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Abstract: The aim of this study is to get a better compreiloensf gas-particles
fluidisation regimes in an industrial boiler fromsenaller pilot plant
operating at ambient conditions. Experiments haenlkconducted in
an experimental CFB loop with solid particles afthdensity in order
to satisfy some similitude principle considerations
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INTRODUCTION

Fluidized beds are employed in a wide variety @bpligations such as
combustors or chemical reactors, to name a fewmdny commercial applications the
fluidized bed employed has a large diameter andyhbheand operates at high
temperature and pressure. To properly design diZlked bed the fluid dynamics must
be well understood since it directly influences bieel performance. Designers are thus
particularly concerned with the relationship betwethe performance of large
commercial beds and the results obtained from nwmmchller pilot plants. There is a
critical need to understand and predict the fluyhainics of large fluidized beds;
However, on the one hand there is a dearth of aekemformation available in the field
of large commercial beds; On the other hand thera iarge amount of data and
approximate analytical models based on results feomall experimental beds. But,
these data are collected under a fairly restricéedje of operating conditions and, it is
not obvious how the data can be applied to largencercial designs.

Boilers, which are the main focus of the presentkware normally operated
with particles ranging from group B to group D imetGeldart classification. They
usually have a square or rectangular cross seatidnare wider than the height of the
bottom bed. These beds are of a non-slugging t@ue. purpose is to have a better
understanding of gas-particles fluidisation reginmesommercial boilers by operating
smaller pilot plants at ambient condition. To bpresentative of a commercial bed, the
smaller plant and the material used must have inegarticular characteristic [1].
Among them is the ratips/pg [1] where p; and pgy are the solid and gas densities

respectively which must satisfy the relationship:
lps/pg),, =ps/Pg). 1)

where the subscript m is for the model and ¢ issfoommercial bed.

This is why the study has been conducted in areraxgntal CFB loop with
solid particles of high density (bronze), as opposesand, glass beads or FCC which
are usually encountered in literature.

Identification of the various fluidisation regimésve been made, similar to
those done by other authors [2,3,4] by means optassure drop fluctuations analysis.
Identified transition velocities are then companeth existing correlations.

EXPERIMENTAL FACILITIES

The experiments have been carried out in a pdalkescold circulating fluidized
bed, consisting of a riser column and a solidsakecgystem. The riser column walls are
made of perspex, have a 0.17%n0.175m (Fig. 1) square cross-section and from the
fluidisation grid are 6.61m high to the roof. Thateiser is located at the top, to one
side of the riser, with a 0.175m0.13m rectangular cross-section. The exit pipmfoa
90° angle with the riser axis. Gas-particle sepamais obtained by means of a
centrifuge cyclone, which directs the solid phasthe distributor via a solid flowmeter.
The bed is supplied with air at ambient temperalyra booster pump via a fluidisation
grid. Powder is introduced at the bottom of therighrough the side wall, the solid
flow rate in the loop is continuously indicated.€Tiser is equipped with 12 differential
pressure transducers, which deliver a 4-20 mA signaportional to the measured
pressure. They can be connected as required toes8ye taps, 6mm diameter drilled
through the perspex wall, uniformly arranged ondaeter line of the riser wall. There
are also 2 absolute pressure transducers locatkd aip and bottom of the riser. Filters




have not been used on the taps, which would presaiat particles from getting inside
the measurement line, but would also reduce thesdt#cer sensitivity to dynamic
pressure fluctuations. The pressure taps have tfsesen as suggested by Clatlal

[5] in order to guarantee the best response ofitles. The fluidisation velocity inside
the riseruy is determined from the measurements of air mass dipstream of the riser

and the temperature and pressure inside the riser.
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Figure 1: Experimental device.

Measurement accuracies are given in Table 1. Thesanean values since they are
dependent on the measurement range of the deuickhameasured value itself.

Solid mass flow Relative Temperature | Air mass flow | Fluidisation
rate (%) pressure (%) (°C) rate (%) velocity (%)
5 1 0.5 1 2

Tablel: Measurement accuracies.

Operating conditions are given in Table 2.

Bed characteristics Material properties Operatimgditions
height (m)| 6.61 | type bronzseolid flux
Cross- 0.175¢ |density (kg/m) 8790| (kg.m?s") : 1.25 to 54.42
section  |0.175 |mean diameter (um)| 43
(m°) sphericity 1 velocity ( m.s") 1t09

Table 2: Experimental conditions.

The differential pressure signals are acquirebtD@Hz during 45 to 120 seconds,
both for the riser segments defined between pressps, and for the total pressure
drop. Acquisition duration has been adjusted bamedhe pressure drop fluctuation
periods observed.

A mean value and standard deviation are calculide@ach of these signals.
The ratio of standard deviation to mean value (Ndized Standard Deviation, NSD)
reflects variation in amplitude of the measuredsgpuee fluctuations. By plotting graphs
of the evolution of this quantity versus fluidisati velocity, it is possible to identify
fluidisation regime transitions [4, 6].

