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Abstract—Entrainment from an air fluidized bed of coal particles in a 14.5 cm-ID column has been
studied. The effects of gas velocity and mean particle size on the transport disengaging height(TDH) and en-
trainment rate have been determined. The entrainment rate increased with the increase in the fluidizing air
velocity but decreased with increase in the mean particle size and the column height above the fluidized bed.
The date of entrainment rate and the TDH have been correlated in terms of Froude and Archimedes numbers.

INTRODUCTION

The entrainment of solids above a fluidized bed is a
prime disadvantage of fluid bed operation since the loss
of fines due to the entrainment resulted in catalyst cost,
pollution abatement problem and loss of reaction rates,
etc. Recently, coal combustion in a fluidized bed com-
bustor has been a subject of worldwide interest. The low
grade coals can be utilized for industrial and utility
power generation whereas the higher grade coals shall
preferentially used for petroleum feedstocks, synthetic
fuels and metallugical processes. [n a fluidized bed com-
bustor, one of the main cause for the decrease in the
cormbustion efficiency is known to be the entrainment of
coal fines from the combustor [1, 2]. Therefore, the
knowledge of the entrainment pattern above the bed
and transport disengaging height(TDH) is indispensable
for an efficient design of coal combustors, cyclones, and
coal gasifiers, etc.

Therefore, in the present study, the effects of air
velocity (0.3-1.4 m/s), and coal particle size (0.12-0.5
mm) on the entrainment rate and the TDH have been
determined.

EXPERIMENTAL

Experiments were carried out at room temperature
and atmospheric pressure in a 14.5 cm-ID x 240 ¢m
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high plexiglas column which is shown in schematically
in Fig. 1. The main section of the column was con-
structed from three pieces of 14,5 cm-ID x 80 cm-high x
0.6 cm-thick plexiglas cylinder flanged together.

The solid particles were supported on a perforated
plate which served as the gas distributor (Table 1).

The oil free compressor air through a pressure regu-
lator, a filter and calibrated rotameters was fed to the
wind box in which a perforated plate was placed for
even air distribution.

Pressure taps were mounted flush with the column
wall at 10 cm height intervals. The static pressure at
each of these points was measured with a 45 degree
declined liquid paraffin manometer. From this measure-
ment, pressure profiles along the bed height were ob-
tained to determine the expanded bed height and the
bed density.

The entrained solid particles were sucked through a
suction probe which was made of glass tube. The
diameter of the probe mouth was 1.0 cm and its dia-
meter was reduced to 0.6 cm in order to accelerate the
collected solids into the suction chamber to prevent sal-
tation in the transfer line. The particle loaded air entered
a paper filter thimble where all the fines were trapped.
The thimbles were enclosed in a large chamber from
which clean air was sucked by a vacuum pump. The
flow rate of air was measured with a rotameter and the
pressure in the chamber was measured by a vacuum
gauge. The position of the probe tip was located by
means of a graduated scale.

The initial solid bed height was maintained at 30 cm.
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Fig. 1. Experimental apparatus.

The bed of solids were fluidized by air whose velocity
ranged from 30.5 to 137.2 cm/s depending on the parti-
cle size.

Ten sampling ports were located at 57, 74, 94, 114,
134, 159, 174, 194, 214 and 234 cm from the distributor
plate. In order to obtain an accurate solid sample, the
suction flow rate of air through the probe mouth was
maintained at the average superficial velocity in the col-
umn. At the given air velocity, point samples were taken
for 3 min. across the radius of the column at a number
of heights above the bed.

The entrainment rate constant was determined from
the knowledge of the weight of solids, dW, collected at
the given sampling time, dt, in a given cross sectional
area of the column, A, as

E—dW/A dt (1)

Table 1. Summary of the experimental conditions.

Coal
Ash:33.9%
Moisture:6. 32%
Fixed carbon:55. 14%
Volatile Matter:4.64%

Material

Particle diameter (mesh) —28+40, —40-60,
-60+100, - 100+140

Particle density 2.0g/cm?

Initial bed height 0.3m

Air velocity range 0.3~1.37m/s

opening area, %:1.05
hole size:1.0mm

Distributor (perforated
plate)

September, 1986

The expanded bed height was determined from the
plot of the static pressure against column height where
the expanded bed height was taken as the point at
which a change in the slope of the plot was observed.

The details of coal samples and the operating vari-
ables are summarized in Table 1.

RESULTS AND DISCUSSION

TDH is defined as the height above the bed at which
the entrainment rate and particle size distribution be-
come essentially constant [3]. Therefore, TDH can be
determined from the difference between the height of
the equilibrium stage and the expanded bed height. The
expanded bed height increased with increase in air
velocity.

The entrainment rate along the column height is
shown in Fig. 2. As can be seen in the figure, the change
of entrainment rate has two distinct stages [3], namely,
the kinetic stage in which the rate decreases with the
bed height and the equilibrium stage in which the rate is
independent of the bed height. From the figure, the
equilibrium stage height was taken as the point at which
a change in the slope of the plot was observed. In the
kinetic stage, the particles are entrained by the kinetic
force from the bubble breakage at the given bed surface.
Thus, the entrainment rate decreases with the column
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Fig. 2. Entrainment rate along the column
height (dp=0.333 mm).
Ug (cm/s):

C YaN Av4 O & ®
137.2 121.9 106.7 91.4 76.2 61.0



Entrainment of Coal Particles in a Gas Fluidized Bed 123

height. The amount of kinetic energy may depend more
on the frequency of bubble breakage than on the bubble
size [4].

