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Beds of two granular materials belonging to groups A-B and B of the Geldart classifi-
cation of powders were fluidized by carbon dioxide at 358C and at 1 to 80 bar. Within
this pressure inter®al, spanning from subcritical to supercritical conditions, the fluid
density changes from the ®alues typical of dilute gases to those of liquids. The hydrody-
namic beha®ior of the bed changes accordingly. The bed beha®ior was in®estigated by
®isual inspection of the bed and by analysis of the time series of the pressure drop across
the bed and of the heat-transfer coefficient between the bed and a hot wire probe. The
boundaries between different capti®e fluidization regimes} incipient fluidization, onset
of bubbling, and the incipient and fully established turbulent regime } were mapped in
gas superficial ®elocity ®s. fluid density phase planes for the two granular materials
in®estigated.

Introduction
Increasing interest for fluidized-bed technology at high

pressures has been only partly supported by better under-
standing hydrodynamic behavior of solids fluidized with dense

Ž . Ž .gases. Knowlton 1992 and, more recently, Yates 1996
pointed out the established features and the open issues as-
sociated with the use of dense fluidized suspensions. The va-

Žriety of captive fluidization regimes homogeneous,
.bubbling-slugging, and turbulent and the implication of bed

hydrodynamics on the performance of fluidized-bed units call
for more of an extensive characterization of the dependence

Žof regime transitions on operating conditions superficial ve-
.locity, fluid density and viscosity, and properties of bed solids .

Research in this field has been mostly focused on the as-
sessment of conditions for the onset of the bubbling regime
and to characterization of bubble properties and fluidization

Žquality in pressurized fluidized beds Knowlton, 1977; Varadi
and Grace, 1978; Guedes de Carvalho et al., 1978; Subzwari
et al., 1978; King and Harrison, 1980; Sobreiro and Monteiro,
1982; Rowe et al., 1982, 1983; Barreto et al., 1983; Chitester
et al., 1984; Weimer and Quarderer, 1985; Hoffman and
Yates, 1986; Jacob and Weimer, 1987; Chan et al., 1987;

.Hatano and Kido, 1992; Wiman and Almstedt, 1997, 1998 .

Correspondence concerning this article should be addressed to P. Salatino.

The debate is still open on the mechanistic aspects underly-
ing the establishment of a homogeneously expanded state of

Ž .the bed Clift, 1993 . Several articles have addressed the rela-
Žtive importance of hydrodynamic forces Anderson and Jack-

son, 1968; Wallis, 1969; Verloop and Heertjes, 1970; Garg
and Pritchett, 1975; Foscolo and Gibilaro, 1984; Batchelor,

. Ž1988 vs. interparticle forces Baerns, 1966; Massimilla et al.,
1972; Donsı and Massimilla, 1973; Rietema, 1973; Mutsers`
and Rietema, 1977; Rietema and Piepers, 1990; Tsinontides

.and Jackson, 1993 as the factors stabilizing the homoge-
neously expanded state of the bed. The dispute was partly

Ž .reconciled by Martin 1983 who underlined the distinction
Žbetween particulate fluidization the homogeneous expansion

. Žis stabilized by hydrodynamics only and delayed bubbling in-
terparticle forces promote homogeneous expansion over a

.limited range of bed voidages .
The establishment of turbulent fluidization under pressur-

ized conditions has received comparatively little attention
ŽLanneau, 1960; Canada and McLaughlin, 1978; Yang and
Chitester, 1988; Cai et al., 1989; Lancia et al., 1990; Tsukada

.et al., 1993 . The mechanisms of bubble growthrsplitting and
the balance between visible bubble flow and interstitial flow
affect the transition between aggregative and turbulent flu-
idization. The way operating pressure influences these phe-
nomena deserves further investigation.
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Table 1. Properties of the Fluid and of the Solids

Pressure P, bar 1 20 40 60 80
Temperature, 8C 18 35 35 35 35

3Fluid density, kgrm 1.8 36 85 150 480
y5 y5 y5 y5 y5Fluid viscosity, Pa ? s 1.46=10 1.65=10 1.73=10 1.91=10 4.18=10

