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Numerous studies undertaken recently to gain increased 
insight into the dynamics of granular systems emphasize that 
in vibrating beds, particle collisions produce convection and 
turbulence. However, a bed composed of particles (such as 
sand) and fluidized by an upward fluid flow (such as air) pre- 
sents more complex phenomena, given the existence of hy- 
drodynamic interactions (Davidson et al., 1985). 

The upward flow of air through the bed of particles pro- 
duces a fixed bed at low flow rates, but at higher rates, the 
solids are lifted and moved in a complex and turbulent pat- 
tern, giving rise to a fluidized bed (Kunii and Levenspiel, 
1991). At higher velocities, the solids are transported from 
the riser into the fluid stream. In this case, the flow is di- 
verted into a cyclone where the solids are separated from the 
air. Then, the particles are recycled via a return loop and 
then reintroduced into the vessel. In most fluidization appli- 
cations, the carryover of fine particles in the exit gases is re- 
garded as an inconvenience to be tolerated in exchange for 
the advantages offered by this technique. In fluidized beds, 
carryover and reinjection of all bed material is essential. 

Fluidized-bed technology has progressed rapidly in com- 
bustion applications. The driving motivation behind this de- 
velopment is its excellent stability and temperature control, 
even with low grade fuels. This technology offers nearly opti- 
mal conditions for effective sulfur capture thanks to precise 
temperature control and intense mass/energy transfer be- 
tween particles and gas. Unfortunately, these possibilities 
have not been fully developed. The solid volume fraction dis- 
tribution and the solid flux inside the reactor must therefore 
be recovered if the reaction rates, fluidization quality, and 
energy transfer are to be controlled. Moreover, the design of 
solid recovery equipment (such as cyclone trains) requires ac- 
curate prediction of the solid circulating rate and the size 
distribution of entrained solids. 

Numerous authors have investigated the influence of the 
solid characteristics on flow hydrodynamics. Lewis (1962) 
measured the entrainment rate of solids which are composed 
of uniform particles. He reported that the entrainment does 
not become significant until the superficial gas velocity 
reaches a value considerably greater than the free falling ve- 
locity of the particles. This author also investigated the ef- 
fects of column diameter, particle density, freeboard, and 
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dense bed depth on the circulating solid rate. Entrainment 
rates were found to depend on a large number of variables. 
The difference between the magnitude of the superficial gas 
velocity and the particle terminal velocity is considered to be 
the major factor influencing the rate of solid entrainment 
(Wen and Hashinger, 1960). Numerous correlations, based on 
an elutriation constant, have been proposed for the predic- 
tion of3 the circulating solid rate. These correlations have been 
derived either for similar sized particles or for very wide par- 
ticle-size distributions (PSDs). These correlations may, how- 
ever, prove inaccurate when used outside the experimental 
conditions for which they were developed. There is virtually 
no information describing the effect of PSD on the fluid dy- 
namics of circulating fluidized beds. Sun and Grace (1992) 
have recently conducted a number of experiments on transi- 
tions between different fluidization regimes. They used dis- 
tributions that presented roughly the same Sauter diameters 
with different widths. The results indicated that the ampli- 
tude and the frequency of pressure fluctuations are both in- 
fluenced by particle-size distribution, as is the transition be- 
tween fluidization regimes. 

The present study was undertaken to gain increased insight 
into the effect of PSD on the entrainment in circulating flu- 
idized beds. In this article, the experimental results show the 
influence of the PSD on the circulating solid rate. 

Our experimental apparatus is shown in Figure 1. The main 
system consists of (a) a riser column (1) with a 100 mm X 100 
mm square cross section, and a height of 1,200 mm; (b) a 
cyclone separator (2) placed at the outlet of the column; (c) a 
solid storage hopper; (d) an Archimedes screw driven by an 
electric motor (3). The scale of the riser was chosen in re- 
spect of the dimensionless hydrodynamic parameters pro- 
posed by Glicksman (1994). 

