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Abstract—Hydrodynamic properties in turbulent fluidized beds of three different sizes of coal (dp=
0.507, 0.987, 1.147 mm) have been determined from the pressure fluctuations in a 0.1 m-ID x 3.0 m high
Plexiglas column. The transition velocity from the slugging to turbulent flow regimes can be determined from
the statistical analysis of pressure fluctuations such as mean amplitude, standard deviation and skewness, the
pressure wave velocity, and the bed expansion with gas velocity. The bed expansion in the slugging and tur-
bulent flow regimes cannot be estimated from the two-phase theory. The voids rise velocity and the bed
expansion ratio (H/H,) in the turbulent flow regime have been correlated with the relevant dimensionless

and operating parameters
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The transition velocity to the turbulent flow regime has been determined based on the slug breakdown
caused by the inertial force of an upflowing maximum stable slug which overcomes the gravitational force in-

duced by solid refluxing as:

Re.=((33.7)*+0.0408 Ar)*"*+0.598 Ar'"*— 33, 7

INTRODUCTION

A further increase in gas velocity beyond the slugg-
ing flow regime starts the turbulent flow regime which
is characterized by the breakdown of larger bubbles or
slugs into smaller voids in the bed. This high velocity
fluidized bed operation has received considerable at-
tention in recent years due to the great contacting
capabilities between the gas and solid phases in the
catalytic and non-catalytic reaction systems.

Therefore, combustion of coal in the high velocity
fluidized beds is subjected to research since it proves
to have many advantages for coal utilization such as
fuel flexibility, high combustion efficiency, high sulfur
retention, lower NO, emission, easy fuel handling,
high heat release rate, high turndown ratio or load
[1-3]. In addition, a high velocity fluidized bed com-
bustor has been operated to generate a total of 2100
MWe by a combined cycle system with gas and steam
turbines [4].
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Information on the hydrodynamic properties in the
high velocity fluidized bed of coal particles are needed
to design the combustors and to evaluate the operating
performance. Therefore, in the present study, the hy-
drodynamic properties such as the pressure fluctua-
tions, voids rise velocity and the bed expansion have
been determined in a turbulent fluidized bed of coal.
In addition, the transition velocity to the turbulent flow
regime has been derived based on the Froude number
criteria.

EXPERIMENTAL

Experiments were carried out in a Plexiglas col-
umn of 0.1 m-IDx3.0 m high as shown schematically
in Fig. 1. Three mean sizes of coal (0.507, 0.987, 1.147
mm) with a density of 1407 kg/m?® were fluidized by
compressed air. The mean size and its distribution
have been determined from sampled bed material at
three different vertical positions in the beds. The size
distributions of these particles and the corresponding
histogram are shown in Table 1 and Fig. 2, respective-
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Fig. 1. Schematic diagram of experimental appa-

ratus.

1: oil filter 2: pressure regulator
3: rotameter 4: fluidized bed

5: cyclone 6: probe

7: pressuretransducer  8: D.C. power supplier
9: amplifier 10: A/D converter

11: personal computer

Table 1. Physical properties of coal

Weight fraction (wt %)

Particle size (mm)

C1 C-2 C3
2.00-1.68 : 4.63
1.68-1.41 - 12.38 0.50
1.41-1.19 . 13.01 41.05
1.19-1.00 : 19.72 43.22
1.00-0.84 - 10.92 9.82
0.84-0.71 0.70 8.72 5.08
0.71-0.59 6.67 10.47 0.33
0.59-0.50 57.85 9.61
0.50-0.42 19.54 6.63
0.42-0.30 13.82 3.91
0.30-0.21 1.42 . .
mean size (mmy} 0.507 0.987 1.147
standard deviation 0.084 0.395 0.157
of distribution (mm)*
minimum fluidizing 0.08 0.15 0.22
gas velocity (m/s)
voidage at U (&) 0.55 0.55 0.60