Archimedes number,
Ballotini 88 mm 143 2,100 4,420 6,300 4,930
Ballotini 175 mm 1,080 17,600 35,000 51,000 28,300

Ž .Crowther and Whitehead 1978 , while interested in super-
critical extraction of coal, pioneered the use of gases under
nearly- or supercritical conditions as fluidizing media to in-
vestigate the behavior of pressurized fluidized beds. This di-

Ž .rection was eventually followed by Salatino et al. 1991 , Po-
Ž . Ž .letto et al. 1993 and, more recently, by Liu et al. 1996 and

Ž .Marzocchella and Salatino 1996, 1998 . All these studies took
advantage of the property of nearly-critical fluids to undergo
dramatic change of density upon a moderate change in pres-
sure andror temperature. At the same time, fluid viscosity
changes to a much lesser extent and is generally closer to
values typical of dilute gases. This feature enables the span-
ning of a broad range of fluidization patterns}from those
typical of dilute gases to those typical of liquids}by chang-
ing the fluid pressure over a relatively limited range.

In this work, operation with nearly-critical carbon dioxide
has the objective of investigating captive fluidization regime
transitions over a broad range of gas densities with two solid
materials. Several experimental techniques have been used to
mark incipient fluidization, the onset of a bubbling regime,
and the incipient and full transition to the turbulent regime.
In particular, a novel technique based on the analysis of the
time-series of the heat-transfer coefficient between the flu-
idized bed and a hot wire probe}already successful at atmo-

Ž .spheric pressure Boerefijn et al., 1996, 1999 }has been ex-
tended to operation under pressure. It has proven to be the
most reliable method for marking the onset of bubbling un-
der the relatively smooth fluidization conditions typical of
pressurized fluidization. Boundaries of regions corresponding
to the different fluidization regimes have been mapped in gas
superficial velocity - fluid density phase planes.

Experimental Studies
Materials

Carbon dioxide at pressures ranging from 1 to 80 bar was
used as a fluidizing medium. The critical pressure is 72.9 bar,
and the critical temperature 31.18C. A supercritical operating
temperature of 358C was used in all experiments, but in those
experiments carried out at atmospheric pressure, the operat-
ing temperature was 188C.

Glass beads used as bed materials had a density of 2,440
3 Žkgrm and were sieved in either the 75]100 mm Ballotini,
. Ž .88 mm or the 150]200 mm Ballotini, 175 mm size ranges.

They, respectively, belong to the A-B and to the B groups of
the Geldart classification of powders referred to the fluidiza-
tion behavior at atmospheric pressure.

Table 1 shows the operating conditions of the experiments
and the properties of CO , as well as the Archimedes num-2
ber of the fluid-solid systems used in the experiments.

Experimental apparatus
The apparatus is shown in Figure 1. The fluidization col-

Ž . Ž .umn 30-mm-ID consisted of a lower section 600-mm-high
made of a polycarbonate tube that enables visual inspection

Žof the bed, and of a stainless steel upper section 700-mm-
.high serving as a disengagement section. Carbon dioxide, at

temperatures ranging from ambient to 808C and pressures
from ambient to 100 bar, can be continuously fed to the col-
umn via a recirculation loop embodying a diaphragm com-

Ž . Ž .pressor C , a back pressure regulating valve K1 , a water
Ž . Ž .cooled heat exchanger E1 , and an electrical heater E2 .

The maximum throughput in the loop was of about 100 kgrh.
The CO flow rate was measured by a Coriolis force-based2

Ž .mass flowmeter EXAC, FI1 , which also provided a measure
Žof the fluid density. The pressure pulsation dampers D1 and

.D2 were sized in order to reduce pressure fluctuations in

Figure 1. Experimental apparatus.
C compressor; D1, D2 pressure pulsation dampers; D P dif-
ferential pressure transducer; HWA hot wire anemometer;
E1 water-cooled heat exchanger; E2 electric heater; FI1
mass flowmeter and density meter; FI2 rotameters; K1
back-pressure regulating valve; K2, K3 flow regulation
valves; K4 bypass regulation valve; K5, K6 on-off valves; K7
fine metering valve; K8 venting valve; P1, P2 operating pres-
sure transducers; S0 filter; SV1 relief valve; T1, T3 platinum
thermometers; T2, T4 thermocouples; V fluidization col-
umn; V1 polycarbonate section of the column; V2 stainless-
steel disengagement section of the column.
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Ž .the vessel. A filter S0 downstream of the fluidization col-
umn collected any particles possibly entrained from the flu-
idized bed.

