a time  is found by maximizing a correlation function cal-
culated around  on the basis of signals measured in each channel. The time shift
between the two signals, giving the best correlation is expressed as a number of bins,

, as the signals are digitalized. The effective time shift  is then equal to
. The most probable solids velocity  is then obtained by Eq. 3-4.

The applied algorithm, different from commonly used FFT-correlation techniques,
was intensively studied with special attention paid to the specific nature of CFB flows
in risers (Keller 1995), and a further presentation is given in §4.1.

Errors and uncertainties in velocity measurement
The velocity measurement is subjected to many sources of errors and uncertainties.
Some of them are going to be listed, and their respective weight is estimated hereun-
der. Other componounds of the noise on solids velocity are very difficult to quantify1.
Among them, we can mention: the stochastic fluctuations in time and in space of the
particles within the measurement volume, the non homogeneous distribution of the
particles within the measurement volume. Because of this lack of statistical knowl-
edge on the statistical process driving the gas-solids flow and the measurement, fur-
ther considerations on distributions of solids velocities, as well as solids
concentrations, were intentionnaly avoided in the present work. Further research work
should focus on determining the probabilities driving the gas-solid flow in CFB units.

The main source of error in the velocity determination is caused by the limited acqui-
sition frequency. Considering  as the time shift giving the maximal correlation
value, the discretization error  on  is defined as the difference between 
and , its closest neighbour, and is given by Eq. 3-5. The Fig. 3-6 shows the

relation between the relative error  and the measured velocity for different

(3-4)

1. Due to its fluctuating nature, a stable idealized gas-solid flow is impossible to realize experimentally. The particles 
will always fluctuate and the noise due to the measurement device only will be thus impossible to measure separately.

(3-5)
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acquisition frequencies. It increases as the solids move faster but stays reasonably low

for our measurements, which normally never exceed 20 m s-1. The measurement of
 includes a potential systematic error. A simple measurement of the physical dis-

tance separating the fibres is not sufficient, because the measurement volumes of each
subsystems can be slightly misaligned with the corresponding fibres axis. The physi-
cal distance would thus not be the distance the probe really �sees�. To measure it, the
probe tip is placed at the edge of a rotating disk (radius: = 154 mm) of known
rotation frequency, , as shown in Fig. 3-7. At the edge, a thin mark drawn on the
disk pass consenquently in front of each channel, generating a pulsed signal in each
channel, slightly delayed in time. The distance between the probe tips, , is then
given by Eq. 3-6.

The uncertainty on the measurement of  is estimated to be less than 1%, and con-
sequently the associated uncertainty on the solids velocity is less than 1% (Eq. 3-4)
which is negligible in comparison with the others possible sources of uncertainty. Fur-
thermore, this error is systematic, and could lead to a general overestimation or under-
estimation of all measured velocities, but differences are not affected.

FIGURE 3-6: Relative error due to discretization on the velocity 
measurement for different acquisition frequency. Distance 
between the two channels is Dopt = 10 mm.
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The uncertainty of the acquisition frequency is smaller than 0.1% and the effect on the
velocity calculation can be thus neglected.

3.2.4 Measurement of the concentration
The raw voltage signal  is normalized with the minimum and maximum values,

, i.e. the signal measured without particles, and , the signal obtained from the
probe dived into bulk solids. The determination of  and , is very sensitive and
was done shortly before and after local measurements, in order to track a possible drift
of the signal. The solids concentration  is then computed from the normalized sig-
nal , Eq. 3-7, through a calibration curve (Eq. 3-8). 

FIGURE 3-7: Setup device for measuring the distance between the 
two channels: a thin mark drawn on the rotating disc passes in 
front of the probe tip with a known velocity, generating two signal 
pulses delayed by the time span .
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Normalization of the signal
Shortly before the measurement of a profile, and if possible immediately after the
probe has been withdrawn from the CFB unit, a reference measurement is done to
determine the maximum and minimum value of the signal. Because light
reflection on particles depend on their size distribution and especially on their reflec-
tion characteristics, a small sample is withdrawn from the bed inventory just before
the measurement sessions. Some typical signals for reference measurement are shown

in Fig. 3-8 for the two mentioned probe configuration, presented in Fig. 3-3. By com-
paring the signal to noise ratio between the two configurations, we measured an
improvement of approx. 30% in the case without lens (B). 

The exact determination of  and  is subjected to an constant uncertainty
caused by signal fluctuations. We estimated it to be between 1 and 5 mV, and conse-

FIGURE 3-8: Reference measurement for normalization 
measurement. Minimum, resp. maximum, level corresponds to 
ϕϕϕϕair, resp. to  ϕϕϕϕbulk.
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quently, it gives a decisive advantage to the configuration without lens (B) because of
the wider measurement range.

Calibration of the solids volume concentration
Since a time-constant homogeneous gas-solids flow of defined solids concentration

 is very hard to produce experimentally for  larger than 0.1%, an indirect
method is used to determine the mathematical form of the calibration curve. Several
candidate curves may be taken into account, and the general principle is based on min-
imizing the sum of the weighted differences between cross-sectional time-averaged
concentrations  and those obtained from pressure drop,  given by Eq. 3-1.
This process is evaluated on a large profiles data set.

Consequently, the calculated curves may be biased by the non uniformity of the data
considered in the calculation. However, comparison between different concentrations
values are not influenced much by the choice of the calibration curve, and solids con-
centration measurement should focus on relative considerations. Table 3-3 and Fig.
3-9 give an overview of the different calibration curves used in previous works for
similar optical probe obtained through the indirect method of minimizing the differ-
ences. It illustrates the fact that different experimental data sets or particles distribu-

ϕ t( ) ϕ t( )

ϕopt〈 〉 ϕdp
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tions can deliver different calibration curves.  Shi 1996 could verify the calibration

curve by using a direct method (for details, see Shi 1996 p. 84) and found a good
agreement for particles of size = 40 µm.

The quality of the measurement could be verified with an additional measurement in
the Schlieren CFB unit (see §2.2) by comparing the cross-sectional solids mass flux,

, obtained from the local measurement with the one known from a disk valve
measurement device (Fig. 2-2, No. 10) installed in the downer pipe, . In the
other larger units, as the external solids recirculation is unknown, such verifications
could not be carried out.

TABLE 3-3:  Calibration curves cited in previous works for the optical probe 
with an configuration similar to the one used in this work.

Curve Type Ref.

Exp.: 

Type ϕbul
k

m dp [µm] Solids

E-1 0.6 2.82 40 Glassbeads Shi 1996
E-2 0.6 2.65 60 FCC id.
E-3 0.6 1.9 130 Glassbeads id.
E-4 0.6 1.8 300 id. id.

Poly.: 

a1 a2 a3 dp [µm] Solids

P-1 0.32 -0.96 1.24 40;62;10
5

Glassbeads, 
narrow distri-

bution
Nicolai 1995

P-2.1 0.46 -0.96 1.10 300 id. Hugi 1997
P-2.2 0.39 -0.93 1.14 130 id. id.
P-2.3 0.18 -0.46 0.88 40 id. id.

P-2.4 0.33 -0.78 1.04 125 id. but broad 
distribution. id.

P-2.5 0.25 -0.60 0.95 60 FCC id.

ϕ t( ) ϕbulk S t( )m⋅=

ϕ t( ) a1 S t( ) a2 S t( )2 a3 S t( )3⋅+⋅�⋅=

d50 3,

Gopt〈 〉
Gs DV,
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Estimation of errors on solids concentration measurements
The measurement of the solids concentration is subject to multiple potential sources of
error: digitalization, measurement of , ,  and type of the calibration curve.

The used A/D converter transform the analog signal within an adjustable measurement
range (+/- 5V, +/- 2V or +/- 1V) to a 16 bits digital number. The resolution can then
be calculated as a function of the signal fluctuation  and is depicted in Fig. 3-10. A
signal fluctuation of 5 mV by the most commonly used range (+/- 5V) is associated to
an error of 3%.

As already mentioned, the reference signal  and  are estimated with an accu-
racy of 1%. Furthermore, the measurement of  is also affected. Assuming that the
uncertainty on the measurement of  is normally distributed, and  &  are
exact, we can calculate the propagation of an error made on  to . From Eq. 3-7 and
3-8, we can thus deduce Eq. 3-9 and Eq. 3-10.

The relative uncertainty on the measurement of the solids volume concentration,
, can be thus calculated versus the concentration , and is shown in Fig. 3-11.

A small error or uncertainty on the measurement of  has a very large effect on the

FIGURE 3-9: Calibration curves used in previous works for the 
optical probe with an configuration similar to the one used in this 
work (See Table 3-3).
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uncertainty of . This consideration demonstrates that absolute values of the solids
concentration are illusive to calculate precisely, but only relative consideration can be
reasonably done.

Furthermore, it must be noticed that the uncertainty on the measurement of  is
greatly affected by the type of the chosen calibration curve. In the shown comparison
of the Fig. 3-11, the error on low concentration values of  is almost 10 times larger
for the polynomial curve.

This effect should be also be taken into account when choosing the type of curve,
because most of the local values measured in a CFB unit are located in the range 0.001
to 5%. For that reason, all results shown in the present work were calculated on the
base of an exponential curve as proposed by Shi (Shi 1996).

FIGURE 3-10: Error due to digitalization versus signal fluctuation. 
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3.2.5 Influence of the probe on the solids flow
The geometry of the probe extremity possibly affects local fluid dynamics, especially
within the measurement volume, and therefore can alter the quality of the solids veloc-
ity or concentration measurement. Because of the impossibility to produce a gas-sol-
ids flow of known instantaneous velocity and concentration, we will restrict ourselves
to a qualitative discussion.

Different probe geometrical configurations were tested during this work under several
flow conditions. Differences of 0% to 15% in the time-averaged solids velocity and
concentration were observed between the configurations in some limited experiment.
Due to time limitations and because of the complexity of producing a solids flow of
known velocity and concentration, further comparisons have not been performed.

As the probe is introduced in the CFB riser, the available horizontal area decreases,
generating an increase of the superficial gas velocity. This effect is negligible in very
large CFB units, but can affect velocity measurement in small laboratory unit. The
mentioned area reduction vs the probe introduction depth is depicted in Fig. 3-12. As

FIGURE 3-11: Relative uncertainty or error on the measurement of 
solids volume concentration vs solids concentration. 
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the probe is located for instance at r/R = 0 in Schlieren CFB, it valued 2.5%. In
regards to other errors it can be considered as irrelevant.

3.3 Measurement in high temperature environment
Local measurement methods used in industrial scale CFB units are presented here
briefly. The concept of the optical probe for harsh high temperature environment as
developed in this work is then demonstrated. Finally, optical properties of gas-solids
flow and calibration methods for the probe will be discussed.

3.3.1 Existing optical probe for industrial scale CFB unit
An optical probe had already been developed to measure solids velocity and volume
concentration in a CFB furnace by the research group of Werther (Rensner 1991, Wer-
ther et al. 1995). The probe has an outer diameter of 6 mm, a length of 0.8 m, an dis-
tance between channels, , of 3 mm, and is water-cooled. Each channel consists of
a single optical fibre (approximately ∅ 1 mm) used to illuminate and collect the light.
The fibre ends are directly in contact with the suspension without any intermediate
optical element like a protecting window. Losses by internal reflections are hence

FIGURE 3-12: Area reduction of horizontal section in the riser in 
function of probe measurement location. The considered probe has 
a diameter of 16 mm for measurement by low temperature 
environment (Schlieren, Klus CFBs), and of 48.3 mm by high 
temperature environment (Gardanne CFB). 
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avoided, resulting in a better signal quality, but a damage of the probe extremities is
then probably more difficult to repair on site. Design of the probe extremity was opti-
mized to get the temperature of the measuring surface higher than 600 °C. At lower
temperatures, condensation of intermediate combustion products on the surface has
been observed after a short time, which yields invalid measurement. As the laser diode
source was switched on and off at a frequency of 500Hz, the background signal can be
measured and substracted. The duration of continuous acquisition is 5 seconds.