- particle density : 1407 kg/m3
Z(w.dp~d,*)
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Fig. 2. Histogram of particle size distribution.
A:C1,B:C2,C:C3

ly. These particles are classified by the narrow (C-1
and C-3) and wide size distributions (C-2). In the pres-
ent study, the solid particles were supported on a
bubble cap distributor plate which was situated be-
tween the main column and the air box into which air
was fed to the column through an oil filter, a pressure
regulator and a calibrated rotameter. The entrained
solid particles from the bed were collected by the
primary and secondary cyclones in series and were
recycled to the main bed simultaneously. The column
was initially loaded with 6.5 kg of coals giving a static
bed height of 1.0 m. The pressure fluctuations in the
bed were measured by means of pressure transducers
(Fisher Controls Co., 1151). The continuous pressure
signals from the transducer were amplified and sent
them via an A/D converter to a personal computer
(Apple llg) for recording. The sampling interval of the
fluctuations was selected at 10 ms and 8192 samples
were collected for each experimental conditions. The
rise velocities of slugs and voids in the slugging and
turbulent flow regimes have been determined from the
cross-correlation between two fluctuation signals. The
bed voidage, ¢, and the bed expansion ratio, H/H,,
have been determined from the measured mean pres-
sure drop in the bed as:
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AP /AL =p,(1-€)g (1
H/Hap,~= (1-€,,)/(1—¢€) (2)

The details of the experimental setup and the experi-
mental procedures are described in previous studies
[5,6].

RESULTS AND DISCUSSION

1. Statistical properties

The transition to the turbulent flow regime has
been determined from a point at which the mean am-
plitude of pressure fluctuations with gas velocity be-
gins to level-off [5,7,8].

The mean amplitude of pressure fluctuations with
gas velocity at 0.53 m above the distributor plate is
shown in Fig. 3. As can be seen, the mean amplitude
of pressure fluctuations goes to a maximum value, and
then it decreases with an increase in gas velocity. This
maximum point can be regarded as the onset to the
turbulent flow regime in the bed. The transition veloci-
ties to the turbulent flow regime are found to be 0.62,
0.81 and 1.09 m/s for the C-1, C-2 and C-3 particles,
respectively. Moreover, the mean amplitude in the
transition region to the turbulent flow regime of the
C-2 particles appears to be higher than that of the C-1
and C-3 particles. This may indicate that the pressure
fluctuations in the bed of wide size distribution par-
ticles have a higher amplitude than in the bed of nar-
row size distribution particles. This may be caused by
the higher resistance of percolating gas through the in-
terstices of solid particles with wide size distribution in
more densely packed state.
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Fig. 3. Mean amplitude of pressure fluctuations with

gas velocity.
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Variations of standard deviation in the pressure
fluctuations with gas velocity are shown in Fig. 4. As
can be seen, the variation of standard deviation with
gas velocity is similar to the mean amplitude (Fig. 3).
Moreover, the transition region of each particles with
gas velocity can be observed at a similar value with the
variation of mean amplitude.

Variation of the skewness in pressure fluctuations
with gas velocity is shown in Fig. 5. As can be seen,
the value of skewness is almost constant in the slug-
ging flow regime, but it increases with an increase in
gas velocity in the turbulent flow regime. The transi-
tion point of skewness with gas velocity is an onset
to the turbulent flow regime [5]. There appears that
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Fig. 4. Standard deviation of pressure fluctuations
with gas velocity.
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Fig. 5. Skewness of pressure fluctuations with gas
velocity.
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Fig. 6. Rise velocities of slugs and voids with gas
velocity in the slugging and turbulent flow re-
gimes.

0: C1, 6:C2, 0: C3, @: Lee and Kim [6)

the transition velocities to the turbulent flow regime
frorn the variation of skewness with gas velocity are
similar to those obtained from the mean amplitude
and the standard deviation of pressure fluctuations.

The skewness is a non-dimensionalized third cen-
tral moment which is a measure of the lack of sym-
metry in the probability density function about the
mean of fluctuation signals. The increase in skewness
in the turbulent flow regime is caused by the increase
of small fluctuations in solid phase due lo the break-
down of slugs into smaller bubbles in the bed [5]
As can be seen, the value of skewness of the C-1 par-
ticles is larger than that of the C-2 and C-3 particles.
This may indicate that the voids movement in the
dense phase is more vigorous in the bed of smaller
particles.

2. Voids rise velocity

The velocity of pressure fluctuation waveform can
be defined by the rise velocity of bubbles in the bed
(6,9]. In the present study, the rise velocities of slugs
and voids in the slugging and turbulent flow regimes
have been determined from the transit time of pres-
sure fluctuations at which the cross-correlation func-
tion of fluctuation signals between the two measuring
points (0.53 and 0.63 m above the distributor plate)
has a maximum value.