Ž .Two differential pressure transducers Figure 1 measured
the pressure drop over the bed DP and over the first 30 cm1
of the fluidization column, respectively. Their upper band-
width limit was about 100 Hz.

Ž .A hot wire anemometer HWA , which operated in the
constant temperature mode, provided the measure of the
heat-transfer coefficient between the suspension and a thin
platinum wire. Details on the operation of the anemometer

Žat atmospheric pressure are given by Boerefijn et al. 1996,
.1999 . The hot wire probe was modified in order to be oper-

ated at pressures up to 100 bar. The hot wire was 20 mm long
and 50 mm in diameter, and kept tight and horizontal by two
brass branches at a constant level of about 190 mm above the
distributor.

Signals from the differential pressure transducers and from
the anemometer were simultaneously recorded by a chart
recorder and logged at a sampling rate of 500 Hz on a per-
sonal computer equipped with an anti-aliasing card and a 16
bit ArD converter. The anti-aliasing card prevented the ac-
quired signals from being affected by high frequency noise.
The low-pass cut-off frequency was generally set at 30 Hz
and did not interfere with oscillatory phenomena typical of a
fluidized bed.

Experimental procedure
The fluidization column was charged with the bed solids

up to a static bed height of about 240 mm, corresponding to
250 g of bed material. Air was then removed from the system

Ž .by repeatedly pressurizing up to around 3 bar and de-pres-
surizing the plant with carbon dioxide. Finally, the plant was
brought to the operating pressure. At the beginning of each
experiment, the compressor was started, then fine adjustment

Ž .of the operating pressure by the valve K1 and temperature
Ž .by the temperature controller T3-E1 was accomplished. The
steady state of the plant was typically established in less than
one hour. During the experiments, the gas superficial velocity
Ž .U was quasi-steadily increased from zero up to a maximum
value that was limited by one of the following constraints:

v Ž .The maximum possible throughput in the loop 100 kgrh
v The maximum expansion of the bed compatible with its

visual inspection in the transparent section of the fluidization
Ž .column 600 mm

v The establishment of a gas superficial velocity larger than
the transport velocity of the bed at the specified conditions.
This occurrence was prevented by monitoring the pressure
drop across the bed DP that was never allowed to become1
appreciably lower than the buoyant weight per unit cross-sec-
tional area of the bed.

The process pressure and temperature were continuously
monitored during the operation. The fluid density considered
in the data analysis was the one measured by the flow- and
density-meter FI1 when it was higher than the lower sensitiv-

Ž 3.ity limit of the instrument 50 kgrm . Below this threshold,
fluid density was calculated as a function of pressure and
temperature by means of the real gases equation of state ac-
counting for nonidealities through a compressibility factor.

The viscosity of the fluid was calculated as indicated by Po-
Ž .letto et al. 1993 .

Under each set of operating conditions, the behavior of the
bed was characterized by the following techniques:
Ž .1 Visual inspection of the bed, including continuous

recording of bed height vs. fluid velocity. Results were deter-
Ž . Ž .mined in terms of the usual log e vs. log U Richardson-

Ž .Zaki 1954 plots, where e is the bed voidage
Ž .2 Time resolved recording of the pressure drop across

the bed D P at different U values1
Ž .3 Time resolved measurement of the heat-transfer coeffi-

cient h between the bed and the hot wire probe at different
U values.

Both time-series were eventually worked out to yield statis-
tical and spectral parameters. In particular, the average and
the variance of the time-series were adopted in the present
work to mark singularities associated with fluidization regime
transitions.