Another group (Johnsson et al. 1996) characterized solids volume concentration with
a water cooled optical probe in a 12 Mwth CFB boiler. They used only one channel,
and thus measured no velocity. No details about the probe construction as well as on
the measurement duration is given. Filtering and modulation of the signal are appar-
ently sufficient to remove the background signal increase. Apparently, no special tem-
perature compensation was needed for the reference values. No special calibration
between the normalized signal and the solids concentration is mentioned.

3.3.2 Principle of the newly developed probe for high temperature
A central point in this study is the comparison of data collected in different CFB units
for different operating conditions, including cold and high temperature environments.
For that reason, the further development of the existing probe to withstand gas-solids
flows, with a temperature up to 900 °C, stuck as much as possible to the original
design. As already mentioned in the previous sections, several factors affect for exam-
ple the measurement volume. Changing only one element may thus require time con-
suming verification procedures to ensure a perfect equivalence between the different
measurements. 

The first solution would have been to keep the probe as it was (geometry, size), but at
high temperature, it was difficult, if not impossible, to make some elements of the
probe resistant to the high temperature. More precisely the assembly would have
required very complicate high temperature binding techniques. We decided thus to
embed the optical probe in a water cooled system. By this mean, the existing standard
optics and assembly technique could be kept, as the temperature never exceeds 150 °C
around the sensitive part of the probe (glue, protective plastic coating of the fibres,
etc...). 

For measurements at temperature environments of up to 900 °C, the optical probe sys-
tem is also embedded in a water-cooled removable envelop as depicted in Fig. 3-13.
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This modular construction brings robustness thanks to the larger diameter of the probe
(48.3 mm), allows a rapid and easy change of any of its component and is thus very
convenient for measurements in a harsh environment like the ones usually encoun-
tered in an industrial unit. The cooling water circulates through the double-layer-enve-
lope at a rate of 2 dm3/h, and its temperature at the outlet is monitored. A 1mm-thick
front window made of Suprasil-glass1 is fixed at the extremity of the cooling envelop.
An additional air circulation system is installed within the probe to cool the fibre ends,
and to prevent damages if the glass window broke, as the available section for gas cir-
culation is reduced near the probe extremity (see Fig. 3-14, cut B-B). Several thermo-
couples located in the tip of the probe are used to monitor the temperature near the
optical fibres and in the head of the cooling envelop.

The probe was introduced at different locations of the Gardanne CFB boiler for sev-
eral hours. No deposition of any kind or alteration of the probe tip was visible, as
sometimes reported by authors in other CFB units (Werther et al. 1995). Thanks to its
total length of 2.2 m, the probe could be used at a location of up to 1.2 m from the fur-
nace wall.

FIGURE 3-13: Selected concept for an optical probe for high 
temperature environment up to 900 °C: (A) optical probe for low 
temp. gas-solids flow, (B) double layered water cooled envelope, 
(C) spacer, (D) glass window, (E) defined measurement locations 
of both channels.

1. A 1 mm thick sapphire window was initially selected as this material withstand much more efficiently scratching from 
solid particles. But, because of its relative poor resistance to thermal shocks, it often broke. Suprasil glass was there-
fore preferred.

length = 2 m
∅
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Due to its similar design, all the considerations made before (§3.2) remain true for this
new probe. However, the phenomenon of glowing which occurs by temperature higher
than 500 °C greatly affects the measurement and is discussed in detail in the next sec-
tion.

FIGURE 3-14: Optical probe for high temperature up to 900 °C, 
detail of the probe extremity: (A) cooling envelop, (B) optical 
probe, (C) measurement location, (D) focusing lens (optional), 
(E) glass window, (F) insulation, (G) optical fibres, 
(H) thermocouples.
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3.3.3 Specific calibration for high temperature environment

Thermal radiation
Every material surface emits radiation whose spectra shifts to higher energy and thus
lower wavelengths as the temperature increases (Wien�s Law), overlapping the visible
wavelengths range (400 to 800 nm) when the temperature exceeds 600-700 °C. Con-
sequently, a drift of the base signal is observed because of this parasite light coincid-
ing with the detection wavelength range of the avalanche photodiode. An approach in
terms of spectral analysis is necessary. The relative intensity of this light is very hard
to estimate, as the radiation of gas-solids suspensions is difficult to predict, especially
for large solids concentration (Brummel 1995). Furthermore, the exact spectral sensi-
tivity of the optical measurement system is hard to determine because it depends on
the complex combination of all system elements.1

For explanation purpose, a qualitative estimation of the dependence of the radiation
power density versus the temperature was made, based on the assumption that the

FIGURE 3-15: View of the probe. Left bottom corner: probe tip after 
two hours of measurement in Gardanne CFB by approx. 850 °C.

1. For reducing the noise due to the thermal radiation, the addition of interferential filters - fitted to the laser light emis-
sion ray - was attempted unsuccessfully. This was probably due to temperature effects affecting the spectral stability 
of the laser light.

Probe Tip
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gas-solids suspensions radiates like a black body and thus follows Planck�s radiation
law. Modelling the sensitivity of the optical probe system as a step-pass filter (cut
wavelengths from λcut,low= 0.5 µm to λcut,high= 1 µm), a characteristic curve was
obtained and is shown in Fig. 3-16. The important parameter is the ratio between the
thermal radiation and the reflected laser intensity, which is unknown.

This temperature compensation is required for two reasons. First, the reference meas-
urement can only be done at quasi-ambient temperature1. Secondly, due to the cooling
by water evaporation occurring within the fluidized bed furnace wall, the temperature
varies strongly in wall vicinity, hence possibly altering the measurement of solids con-
centration. 

Calibration of the optical probe in a heated fluidized bed
Due to the difficulties in quantifying this phenomena by numerical simulations, an
experimental approach was then chosen. A stationary fluidized bed unit was realized
to simulate actual furnace conditions, and thus characterize the optical probe in high

FIGURE 3-16: Quantitative estimation of the radiation measured by 
the optical probe for different temperatures. Assumption 
underlying this estimation: black body radiation of a solid surface.

1. Several attempts to obtain the reference signal Ibulk when the probe was in the furnace were made by trying to trap sol-
ids particle in front of the glass window with the help of a shovel system. But since the probe was cooled, the temper-
ature of the trapped solids decreased rapidly, changing its thermal radiation power, and inhibiting thus the 
determination of the reference values in-situ.
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temperature environment (Fig. 3-18). It could be operated to fluidized bed tempera-
tures up to 900 °C with bed materials under expanded conditions. The stationary fluid-
ized bed had an internal diameter of 0.20 m. The bed height lies approximately at
0.4 m by minimum fluidization depending on the type of experiment conducted. The
insulation made of refractory concrete (RATH Carath 900) was protected from the flu-
idized bed by a 1 mm thick metal sheet to avoid erosion due to solids bubbling, while
an external 1.5 mm metal sheet served as support (External diameter: 0.4 m).

The fluidization grid consisted of seven nozzles equally distributed in the bed bottom
section (Fig. 3-18) which were supplied from a wind box. Propane combustion with
electrically preheated air allowed to reach the chosen bed temperatures easily. The
normal operation has been monitored by several thermocouples, located in the bed and
in the wind box. All fluxes of gases contributing to fluidization (air, propane, and
purge air (nitrogen)) have been measured by a rotameter. A capacitive relative pres-
sure transducer measured the pressure drop across the bed.

At h = 0.53 m up from the fluidization nozzles level, an introduction sock identical to
the one installed in Gardanne CFB (See § 2.4.2, p. 35) allowed to insert the optical
probe into the bed. The quantity of solids material quantity in the bad was chosen in
order to have the probe within the upper zone of the fluidized bed. Consequently, bub-
bles and solids aggregates were alternately present in front of the probe, allowing thus
the measurement of minimal and maximal solids concentrations. As fluidized bed par-

FIGURE 3-17: Top view of the optical probe tip in the fluidized bed 
at different temperatures (900°C, 800°C and 700°C). Laser is 
switched on in the three cases, but as thermal radiation is intense, 
laser light can be visually differentiated from background only at 
700°C.
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ticles, ashes collected in the Gardanne CFB, presenting thus a similar granulometry,
have been used.

While a constant amount of fluidization air was injected, the bed inventory was heated
to a temperature of 900 °C. The cooled probe was then introduced into the central sec-
tion. Its tip is shown at different temperatures in the Fig. 3-17. Heating was then
reduced such that the temperature decreased at a regular mean rate of 4 °C/min. Mean-

FIGURE 3-18: Layout and picture of the fluidized bed realized in 
this work for optical probe calibration purpose.
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while, the signals of both channels have been continuously recorded at
 during 15 sec with the laser switched on. Immediately following

each measurement, the same measurement has been repeated while the laser was
switched off to receive the background signal only. A typical measurement sequence
is depicted in Fig. 3-19 for a bed temperature of 850 °C. Steps of minimal constant
signal alternate with peaks of more or less large amplitude, corresponding to minimal
and maximum solids concentrations - associated with bubbles and solids aggregates.
In this way, the dependence between  and  versus bed temperature could be
obtained, as shown in Fig. 3-20. 

Ideally, the reference signal  can be obtained by shutting off temporally the fluid-
ization air while the probe is dived into the solids if the bed height is high enough. But,
experiments show that the cooling of the probe lower the local temperature near the
probe extremity so quickly that no reliable measurements of  were possible with
this method.

FIGURE 3-19: Typical time series of the probe signal obtained in the 
fluidized bed at a temperature of 850 °C with the laser switched on 
(top) and off (bottom).
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As temperature dependency of the optical probe is clearly characterized, the next step
is to include this effect in the solids concentration calculation. This procedure is
described in §4.4.

FIGURE 3-20: Temperature dependence of iair and ibulk for the 
optical probe. The laser is switched on. The difference iair-ibulk is 
only slightly affected by temperature.
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3.4 Summary of used optical probes
In Table 3-4, the different configurations of the optical probe used in the present work

are summarized. The optical configuration of the probe tip is described in Fig. 3-3.
One can find here which probe were used in a specific CFB unit.

TABLE 3-4:  Different configurations of the optical probe as used in the 
present work
Probe 
Type

Temp.
[°C]

Diam.
[mm]

Length
[m]a

a. Available length for introduction. Does not include back section where 
electronics, lasers and photodiodes are packed.

Optical Con-
figurationb

b. See Fig. 3-3 for more detail.

Measurements 
done at

P1: for 
low 

temp.

20 to 
90 16.0

0.5

no lenses 
(Type B) Schlieren CFB

with lenses 
(Type A)

Schlieren 
CFBc

c. Measurement with this configuration are not shown here, but previous 
works done at the ETH used this kind of probe (See Nicolai 1995 for 
results).

0.9 Klus CFB

P2: for 
low & 
high 
temp.

20 to 
900 48.3 2.0

no lenses 
(Type B)

Gardanne 
CFB, period 2

with lenses 
(Type A)

Gardanne 
CFB, period 1 

& 2

Klus CFBd

d. Not shown in the present work.
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4 Data Analysis

As already explained in §3.2, the optical probe delivers basically two time series orig-
inating from signal fluctuations of both probe channels. In this chapter, all steps of
data analysis will be discussed leading, from the two freshly acquired times series, to a
longitudinal profile of mean local solids velocities or volume concentrations in a CFB
riser. First, the detailed velocity calculation is explained (§4.1). Then, the calculation
of solids volume concentration is shortly discussed (§4.2). The averaging of profiles
and the statistical functions used here are then presented and their choice justified
(§4.3). Finally, the procedure to measure solids concentrations is further discussed
with emphasis on special procedures needed for measurement at temperatures up to
900°C (§4.4).

4.1 Calculation of solids velocities
The calculation principle of the mean solids velocities is based on evaluating a corre-
lation of both signals collected from the two channels of the optical probe. Because
clusters of solids flying from a channel to the other remain mainly undisturbed on
short distances, similarities between the two signals are observed, but they are shifted
from one channel to the other by the flying time of the clusters.

Due to discretization of the raw signal (§3.2.1), the continuous time series are
expressed as a function of discrete time values, which are defined by the expression
Eq. 4-1 for absolute time values, resp. Eq. 4-2, for time intervals.