The air is sucked through a perforated plate (30% of free 
area) which serves as a fast air distributor to the bed. Be- 
neath this plate, there is a homogenization system composed 
of cylindrical tubes which maintain the gas flow inside the 
riser symmetrical. The carrying gas rate is measured by a gas 
flow counter located between the pump and the cyclone in- 
let. The riser, the cyclone, and the buffer riser are made of 
Pyrex to allow visual observation. 

The circulating solid rate through the riser (and hence the 
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Figure 1. Experimental setup and a sample of the size 
distribution spectrum of the powder blends. 

mass-flow rate of solids) is measured by diverting the flow 
from the cyclone outlet into a weighing container placed on 
two force transducers. The flow is then sent into the buffer 
hopper through a pneumatically-controlled valve. The solid 
rate is determined by closing the hopper’s pneumatic outlet 
valve and monitoring the weight increase (force transducers) 
at suitable intervals, thus maintaining a steady state in the 
riser. Operating conditions are recorded, and a steady state 
was assumed to have been reached when the time-averaged 
pressure signal and injected air rate have fairly stable values. 

The solids used are spherical glass particles with a material 
density of 2,400 kg/m3. The PSDs are chosen according to 
the classification presented by Geldart (1979). Figure 1 shows 
a sample of the PSD function for the powder blends used in 
this study. Each PSD is characterized by a volume-surface 
mean diameter (Sauter diameter) and a standard deviation 
(distribution breadth). Various PSD are used under experi- 
mental conditions with different Sauter diameters and stan- 
dard deviations. 

The fluidization of solid distributions progresses through 
macroscopically distinct regimes of solid carryover as the gas 
flow increases. These transitions in Figure 2 show the general 
increase in the net solid entrainment flux from the riser as 
the gas flow increases. A number of published correlations 
describe this evolution using exponential functions of the su- 
perficial gas velocity (Kunii and Levenspiel, 1991). The de- 
tailed analysis of these profiles led us to present this varia- 
tion on a semilogarithmic scale (Figure 2). In this representa- 
tion, the variation of the circulating solid rate is not linear 
over the entire scale of the superficial gas velocity studied. 
The behavior of this flow parameter is apparently more com- 
plex. Three ranges presenting different carryover behavior 
can, however, be distinguished. 

The first range is characterized by a low particle carryover 
rate. The mean upward gas velocity is less than the terminal 
velocity of most particles in the bed. At the outlet of the 
riser, we observe a small quantity of solids presenting very 
weak concentrations. The visualized flow pattern indicates 
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Figure 2. Solid entrainment rate vs. superficial gas ve- 
locity. 
Distinct carryover states are indicated. 

that the flow in this first range is governed by the bubbling 
phenomenon. In this case, we observe the formation of bub- 
bles (or pockets of air) which rise through the dense bed, 
bursting through its surface, and projecting agglomerates of 
particles into the space above. This first range ends at a su- 
perficial gas velocity Ugl (m/s). 

The third range is observed for relatively high superficial 
gas velocities (that is, greater than most terminal velocities of 
the particles in the bed). The carryover law in this range can 
be approximated by a strongly sloping linear function, which 
indicates a significant increase in the net particle flux with 
additional increase in gas velocity. This range corresponds to 
the formation of the fast fluidization regime characterized by 
higher solid concentrations along the riser. The superficial 
gas velocity Ugz (m/s) corresponds roughly to the beginning 
of this third carryover range. 

Between the ranges of weak and strong solid carryover, we 
observe a third range called the transition range. The solid 
carryover law can be approximated by a linear curve as a 
function of the superficial gas velocity in this range. The slope 
of this curve is greater than in the other two ranges. In the 
first and third ranges, the breadth of the particle-size distri- 
bution does not play a major role in the mechanisms that 
govern the carryover of solids out of the riser. In the first 
state, hardly any particle classes are carried out of the col- 
umn, whereas in the third state all classes are carried out. 
The breadth of the distribution probably has little influence 
on the hydrodynamics governing the flow in these two ranges. 
In the transition range, however, further increase in the su- 
perficial gas velocity causes more and more particle classes to 
be carried over into the freeboard above the bed. The mech- 
anisms governing the entrainment of solids through the riser 
are thus strongly dependent on both the breadth of the distri- 
bution and on the superficial gas velocity. The combination 
of these two effects may explain the more pronounced and 
specific increase in the net solid flux in this range. 