Experimental Results
Assessment of incipient fluidization

Figures 2A and 2B report the pressure drop across the bed
D P as a function of the fluid superficial velocity U recorded1
in experiments carried out with 88 and 175 mm Ballotini at
different absolute pressures. It can be noted that the bed
pressure drop under fluidized conditions decreases as pres-
sure increases. This is a consequence of the decreasing value

Ž .of the density difference between particles and fluid r y rs f
as operating pressure increases. Figures 3A and 3B report
the bed voidage e as a function of gas superficial velocity U
measured in the same experiments. Incipient fluidization
conditions were marked, as usual, as the intersections in Fig-
ures 2 and 3 between the curves relative to the fixed state
and those relative to the fully fluidized state of the beds. Val-
ues of the minimum fluidization velocities are reported in
Table 2 together with those estimated by means of the rela-

Ž .tionship proposed by Chitester et al. 1984 .

Uniform bed expansion
Visual inspection of the bed suggested that the larger the

fluid pressure, the broader the ranges of U within which ho-
mogeneous fluidization occurred for both solids. Bed voidage
vs. gas superficial velocity in the homogeneous expansion

Ž .range Figure 3 were correlated according to the Richardson
Ž . nand Zaki 1954 equation UsU e . Best fit parameters U0 0

and n for each operating condition are reported in Table 2.
Notably, U and n were close to theoretical values of parti-0

Žcles terminal velocity U calculated according to Haider andt
. Ž .Levenspiel, 1989 and of Richardson and Zaki 1954 expo-

nents, respectively.
A reproducible, though limited, range of uniform expan-

sion is observed at 1 bar fluid pressure with both materials.
This behavior is expected in the case of 88 mm glass beads,
lying at the boundary between groups A and B of the Geldart
classification of powders. It is unexpected for Ballotini 175
mm belonging to the B group. This behavior might be ex-
plained by considering that experiments at 1 bar were carried
out at a temperature lower than the critical temperature of
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Figure 2. Pressure drop over the bed vs. superficial
fluid velocity.
Ž . Ž .A 88 mm Ballotini; B 175 mm Ballotini.

carbon dioxide. Capillary condensation of CO and conse-2
quent particle bridging at the subcritical conditions of these
tests might have been responsible for delayed bubbling
Ž .D’Amore et al., 1979 .

Figure 3. Average bed voidage vs. superficial fluid ve-
locity.
Ž . Ž .A 88 mm Ballotini; B 175 mm Ballotini.

Assessment of the onset of the bubbling regime
Marking the onset of bubbling by visual inspection of the

bed has been always associated with some uncertainty in this

Table 2. Parameters of Bed Expansion and of Fluidization Regime Transitions

Material Ballotini 88 mm Ballotini 175 mm

P, bar 1 20 40 60 80 1 20 40 60 80
UU , cmrs 1.1 0.86 0.90 0.74 0.30 3.0 2.7 2.5 1.8 0.82m f

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .1.01 0.90 0.83 0.76 0.33 3.96 3.08 2.54 2.09 0.99
U , cmrs 1.5 1.2 1.4 1.6 1.1 3.65 3.32 3.1 3.0 1.6m b
e , 0.44 0.44 0.47 0.50 0.58 0.40 0.41 0.43 0.45 0.50m b
U , cmrs 26.7 18 8.8 6.8 2.4 )16 17 13 7.5 2.5c
U , cmrs 30 )23 13 11.5 3.2 )16 )25 20 . 13 2.7k
U , cmrs 38 23 15 13 6.9 } 43 37 20 100

UUU , cmrs 51 24 18 14 7 125 45 32 24 12†
†n 3.9 3.6 3.1 3.1 3.0 } 2.6 3.1 2.5 2.7

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .3.8 3.1 2.8 2.9 2.9 3.1 2.5 2.5 2.5

U Ž .Value in parenthesis calculated according to Chitester et al. 1984 .
UU Ž .Calculated according to Haider and Levenspiel 1989 .

† Ž .Value in parenthesis calculated according to Richardson and Zaki 1954 .
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and in previous investigations. This is especially true as pres-
sure increases, since fluidization becomes smoother even un-
der aggregative fluidization conditions.

An alternative method for the assessment of incipient bub-
bling conditions is represented by the analysis of plots in Fig-

Ž . Ž .ure 3. Departure from the linearity of log e vs. log U
plots could be interpreted as the bubbling onset. However,

Ž .assessment of this transition from singularities in the log e
Ž .vs. log U plots is also associated with some uncertainty.