Standardization of the signal
As the amplitude of the fluctuations generated by the solids may be different between
each channel of the optical probe, a first normalization is necessary. In practice, the
measured voltage is rarely of same intensity on each channel, due to possible different
optical response of both subsystems. For that reason, both time series are prepared as

(4-1)

(4-2)

ti i 1
facqu
------------     where   i⋅ 0 1 …N, ,= =

∆tj j 1
facqu
------------     where   j⋅ 0 1 …, ,= =
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shown in Fig. 4-1. From the two raw signals, the long-term trend is calculated by the
Moving Average method (Bendat et al. 1986) with a window width of 
(  for ), and this trend is substracted from each
time series separately. Then each series is divided by its own standard deviation, to
have intensity fluctuations of similar weight. The resulting time series, defined in Eq.
4-3, are called , resp.  for channel 1, resp. channel 2. This elimination of the

long-term trend, calculated with the Moving Average filter, aims at removing long
term fluctuations from the signal. Consequently, the obtained time series will have a
time-averaged value near zero, and an identical standard deviation.

FIGURE 4-1: From the raw signal, the long-term trend is calculated 
by means of the Moving Average method (Left). It is then removed 
and each time series is divided by its own standard deviation. 
Resulting time series have similar mean fluctuations intensity, and 
their time averaged value is approx. equal to zero (Right).
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Correlation between both signals
A first segment located between time  and  is extracted from the first signal,

. A second segment of identical length is then extracted from the second channel,
, shifted relatively to the first segment by a variable delay . It is thus located

between  and .

The similarity between the two time series is quantified by calculating a correlation
function  on the two aforementioned signal segments. Thus, for a fixed , vary-
ing  between  and , gives several correlation values . The
time shift, defined as , and corresponding to the maximum value of this function,
is related to the best similarity between the signals (Eq. 4-4). Consequently, its associ-
ated solids velocity  can be calculated through Eq. 4-5  (See Fig. 4-3), 

FIGURE 4-2: Solids velocity calculation algorithm
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Once the velocity calculation is completed for a specific time , the next segment of
signal from channel 1, located between  and  is then considered
( ). It is compared similarly to a moving segment from channel 2 and a new
velocity  is computed. The same procedure is then repeated until the end of the
time series is reached, as illustrated in Fig. 4-2. As  is set to vary between

= -900 and = 900, the available velocity range is - in m/s - [-200;-0.22] U
[0.22;200] at = 20 kHz. 

Suitability of the similarity
When comparing the two segments coming from both signals, it is important to
choose carefully the mathematical function . Usually, cross-correlating functions
are used (see Eq. 4-6 for example, Jenkins 1987). One often chooses an approximation
of this function, because it can be implemented with FFT-algorithm and allows thus
fast computation (Eq. 4-7). This method is one of the most frequently used for time
shift calculations (Krohn 1992).

FIGURE 4-3: Calculation of the correlation
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However, the cross-correlation function computed with FFT presents some disadvan-
tages when applied to gas-solids flows in CFBs. This function is more sensitive to
large outliers present in the signal. Consequently, these peaks tends to have an overes-
timated importance in the calculation procedure, yielding a biased velocity determina-
tion. For these reasons, a new correlation algorithm was introduced (Keller 1995). The
associated function, called �Moebius� function is presented in Eq. 4-8 & Eq. 4-9. This
function was found to give a much better evaluation of the overall similitude between

(4-6)

  (4-7)

(4-8)
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both signals than the usually applied cross-correlation, in the case of CFB gas/solids
flow and specially when the solids concentration is high.

4.2 Calculation of solids volume concentration
The main steps leading to the calculation of the time averaged local solids volume
concentrations were already presented in §3.2.4. 

As shown in the preceding section, the calculation of the velocity requires the acquisi-
tion of a large quantity of data. For practical reasons, only a limited subset of the orig-
inally acquired data is used to calculate solids concentrations. At each , as a velocity
calculation is performed, the 100 first following data points on each signal are aver-
aged and supply the base for the quasi-instantaneous value of the solids concentration,
as . Base on this value, the solids concentration, , is then calcu-
lated as explained in §3.2.4. Thus, a typical solids concentration time series contains
approx. 500 values, for  and .

4.3 Averaging values at a specific spatial location: choice of the 
statistics

4.3.1 Time averaged value
Once the calculation presented in the previous section has been performed, two proc-
essed time series are available,  and . A detailed time series gives precious
information about the dynamics of the gas-solids flow. For the sake of simplicity, it is
however interesting to reduce that information further and to find time-averaged sta-
tistics describing the distribution. Widely used parameters are the arithmetic average
value, resp. the standard deviation for characterizing the centre, resp. the width of the
distribution. However, these statistics are not adequate in this case. Let first have a
deeper look in a velocity time series, as presented in Fig. 4-4. One may immediately
observe the �unrealistic� - from a physical point of view - extreme values. As they
alter the arithmetic average and standard deviation dramatically and do not have a
physical significance, they may be removed. There are many data filtering techniques
which can be used in such cases. Nevertheless, a different approach has been chosen
here. Instead of arbitrarily removing data, the use of more robust statistics has been
preferred. Among them, median value, resp. median-absolute-deviation-to-the-median
(Called here MAD), are appropriate parameters to describe the centre of the data dis-
tribution, resp. its spread (Eq. 4-10 and Eq. 4-11). The criterion for data filtering may

tn

in i tn( )= ϕn ϕ= tn( )

facqu 20 kHz= tacqu 6.5 sec=

c tn( ) ϕ tn( )
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be well suited for a specific experiment. Due to the diversity of the measurement con-
ditions, encountered in this work, it may be thus impair comparisons between different
measurements.

The aforementioned choice may be justified by comparing the standard deviation with
the MAD function on the same velocity time series. As shown in Fig. 4-5, the standard
function shows a high sensibility to the removal of a few data samples. On other hand,
the MAD function remains unaffected by slight changes in the data set.

From now on, all time-averaged values, for both solids velocity and concentration,
will refer to the aforementioned statistics - median and MAD.

4.3.2 Cross sectionally weighted averaging
In the case of a CFB riser with a round cross section, one postulates that the measured
values exhibit cylindrical symmetry1, when calculating cross sectionally averaged val-
ues. Thus, a given result located around  applies on all the surface of a narrow ring

FIGURE 4-4: Sample of velocity time series. One may observe some 
�unrealistic� (from a physical point of view) values of the velocity 
(-33; +22 m/s;...). 
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passing through . Two types of averaging may be computed here: (a) surface
weighted averaging, (b) surface and mass weighted averaging.

Considering the value  measured at a distance  from the centre of the
riser, the section averaged value is defined by Eq. 4-12, as the measurements data is

not homogeneously distributed trough the riser cross section.

To avoid an unwanted bias towards high velocities which may occurs in areas of low
solids concentrations, one may want to weight also the velocities with the local solids
concentration. Eq. 4-14 gives the corresponding expression.

1. In the proximity of riser top and bottom, this assumption may be wrong due to the presence of a radial outlet or inlet.

FIGURE 4-5: Comparison of velocity fluctuations profiles calculated 
with standard deviation (Left) and MAD (Right). A variable 
percentage of the highest and lowest values were removed from a 
given data set. Standard deviation is very sensitive to removal of 
some data, where as MAD not.
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4.3.3 Typical results
A typical result of the aforementioned velocity calculation is shown in Fig. 4-6. On the

left side, the solids velocity profile along a diameter in the riser in shown. On the right
side, a detailed view of the time series is given for three particular locations: (a) cen-
tre, (b) region where the mean velocity equals approximately zero, (c) wall vicinity, of
the CFB riser

(4-14)

FIGURE 4-6: Typical velocity profile in the Klus CFB (Left), for 
u0 = 2.3 m/s, h =7.1 m. The detailed time series at three radial 
locations (r/R = 0 (A), 0.88 (B), and 1 (C)) are also shown (Right).
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4.4 Solids volume concentration at high temperature
The probe signal is strongly affected by thermal radiation at temperatures above
500 °C. The temperature dependency of the optical probe signal was clearly demon-
strated in §3.3. The calculation of solids concentration must be thus refined, as shown
in Fig. 4-8 to take thermal effects into account.

Due to very high local gas/particles heat transfer rate and intimate mixing present in
CFB units, the temperature over a CFB cross section is normally uniform, even at high
temperature. However, in the case of the Gardanne CFB, the local fluidized bed tem-
perature drops abruptly when approaching the furnace wall. Actually, a significant
amount of heat is extracted there from the furnace through water tube embedded walls
(see Fig. 2-8). A typical measurement of the lateral temperature profile in Gardanne
CFB is shown in Fig. 4-7. As the temperature gradient in the wall vicinity is large, and

because of the important dependence of the probe signal on those temperatures (see
Fig. 3-20), the thermal signal component must be taken into account in order to obtain
correct values of the solids volume concentration. 

FIGURE 4-7: Typical lateral temperature profile at wall vicinity in 
Gardanne CFB. Averaged furnace temperature, TCFB, is approx. 
850 °C. The presented profile covers only a limited part of the 
complete riser width (1 m of 11.5 m).
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For that purpose, two methods were evaluated and are treated separately in the follow-

ing sections:

� Method A: As local temperatures may be recorded through an additional measure-
ment method, and because the dependency of the optical signal versus the tempera-
ture is known (Fig. 3-20), we are able to compensate thermal effects. This method is 
further described in §4.4.1.

� Method B: As a direct measurement of the background light gives indirectly the 
thermal component of the signal, the temperature effect may thus be taken into 
account. Further details are available in §4.4.2.

4.4.1 Method A: Normalization of the signal versus temperature
As the gain and the optical configuration may change from a measurement session to
another, the temperature dependency curves as shown in Fig. 3-20 need to be normal-
ized, to suppress these experimental settings. Those normalized calibration curves will

FIGURE 4-8: General procedure for the calculation of the solids 
volume concentration at low and high temperatures.

Normalization of the signal
S=(i-iair)/(ibulk-iair)

Calibration of the signal
ϕϕϕϕ = fcalib(S,{dpart,...})

Measurement of i
at T= 600-850 °C

Compensation of
thermal effect

Measurement of i
at 20 °C

Solids Volume
Concentration

ϕϕϕϕ

Reference meas.
iair and ibulk at 20°C

At high temperature (Typ. >> 300°C)

Simultaneous
Temperature Meas.

Simultaneous Thermal
Background Meas.

Method A:

Method B:

Temp. characterization
of the optical probe in

lab. Fluidized Bed

§4.4.1

§4.4.2

§3.3.3

§3
.2

.4



80
be called , and defined by Eq. 4-15. Two references are chosen arbitrarily, ,

ambient temperature, and , average temperature of the CFB furnace (approx.
850 °C here). Consequently,  and , as shown in Fig. 4-9,
and both channels give identical results, as expected. 

The reflectivity of particles does not change significantly within the explored temper-
ature range, and the measured signal may be estimated by Eq. 3-3. Therefore, the sig-
nal for a specific value of  and  is obtained through Eq. 4-16. 

As the difference  was shown to be more and less independ-
ent of temperature increase (see Fig. 3-20), one can simplify the expression. Conse-
quently,  and  depend only on parameters measured under ambient
temperature conditions ( ), except for . This last quantity can be easily approx-
imated by measuring the minimal value of the signal at locations far from the thermal
boundary layer. Actually, the temperature in this region, far from the wall, is there

FIGURE 4-9: normalized signal  versus bed temperature.
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constant, and the solids concentration is generally admitted to be very low (Flour
1999). Consequently,  equals, with a very high probability, the minimum value
of the signal  for location at distance of the wall higher than 0.3 m.

This method presents the advantage to be applicable to any measurement where the
thermal background signal was not specifically measured. It has been developed
exclusively for that purpose. But, because it depends mainly on the precise measure-
ment of the local temperature in front of the probe, an inexact or approximate knowl-
edge of that parameter may bias the results dramatically.