In addition, visual observations were performewtigh the perspex walls of the
riser to identify a change of the two-phase flowhdegor with changing 4 These




observations were obtained in order to confirmdilzation regime transitions detected
with NSD analysis.

EXPERIMENTAL RESULTS

NSD measurements at a constant mass flow rat¢ tted versus (fit the
curves which present a maximum value for a speflifidisation velocity ¥as shown
in Fig. 2.
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Figure 2 : Normalized standard deviation for total pressuogpdn the riser versus
fluidisation velocity for two different mass flovates : 18 kg/rits and 47 kg/rits.

For the five values of Gnvestigated, those specific velocities are idetias
fluidization regime transitions when compared wibual observations. For G 47
kg/nf/s when the transition velocity, is greater than,uone can observe, through the
bottom bed walls, the presence of clusters impmgind numerous trails spreading on
the walls. The clusters and trails do not have lrdefined displacement: some of them
go up, others down, and it is clear that some elntinave a transverse velocity. These
observations point out the existence of a splasie mver a dense bed, where the two-
phase flow is the most turbulent. On the contrargen y is greater than uclusters
impinging on the walls are no longer observed. anty a few trails can be seen.
Furthermore, it is important to note that, for thieole range of Gand y investigated,
the bottom bed voidage was close to 0.95. Alsqjalisbservations have shown, the
existence of a boundary layer where particles filomwn , close to the perspex walls and
along the riser height. These observations shotwpghaumatic transport has not been
reached since such a fluidization regime is chearemd by a dilute bed with all
particles flowing upward.

Moreover, at constant flow rate, @nd for the five values of Gnvestigated, a
minimum fluidization velocityu,,, was found below which mass flow rate could not

be maintained. When,,,, was reached from higher values, the CFB flow, whiets

the densest and the most turbulent we could obssudzlenly broke down. No solid
recirculation was possible (except with increasigyy and the riser presented two
distinct regions. The first one, at the bottomtda tiser, was a dense bed, which could
be described as a bubbling bed with very few abbbes. The second one, localized
over the first one, was so dilute that it was haptissible to detect solid particles being
entrained to the top of the riser. Thus solid nfkms rate was zero. Those results were
completed by investigation of .Glown to 1.25 kg/riis in order to have a better
description of this limit.

To summarize, two fluidization-regime transitionsere observed under
operating constant mass flow conditions: a turbifiest transport transition and, at




lower fluidization velocity, a breakdown limit (iterms of fluidization velocity), at
which sudden change from CFB to bubbling/fixed laed observed, and under which
constant mass flow rate could not be maintainecgs&Hhransitions are discussed and
analyzed in the following sections.

ANALYSISAND DISCUSSION

Transition from a captive to a fast transport regjimvolves a turbulent regime, as
observed by many authors [4, 7, 8, 9]: with theease in g the fluidized bed in the
riser changes from a dense to a bubbly conditiow, wrbulence inside the riser
consequently grows. This increase in turbulencacsompanied by variations in the
density fluctuation amplitude. These density flations can be quantified by riser wall
pressure measurement, comparing the signals dediviey wall pressure transducers
with those delivered by optical probes as showr[%y Thus the maximum standard
deviation of total pressure drop in the riser cgpmnds to a maximum level of
turbulence in the riser, associated with a spee#iocity. This description is identical
to our research findings. The upper boungdjaurelated to the transition from turbulent
to fast transport regime. At constant mass flowe,raelow 4 the gas-particle flow is
turbulent and tends toward a fixed bed.

For values above uas y is increased, the turbulence then smoothly deeseas
while the fluidization regime is of a fast transptype and can tend toward pneumatic
transport. The transition between a fast transpagime and pneumatic conveying is
achieved at a characteristic velocity This could not be identified in the present work
because it requires investigation at higher flatan velocities than can be provided by
our equipment.

For values belowanother specific velocity is reached when dedngas. This
corresponds to a sudden breakdown of the bed vatlpossible recirculation. This
specific velocityugmin has been called by many authors "choking velo¢it9, 11].

Bi et al [8] have proposed a review of choking descriptipainting out that some
choking occurrences can be induced by equipmeritelinoperating modes, while
others are due to the suspension characterigticaslbeen verified, in the present work,
that the choking transition obtained was not offthet type by comparing the pressure
balance in the CFB loop and upstream of the flaitien grid. The present choking
transition is of the second type, the same asotstrved by Chang al [11].

1 Correlationsfor turbulent-fast regimetransitions

Many correlations have been proposed for estimatiou, and y, in the case of
powders withpg < 450kg /m3, fluidized in a pipe or vessel without solid recilation.
Most of them are expressed in terms of Archimedaber Ar and Reynolds number
Re, have been reviewed by Arnaldeisal.[12]. It is obvious that such correlations
cannot fully describe transition regimes as long asain parameter, such as solid mass
flow rate is ignored.

Yang and Baket al [13,7] have proposed correlations for such spe¢rinsition
regimes velocities. A comparative summary of tHéeedent operational parameters and
operating conditions is shown in Table 3.