The most effective method for the assessment of mimimum
bubbling conditions has proven to be the analysis of the
time-series of the bed-wire heat-transfer coefficient. It has

Žbeen suggested Kumar et al., 1993; Boerefijn et al., 1996,
.1999 that fluctuations of h are related to particle motion

rather than to turbulence intrinsic to the fluid, even under
dense bed fluidization conditions and regardless of how large
is the contribution to h by fluid convection. Accordingly, the
hot wire anemometer would be sensitive to particles fluctua-
tions as small as those induced by the passage of a voidage
wave, the bubble precursor.

Figure 4 reports typical time-series of the heat-transfer co-
efficient recorded with beds of the two solids at two pressure

Figure 4. Time series of the dimensionless heat-trans-
fer coefficient.
Ž . Ž . Ž .A CO -Ballotini 88 mm; B CO -Ballotini 175 mm; C2 2
water-Ballotini 175 mm.

levels. Two gas superficial velocities have been considered for
each system, one belonging to the uniform expansion range
and the other corresponding to well established bubbling
regime. For comparison, a similar time-series recorded in a
bed of 175 mm glass beads fluidized by water is reported
Ž .Boerefijn et al., 1996 . The different patterns associated with
aggregative and homogeneous fluidization are easily recog-
nized and will be further discussed in the following section.

Figure 5 reports the average heat-transfer coefficient h as
a function of the gas superficial velocity. In the same figure,
the variance s 2 of the time-series of the anemometric signalh
is plotted. Plots are restricted to ranges of gas superficial ve-
locities close to incipient fluidization and bubbling. h vs. U
plots denote a discontinuity corresponding to the bubbling
onset at the lowest pressures. On the contrary, h increases
smoothly with U at high pressure without any remarkable sin-
gularity. The s 2 vs. U plots display a singularity with a sud-h
den change in the slope at a superficial velocity U corre-

Ž .sponding to the bubbling onset U at any operating pres-mb
sure and with both bed solids. No such singularity is instead
observed at the incipient fluidization, unless it is coincident

Ž . Žwith or close to the bubbling onset this was the case for
. 2both solids at atmospheric pressure . It is concluded that sh

vs. U plots effectively reflect particle mobility associated with
the bubbling onset. Values of U determined according tomb
this procedure are reported in Table 2 together with the bed
voidage e at the incipient bubbling. Values of e closelymb mb

Žagree with those obtained in a previous investigation Poletto
.et al., 1993 .

The method based on the analysis of the s 2 vs. U plots ish
based on a concept similar to the one put forward by Taylor

Ž . Ž .et al. 1974 and later developed by Hong et al. 1990 to
identify the minimum fluidization velocity from analysis of

Ž 2 .the variance s of the pressure drop across the bed. TheseD P1

authors related the sharp increase in s 2 with U for Gel-D P1

dart group B particles to the solids oscillations at the bed
surface due to bubbles bursting. Instead, for particles charac-
terized by the existence of a uniform bed expansion, the sharp
increase in s 2 with U is rather related to the bubblingD P1

onset. The s 2 vs. U analysis method was also used in thisD P1

study. Figure 5 reports s 2 vs. U plots in the vicinity of theD P1

incipient fluidization and incipient bubbling velocities. The
onset of bubbling is marked by a singularity in the curves
that, however, is much less pronounced than the one appear-
ing in the corresponding s 2 vs. U plots. When comparingh
the two methods, it should be noted that pressure fluctua-
tions are related to an integral property of the bed, namely
the periodic change in the bed height. Fluctuations of heat-
transfer coefficient, on the other hand, are related to the lo-
cal perturbations induced by the passage of bubbles. The lo-
cal character of the s 2 vs. U plot, as opposed to the integralh
character of s 2 vs. U plots, might explain the better accu-D P1

racy of the U assessment based on the former analysis.mb
Agreement between the incipient bubbling velocities evalu-
ated with the two techniques is in any case satisfactory.