4.4.2 Method B: direct removal of background signal
Because of the special optical configuration of the probe, internal light reflections
occur. Thus, even if no particles are present in front of the probe, a base non zero sig-
nal is measured at ambient temperature. When particles enter the measurement vol-
ume, the signal increases. The base intensity is added with the part of light reflected by
them. When the laser is switched off, the measured signal contains only the light emit-
ted by the environment, mainly zero under normal conditions. But, at temperatures
higher than 500 °C, this amount of measured light is exactly the thermal background
radiation intensity, as shown in Eq. 3-3. Thus, measuring consecutively the signal with
the laser switched on and off at a certain location allows us to get rid of temperature
dependency and its associated thermal radiation. This may turn out to be false if the
reflectivity of the particles depended on temperature. However, this phenomena may
be neglected in this case, where encountered temperature are below 900°C.

Switching the laser on and off may not be as simple as it appears. Normal laser are not
suited to be switched on and off frequently. First their lifetime may decrease dramati-
cally. But more important, the delivered power is not as constant as under normal
operation. Thus, adequate laser are to be used. Unplugging the fibre connectors, as
seen sometimes in some laboratory facilities is definitively not an adequate solution to
switch off the laser light, because the optical characteristics may then change, and the
reference values,  and , be no more valid any more.

(4-17)

(4-18)
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Due to the lack of space, a special laser was used in this work, where the output power
was driven by a frequency generator. At a certain radial location, a measurement was
performed with the laser off, for typically 2-3 sec, and immediately after, the normal
measurement was done with the laser on. Driving the laser power at a high frequency
would have complicated the analysis of velocity and therefore that kind of procedure
was not selected. A very similar method was already applied successfully elsewhere
(Werther et al. 1995).
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5 Experimental results

In the following, the experimental results collected with the optical probes described
in chap. 3 are presented. They are shown according to the CFB unit size. First, results
collected in the Schlieren CFB are exposed (§5.2). Secondly, studies performed at the
Klus CFB are presented (§5.3). In the last section, data gathered in field tests on the
Gardanne CFB are given (§5.4). Finally, further considerations with respect to the
CFB units size are shown (§5.5).

The results presented here are the base of some publications (Caloz et al. 1999, Caloz
et al. 1998).
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5.1 Foreword

5.1.1 Definition of the mentioned physical quantities
The reader can find in Table 5-1 the main commonly used physical quantities in the
present work. A more detailed description can be found in chap. .

5.1.2 Necessary acquisition time
Long-term fluctuations of the gas-solid fluid dynamic parameters of a CFB riser are
always present in any CFB unit. To characterize them, the acquisition duration has
thus to be larger than the typical periods of fluctuations. One may expect that the fluc-
tuations observed in the solids velocities and concentrations are much larger in the
case of a large industrial CFB plant than in smaller units, just because the riser dimen-
sions are bigger. For that reason, a much longer acquisition time is most likely

TABLE 5-1:  Definition of commonly used parameters in this chapter. See also 
chap. . 

Parameter Symbol Unit Ref.

Instantaneous solids velocity m s-1 Eq. 4-5

Time-averaged solids velocity  or m s-1 Eq. 4-10

Time-averaged solids 
velocity fluctuations m s-1 Eq. 4-11

Instantaneous solids 
volume concentration - Eq. 3-8

Time-averaged solids 
volume concentration

 or - Eq. 4-10

Time fluctuations of solids 
volume concentration - Eq. 4-11

Radial position of probe tip 
(Schlieren & Klus CFB) r m -

Distance of probe tip 
to CFB inner wall

dwall m -

Height above main 
fluidization level h m -

Thickness of the solids down-
wards flowing layer

ddown m -

Minimal velocity in the down-
wards flowing layer m s-1 -

cn

c c50%

∆c

ϕn

ϕ ϕ50%

∆ϕ

cwall
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required in large plants like the Gardanne CFB. On the other hand, a limited time
period is available for measurements, and thus a compromise has to be found in each
case.

A very simple way to evaluate this minimal acquisition time duration, is to calculate
the auto-correlation spectra from signals acquired on all units. These spectra give an
estimation of the duration of a typical correlated phenomena occurring in the flow. It
is clear that a measurement shorter than this time span will be dependant on the exact
moment of the measurement start, whereas a longer measurement not. Obviously, a
measurement, whose acquisition duration is too short, will not characterize the local
flow pattern trustfully. As shown in Fig. 5-1, this auto-correlation time for Gardanne
CFB are much larger than for Schlieren CFB. Another demonstration of this consider-
ation is shown later in the results. It is not intended here to perform an exhaustive
study of the auto-correlation time, but to give an indication how to estimate without
any elaboration the necessary measurement time.

5.2 A - CFB Schlieren

5.2.1 Foreword
In the present work, only a limited number of investigations was performed. The oper-
ation conditions were chosen such to enable comparisons with measurements made in
larger sized Klus CFB unit, considered in the next section (§5.3). For more detailed

FIGURE 5-1: Auto-correlation spectra of optical signal 
( = 30 sec) collected in Schlieren CFB (Left), and in Gardanne 
CFB (Right). The probe head was located as far as possible from 
the riser inner wall in both cases.
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results on the Schlieren unit, the reader is invited to refer to Herbert et al. 1999, where
literature sources over almost 10 years of investigation in this CFB are presented.

The profiles presented here were acquired with a type-B optical probe (see §3.4) ena-
bling thus measurements with the best available signal-to-noise ratio. Furthermore, the
power of the laser was maximized at approx. 15 mW.

5.2.2 Solids velocity & concentration measurements
The investigated operative conditions are displayed in Fig. 5-2, together with the
measurements collected in Klus CFB.

The superficial gas velocity was kept constant ( = 3.0 m s-1) whereas two external
solids mass flux were investigated ( =17 and 98 kg m-2 s-1) resulting in two
different cross sectional solids concentration.

In Fig. 5-3, we present the radial profiles of solids velocity, solids concentration and
mass flux collected during the present work. As expected, the solids flow can be char-
acterize by three zones. Near the riser wall, a downwards flowing layer is present,
where a strong internal solids recirculation occurs. In opposition, a dilute upwards
central flow can be observed. In between, an intermediate flow region is characterized
by solids velocity near zero, and by steep velocity and concentration gradients.

FIGURE 5-2: Operative condition map for Schlieren CFB and Klus 
CFB.
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FIGURE 5-3: Time averaged solids velocity, concentration & mass 
flux profiles for Schlieren CFB. Measurements were performed at 
h= 2.6, 4.0 m. Externally mass flow rate of solids passing in the 
riser through the recycling loop of the CFB equals = 17 and 

98 kg m-2 s-1.
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Because this zone is just in the border between two competing flows with opposite
directions, velocities fluctuates extremely. This phenomenon is well illustrated in Fig.

5-4, where the observed trend is clearly present for all operative conditions.

As the external mass flow rate of solids in the riser passing through the recycling loop
of the CFB increases, solids concentration and mass flux grow in the centre of the riser
but stay more and less constant in the wall vicinity. Although the number of investi-
gated operative conditions is low, the general behaviour described by Nicolai 1995
(see Fig. 1-13) for this CFB unit is described.

5.3 B - CFB Klus

5.3.1 Foreword
As introduced in §2.3, Klus CFB was operated at low temperatures (about 40° C) as
well as at high temperatures (about 850° C). Only measurements at ambient tempera-
ture will be presented here. 

FIGURE 5-4: Solids velocity fluctuations for all investigated 
operative conditions and heights. Three distinct zones are 
identified: in the middle and at wall, solids flow velocities vary 
moderately, whereas in the intermediate zone high fluctuations 
can be observed.
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During the operation of the Klus CFB, the following parameters could be controlled:
superficial gas velocity  and total pressure drop in the riser pipe . A sum-
mary of investigated operative conditions is presented in Fig. 5-2.

The profiles shown here were acquired with a P1 A-type optical probe (see §3.4).
Those are the first measurements done in the framework of the present research, and
thus could not benefit from all improvements realized afterwards to better the sig-
nal-to-noise ratio. The relatively low laser power (approx. 1 mW) and the use of
lenses, associated with low solids concentration ( = 0.3-1.0%), resulted in in very
noisy measurements. Additionally, several profiles of the solids concentrations could
not be calculated, because of signal drifts between the calibration phase and the data
acquisition into the flow. This was probably due to a badly designed introductory sys-
tem, which induced mechanical stress on the probe tip. This design flaw could have
induced slight changes in the optical configuration, and made air and bulk reference
measurements useless.

5.3.2 Solids velocity & concentration measurements
As illustrated in the Fig. 5-6, the time averaged solids concentration profiles are rela-
tively flat, and only a slight increase of the solids concentrations can be observed near
the riser wall. As opposed to the measurements at Schlieren CFB, the sectionnally

FIGURE 5-5: ETH Optical probe for 
high temperature environment in Klus 
CFB. The furnace temperature is 
approx. 850° C. The probe is inserted 
through an introductory sock placed 
opposite to the observation location. 
The probe is disposed far across the 
riser section, so that the distance 
between the tip and the opposite wall 
is only 2 cm. As it can be seen, a 
deflection of aggregated falling 
particles structure has just occurred, 
and the solids is split in two parts. 
Lasers shining through both channels 
can be also observed.
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FIGURE 5-6: Time averaged solids velocity, concentration & mass 
flux profiles for Klus CFB. The measurements were performed at 
h= 4.5, 7.1 m.
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averaged values of the solids concentration are not correlated to the values  meas-
ured by means of the axial pressure drop. This probably indicates that the measure-
ments were noisy, and the solids concentration values have a high uncertainty, larger
than the difference between the sectionaly averaged values (0.3% and 1.0%). On the
contrary, the solids velocity profiles show a clear downwards flow at the borders, and
a flat centre part where the values correspond to the superficial gas velocity, which is
consistent. The time averaged solids fluctuations demonstrate also a very typical pro-
file, similar to Schlieren CFB.

Although the uncertainty of the solids concentrations may be suspected to be quite
large, the relatively low values near the wall - compares to those observed at Schlieren
CFB - were confirmed by another observation. During the measurement session at
high temperature, the probe was monitored from the sock opposite to the introductory
one, as shown in the Fig. 5-5. The probe crosses almost all the riser section, and the
distance between the tip and the opposite wall is of approx. 2 cm. It was observed that
the probe head was rarely screened by a dense layer of aggregated solids particles, as
observed frequently in Schlieren CFB. Because the optical opacity is directly related
with the solids concentration1, it can be concluded that the solids concentration near
Klus CFB wall is significantly lower than in the Schlieren CFB, as demonstrated by

FIGURE 5-7: Solids velocity fluctuations for all investigated 
operative conditions and heights. Three distinct zones are 
identified: in the middle and at wall, solids flow velocities vary 
moderately, whereas in the intermediate zone high fluctuations 
can be observed.
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the measurements presented here. Similar observations were done in Klus CFB at low
temperatures for all investigated operating conditions. 

Another explanation for these low values can be found in the difference of inner wall
rugosity between Schlieren and Klus CFB, which would tend to inhibit or diminish the
building of aggregated solids structures. Additionaly, one can legitimately argue that
the geometry of the introductory system into the riser was not appropriate (see Fig.
2-6) and participates to the spread of the solids particles along the radial axis. 

A detailed presentation of the data gathered at Klus CFB is made by Wellig 1998.

5.4 C - CFB boiler Gardanne

5.4.1 Foreword
The possibility to conduct experimental investigations in the worlds largest CFB
boiler offers definitively a very unique opportunity. Furthermore, when a completely
newly developed measurement technique such as the optical probe presented here
(§3.3) can be used in such a unit for the first time, the task is definitively a challenge.
Presented here are the results from two measurement periods, which took place in
June 97 (§5.4.3) and April 98 (§5.4.4). They demonstrate at least the operability of the
measurement technique. Furthermore, to the author�s knowledge, they constitute the
first local measurements results with an optical probe ever published for such indus-
trial unit. It is hoped that they will provide an interesting base for further research and
located adequately in the long term EDF�s scale-up strategy initiated succesfully some
years ago (Darthenay et al. 1989).