The rise velocity of slugs or voids increases with an
increase in gas velocity in the slugging flow regime,
but it appears to be almost constant in the turbulent
flow regime (Fig. 6). The rise velocities in the turbulent
flow regime are within + 10% of the average value (Fig.
7). Therefore, the voids rise velocity in the turbulent
flow regime is found to be almost constant in beds of

0.2 T T T T
0.1 9 4 9
+10% oy 5
a
_ - GE' e © «
s P9 5o Lo
S0 — D92 7
= o 098%0 & o0eo
> - ® e O .
a
0.1 -10% 2
-0.2 4 1 1 L
0.4 0.6 0.8 1.0 1.2 14
UgUpe(m/s)

Fig. 7. Variation of voids rise velocity deviated from
average value with gas velocity.
0:C1, 4:C2, 0: C3, @: Lee and Kim [6)

Table 2. A summary of experimental conditions and
results of voids rise velocity in the tur-
bulent flow regime

Workers D, Particles- 4 Ps Une Vi

um)  (kg/m3) (m/s) (m/s)

Fanetal. 0203 sand 1122 2650 066 1.14

[9) 711 2640 035 1.24

491 2620 020 1.34

glassheads 491 2430 0.28 1.54

358 2400 0.16 2.12

Lee and 0.10 glassbeads 362 2500 0.11 1.60
Kim [6)

present 0.10 coal 508 1407 0.08 1.37

study 987 0.15 120

1147 022 1.10

coarse particles [6,9]. Moreover, the gas velocities cor-
responding to the transition points in the rise velocity
are very similar to the values reported previously (Figs.
3, 4 and 5). Therefore, the transition velocity to the tur-
bulent flow regime can be determined from the rise
velocity of slugs or voids. A summary of the experi-
mental conditions and corresponding results of the
present and previous studies on the voids rise velocity
in the turbulent flow regime is shown in Table 2. As
can be seen, the voids rise velocity decreases with in-
creasing particle size and density. The rise velocity of
voids increases with increasing column size due to the
reduction in wall-effect [6]. The voids rise velocity in
the turbulent flow regime has been correlated as:

Korean J. Ch. E. (Vol. 6, No. 4)
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V,=40. 66 Ar~**(0.35 (gD,)"*) = U, (3
where Ar:d;pg(ﬂs_ Ps‘/’g/ﬂz

This correlation covers the range of variables 3.40x
105<Ar<1.16x10® and 10.0<D,<20.3 with a correla-
tion coefficient of 0.82 based on the data of Table 2.
3. Bed expansion

Bed expansion in fluidized beds has been generally
represented by the Richardson-Zaki's equation [10] as:

Lo en (4)
t
where U, is terminal velocity of an individual parti-
cle.

The logarithmic plot of bed voidage with gas veloci-
ty is shown in Fig. 8. As can be seen, the bed voidage
increases with an increase in gas velocity in which
the slopes of bed voidage with gas velocity are chang-
ed at the transition velocities. Lee and Kim [11] have
reported that a variation in the logarithmic slope of
bed voidage with gas velocity can be utilized to deter-
mine the transition velocity to the turbulent flow re-
gime in the bed.

In the present study, the values of index n in Eq. (4)
in the turbulent flow regime are found to be 3.12, 2.56
and 3.30 for the C-1, C-2 and C-3 particles, respective-
ly, which are similar to the value of 3.65-4.60 reported
in the particulate fluidized beds [10]. This may in-
dicate a homogeneous bed expansion in the turbulent
flow regime of coarse particles.
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Fig. 8. Logarithmic plot of bed voidage with gas
velocity.
0:C1, a:C2, 0:C3

In fine particle systems, the particles tend to gather
in a cluster due to the particle agglomeration [12-14].
The modified Richardson-Zaki's equation has been
used to reflect the cluster formation as bed expansion
in the beds of fine particles as [14-17]:

Ue _ »
G;‘*e (5)

where U, is terminal velocity of clusters. A sum-
mary of the experimental conditions and the corre-
sponding results on the index n of the present and pre-

Table 3. A summary of experimental conditions and results of the present and previous studies on the bed ex-
pansion in the slugging and turbulent flow regimes

Workers ([r?]’) Particles (/jfﬂ) (k;rSnB) U /U, Sluggzgie[:r:ulem
Mass:imilla [18) 0.156 catalyst 56 1000 3.1-4.2 11.7