It must be noted that, because of the relatively small col-
umn diameter, slugging fluidization is established at large flu-
idization velocities and at low pressures, while bubbling is
established at any superficial velocity beyond U and at highmb
Ž .)20 bar pressures.
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( ) ( )Figure 5. Heat-transfer coefficient + , its variance l
( )and pressure drop variance ' as functions

of fluid superficial velocity in the vicinity of in-
cipient fluidization and bubbling.
Ž . Ž . Ž .A CO -Ballotini 88 mm; B CO -Ballotini 175 mm; C2 2
water-Ballotini 175 mm.

Assessment of the transition to the turbulent regime
Figure 6 shows the dimensionless variance of the pressure

Ž 2 2.drop across the bed s rD P as a function of the gas su-D P 11

perficial velocity at different operating pressures for the 88
mm and 175 mm glass beads. The s 2 rD P 2 vs. U pattern isD P 11

Žthe well-known bell-shaped curve Yerushalmi and Avidan,

. 2 21985 . Gas superficial velocities at which s rD P is at aD P 11

maximum and at which it levels off, have been assumed, re-
spectively, as the beginning U and the end U of the transi-c k

Žtion to the turbulent fluidization regime Yerushalmi and
.Avidan, 1985 . Note that no detectable decrease in the pres-

sure drop across the bed was observed over several minutes
of operation of the bed even at fluid superficial velocities
over U . Furthermore, the original bed height was always re-k
obtained upon defluidization at the end of the experiments.
These observations, together with the absence of solids in the

Ž .filter S0 Figure 1 , suggested that elutriation was not signifi-
cant under the experimental conditions tested. Therefore,
leveling off of the s 2 rD P 2 could not be attributed to bedD P 11

Ž .entrainment Geldart and Rhodes, 1986 .
Note in Figure 6 that the amplitude of pressure fluctua-

tions first increases, then decreases with the operating pres-
sure at a given fluid superficial velocity U. This effect might
be related to the non-monotonic pressure-dependence of the

Žmaximum stable bubble size observed by other authors such
as Hoffmann and Yates, 1986; Olowson and Almstedt, 1990;

. 2 2Cai et al., 1994 . It is observed that the s rD P becomesD P 11

very small and is significantly affected by the experimental
error beyond 60 bar, consistently with the observation that
fluidization at high pressure is smooth even under aggrega-
tive fluidization conditions.

Discussion
Results of the evaluation of fluidization regime transitions

are summarized in Figures 7A and 7B for 88 mm and 175

Figure 6. Dimensionless variance of the bed pressure
drop vs. superficial fluid velocity.
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Figure 7. Velocities at regime transitions vs. fluid den-
sity.
Ž . Ž .A Ballotini 88 mm; B Ballotini 175 mm.

mm glass beads, respectively. These figures show data points
corresponding to regime transitions in a gas superficial veloc-
ity vs. fluid density phase plane. The theoretical value of the

Žparticle terminal velocity according to Haider and Leven-
.spiel, 1989 is also reported.

The figures summarize the main features of the fluidiza-
tion under pressure of the two materials.

Incipient Fluidization. Gas superficial velocity at incipient
fluidization decreases as the fluid density increases. This ef-
fect is enhanced as the operating pressure is above 60 bar.

Homogeneous Expansion and Onset of Bubbling Regime.
The region of homogeneous fluidization is wider for the finest
solids and broadens as the fluid density increases. For the
finest particles, a nonmonotonic trend of U vs. fluid den-mb
sity is observed, consistently with observations of Chitester et

Ž .al. 1984 .
The question is open as to whether homogeneous expan-

sion of the bed observed under the conditions of the present

work corresponds to particulate fluidization or rather to de-
layed bubbling regimes. According to the definitions given by

Ž .Martin 1983 , particulate fluidization is a state of the bed
characterized by uniform concentration of relatively freely-
moving particles with transient particle-particle contacts. The
delayed bubbling is a state of the bed characterized by the
formation of coherent skeletons of particles stabilized by in-
terparticle forces. The cellular structure of the bed under the
action of forces at the particle-particle contact points in ho-
mogeneously fluidized gas-solid systems was well docu-

Ž .mented by Massimilla et al. 1972 and Donsı and Massimilla`
Ž .1973 . Whether particulate fluidization or delayed bubbling
regimes applies, not only is it relevant to the assessment of
the mechanisms responsible for the stabilization of the uni-
formly expanded bed state, but it is also relevant to impor-
tant properties of the fluidized suspension such as the extent
and patterns of solids mixing and heat transfer.