Specifities of measurements in industrial CFB plants
As industrial CFB boilers main duty is to deliver electric power and not serve scien-
tific investigations, Gardanne CFB boiler�s timely availability for local measurements
is very reduced in comparison to what a laboratory scale CFB unit normally affords.
On one hand, the accessibility of the zones where investigations would have to be per-
formed is limited, and additional introductory socks are very expensive to build after
the initial construction. Secondly, changes of operation conditions of the CFB unit are
difficult to organize, due to the main task of the plant. For these reasons, such meas-
urements are rarely found in the literature, and limited data can be presented here.

1. By a solids volume concentration of 1%, the mean inter-particulate distance is of the same order of magnitude than the 
particle size. The optical transparency is thus dramatically reduced. See Nicolai 1995 p. 10 for further details.
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The working environment near to a CFB boiler presents some hazards and perturba-
tion that complicate the realization of measurements. Due to the high temperature,
risks of fires and burning requires from the operator long and protective procedures
and constant attention when operating the probe in the furnace (Fig. 5-8). Further-
more, the working environment temperature (typ. 40°C), the surrounding noise and
the dust make any configuration change - for instance in the optical arrangement of the
probe - much more difficult than in a climatised dust-free laboratory. In addition,
changing operation conditions in such unit (even if much shorter than in other power
plants), coordination between working teams and strict security requirements demand
a lot of time and energy. The reader should thus not underestimate the preparation and
the time required for such a measurement enterprise.

During all measurement sessions, the plant was connected to the electrical power net-
work, and operated at a standard designed operation mode.

FIGURE 5-8: Operator changing the optical probe location. The 
realization of a complete profile measurement lasted 
approximately from half to one hour.
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Optical probe temperature monitoring
As a reminder, the optical probe designed for high temperature operation is embedded
in a water cooled sheath (see Fig. 3-13). The temperature at water outlet is constantly
monitored, and a typical temperature profile during operation is shown in Fig. 5-10.

FIGURE 5-9: Probe during a measurement, as introduced into the 
boiler combustion chamber dwall=1.2 m).

FIGURE 5-10: Typical profile of the water outlet temperature 
during measurements in Gardanne CFB. h= 22.5 m.
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As water mass rates reach approximately 1�800 lt/h, a rapid estimation gives a cooling
power of approx. 40 kW for the deepest probe introduction (dwall = 1.2 m, see Fig.
5-9). Another interesting parameter to monitor is the head temperature. Fig. 5-11 gives

a typical temperature profile obtained by the thermocouples, whose location is
described in Fig. 3-13. Because the temperature sensors are placed next to the protec-
tive window, the temperature rises immediately during the probe introduction in the
furnace. After less than 5 cm, the aforementioned temperature remains around 70°C. It
should be mentioned that this final temperature may differ from one measurement to
another - typically in range from 50°C to 110°C - as the sensors�s positioning may
slightly change from one probe configuration to another. Nevertheless, the observed
trend remains steady. In the present case, damages were observed neither on the optics
nor deposition on the glass window even after several hours of operation, as other
authors reported (Werther et al. 1995). The specific combustion atmosphere of
Gardanne CFB, as well as a different probe design may explain the absence of deposi-
tion problems.

5.4.2 Operation regimes
Measurement data were collected during normal operation of the CFB boiler, at nomi-
nal power of full load (100%) and half load (50%). The bed temperature was set at

FIGURE 5-11: Typical profile of inner temperature of the probe tip 
during measurements in Gardanne CFB. h= 22.5 m.
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about 850 °C optimizing thus the desulfurization by limestone. The design superficial

gas velocity is 5.5 m/s at full load (Lucat et al. 1996), and is approximately 4 m/s for
half load regime.

Some minor changes in the operation regimes occurred sometimes between profiles
measurement. They are specified directly when relevant for the interpretation of the
results.

5.4.3 Period 1: 100%-load power regime (June 97)
The goal of this first measurement period was to characterize the velocities under full
load power regime at different heights. The optical configuration used was an A-type
(with lenses, refer to Fig. 3-3).

Solids velocity measurement
Expected velocities were in the range of -10 to +10 m/s, and thus a acquisition fre-
quency of 20 kHz was chosen, which limits reasonably the error to a maximum of
10% at 10 m/s (Fig. 3-6). At that time, the maximal data set acquirable in a single
measurement was 130�000 values per channel, which means 6.5 sec for

= 20 kHz. As discussed in §5.1, the typical acquisition time for Gardanne CFB
should be over 5-10 sec. We repeated hence each local measurement five times to

TABLE 5-2:  Operative conditions in CFB boiler Gardanne as encountered 
during measurement periods.

Parameter Symbol Period 1 
(see §5.4.3)

Period 2 
(see §5.4.4)

Nominal Power (in per-
centage of 250 Mwe)

Pnom 100% 50%

Superficial gas velocity u0 5.5a m/s

a. Design value 

3.6-4.4b m/s

b. Total fluidization air varied

Bed mean temperature Tbed 850 °C 850 °C
Bed composition Sand, Ashes

Combustible Mostly Coal
Explored level over fluidi-
zation grid (see Fig. 2-1) h 11.0, 14.0, 

22.5 m 11.0, 14.0 m

Date of measurement June 1997 April 1998

facqu
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obtain a representative image of the solids flow pattern. The Fig. 5-12 shows a typical

profile of velocities, as collected during this measurement period, and its associated
fluctuations. The total time required for a whole profile measurement at wall proxim-
ity is typically one hour.

Except from direct wall vicinity, the five subsequent measurements are widely spread.
One measurement would not have been sufficient to predict the solids flow at a given

FIGURE 5-12: Typical velocity profile measurement. (h=11.0 m). At 
each location, five repetitive time-averaged values are presented 
(Small black dots). Then, the mean value is given (Large black 
dots). h = 11.0 m, 100%-load. 

-10

-5

0

5

10

c 
[m

/s
]

1.21.00.80.60.40.20.0

dwall [m]

h = 11.0 m, 100% power load
 Single measurement (c50%)
 Time-average value
 Fit

(a) (b) (c)

6

5

4

3

2

1

0

∆ c
 [m

/s
]

1.21.00.80.60.40.20.0

dwall [m]

 Single measurement (∆c50%)
 Time-averaged value
 Fit



98
location. This observation clearly demonstrates the need for longer measurement
intervals for industrial units such as the Gardanne CFB.

In the profile, three typical zones appear, commonly observed in most CFB risers. In
the first one, called here wall boundary layer or downwards flowing layer, the solids

FIGURE 5-13: Velocities time series for particular location: (a) wall, 
(b) flow inversion layer, (c) upwards flowing region. Refer to Fig. 
5-12 for time-averaged values and complete profile. h=11.0 m. 
100%-load regime.
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fall down - noted as (a) in Fig. 5-12. In the second, called inversion layer - noted as (b)
- time averaged velocity equals zero even though large fluctuations of the velocities
occur. Finally, the upwards flowing layer - noted as (c) - shows solids velocities
mostly positive, but large fluctuations occur, too. The fluctuation characteristics for
these three locations becomes even clearer when observing the time series for three
specific measurements, as shown in Fig. 5-13.

Another interesting observation can be made by comparing profiles obtained at differ-
ent heights, as shown in Fig. 5-14 (a). The three profiles show a great similarity. The

FIGURE 5-14: Profiles of solids velocity (TOP) and velocity 
fluctuations (BOTTOM) versus dwall. 100%-load regime. 
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wall boundary layer grows significantly as the solids fall down from the level
h=21.5 m to 14.0 m. Furthermore, the falling solids particles in the wall zone acceler-
ate. The solids velocity increases regularly from values -5.2 m/s to -6.9 m/s, to finally
-8.5 m/s at h=11.0 m. 

The velocity far from the riser wall is slightly under 5 m/s for both heights h= 14.0 and
21.5 m. This value is consistent considering the design superficial gas velocity for that
regime ( = 5.5 m/s). However, for h= 11.0 m, it reaches a higher value - about
7 m/s. It may be explained as an effect of the reduced riser cross section occurring due
to the so called �pantleg�-design of the Gardanne CFB boiler (see measurement loca-
tions in boiler combustion chamber in Fig. 2-9). In Fig. 5-15, the optical probe has

been turned by 90° to axial probe axis, and two profiles were measured at h= 11.0 m -
near the pantleg - and at h= 21.5 m - far from it. Normally, a rigorously vertical parti-
cles flow would then give a mean velocity value of about zero. As depicted in the Fig.
5-15, there is an non-negligible velocity component oriented to the furnace middle for
h= 11.0 m, - near to the pantleg. Even if the probe was not intensively tested and

FIGURE 5-15: horizontal velocities at different heights. By 
h= 11.0 m, far from the wall, the main solids flow is slightly biased 
to the centre of the pantleg middle (Left). Derived from velocity 
measurement, the estimated time averaged solids flow is reported 
on the Gardanne CFB scheme (Right). Pant-leg influence can 
clearly be identified.
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designed to measure orthogonally to the main flow, one may suggest that it gives also
an indication about the main solids flow direction. Further developments concerning
the measurement of other than vertical components of solids velocity are certainly
important for such investigations in CFB plants.

As already mentioned, observing time-averaged values of velocities only is not able to
present a complete image of the prevailing flow patterns. Velocity fluctuations are a
necessary complement to time averaged values. As shown in Fig. 5-14 (b), velocity
fluctuations  in Gardanne CFB are low in the wall proximity - up to 5 to 10 cm
from wall - and reach a higher level from there, without decreasing with distance as
observed in the two other investigated CFB units - Schlieren & Klus CFBs - for sev-
eral operative conditions (see Fig. 5-4 and Fig. 5-7). 

Further considerations on the presented profiles are given in §5.5.

Solids concentration measurement
The measurement of solids concentration by means of optical probes is very sensitive
to material reflectivity, and is even impaired when the solids concentration is low (see
Fig. 3-11). At the time of this measurement period, the probe was insufficiently sensi-
tive for solids concentration measurement in Gardanne CFB, and improvements were
planned. The issues were: (a) Gardanne CFB particles are less reflective than glass-
beads - at that time usually investigated material -, (b) the signal-to-noise ratio was not
yet high enough to compensate the additional signal noise coming from thermal back-
ground radiation. Consequently, no results on solids concentrations are presented here
for this operation regime. Additionally, because temperature profiles were not meas-
ured simultaneously, the specially developed method (see §4.4.1) gave no coherent
results.

5.4.4 Period 2: 50%-power regime (April 1998)
The goal of this second measurement period was to characterize the velocities and sol-
ids concentration at half load power regime. 

The probe was run in two different configurations. On one hand, some measurements
done during the period 1 using the same optical configuration were performed. In a
second phase, measurements with a B-type probe (without lens, see Fig. 3-3) with
more powerful lasers (P= 15 mW) were realized. Thus, the ratio signal-to-noise was
significantly improved. Furthermore, as the laser power could be easily switched on

∆c
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and off, background thermal radiation intensity could be measured quasi instantane-
ously.

In addition, thanks to an improvement in the acquisition hardware, acquisition time,
, was increased to 30 sec. Following the considerations made in §5.1.2, a single

measurement was performed on one specific location, instead of five as at the
100%-load period.

Velocity measurement
In the Fig. 5-16 the velocity profiles and its associated fluctuations for different

heights (h= 11.5, 14.0 m) are presented. As expected, a similar pattern can be
observed, and a strong downwards solids flow at wall vicinity is present. Opposite to
the measurements by 100%-load, no clear effect of height can be observed. Assuming

FIGURE 5-16: Solids velocity and fluctuations versus dwall for 
50%-load regime, u0= 3.6 m/s. = 30 sec. 
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that the velocity in the region where the solids flow mainly move upwards is repre-
sentative of the whole riser section (except wall vicinity), it is surprisingly low, com-
pared to the superficial gas velocity - c= 1.5 m/s and u0= 3.6 m/s. As terminal velocity
of a single particle is in the order of 0.5 m/s, it can not explain this large difference and
strong clusters with much higher slip velocities may prevail. Opposite to the

100%-load regime, velocity fluctuations in the wall proximity are relatively important
compare to the values measured elsewhere.