Carotenuto et al. [19] 0.152 FCC 60 940 2.0 8.0 5.6

Canada 0.61x0.61 glass 650 2480 0.51 34 1.85
et al. [8] 0.31x0.31 2600 2900 0.41 3.7 3.3
2600 2900 0.48 2.71 3.3
Avidan and 0.152 catalyst 33 1670 23.40 46.0 14.0
Yerushalmi [17] FCC 49 1070 7.84 9.2 5.0
catalyst 49 1450 8.58 8.3 4.4

Abed [16] 0.152 FCC 54.8 850 5.20 4.16

Avidan et al. [20] 0.60 FCC 60 1220 1.03 8.5 4.30

Lee and Kim [11] 0.10 glass beads 362 2500 0.313 5.06 2.80

present study 0.10 coal 507 1407 0.22 12.3 3.12

987 0.16 13.4 2.56

1147 0.17 12.6 3.30

October, 1989
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Fig. 9. Variations of index n with (0,-0jd,.
A: slugging, B: turbulent

vious studies is given in Table 3. As can be seen, the
value of index n in the turbulent flow regime is smaller
than that in the slugging flow regime. The smaller n
value indicates a higher rate of bed expansion with an
increase in gas velocity. This may be attributed to the
greater bed homogeneity in the turbulent flow regime
[11,17] due to the breakdown of large bubbles into
small voids. Moreover, the index n decreases with in-
creasing particle size and density (Fig. 9). This may be
due to the increase of effective particle volume from
the cluster formation in the bed of fine particles, which
may result in a smaller bed expansion.

From the two-phase theory in fluidization [21], the
gas flow in the bed divides into the interstitial gas flow
through the emulsion phase at the minimum fluidiz-
ing state and the bubble flow. Using the two-phase
theory, the bed expansion ratio, H/H,,s in the slugging
flow regime has been expressed as [22-24]:

l‘L_ Ux_Um/
H., ' T0.35@D,)"

for axisymmetric slugs (6)
—H——1+ Us=Uns o asymmetric slugs

Ha., = 0.35(2gD)"?
(7)
Variations of the bed expansion in the present
study and the predicted values from Eqs.(6) and (7) are
shown in Fig. 10. As can be seen, the predictions of
the two-phase theory largely overestimate the bed ex-
pansion in the slugging and turbulent flow regimes.
Similarly, Satija and Fan [25] observed that the bed ex-
pansion from the two-phase theory is higher than the
measured values in the slugging and turbulent flow
regimes of coarse patticles (1.0 - 6.96 mm). The devia-
tion of bed expansion in the slugging flow regime from

3.6 v ' N ! v ' N

24

Gas velocity (m/s)
Fig. 10. Variation of bed expansion with gas veloc-
ity.
0:C1, A:C2,0:C3
A: Eq.(6), B: Eq.(7)

the two-phase theory may be due to the up and down
movements of gas phase as the square-nosed slugs
[26,27] as observed in the present study. In the tur-
bulent flow regime, the slug breakdown and the rear-
rangement of small voids accompanying with swift ac-
celeration may afford the higher interstitial gas veloci-
ty percolating through the dense phase [18,28]. Conse-
quently, the larger deviation of bed expansion from
the two-phase theory could be resulted. Therefore, the
bed expansion in the slugging and turbulent flow re-
gimes of coarse particles cannot be estimated from the
two-phase theory.

In the present study, the bed expansion ratio in the
turbulent flow regime of coal particles and glass beads
[6,11] has been correlated as:

B_ =1410. 805 Ar°?*° (ng‘ [Jnf )o.sss

H,, 2 (8)

with a correlation coefficient of 0.90. A goodness of fit
between the measured and calculated values from Eq.
(8) can be seen in Fig. 10.
4. Prediction of transition velocity

The flow regime of turbulent fluidization was re-
ported initially by Lanneau [29]. Recently, Lee and
Kim [5] presented a correlation to predict the transi-
tion velocity in terms of the Reynolds number with the
Archimedes number. However, the mechanism of slug
breakdown into small voids at the transition region to
the turbulent flow regime has not been well establish-
ed until now.