Ž .Poletto et al. 1993 carried out an investigation on the
nearly-critical fluidization of a broad range of solid materials.
They suggested, on the basis of arguments concerning simi-
larity, that criteria based on hydrodynamics alone could not
explain the stabilization of the uniform bed expansion ob-
served under the experimental conditions tested. This finding
supported the view that a delayed bubbling state of the bed
could have been stabilized by interparticle forces. Results ob-
tained with the analysis of the time-series of the hot wire-bed
heat-transfer coefficient apparently provide additional sup-
port to this view. Data in Figure 5 indicate that the variance
of the heat-transfer coefficient is as negligible in the homoge-
neous fluidization regime as in the fixed-bed regime. On the
contrary, values of s 2 change abruptly upon increasing gash
superficial velocity beyond U . If fluctuations of h are asso-mb
ciated to particles packets motion, as suggested by Boerefijn

Ž . 2et al. 1996, 1999 , the very low s implies that particle mo-h
bility is substantially hindered at gas superficial velocities
comprised between incipient fluidization and incipient bub-
bling; hence, a delayed bubbling state is established. In
agreement with this scenario is the comparison between the
time-series of h }and its variance}recorded for the glass
beads-CO systems, within the homogeneous fluidization2
range, and those recorded in a truly particulate system,

Žnamely, 175 mm glass beads fluidized by water Figures 4 and
.5 . Much broader oscillations, possibly related to larger parti-

cle mobility, are observed in the liquid-fluidized than in the
homogeneously gas-fluidized beds. Correspondingly, the vari-
ance of h departs from zero at U)U in the liquid-flui-m f

Ž .dized bed Figure 5C , whereas it departs from zero at U)
ŽU for the homogeneously gas-fluidized bed Figures 5A andmb

.5B .
Turbulent Fluidization. Transition to turbulent fluidization

occurs at gas superficial velocities decreasing when pressure,
hence fluid density increases. The velocity range of turbulent
fluidization broadens mostly at the expense of the aggrega-
tive fluidization range. At the same time, the distinction be-
tween aggregative and turbulent fluidization regimes be-
comes less pronounced. Also, the U -U range narrows asc k
pressure increases. Pressure is likely to affect this transition
in a twofold way. On the one hand, average bubble size de-
creases as pressure increases, ultimately approaching the
length scale of particles clusters. On the other hand, solid
concentrations in the emulsion and in the lean phases of the
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Figure 8. Map of fluidization regimes in terms of
Reynolds vs. Archimedes numbers plots.

ŽLines represent literature correlations: Re Chitester etm f
. Ž . Žal., 1984 ; Re Nakajima et al., 1991 ; Re Bi and Fan,c k

.1992 .

bed in the bubbling state approach each other as pressure
Ž .increases, as observed by Lanneau 1960 . This is related to

Žlarger interstitial flow and, conversely, smaller visible bubble
. Ž .flow established with finer solids. Gilbertson et al. 1998

observed that bed voidage in bubbles departs significantly
from unity as pressure increases. Lean phase ‘‘densification’’
and increasing expansion of the emulsion phase would then
concur in making the transition between the bubbling and
the turbulent regimes less sharp as pressure increases.

In the present study, U decreases as fluid pressure in-c
Ž .creases. The same trend was reported by Cai et al. 1989 and

Ž . Ž .Tsukada et al. 1993 , whereas Lancia et al. 1990 reported
that U was barely affected by gas pressure. U decreases asc k
pressure increases in agreement with findings of previous in-

Žvestigators Yang and Chitester, 1984; Cai et al., 1989;
.Tsukada et al., 1993; Lancia et al., 1990 .

