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The aim of this communication is to
advocate for use of high density
powders (more than 5000 kg/m3) in
experimental
simulation
of
gas-particles flows of Circulating
Fluidized Bed (CFB) boilers. These
industrial facilities are used as
ecological electricity suppliers with
effective pollutants capture for a high
thermal net efficiency. Usually, as
illustrated by the results available in
the literature, solid particles used for
experimental simulation in the aim of
industrial design of these plants are
sand, glass beads or FCC (about 1200
kg/m3 or less).
We give here
arguments for re-orientation of
applied research in the field of energy
production by CFB, suggesting that
powders with higher density would
lead to a better design of industrial
facilities through more adapted
similitude laws. Improving such
technology is challenging since CFB
plants are only at their second stage of
development
and
could
be
advantageously combined to another
ecological
electricity
supply
technology based on gasification
process of biomass.

The Question
Circulating Fluidized Beds (CFBs)
combine the principle of fluidization
with a circulating process. Circulation
inside the boilers is obtained during
combustion by forcing mixed
inert-oxidizer gases through a solid
inventory of fuel in the shape of
powder. The circulating character of
CFBs makes the particles of fuel
crossing the furnace several times
until full combustion. Depending on
the gas velocity (or fluidization
velocity), the fluidized beds refer to
different kinds of flow regimes which

obviously influence the combustion
quality and consequently the energy
production. The knowledge of the
flow regimes and associated thermal
exchanges is therefore fundamental.
Fluidized beds are employed in a
wide variety of industrial applications
such as combustors for electricity
supply or chemical reactors. In many
commercial applications, size of
fluidized beds is large and they are
operated at high temperature (more
than 800°C) and pressure (several
tens of bar). There must be an
understanding of the fluid dynamics
for the proper design of fluidized beds
as directly influences the boiler
performance. Designers are thus
particularly concerned with the
relationship between the performance
of large commercial beds and the
results obtained from much smaller
pilot plants or experimental mock-ups:
there is a critical need to understand
and predict the fluid dynamics of
large fluidized beds in order to
optimize performance. This is
provided by characterizing flow
regimes and characteristic velocities
for flow transitions.
However, on the one hand there is a
dearth of relevant information
available in the field of large
commercial beds; on the other hand
there is a large amount of data and
approximate analytical models based
on results from small experimental
beds. But, these data are collected
under a fairly restricted range of
operating conditions and it is not
obvious how the data can be applied
to
large
commercial
designs
especially due to the powder
characteristics used for experimental
flows. Boilers, which are the main
focus of the present communication,

are normally operated with particles
of group B (40 and 500 µm and
particle density between 1400 to 400
kg/m3) and group D (above 600 µm
and particle densities above 2000
kg/m3) in the Geldart classification.
Boilers usually have a square or
rectangular cross section and are
wider than the height of the bottom
bed. Experimental mock-ups are
usually operated with light particles
whereas to be representative of
industrial beds, experimental plants
and related materials must have
certain particular similitude [1]
among which is the ratio between the
solid and gas densities. If similitude
relationships match for most of them,
the one regarding densities does not.
In such conditions, what can be said
about extrapolation of characterizing
flow regimes and transition velocities
from experimental to industrial cases?
Are not there any possibilities to
refine the similitude relationships?