As the gas velocity in the bed increases, slugs grow

Korean J. Ch. E. (Vol. 6, No. 4)
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until they lose their stability, and consequent break
down into small voids which remarks the transition
to the turbulent flow regime. In the present study,
it has assumed that the slug breakdown in the bed
may be caused by the inertial force of a maximum
stable slug which is exceeding the gravitational fotce
of solids refluxing. Then, the criterion of the transition
to the turbulent flow regime can be represented by

P inertial force o U% nax 1

= — = ; = 9}
gravitational force (os— pg) gd,

where Fr is Froude number and U, . is rise velocity
of maximum stable slug. The U, . in Eq. (9) can be
expressed as:

Usmar=Ug=Un,+0.35 (8d smax) ' (10)

where d; .., is @ maximum stable slug size in the slug-
ging flow regime. Harrison et al. [30] proposed the fol-
lowing relation in the bed of coarse particles:

domar=1.3222d, itt
Pe
However, it has been found that Eq. (11) is valid even
in the beds of fine particles [31]. Combining of Eq. (9)
with Eqgs.(10) and (11), the transition velocity to the
turbulent flow regime can be predicted by:

U(: [‘E%]1/2+UMI_O'4OZ ‘_g)psd“’,‘)l/z

Pe Psg
(t2)
Eq.(12) can be expressed in terms of the Reynolds and

Archimedes numbers since the density of solid par-
ticles () is far greater than the gas density (#,) as:

Re.=0.398Ar'"*+Re,, {13

In Eq. (13), Re,,,can be predicted by the Wen-Yu equa-
tion[32] as:

Ren,= [(33.7)*+0. 0408 Arj'*~33.7 {149

Then, the transition velocity to the turbulent flow
regime in terms of the Reynolds number can be deriv-
ed from Eqgs.(13) and (14) as:

Re.= ((33.7)2+0. 0408 Ar}'/*~0.598 Ar'”*—33.7
19

with a correlation coefficient of 0.99 between the mea-
sured values of the present and previous studies
[5,7-9,16,18-20,25,29,33-53] and calculated values
from Eq.(15) as shown in Fig. 11. Therefore, this in-
dicates that the transition to the turbulent flow regime
is occurred by the instability of a maximum stable
slug which comes from the inertial force exceeding the

October, 1989
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Fig. 11. Comparison of Reynolds number based on
the transition velocity to the turbulent flow
regime between the measured and calculat-
ed values.
® : present study

gravitational force of solid refluxing in the bed.
CONCLUSIONS

The transition velocity from the slugging to turbu-
lent flow regimes can be determined from the mean
amplitude, the standard deviation and the skewness of
pressure fluctuations, the rise velocities of slugs and
voids, and the bed voidage.

The voids rise velocity in the turbulent flow regime
has been correlated with the relevant dimensionless
parameters and operating variables.

The rate of bed expansion is more pronounced in
the turbulent flow regime than that in the slugging
flow regime with an increase in gas velocity. The bed
expansion in the turbulent flow regime of coarse par-
ticles cannot be determined by the two-phase theory.
The bed expansion ratio in the turbulent flow regime
has been correlated with the dimensionless parame-
ters.

The transition to the turbulent flow regime is main-
ly caused by the upflowing inertial force of a max-
imum stable slug exceeding the gravitational force of
solid refluxing.
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NOMENCLATURE

Ar : Archimedes number, df,ﬂg( P Pg)g/')u2

d, : mean particle size, m

d, : mean particle size in the i-th size interval, m

d, : slugsize, m

D, : column diameter, m

Fr . Froude number, ngz,max/ ('ﬂs-ﬂg)gdp

g : gravitational constant m/s

H : expanded bed height, m

H,, : bed height at minimum fluidizing condition,
m

AL : distance between measuring points, m

n  : Richardson-Zaki's index

AP : pressure drop, Pa

Re, : Reynolds number based on the transition
velocity to turbulent flow regime, o, d U /u

Re,, : Reynolds number based on the minimum flu-
idizing gas velocity, p,d, U, /1

U, : transition velocity from slugging to turbulent
flow regimes, m/s

U, : terminal velocity of clusters, m/s

U, : superficial gas velocity, m/s

U, : minimum fluidizing gas velocity, m/s

U, : slug rise velocity, m/s

U, : terminal velocity of an individual particle, m/s

V, : voids rise velocity, m/s

w, : weight fraction of the i-th particle size

Greek Letters

3 . bed voidage

ems - bed voidage at minimum fluidizing condition

u : gas viscosity, Pa-s

pg : gas density, kg/m’

o, : paticle density, kg/m®

o . standard deviation of particle size distribution,
m

Subscripts

av @ average

c : calculated

m : measured

max : maximum stable bubble

1.

2.
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