FIGURE 5-17: Velocity time series for different location (dwall= 0.0, 
0.2 and 1.0 m). 50%-load, u0= 3.6 m/s, h= 14.0 m. Refer to Fig. 
5-16 for profiles. 
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When observing the detailed time series at specific locations (Fig. 5-17) instantaneous
velocities, , may reach and even overcome the superficial gas velocity. Solids at
wall seems to be stable, whereas the measured component of velocity changes
extremely around zero, when moving away from furnace wall. Although these intense
fluctuations were also observed by 100%-load regime, there is here a distinct differ-
ence to notice.

Some hypothesis may be hold to explain the described discrepancy. Due to the
pant-leg design, the fluidization air is provided only on each side of the furnace, and
not uniformly through all the riser bottom section. Now, the measurement are taking
place above a region where no fluidization air is directly provided. For that specific
load, by lower superficial velocity - = 3.6 m/s -, an internal recycling of the solids
may perhaps occur in this middle region. 

Secondly, one has to remember that the measured profiles covers 1 meter of a total
width of 12 m (15% only)! The seemingly uniform region observed from 0.2 m to
1.0 m may be an intermediate - not fully developed - zone only. Further investigations
are definitively needed for that flow regime.

This unexpected phenomena can be compared to the results from another group.
Thanks to numerical simulation based on Gardanne CFB boiler, Flour 1999 found for
a superficial velocity of 3.6 m s-1 that solid flux may be negative or near zero in the
middle zone between the two riser�s legs, leading to separate the boiler in two adjacent
CFB risers. The experimental results shown in the present work are in accordance
with these observations provided by numerical simulation for this specific operation
condition.

This central solids recirculation may illustrate a domain where the so called
�core-annulus� model loose its qualitative description power. Though these observa-
tions should be further verified by the realization of further experimental and numeri-
cal studies, 

Solids concentration
Setting the optical configuration to type B, an estimation of the solids concentration
for a specific operative condition was enabled by removing the thermal background
signal (§4.4.2) measured quasi simultaneously, as depicted in Fig. 5-18. One should
note that thermal background signal variation - about 0.1 V - is in the order of magni-
tude of the laser signal reflected by particles - 0.15 V. Thus, neglecting thermal back-

cn

u0
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ground contribution would deliver systematically underestimated values of solids
concentration. The usage of much more powerful lasers could perhaps make this
effect negligible. However, they nowadays still have space and power requirements
which would reduce dramatically the mobility and handiness of the whole measure-
ment system, and thus be not compatible with the art of measurement realized here. In
a near future, it may change completely.

The obtained results, depicted in Fig. 5-19, show time averaged solids concentrations
near the wall up to 5%, and mean solids mass fluxes reaching 789 kg m-2 s-1 in this
region. Assuming that the obtained profile may be extrapolated to the whole riser sec-
tion, and that the flow pattern is symmetrical to the walls, the downwards flowing
zone would cover approximately 3% of the riser section only.

The sectionally averaged solids concentration could have been estimated by calculat-
ing it from the pressure profile along the riser height (see §3.1.1, Eq. 3-1). For
100%-load the values were: 0.3-0.4% at h = 21.5 m; 0.4-0.45% at h = 14.0 m,
0.5-0.55% at h = 11.0 m. However, it would not help to verify the obtained solids con-
centration profile. Due to the larger error occurring on low solids concentration values
(see Fig. 3-11) and because of the downwards directed solids flow may represent only
a very small area relative to the riser section, no accurate prediction nor estimated

FIGURE 5-18: Profiles of time-averaged signal intensities obtained 
with laser switched ON and OFF. Signal originated from thermal 
background radiation can be thus removed from mixed signal 
measurement. Background intensity is measured immediately 
before the mixed signal is acquired. 
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value can reasonably be calculated. The author wishes hardly to have the aforemen-
tioned profiles compared to results obtained by other local solids concentration meas-
urement methods.

5.4.5 Solids flow in the wall vicinity in Gardanne CFB
As already presented in previous sections, the solids at the wall tends to accelerate
during their fall downwards, as shown in Fig. 5-20 (Right). The downwards flowing
layer tends clearly to become thicker as the solids approach the riser bottom. This
movement does not correspond - as expected - to friction-free fall of particles, as fric-
tion occurs both with the wall and the gas phase. It is however interesting to observe

FIGURE 5-19: Solids velocity, concentration and mass fluxes versus 
probe location dwall. 50%-load, u0= 4.0 m/s, h= 11.0 m, Type B- 
opt. probe. 
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that despite the aforementioned friction forces, solids accelerate during their fall in the
case of 100%-load. For 50%-load, that statement can not really be verified. The afore-
said thickness has been already generally studied, and we present in Fig. 5-21 our
measurement compared to the Werther empirical correlation (Werther 1993), Eq. 5-1.
This model included data obtained from cold model CFBs with diameter between
0.05 m and 0.4 m and from large-scale CFB combustors with thermal power between
12 and 226 MWth as large as 8 m. The predicted tendency of an increased layer thick-
ness for reducing superficial gas velocity is observed, but the correlation clearly
over-estimates the layer thickness in the Gardanne CFB.

A possible explanation for the observed discrepancies between Werther�s model and
the presented measurements may be found in the particular square geometry of
Gardanne CFB furnace. Experimental works realized in smaller square shaped riser
showed that a large part of the downwards solids flow occurs in the corner of the riser.
Thus one may imagine that the downwards flowing layer is minimal near the centre of

FIGURE 5-20: Downwards layer thickness (ddown) versus height 
(Left); velocities at wall (cwall) vs height (Right).
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the riser faces, explaining partly why the presented results are smaller than the predic-
tion.

5.5 Comparison of the experimental results in regard to the size effect

5.5.1 Comparison between Schlieren and Klus CFB units
Because of their very similar design, a comparison for these two CFB units is treated
separately. From the map of operative conditions (Fig. 5-2) we chose profiles with
similar gas superficial velocity and sectionnaly averaged solids concentration. In Fig.
5-22, solids velocity and their fluctuations are presented in parallel. One can observe a
great similarity between the profiles.

FIGURE 5-21: Downwards flowing layer thickness -ddown - versus 
height. Comparison between measurements done in the present 
work and the correlation proposed by Werther 1993. The trend 
regarding a decrease of u0 agrees with the model, but the values 
are clearly overestimated by more than 100%.
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The velocity in the riser centre reaches lower value in the Klus CFB (about 3 m/s) than
in the Schlieren CFB (4-5 m/s), 

FIGURE 5-22: comparison of solids velocity profiles (a), solids 
velocity fluctuations (b) and solids concentration (c) between 
Schlieren CFB (Left) and Klus CFB (Right), for u0=2.95-3.0 m/s, 
and = 0.02. 
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5.5.2 Characterization of Wall region

Wall layer thickness
In Fig. 5-23 the measured wall layer thickness for all investigated CFB units are
reported. Obviously, this wall layer increases with unit size.

Commonly citated in the literature and based on data collected from CFB units
between 0.03 and 0.3 m, Zhang�s correlation for local solids concentration profiles
(Zhang et al. 1991) is often valid for small-scale CFB units. In the case of large CFB
units as Gardanne, the correlation can not be used, as clearly shown in Fig. 5-19.
Zhang�s model would predict almost no solids at the wall, which is contradictory with
obtained results.

The influence of the furnace wall on the main gas-solids flow is probably limited to a
certain range of some decimetres, eventually a few meters. One may think that the
central region is not much influenced by the furnace wall. Thus, a model for the pre-
diction of solids concentration and velocity profiles should probably consider two dis-
tinct zones. The first would cover the immediate vicinity of the furnace inner wall,

FIGURE 5-23: Wall layer thickness versus hydraulic diameter for 
several operative conditions and measurement levels.
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where similarity with wall region in smaller CFB units may be relevant. The second
zone, in the centre of the furnace, is nowadays supposingly mainly flowing upwards.
Some results shown here and elsewhere (see discussion on page 104) would partly
contradict these thoughts, and further investigation on this zone are needed. Com-
monly accepted core-annulus concept may not be valid for large-scale units.

Fluctuations of solids velocity
The aforementioned limited influence of furnace wall can be illustrated by observing
the time-averaged velocity fluctuations, , against the distance to wall,  for the
three investigated CFB units, as shown in Fig. 5-24. While the fluctuations increase
when leaving the riser wall to reach a maximum value, the fluctuations decrease to the
minimum value at Schlieren and Klus CFB. On the contrary, these fluctuations remain
maximum at Gardanne CFB. Although, time-averaged solids velocity profile shows
are similar in all cases, fluctuations profiles differentiate clearly the two smallest units
from the Gardanne CFB. Further measurements deeper in the Gardanne furnace would
be definitively interesting to realize.This observation marks clearly a fundamental dif-
ference of the flow pattern of the large scale Gardanne plant compared to the two
smaller investigated CFB units. To the author�s knowledge, the first demonstration of
this phenomenon is given here.

These fluctuations jointed with the obtained solids concentrations and the temperature
profile near the wall could enable a better understanding of their respective weights on
the heat exchange at the furnace wall, supposively important as demonstrated by Shi
1996 in Schlieren CFB.

∆c dwall
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FIGURE 5-24: Local solids velocity fluctuations at Schlieren CFB 
(a), Klus CFB (b), and Gardanne CFB (c). These fluctuations are 
small near the wall, increase going to the centre. In the two 
smallest units, they decrease to the values at wall, whereas at 
Gardanne CFB, they remain as high.
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6 Conclusions and Outlook

The understanding of local gas-solids flow patterns near to the wall of a Circulating
Fluidized Bed (CFB) riser is of major importance for reactor design and unit operation
purposes. Most of the studies available in the literature are conducted in small scale
cold running laboratory units, but a detailed insight into the local solids flow in large
industrial CFB units working under �real� conditions is still lacking. The present work
was aimed at filling up this knowledge gap and lack of experimental data. It shows the
first measurements ever published of local solids velocity and concentration profiles at
wall proximity of the Gardanne CFB boiler, today world�s largest CFB unit.

Through a joint research project between academic and industrial partners (Electricité
de France, VonRoll INOVA, Institut Français du Pétrole and ETH Zurich), and thanks
to public funds (Swiss Federal Office of Energy), it was possible to measure local sol-
ids velocity and concentration profiles in several CFB units, whose dimension (Riser
inner section: Ø0.41 m, Ø0.83 m and 11.5 m by 14.7 m) and power (up to 250 MWe)
are of industrial significance. The same measurement techniques and the same data
analysis methods were applied to all measurements presented here, at high tempera-
ture (850° C) as well as at low temperature (50° C). This made interesting and detailed
comparisons possible. In most cases, comparisons of data from different CFB units are
of limited use as they are collected by different research groups using different experi-
mental approaches.

To the author�s knowledge, the present work is the first study ever made covering the
measurement of local solids velocity and concentration gathered in small to large
industrial CFB units using identical measurement system and processing method.

New optical probe for high temperature gas-solids CFB flow
A new measurement system was developed based on an optical probe developed at
ETH Zurich for the characterization of local solids concentration and velocities in
CFB by back scattering of laser light on moving solids particles. In a first step, by
optimizing the optical configuration, the sensitivity of the apparatus was notably
improved and measurements with low reflecting solids particles (bronze, dark sands,
ashes,...) became feasible. The addition of an adequate water cooled envelope enabled
in a second stage measurements of solids concentrations and velocities in a CFB fur-
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nace at temperature up to 900°C and as far as 1.2 m from the inner furnace wall.
Because solids concentration measurements rely on the laser light reflected by solids
particles located within the measurement volume, thermal radiation at temperatures
higher than 400-600°C impairs standard calibration procedures. Consequently, a pro-
pane heated fluidized bed unit was specially built (Ø0.2 m) to characterize the newly
developed probe at different temperatures from 20°C up to 900°C. An appropriate cal-
ibration procedure for high temperature was developed with this setup.