The entrained rate decreases expunentially with the
bed height (Fig. 2) in the kinetic stage [5]. Thereby, the
TDH is equivalent to the height of the equlibrium stage.
Effect of Gas Velocity on the Entrainment Rate

The entrainment of the fines from a fluidized bed
consisting of a wide size spectrum will occur when the
gas velocity exceeds the particle terminal velocity. The
gas bubbles carry the fines and throw the fines up above
the bed surface with an eruption of bubbles since the ac-
tual local gas velocity is much higher than the super-
ficial velocity in the bed. Therefore, above the TDH, the
entrainment rate increased exponentially with gas
velocity (Fig. 3). For the sake of comparison, the data of
previous studies [6,7] are also plotted in the figure. As
can be seen in the figure, the entrainment rate is pro-
porticnal to the 3rd. to 6th. power of the air velocity.
This is consistent with the data of the previous studies
[6,7]. However, the entrainment rate slightly decreased
with the column height above the height of equilibrium
stage at the lower gas velocity (8,9] due to the small in-
ertia force.

The values of entrainment rate collected in the pre-
sent study are lower than the values from the correlation
of Zenz and Weil [7]. This may be due to the differences
in the particle size (11-168 xm), the solid properties
(FCC), and the range of air velocity empluyed (31-72
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Fig.3. Effect of gas velocity on entrainment
rate at the height above TDH(dp =0. 198
mm).
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Fig. 4. Effect of gas velocity on entrainment
rate as a function of particle size.
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cm/s). In addition, the data from the correlation of Mer-
rick and Highley [6] exhibit higher or lower values of
entrainment rates in the beds of different particle sizes
since their data were obtained from a fluidized bed com-
bustion pilot plant using the wide particle size distribu-
tion (0-2000 p#m). Also, their empirical correlation for
the elutriation rate was below the TDH.

Effect of Mean Particle Size on the Entrainment
Rate

The variation of entrainment rate due to the mean
particle size can be seen in Fig. 4 as a function of air
velocity. As can be expected, the entrainment rate in-
creased with the decrease in the mean particle size at a
given air velocity since the particle terminal velocity is
proportional to particle diameter.

The mean particle size of the entrained solids is plot-
ted against the inverse Froude number in Fig. 5. As can
be seen in the figure, there are three regions. The mean
particle size drop-off rapidely at the value of the inverse
Froude number in which the momentum of the bursting
bubbles is of importance. However, the rate of drop-off
gradually decreased as the inverse Froude number in-
creased. However, the dependence of the mean particle
size on the inverse Froude number gradually diminish-
ed and it levelled off at about the inverse Froude
number of 30 [9]. This value is far smaller than that in
the bed of fresh cracking catalyst (dp = 58 «m) fluidized
by air in 61 cm-ID column [9]. This difference may be
due to the differences of particle (FCC) properties (size
and density) and the geometry of fluidized bed em-
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Fig. 5. Plot of the geometric mean diameter of

the entrained particle against inverse
Froude number.
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ployed.
Radial Entrainment Profiles

A typical radial profile of the velocity obtained in the
column is shown in Fig. 6. In general, such profiles were
always relatively flat and exhibited the shape character-
istics of turbulent flow profiles. It may indicate that the
entrained particles in the bed was sucked by air through
the sampling probe at the average superficial velocity.
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Fig. 6. Radial profile of entrainment rate.
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Also, the radial profiles become flatter with the increase
in the column height [10]. This radial profile coincides
with the data of the previous studies [9,10,11]. The
downward flow of dense clusters along the column wall
was observed below the equilibrium stage height and
the concentration of solids in the vicinity of the wall may
be much higher than that in the center of the column
[11]. However, above the equilibrium stage height, the
downward flow of solid particles is negligibly small so
that the entrainment rate which was measured at the
center of the column can be represented as a mean
value across the column radius.
Correlation of Entrainment Rate and TDH

The entrainment in terms of the ratio of mass flux of
solids to mass flux of gas in the present and previous
studies [5,7,8,10-14] have been correlated in terms of
Froude and Archimedes numbers as

%=1. 86X 10°Ar™ ' Fr%*° 2)
where the correlation coefficient is 0.88. This correlation
covers the range of variables 2.45<Ar<43200 and 40<
Fr<6468.

Also, the data of TDH of the present and of previous
studies {7,8] have been correlated with the above di-
mensionless terms as

TDH
D¢

=1.38Ar*“Fr =" 3)

where the correlation coefficient is 0.92. Eq. (3) covers
the range of variables 17.2<<Ar<8803 and 2.48 Fr<
973.

In summary, the entrainment rate decreased with
the column height above the TDH and the mean particle
size but it increased with the air velocity. The transport
disengaging height (TDH) of coal particles was found to
be higher than the other particles such as sand or glass
beads and it decreased with the mean patticle size.

The values of the entrainment rate and TDH have
been correlated in terms of Froude and Archimedes
numbers.

NOMENCLATURE
A : cross sectional area of column, cm?
Ar . Archimedes number, dpp(p,~po)g/ t*
Dc : column diameter, cm
dp : particle diameter, cm
E : entrianment rate, g/crm’s
Fr . Froude number, Ug’/gH
g acceleration due to gravity, cm/s’
H : column height, cm
TDH : transport disengaging height, cm
Ug : gas velocity, cm/s

W weight of solids, g
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Greek Letters

Pa
Po
,u

“«

. gas density, glent’
particle density, g/cm’
. fluid viscosity, mPa s
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