Facts
The scientific literature proposes
numerous correlations associated
with regime transitions, most of them
developed
for
non-circulating
fluidized beds and then applied to
Circulating Fluidized Bed (CFB).
However, in some cases it is apparent
that the authors disagree regarding the
types of regime on either side of
identified transitions. This can be due
to the disparity of the geometrical
aspect of CFBs (with particular
reference to riser section) from one
author to another, although the
powder used and the operating
conditions are very similar.
Bai and co-authors [2] stressed the
need for clear identification of the
fluidization regimes in the riser of a
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CFB, to ensure better comprehension
of the thermohydraulic context, and
thus correctly design the loop. They
emphasize
the
ambiguity
of
definitions proposed in the literature,
both in qualitative and quantitative
terms, and demonstrate a number of
contradictions between theoretical
predictions and experimental results.
Furthermore,
the
available
correlations for CFBs have been
developed for Fluid Catalytic
Cracking (FCC) type powders which
density is around 2000 kg/m3 and for
which extrapolated studies concern at
least densities less than 5000 kg/m3
[3]. For example, among the recent
compilation made by Yang & Leu [4]
gathering 29 experimental cases, only
2 of them involve powder density
higher than 5000 kg/m3 (less than 7%
of all cases). As a consequence,
extrapolation of fluidization regimes
observations and results appears to be
not so easy.
Yet, high density powders such as
bronze are of interest since bronze
and air present the same density ratio
than ashes and hot gas on industrial
CFB combustor plants. High density
powder can thus help to work with
better
hydrodynamic
similitude
regarding density ratio whilst other
similitude
relationships
remain
satisfactory.
Experimental
identification of regime transitions for
those types of gas/particle flow have
been carried out in a CFB
experimental loop (internal height of
riser: 6.61m from the fluidization grid
to the roof; square section: 0.175m x
0.175m) [5]. Analysis of pressure
drop fluctuations in the riser to
identify the various fluidization
regimes and transition velocities [4],
[6], [7-17] made it possible to show
that gas/particles flows with high
density powders (namely air/bronze)
could positively be observed and
described [5] in a similitude
framework of industrial CFB boilers.
Bronze and air presented the same
density ratio than ashes and hot gas on
industrial CFB combustor plants.
Besides, visual observations were
performed through the perspex walls
of the riser in order to confirm

fluidization regime transitions and a
change of the two-phase flow
behavior with changing fluidization
velocity.
Furthermore, it was shown [5] that
the transition flows such as onset of
turbulent flow and choking limits
could be successfully described with
dense powder using established
correlations for lower density
powders: Yang & Leu's correlation [4]
for onset of turbulent flow, Yang [18]
and Bi et al. [19] correlations for
choking limits.

Concluding Discussion
The disadvantages of extensive
exploitation of the fossil fuel
resources and its consequences have
become
obvious:
“Rapid
development of the human society
over the last two centuries was based
on the excessive and uncontrollable
use of fossil, non-renewable energy
resources. As modern society
developed, the need for energy has
grown bigger, while the reserves of
the non-renewable energy resources
have lessened” [20].
Nuclear electricity supply, despite
its zero CO2 production, and a high
level of safety in operating companies
[21], becomes quickly and easily
unpopular in case of major accident
due to its immediate consequences at
the international level. “Fukushima
woke up the world nuclear industry,
not just the U.S.,” said in an interview
Allison M. Macfarlane, chairwoman
of the U.S. Nuclear Regulatory
Commission.
In such an energetic context,
alternative renewable and sustainable
energy processes have to be found
among which Circulating Fluidized
Bed (CFB) technology have been
identified. Its strengths are mainly
related to the acceptance of a wide
variety of fuels in terms of size and
composition and to the possible
additives to improve the conversion
process [22, 23]. Yet, CFB technology
is only at its second stage of
development: compared to the first
generation, facilities now provide a
more efficient pollutants capture
whereas the industrial process design