Captive fluidization regimes have been replotted in dimen-
sionless form in Figure 8 by reporting the particle Reynolds
number at the regime transition velocity as a function of the
Archimedes number of the fluid-solids system. In the same

Žfigure, correlations for the evaluation of U Chitester et al.,m f
2 . Ž'1984: Re s 28.7 q0.0494 Ar y28.7 , U Nakajima etŽ .m f c

0.467. Žal., 1991: Re s0.663 Ar , and U Bi and Fan, 1992: Rec k k
0.695 0.419 .s0.601 Ar for Ar F125; Re s2.28 Ar for Ar )125k

are plotted for comparison. Note that only the first correla-
tion was intended for use under pressurized conditions, with
the others relying on experiments carried out at atmospheric
pressure only. When looking at data points in Figure 8, it
should be considered that the Archimedes number changes
nonmonotonically as fluid pressure is increased, being maxi-
mum at Ps60 bar.

The analysis of Figure 8 suggests that Re calculated ac-m f
Ž .cording to Chitester et al. 1984 agrees fairly well with the

experimental data points estimated in the present study for
the fine particles. It is slightly overestimated for the coarse
material throughout the pressure range investigated.
Reynolds numbers Re estimated at the bubbling onset in-mb
crease with the Archimedes number. Re vs. Ar profiles formb

the two bed solids do not overlap with each other. Reynolds
numbers Re at the incipient turbulent regime appear to bec
underestimated by an almost constant factor by the Nakajima

Ž .et al. 1991 correlation. Reynolds numbers corresponding to
the full establishment of the turbulent regime Re are poorlyk

Ž .reproduced by the Bi and Fan 1992 correlations. These re-
lationships suggest that, in the range of Archimedes numbers
investigated, the velocity at the fully established turbulent
regime U coincides with the transport velocity. This is ink
contrast to the results of the present study that indicate that
a well developed turbulent regime may be established at su-
perficial velocities above U at pressures higher than 20 bar.k

Conclusions
The transition between captive fluidization regimes was in-

vestigated in experiments in which carbon dioxide at pres-
sures ranging from subcritical to supercritical was used as flu-
idizing medium. The behavior of the fluidized suspension was
characterized by visual inspection of the bed and statistical
analysis of the time-series of the pressure drop across the
bed, and of the heat-transfer coefficient between the flu-
idized suspension and the hot-wire probe.

Maps of fluidization regimes in a gas superficial velocity vs.
fluid density phase plane were outlined for the two materials
investigated. The following general features were observed:

v Incipient fluidization occurs at fluid superficial velocities
that decrease as pressure, hence fluid density, increases, par-
ticularly beyond 60 bar

v Region of homogeneous fluidization broadens as the fluid
density is increased

v Region of homogeneous fluidization is broader for the
fine bed solids

v Statistical analysis of the heat-transfer coefficient fluctu-
ations suggests that solids mobility is substantially hindered
at gas superficial velocities within the range of uniform ex-
pansion

v Transition to turbulent fluidization occurs at decreasing
fluid superficial velocities as pressure increases. The region
in the gas velocity vs. the fluid density phase plane, within
which turbulent fluidization is established, broadens as pres-
sure increases, mostly at the expense of the aggregative flu-
idization region

v Fluidization becomes smoother even under aggregative
fluidization conditions as fluid density increases. Correspond-
ingly, the distinction between aggregative and turbulent flu-
idization becomes less pronounced.

Notation
ArsArchimedes number

3�w Ž . x 24d r r y r g rmp f s f f
d sparticle diameter, mp

gsacceleration due to gravity, mrs2

hsheat-transfer coefficient, kWrK ?m2

nsRichardson and Zaki exponent
D P sbed pressure drop, mbar1

Us fluid velocity, mrs
m s fluid viscosity, Pa ? sf
r s fluid density, kgrm3

f
r sparticle density, kgrm3

s
Psoperating pressure, bar

2 Ž 2 .2s s variance of h fluctuations, kWrK ?mh
s 2 s variance of pressure drop fluctuations, mbar 2

D P1
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Subscripts
a®saverage

csbeginning of transition to turbulent regime
ksend of transition to turbulent regime

mfs incipient fluidization
mbs incipient bubbling

tsparticle terminal velocity
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