Measurements of the solid entrainment rate were carried 
out for two powder blends presenting nearly identical distri- 
bution breadths (8 and 11 pm) and different Sauter diame- 
ters (53 and 110 pm). Similar variation laws with the superfi- 
cial gas velocity were obtained for the two powder blends. In 
earlier studies, the solid entrainment rate has been plotted 
using different methods to determine the effects of specific 
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variables. In the present work, we choose to represent the 
solid entrainment rate as a function of the difference be- 
tween the superficial gas velocity (m/s) and the free falling 
velocity of the particle with the Sauter diameter for the given 
distribution (U, - q). [q is the free falling terminal velocity 
of the median particle (ZJ m/s calculated using the Schiller 
and Nauman (1935) drag coefficient. Jp is the mean Sauter 
diameter (volume-surface mean diameter), m.] This velocity 
difference is called “slip velocity.” Figure 3 shows the solid 
entrainment rate measurements as a function of the slip ve- 
locity. In this representation, it is clear that the two profiles 
merge and present fairly similar variation laws. In this case, 
the Sauter diameter is not seen to have any influence. This 
graphical representation effectively shows the influence of the 
breadth of the solid size distribution. 

Figure 4 shows the solid entrainment rate as a function of 
the slip velocity for three different powder blends (presenting 
Sauter diameters of 58, 123, and 181 pm, and standard devi- 
ations of 6, 13, and 21 pm, respectively). These three solid 
size distributions have nearly the same relative speed (ratio 
of the breadth of the distribution to the Sauter diameter). 
This ratio is equal to l l % k  1%. The diagram vs. U, - q )  
is found to group the three entrainment rate profiles in a 
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Figure 4. Solid entrainment rate vs. Ug-Ut for three 
PSDs having nearly the same relative spread 
u/dp (about 11%). 

common slip velocity range. [+zjz, is the external solid circulat- 
ing rate or solid entrainment rate (kg/m’s).] It should, how- 
ever, be noted that these profiles present some gaps; in this 
representation the order of the curves is reversed. It can be 
seen that the gap between the profiles increases with the 
width of the distribution. The solid entrainment rate corre- 
sponding to the first powder blend (breadth 6 pm) presents 
an abrupt variation. The transition range is weakly marked. 
On the other hand, the profile corresponding to the third 
powder blend (breadth 21 pm) presents a somewhat more 
progressive variation. In this case, the transition range is con- 
siderably more pronounced. The transition range (and the 
shape of the solid entrainment rate profile) is strongly de- 
pendent on the breadth of the PSD. As the standard devia- 
tion of the PSD increases, the transition is more progressive 
from regimes with weak solid carryover to regimes with con- 
siderable solid entrainment. 

As can be seen in Figure 4, the relative spread (o/dp) 
(maintained at a constant value for the three PSDs tested) 
does not produce similar laws of solid entrainment. [u is de- 
fined as the breadth of the PSD (standard deviation), m.] Us- 
ing powder blends with the same breadth and different Sauter 
diameters, we should obtain the same solid entrainment laws 
(that is, in the diagram represented by i+zs vs. (U, - q). The 
breadth of the PSD seems to be a specific parameter of the 
gas-particle flow. 

In conclusion, the analysis of the solid entrainment rate 
profiles has revealed the existence of a transition flow range 
between a range characterized by a weak solid carryover and 
a second range characterized by a considerable solid carry- 
over. The broader the PSD of the solid phase, the more pro- 
gressive the transition. The physical mechanisms governing 
the flow in this range are greatly dependent on the PSD and 
on the superficial gas velocity. The range of superficial gas 
velocity (where the solid entrainment rate profile is located) 
depends on the Sauter diameter of the PSD, whereas the 
shape (and thus the law of variation of the solid carryover) 
depends only on the width of the PSD. When analyzing the 
particle-gas flow in a circulating fluidized bed, the granulo- 
metric characteristics of the solid phase must be taken into 
account. The standard deviation of the PSD and the Sauter 
diameter are most probably independent parameters of the 
two-phase flow. 
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