has been simplified [24]. The most
powerful generator is just giving less
than half electric power of the biggest
nuclear power reactor. To date, the
operating temperature within the
furnace lies between 800 and 900°C
(compared with more than 1000°C in
a nuclear reactor core). The first
supercritical (and world's largest)
CFB boiler was constructed by Foster
Wheeler at the PKE's Lagisza power
plant (Poland), successfully operated
since early 2009, producing 460 MWe
with a net efficiency of 43% [25].
To improve the concept of CFB
boiler, refine experiments in good
similitude design with industrial
plants are needed.
Furthermore, CFB has been shown
as the most suitable for another
ecological
electricity
supply
technology based on gasification
process of biomass: “On the basis of
the information presented above [the
authors’ review] it can be concluded
that at present [2011], the fluidized
bed reactor complies the best with the
requirements for the production of
bio-syngas [a mixture of hydrogen,
carbon monoxide and dioxide, gas
water] for the synthesis of liquid
transportation
fuels
via
thermochemical gasification route”
[22].
The growing environmental norms
have augmented the development of
the
CFB
boilers,
inducing
techno-economical challenges [25, 26]
and, according to some analysts, this
technology may drive the market with
Supercritical CFBs and now Ultra
Supercritical CFBs currently in their
pilot phase and expected on the
market by 2015 [23].
Indeed, knowledge of CFBs is
worth to be refined. Our suggestion
for design improvement is just one
point.
High
density
particles
combined with air effectively help
similitude relationships to match
between industrial CFB boilers and
experimental
mock-ups:
dimensionless quantities regarding
mass ratio are improved compared
with light powders and other
dimensionless quantities required to
describe the flow remain satisfactory.
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Results in terms of correlations to
describe the flow regimes and their
transitions are satisfactory. High
density particles appear to be a
possibility to refine the similitude
relationships and therefore the
understanding, and consequently the

improvement of CFB technology. We
therefore promote use of high density
powders (more than 5000 kg/m3) in
experimental
simulation
of
gas-particles flows of Circulating
Fluidized Bed (CFB) boilers. ■

References

[9]

[1]

L. R. Glicksman, M. R. Hyre and P.
A. Farrell “Dynamic similarity in
fluidization”, Int. J. Multiphase
Flow, Vol.20, Suppl., 331-386,
1994.

[2]

D. Bai, Y. Jin, Z. Yu, "Flow regimes
in CFB", Chem. Eng. Techn., 16,
307–313, 1993.

[3]

A. Luckos, P. den Hoed,
“Fluidization and Flow Regimes of
Titaniferous Solids”, Ind. Eng.
Chem. Res., 43, 5645-5652, 2004.

[4]

[5]

[6]

[7]

[8]

T.Y. Yang, L.P. Leu, “Study of
transition velocities from bubbling
to turbulent fluidization by statistic
and
wavelet
multi-resolution
analysis on absolute pressure
fluctuations”,
Chemical
Engineering
Science,
63,
1950–1970, 2008.
Ph.
Fauquet-Alekhine,
(2012)
Gas-particles Flow Transitions for
High Density Powder, Proceedings
of the World Congress on
Engineering 2012 Vol III, WCE
2012, London, U.K, 1820-1825

F. Johnsson, R.C. Zijerveld, J.C.
Schouten, C.M. van den Bleek, B.
Leckner,
“Characterization
of
Fluidization regimes by time-series
analysis of pressure fluctuations”,
International Journal of Multiphase
Flow, 26, 663-715, 2000.

[10] J. Yerushalmi, N.T. Cankurt, D.
Geldart, B. Liss, “Flow regimes in
vertical gas–solid contact systems”
A.I.Ch.E. Symposium Series, 174
(176), 1–12, 1978.
[11] A. Chehbouni, J. Chaouki, C.
Guy, D.
Klvana, "Effet de
différents paramètres sur la vitesse
de transition de la fluidisation en
régime turbulent", in Can. J. of
Chem. Eng., 73, 41-50, 1995.
[12] S. Mori, O. Hashimoto, T. Haruta, K.
Mochizuki, W. Matsutani, S.
Hiraoka, I. Yamada, T. Kojima, K.
Tuji,
“Turbulent
fluidization
phenomena”,
in
Circulating
fluidized bed Technology II,
Pergamon, Oxford, 105-112, 1988.
[13] J. Yerushalmi, N.T.
Cankurt,
"Further studies of the regimes of
fluidization", Powder Techn., 24,
187–205, 1979.