As shown in previous works at low temperatures (<100°C), the uncertainty on low
solids concentration (typically less than 1%) measured with such an optical system is
high, because of the small amount of back scattered laser light with respect to back-
ground light or any parasite light diffusion. The increase of thermal radiation within
the measurement spectrum at higher temperature further impairs the accuracy of these
measurements. Solids concentration measurements are thus difficult to perform and
require careful experimentation to yield valid results. Conversely, solids velocity
measurements are much easier to perform, and not much influenced by the low con-
centration of gas-solids flow.

Optical signals were continuously acquired at 20 kHz during 6.5 to 30 sec per loca-
tion, depending on the CFB units and the observed long term fluctuations. An algo-
rithm especially developed for highly concentrated gas-solids flow was used for solids
velocity calculation. Because standard deviation and mathematical average values
were shown to be very sensitive to outliers, more robust statistics were chosen to char-
acterize time averaged values and their fluctuations (median and Median-Abso-
lute-Deviation-to-median or MAD).

Experimental results obtained in the present work
Though similar measurements should be further performed, particularly to cover a
wider range of operative conditions and gas-solids systems, flow patterns in wall
vicinity were shown to be very different among the investigated units.

The investigated operation conditions for the three CFB units are compared in
Table 2-1 on page 23. 

As expected, the size of the downwards flowing region increases with the unit size
whatever operating condition is considered (Schlieren CFB: 5 to 31 mm, Klus CFB:
47 to 80 mm, Gardanne CFB: 70 to 250 mm). Solids velocity measurements under
100%-power production at Gardanne CFB showed very typical profiles, where solids
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velocities increased clearly when going down to the furnace bottom (c50% = -5.2, resp.
-6.9 and -8.5 m s-1 at h = 21.5, resp. 14.0 and 11.0 m). Inversion layer thickness
enlarges as well, showing thus probably a more intense solids return from the furnace
centre to the wall region near the furnace bottom. Beside these wall layer changes, sol-
ids velocity in the centre remains close to the superficial gas velocity of 5.5 m s-1 at all
heights.

From MAD characterization, the maximum local solids velocity fluctuations are
observed approximately where the mean solids velocity change from downwards to
upwards. Solids velocity profiles from the three investigated CFB units are very simi-
lar, whereas fluctuations profiles are not. Indeed, as shown in Figure 5-24 on
page 112, they are maximum where flux inversion layer occurs, diminish to the mini-
mum in the two smallest units near the centre, but remains high at Gardanne CFB.
This scale effect has never been measured before.

Measurement at 50%-power condition ( = 4.0 m s-1) showed surprisingly low
velocities away from wall vicinity, where larger positive velocities were expected.
These results may be explained by a possible downwards flow located in the middle of
the �pantleg� shaped Gardanne furnace, which has also been observed in a numerical
study (Flour 1999).

The study of solids concentration profile at 50%-power shows a mean solids concen-
tration of more than 5% in the proximity of the wall, whereas it falls to less than 1%
after 50 mm towards the furnace�s centre. Mean solids mass flux of up to
789 kg m-2 s-1 were observed near the wall.

As demonstrated in this work, locally and temporarily high resolution of solids phase
can bring significant advances in the understanding of CFB solids flows in large
industrial unit. Closely joined to 2D or 3D numerical studies, both approaches are
promising. This can be illustrated, for instance, by the converging results of experi-
mental measurements and numerical simulation under 50%-power regime in
Gardanne CFB (see page 104). Because of the large size of industrial CFB units where
experimental investigation is limited to the wall vicinity and to available introduction
socks1, a joint experimental and simulation study is the only reasonable way to
progress for an overall understanding of the gas-solids fluid dynamics occurring in a
CFB plant.

u0
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Future of optical systems for CFB plants
Optical probes in high temperature flows will always encounter the problem of noise
resulting from thermal radiation. There are many ways to bypass this basic shortcom-
ing of the measurement technique. 

Since the temperature dependence of the optical probe was characterized in a labora-
tory heated fluidized bed, the instantaneous measurement of the local temperature near
the probe head would enable to calibrate the signal directly, as suggested in §4.4.1
(Normalization of the signal versus temperature). A more precise measurement could
be thus obtained by adding a small temperature sensor near the probe tip.

Shifting the laser wavelength to higher energies would improve the signal-to-noise
ratio. Such lasers and their associated detection devices - though becoming nowadays
rapidly cheaper - are still very expensive, and wavelength in the UV range implies the
use of expensive non standard optics. On the other hand, increasing the power of the
laser improves significantly the signal-to-noise ratio (Rensner 1991), and thermal radi-
ation may thus be neglected. Such lasers exist and are still rather expensive. Unfortu-
nately, these lasers and their power supply are still very bulky, and the whole
measurement system is thus difficult to move. This constituted a major drawback in
our case, where remote measurement locations around the furnace had to be inspected
within short time spans. New developments in the compactness of powerful lasers
with smaller wavelength will probably change these boundary conditions in a near
future.

Meanwhile, other statistical analysis methods can be applied on the non-calibrated
time series, and give relevant information about the structure of the gas-solids flow
(see for example chaos theory applied on the signal output of the optical probe in
Kikuchi et al. 1999). In addition, a deeper look into the statistical distributions of sol-
ids velocities and concentrations would open a large field of study.

Nevertheless, although the probe is easy to handle, measurements are not easy to
obtain and require a lot of specific knowledge and experience - mastered by specialists
only. CFB plant design companies and power producers will often be very reluctant to

1. Reducing significantly the diameter of the probe would enable to use smaller inlets, which are more frequent on indus-
trial plants (for pressure or temperature measurements). Nevertheless, a significant reduction - to 10-20 mm for 
instance - is very difficult to achieve, without the removal of the cooling sheath. Furthermore, neglecting the necessity 
of cooling, the strong solids flows occurring in CFB plants, together with the desire of exploring deeper regions of the 
furnace, makes the realization of such probes very challenging from a mechanical stress point of view. Oscillation of 
the probe head may then impair measurements of the local instantaneous solids velocity.
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finance highly technological tools, which may not serve directly their core interests.
However, the on-line monitoring and direct understanding of the solids flow in the
furnace of a commercial CFB boiler during normal operation can avoid very expen-
sive process shutdown1.

For these reasons, the future of endoscopes for CFB boilers is very promising. Endo-
scopes are easier to handle than optical probes because an inexperienced operator feels
more confident with images than with abstract signals. Such tools provide an extended
view of the gas-solids flow and give the engineers an actual and easy mean to validate
their design ideas2. The commercially available endoscopes for high temperature are
mostly suited for low concentrated solids-gas flows. Their head design, however, is
not suited for CFB flows as it may disturb local flow near the observation area, and
thus give irrelevant information on the local gas-solids flow. Additionally, their obser-
vation target is often designed far ahead from the endoscope tip, which can not be seen
because of dense3 solids-gas flow occurring in CFB at the wall vicinity.

Thanks to its modular design, the newly developed probe can be easily transformed in
an endoscope system, and some basic tests have been successfully realized in the
Gardanne CFB boiler to validate the feasibility of the principle. The basic concept of
the tested endoscope is shown in Fig. 6-1. A intense light pulse is brought to the obser-
vation field by means of optical fibres disposed around the main axis. A cylindrical
lens focuses homogeneously the light to the observation field (typical size:
10-100 mm2) of the miniaturized video camera. The frozen image can be visualized
on-line by means of a monitor. If necessary, the acquired images can be further proc-
essed by image analysis techniques. Compared to optical probes giving only one
dimension of the solids velocity field, endoscopes would thus allow to obtain an
instantaneous 2D-view of the gas-solids flow, and solids local velocities as well as
concentration fields can be calculated (typical frequency 5-10 Hz). The shape of
aggregated solids particles may also be determined. By changing or adjusting the cam-
era optics, the observation field can be changed. 

1. The financial loss due to one hour operation stop of a 250 MWe powered plant can be roughly estimated to 5�000 to 
20�000 Euros (base: 0.02-0.08 Euro per kWh).

2. In industrial processes at high temperatures, windows or other visual accesses into the furnace are often avoided, 
although they are very usual tools of inspection. They are cost consuming during the construction phase, may present 
possible risks of leaks during long-term operation periods, and may need special maintenance. Consequently, engi-
neers have only limited ways to gain inside views of the furnace to validate their design or follow the process.

3. See footnote 1., p. 92
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The cost of such an endoscope system can be roughly evaluated to 100�000 Euros, and
could be used for the visualization of gas-solids flows in other components of a CFB
plant (Cyclone, downer, riser bottom). The research in the CFB field and incidentally
the understanding of scale-up in the CFB technology would substantially benefit from
such experimental tools.

FIGURE 6-1: Proposal for an endoscope for CFB gas-solids flow at 
high temperature. A light pulse is brought through optical fibres 
arranged around the probe axis. A cylindrical lens concentrates 
the light homogeneously within the adjustable video camera field 
of view. The frozen image can be visualized on a monitor, and 
solids flow can be observed immediately. Images can be further 
processed by image analysis techniques, and solids concentration, 
2D velocity field can be thus obtained on-line.
A prototype of the proposed endoscope was tested in Gardanne 
CFB, and the feasibility of the principle could be demonstrated.
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7 Annex A: Measurement system - Details

7.1 Specifications
Varying the distance between the fibre end and the lens, dF-L, one can obtain different
reflection characteritics, and thus measurement volumes of different sizes. Such
extension possibility was used by Tanner 1994, as he measured gas velocity with fluo-
rescence in CFB riser. As this phenomena generates very low signal intensities, an
extension of the measurement volume enables an increase of sensitivity We show in

Fig. 7-1 the possible extension of the measurement volume obtained by changing the
distances between fibres and lens. As relative intensity is given only, we can not iden-
tify which configuration returns the largest amount of the emitted laser light. The Fig.
7-2 shows the relative intensity given by an experimental investigation and by a sim-
ple optics model (Holzherr 1997).

FIGURE 7-1: relative intensity versus the distance from reflector to 
probe for several lens locations.
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FIGURE 7-2: estimation of the relative the light quantity for several 
lens-to-fibre distance. Distance lens-to-reflector stays constant.
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8 Annex B: Measurement data

TABLE 8-1:  Schlieren CFB: data from Figure 5-3 on page 87 and Figure 5-4 
on page 88.

h=2.6m; Gs=17kg m-2 s-1 h=4.0m; Gs=17kg m-2 s-1 h=2.6m; Gs=100kg m-2 s-1 h=4.0m; Gs=100kg m-2 s-1

r c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50 c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50 c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50 c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50

-0.21 -1.02 1.25 0.100 -190 -1.29 0.73 0.106 -253 -0.71 0.94 0.117 -172 -0.66 1.02 0.266 -395
-0.20 -0.99 1.39 0.047 -97 -0.23 1.18 0.037 -3 0.25 1.55 0.071 -117 -0.55 1.19 0.097 -102
-0.18 0.38 1.71 0.027 16 0.26 1.76 0.030 9 0.69 2.07 0.051 77 0.29 1.69 0.059 23
-0.17 1.68 1.71 0.025 74 1.18 1.90 0.022 53 1.11 1.95 0.043 97 0.68 1.72 0.047 -40
-0.15 2.44 1.41 0.026 137 2.04 2.04 0.023 84 3.57 1.56 0.046 343 2.35 1.90 0.047 221
-0.12 3.33 1.68 0.013 158 3.70 1.80 0.016 109 3.51 1.90 0.037 290 3.57 1.56 0.038 280
-0.10 3.85 1.35 0.020 140 4.35 0.92 0.017 166 4.76 1.30 0.041 438 4.17 1.24 0.041 388
0.00 3.85 0.73 0.017 193 4.76 0.68 0.016 191 5.13 0.93 0.018 291 4.35 0.78 0.030 351
0.00 4.17 0.60 0.015 194 4.76 0.60 0.014 188 5.13 0.59 0.022 307 4.55 0.86 0.023 301
0.10 4.07 1.07 0.020 154 4.00 1.26 0.012 110 4.44 1.27 0.028 304 4.44 1.05 0.033 349
0.12 3.31 1.34 0.021 147 3.64 1.20 0.012 111 3.85 1.56 0.030 285 3.33 1.64 0.033 229
0.15 2.42 1.63 0.019 112 3.13 1.22 0.014 96 3.57 1.71 0.033 234 2.44 1.82 0.051 223
0.17 1.45 1.76 0.021 55 1.72 1.45 0.015 54 1.17 2.04 0.041 76 0.85 1.65 0.036 76
0.18 0.44 1.75 0.030 22 0.93 1.33 0.031 64 0.24 1.53 0.064 9 0.47 1.59 0.061 61
0.20 -0.62 1.50 0.034 -28 -1.47 1.25 0.031 -83 -0.79 1.14 0.065 -113 -0.30 1.36 0.074 -36
0.21 -1.12 0.93 0.104 -334 -1.27 0.93 0.087 -248 -0.46 0.81 0.268 -253 -0.86 1.10 0.190 -357