Yang's and Bai's correlations for the transitibtudbulent to fast fluidization are:

G.D Pe—p 0288 -069
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Pgdp )| ps,/ad,
where :
g = gravity acceleration, ni/s u, = terminal velocity of a single
d, = mean particle diameter, m particle, m/s
D = riser equivalent diameter, m [ = gas viscosity, Pa.s
= _ 3
Re; =dpuipg /1 Ar =pgd(Pp ~Pg)dp” /12
Physical parameters Yanget al Baiet al Present work
and units
Ps , kg:/n? 794<pg <1487 660<pg <4510 8790
dp, um 85<d, <325 33<dp <1200 40
D,m 0.030 003<D< 030 0.1975
Gs , kg/nfls 0<Gg <170 10< G4 <300 125< Gg < 5442
Uo , M 17<up<63 1<ug<12 1<ug <9

Table 3: Application ranges for correlations proposed by®al and Yanget al [7,13]

However these correlations make predictions whiehcdoser to the choking velocity
detected in the present work than to the spec#ioaities identified as the transition
between turbulent and fast fluidization regimes. eWtreporting calculated specific
velocities using the above correlations and theegrpental points from this present
work versus the solid mass flow rate (&ee Figure 3), an under-estimation of 60% can

be seen.

—e—Yang et al-=— Baiet al Present work

U [m/s]
(o)

J

0 T T
0

60

20 40
G:s [kg/nT/s]

Figure 3: Comparison of differerturbulent to fast fluidization transitions u
versus solid mass flow rate.G

Two points can be put forward to explain this @éein : the solid density we use
is out of the correlations' application range dmat type of CFB is in terms of slugging
or non-slugging systems. In fact, Yang's correlatims been calculated with 100%
slugging systems data, and Bai's correlation witinenthan 77% slugging systems data.
It is obvious that riser in which slugs can occllt present a transition from the captive
to the fast regime which is different from thoseené slugs will not take place.
Slugging systems are able to present high ampliiwdéuations in suspension density
which appear during the turbulent regime. Dynanhicttiations induced on pressure
drop thus have very high amplitude, especially wistigs are of a plug type,




alternating between very dilute and high partictenaentrated waves. This kind of
turbulent behavior cannot be observed in non-shggystems (such as ours) and it
could explain why the turbulent to fast transpedime transition is detected at a lower
fluidization velocity for slugging systems.

2 Correlationsfor choking transitions

For choking transitions, the review of Bial [8] suggests that Yang's [10] and
Bi's correlation [14] correspond to the type of king encountered in the present work.
They are respectively :

' -47 ‘ 22
Uch _ up + 2QD(Sch _1)ps (4)
Ech 681105 py*?

0542
Uch =21 & Ar 0105 with Gg = (Uch — Uy )(1_£Ch )ps (5)
\/9dp PgUch

where : o, = choking velocity, m/s and., = voidage at choking

Changet al [11] have found out that Yang's correlation (4) ¢ applied successfully
to large-scale risers. Figure 4 shows how data fteenpresent work is bounded by
those correlations (4) and (5). We arrive at themes&onclusions as Bit al [8] who
reported the over-estimation of correlation (4), ilevh(5) under-estimates the
experimental data. The prediction of these cori@iatcan be considered satisfactory.

Choking
velocities (m/s)
Py

................ Uch (Yang [10])
—— Uch (Bi[14])

hd Experimentall
choking velocity

-----
—mne
aeme
-------
.....
-
_____
ey

= bW R ooy -1 o

=] -j -

. . . ., Totul soid

20 40 60 80 H(E;SIES

Figure4 : Comparison of correlations for choking limits frofang and Bet al.
[10,14] with experimental choking data of the preésgork

CONCLUSION
Experiments were conducted in a non-slugging G¥® with solid particles of a
higher density (bronze) compared to those encoedter literature (sand, glass beads
or FCC). Bronze was chosen to yield, with ambidémdization air, the same density
ratio as the French industrial CFB combustors eosipns. Investigations were
performed for a large range of solid mass flow &md fluidization velocity. Analyses
of the standard deviation of pressure drop fluobmst normalized with pressure drop
amplitudes and visual observations have shown: that
» a choking velocity is found at low fluidization weity and is associated with a
sudden breakdown of flow and no possible solidrcetation,
* a turbulent to fast transport regime transitionhagher fluidization velocities is
identified, characterized by the maximum of a ndirea standard deviation of
pressure drop fluctuations.




While correlations in existing literature develdpéor recirculating loops can
predict the choking limit encountered in the preésework fairly well, experimental
specific velocities identified for turbulent to fasansport transition are under-estimated
by 60%.

Analysis and discussion imply that two parametergy explain this
misprediction. Firstly, the density of the partglesed in the present work is high and
out of the correlations' application range. Secpntle system type is non-slugging
while correlations have been computed mainly watadrom slugging systems.

These results show that the use of existing carogls to predict the transition
from turbulent to fast transport regimes for lasgale experimental CFBs or industrial
units could yield to an under-estimation of thigidization regime transition velocity.
When an experimental facility must be in similitudéh an industrial CFB, if the
fluidization regime is to be retained as one of #mmilitude criteria, the existing
correlations do not seem to be able to providetalde answer.
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