A. Chehbouni, J. Chaouki, C. Guy, D.
Klvana, "Characterization of flow
transition between bubbling and
turbulent fluidization", in Ind. Eng.
Chem. Res., 33, 1889-1896, 1995.

[14] M. Horio, "Hydrodynamics", in
Circulating fluidized beds, edited by
J. R. Grace, A. A. Avidan, and T. M.
Knowlton, Chapman and Hall,
London, 21– 85, 1997.

Ph.
Fauquet,
E.
Brunier,
“Experimental study of circulating
fluidization regimes with dense
powder”, Proceeding of the Second
Europeen Congress of Chemical
Engineering,
October
1999,
Montpellier,
France.
http://www.hayka-kultura.org/phfa
%20pub%28fr%29.html

[15] J. F. Perales, T. Coll, M. F. Llop,
L. Puigjaner, J. Arnaldos, J.
Casal, "On the transition from
bubbling to fast fluidization
regimes", in Circ. Fluid. Beds III,
Pergamon Press, 73-78, 1991.

Ph. Fauquet, R. Seigle, E. Brunier,
“Prediction of solid mass flow in
circulating
fluidized
bed”,
Proceeding of the 14th International
Congress of Chemical and Process
Engineering CHISA2000, paper 727,
27-31 August 2000, Praha, Czech
Republic.
http://www.chisa.cz/2000/

[16] H. T. Bi, J. R. Grace, J. X. Zhu,
"Type of choking in vertical
pneumatic systems", Int. J.
Multiphase Flow, 19 (6), 1272-1280,
1993.
[17] J. G. Yates, S. R. J. Simons,
"Experimental
methods
in
fluidization research", Int. J.
Multiphase Flow, 20, 297-330,
1994.
[18] W. C. Yang, "Criteria for choking in
vertical pneumatic conveying lines",

Fauquet-Alekhine
Philippe
Laboratory for Research
in Sciences of Energy,
Montagret, France.
larsen.sciences@yahoo.fr

Powder Techn., 35, 143-150, 1983.
[19] H. T. Bi, L. S. Fan, "Regime
transitions in gas-solid CFB", in
AIChE Annual Mtg., Los Angeles,
AC, paper n°101, 1991.
[20] V. Šušić, & J. Živković, “Energy
resources and global geopolitical
processes”, Facta Universitatis,
Series:
Economics
and
Organization, 9(1), 39-52, 2012
[21] Ph.
Fauquet-Alekhine,
(2012)
Safety and Reliability for nuclear
production. In Fauquet-Alekhine,
Ph. (eds) Socio-Organizational
Factors for Safe Nuclear Operation,
Montagret: Larsen Science Ed., 1,
25-30
[22] M. Siedlecki,W. de Jong and A.H.M.
Verkooijen,
“Fluidized
Bed
Gasification as a Mature And
Reliable Technology for the
Production of Bio-Syngas and
Applied in the Production of Liquid
Transportation Fuels—A Review”,
Energies, 4, 389-434, 2011.
[23] “Circulating Fluidized Bed (CFB)
Boilers Market is Expected to Reach
134.19 GWe in 2018: Transparency
Market Research”, New York: PR
Newswire, 16 July 2013.
[24] T. Pugsley & N. Mahinpey. “A
Review
of
Fluidized
Bed
Gasification Tecnhology”, 4th
International Freiburg Conference
on IGCC & XtL Technologies. May
3-6, Dresden (D),1-24, 2010
[25] A. Hotta, K. Kauppinen & A.
Kettunen, “Towards New Milestones
in CFB Boiler Technology – CFB
800 MWe / New 460 MWe
Super-Critical Plant with CFB Boiler
in Lagisza – First Experience
Update”, Presented at Power-Gen
Europe 2010 Rai, Amsterdam The
Netherlands, June 8 - 10, 2010
[26] R. Giglio, “Is CFB the key to scaling
up biomass?”, Power Engineering
International, 32,34-36, Nov 2013