TABLE 8-2:  Klus CFB: data from Figure 5-6 on page 90 and Figure 5-7 on 
page 91.

h=4.5m; u0=2.7m/s h=4.5m; u0=3.8m/s h=7.1m; u0=2.7m/s h=7.1m; u0=3.8m/s

r c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50 c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50 c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50 c50% ∆∆∆∆c ϕϕϕϕ50% Gs,50

-0.412 -1.95 0.55 0.015 -57.0 -1.76 0.48 0.031 -83.3 -2.34 0.74 0.019 -133.5 - - - -
-0.407 -1.90 0.83 0.022 -59.1 -1.58 1.21 0.031 -28.4 -1.42 0.61 0.016 -110.2 - - - -
-0.402 -1.82 0.53 0.015 -67.1 -0.47 0.85 0.034 -81.1 -1.92 1.44 0.018 -39.5 - - - -
-0.392 -0.57 1.42 0.011 -10.4 -1.42 0.74 0.029 -41.3 -1.79 1.13 0.009 -103.2 - - - -
-0.382 -1.41 1.16 0.007 -15.5 0.91 1.27 0.017 -37.6 -1.42 1.43 0.010 34.7 - - - -
-0.362 -0.39 1.79 0.010 -7.5 0.88 1.59 0.018 -14.7 -0.37 1.94 0.016 36.9 - - - -
-0.332 0.78 1.72 0.004 7.1 1.98 1.22 0.021 39.7 1.16 1.63 0.013 84.9 - - - -
-0.277 2.25 0.76 0.003 25.5 2.71 0.65 0.018 74.9 2.34 0.87 0.010 93.7 - - - -
-0.222 3.03 0.54 0.005 23.0 3.25 0.64 0.010 51.4 2.30 0.87 0.011 95.3 - - - -
-0.112 2.90 0.55 0.014 89.3 3.89 0.58 0.003 37.3 2.50 0.78 0.005 35.8 - - - -
0.002 2.94 0.80 0.000 3.4 3.98 0.65 0.002 18.9 2.44 0.60 0.003 8.1 5.26 -
0.112 2.78 0.73 0.004 13.3 4.35 0.60 0.001 37.7 2.74 0.90 0.009 - 5.13 -
0.222 2.94 0.46 0.005 22.3 3.85 0.50 0.001 62.9 2.94 0.95 0.007 12.3 4.65 -
0.277 2.44 1.05 0.006 18.8 3.51 0.75 0.005 59.9 2.50 1.25 0.009 69.5 4.65 -
0.332 1.06 0.92 0.009 15.3 0.95 1.05 0.010 45.1 1.36 2.50 0.014 18.4 3.45 -
0.362 -0.50 1.90 0.016 -23.6 -1.65 1.74 0.019 12.8 0.32 1.63 0.017 -73.2 1.96 -
0.382 -2.33 1.14 0.009 -56.2 -1.74 1.20 0.018 -56.5 -1.36 1.54 0.019 -52.3 -0.96 -
0.392 -2.23 0.88 0.008 -28.5 -1.39 0.85 0.022 -39.1 -1.89 1.75 0.011 -62.9 -1.83 -
0.402 -2.27 0.80 0.010 -78.7 -1.00 0.76 0.028 -91.3 -2.27 2.08 0.014 -68.2 -1.85 -
0.407 -2.53 0.64 0.012 -83.0 -2.27 0.76 0.030 -38.5 -2.47 0.85 0.012 -74.2 -2.60 -
0.412 -2.30 0.66 0.011 -123.4 -1.33 1.11 0.023 -53.4 -1.83 1.36 0.009 -28.8 -2.35 -
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TABLE 8-3:  Gardanne CFB (100%-load regime): data from Figure 5-14 on 
page 99

h=11.0 m h=14.0 m h=21.5 m
dwall [m] c50% [m/s] ∆∆∆∆c [m/s] dwall [m] c50% [m/s] ∆∆∆∆c [m/s] dwall [m] c50% [m/s] ∆∆∆∆c [m/s]

0.00 -8.52 1.52 0.00 -6.88 1.16 0.00 -5.17 0.98
0.02 -8.23 1.21 0.01 -6.38 1.59 0.02 -3.62 1.79
0.04 -4.38 1.29 0.02 -6.49 1.76 0.04 -1.60 1.44
0.06 -3.27 1.60 0.04 -3.51 1.34 0.06 -0.17 2.33
0.08 -1.16 2.12 0.06 -2.15 2.72 0.08 0.63 3.06
0.10 -1.17 2.74 0.08 -0.83 3.01 0.10 1.33 2.37
0.12 -1.52 3.05 0.10 -1.19 3.00 0.12 0.64 2.78
0.14 2.71 3.99 0.12 -0.23 2.82 0.14 2.43 3.00
0.16 0.98 3.11 0.14 0.60 3.81 0.16 3.52 2.96
0.18 0.59 3.06 0.16 1.53 3.40 0.18 3.23 2.66
0.20 0.54 3.66 0.18 2.69 3.36 0.20 4.23 2.51
0.22 3.75 3.31 0.20 1.31 3.09 0.22 5.13 3.24
0.24 4.55 3.33 0.22 4.24 2.84 0.24 3.13 3.62
0.26 4.13 3.03 0.24 2.72 3.13 0.26 4.88 2.76
0.28 3.40 3.57 0.26 2.45 2.99 0.28 4.00 2.99
0.30 2.30 3.66 0.28 3.23 3.20 0.30 4.02 2.88
0.32 3.61 3.08 0.30 1.49 3.59 0.32 4.63 2.41
0.34 3.74 3.60 0.32 4.38 2.72 0.34 4.06 3.14
0.36 6.18 3.30 0.34 4.90 2.91 0.36 3.48 2.35
0.38 4.35 3.22 0.36 3.85 3.63 0.38 4.73 3.12
0.40 5.39 3.36 0.38 2.52 3.10 0.40 5.09 2.48
0.42 5.78 3.54 0.40 4.02 2.96 0.42 4.25 2.27
0.45 5.21 3.04 0.42 4.49 3.02 0.45 3.53 2.92
0.50 6.39 3.21 0.45 4.71 2.95 0.50 5.48 2.70
0.55 7.69 3.67 0.50 3.64 3.80 0.55 5.17 2.70
0.60 7.12 3.82 0.55 6.09 3.59 0.60 5.73 2.69
0.65 7.85 3.18 0.60 4.08 3.38 0.65 5.06 2.60
0.70 7.43 3.72 0.65 4.98 2.96 0.70 3.92 2.53
0.75 7.20 3.98 0.70 5.97 2.90 0.75 4.15 1.94
0.80 7.97 3.62 0.75 6.31 3.58 0.80 3.95 2.43
0.90 8.58 3.08 0.80 6.23 3.48 0.90 5.43 2.56
1.00 7.97 3.53 0.90 4.47 3.67 1.00 3.31 3.21

1.00 5.31 2.72 1.20 5.13 2.41
1.20 3.08 2.95
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TABLE 8-4:  Gardanne CFB (50%-load regime), u0=3.6m/s: data from 
Figure 5-16 on page 102

h=11.0 m h=14.0 m
dwall [m] c50% [m/s] ∆∆∆∆c [m/s] dwall [m] c50% [m/s] ∆∆∆∆c [m/s]

0.00 -8.52 1.52 0.00 -6.88 1.16
0.02 -8.23 1.21 0.01 -6.38 1.59
0.04 -4.38 1.29 0.02 -6.49 1.76
0.06 -3.27 1.60 0.04 -3.51 1.34
0.08 -1.16 2.12 0.06 -2.15 2.72
0.10 -1.17 2.74 0.08 -0.83 3.01
0.12 -1.52 3.05 0.10 -1.19 3.00
0.14 2.71 3.99 0.12 -0.23 2.82
0.16 0.98 3.11 0.14 0.60 3.81
0.18 0.59 3.06 0.16 1.53 3.40
0.20 0.54 3.66 0.18 2.69 3.36
0.22 3.75 3.31 0.20 1.31 3.09
0.24 4.55 3.33 0.22 4.24 2.84
0.26 4.13 3.03 0.24 2.72 3.13
0.28 3.40 3.57 0.26 2.45 2.99
0.30 2.30 3.66 0.28 3.23 3.20
0.32 3.61 3.08 0.30 1.49 3.59
0.34 3.74 3.60 0.32 4.38 2.72
0.36 6.18 3.30 0.34 4.90 2.91
0.38 4.35 3.22 0.36 3.85 3.63
0.40 5.39 3.36 0.38 2.52 3.10
0.42 5.78 3.54 0.40 4.02 2.96
0.45 5.21 3.04 0.42 4.49 3.02
0.50 6.39 3.21 0.45 4.71 2.95
0.55 7.69 3.67 0.50 3.64 3.80
0.60 7.12 3.82 0.55 6.09 3.59
0.65 7.85 3.18 0.60 4.08 3.38
0.70 7.43 3.72 0.65 4.98 2.96
0.75 7.20 3.98 0.70 5.97 2.90
0.80 7.97 3.62 0.75 6.31 3.58
0.90 8.58 3.08 0.80 6.23 3.48
1.00 7.97 3.53 0.90 4.47 3.67

1.00 5.31 2.72
1.20 3.08 2.95

TABLE 8-5:  Gardanne CFB: data from Figure 5-20 on page 107
h [m]

ddown [m] cwall [m] u0 [m/s]
@50% @100% @50% @100% @50% @100%

11.0 - 0.15 - -8.52
3.6-4.4 5.514.0 0.21 0.12 -6.90 -6.88

21.5 0.19/0.22/0.25 0.07 -6.45/-6.25/-6.06 -5.17
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TABLE 8-6:  Gardanne CFB (50%-load regime), h=11.0m, u0=4.0m/s: data 
from Figure 5-19 on page 106

dwall [m] c50% [m/s] ϕϕϕϕ50%50%50%50% [-]
Gs, 50% 

[kg m-2 s-1]
0.00 -4.08 0.06 -666.09
0.01 -5.71 0.04 -582.67
0.02 -6.25 0.06 -789.15
0.03 -5.00 0.03 -365.44
0.04 -2.55 0.01 -79.14
0.05 -1.82 0.02 -61.41
0.06 -2.11 0.01 -41.24
0.07 -2.15 0.00 -17.19
0.08 -1.50 0.01 -26.51
0.09 -0.62 0.00 -4.20
0.15 -1.01 0.00 -0.73
0.20 -0.36 0.00 0.00
0.25 -0.54 0.00 -0.10
0.30 0.33 0.00 0.01
0.35 -0.40 0.00 -0.06
0.40 -0.23 0.00 0.00
0.50 -0.99 0.00 -1.78
0.70 -0.33 0.00 0.00
0.80 -0.33 0.00 0.00
1.00 -0.23 0.00 0.00

TABLE 8-7:  Wall layer thickness: data from Figure 5-23 on page 110
CFB Dh [m] ddown [m]

Schlieren

0.411
0.411
0.411
0.411
0.411
0.411
0.411

0.0055
0.0305
0.0135
0.0175
0.0145
0.0135
0.0055

Klus

0.826 0.053
0.826 0.047
0.826 0.08
0.826 0.047

Gardanne

14.6711 0.07
14.6711 0.12
14.6711 0.15
14.6711 0.21
14.6711 0.13
14.6711 0.22
14.6711 0.195
14.6711 0.25
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