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Abstract

A core—annulus model is developed to describe the radial nonuniform flow structure in a liquid-solid circulating fluidized bed (LSCFB).
Good agreement is obtained between the model predictions and the experimental results of the radial distributions in the bed voidages and
liquid velocities under different superficial liquid velocities and particle circulation rates. The variations of the liquid velocity, particle velocity,
bed voidage and slip velocity in the core and annular regions are predicted with the model under different superficial liquid velocities and
different particle circulation rates. The variation of the radial non-uniformity of the flow structure is also discussed and a mechanistic
explanation is presented. A radial uniformity index is proposed to characterize the radial flow structure. The similarities and differences
between gas—solid and liquid—solid fluidization systems are compared. © 1997 Published by Elsevier Science S.A.
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1. Introduction

Liquid-solid fluidization is thought traditionally to be
homogenous with a spatially uniformly distributed concen-
tration of solid particles [1,2]. This assumption of homoge-
neous behaviour for the liquid-solid fluidization forms the
basis of the theories of liquid—solid fluidization [3-6]. How-
ever, experimental results show that under higher liquid
velocity and with particle circulation between the bed and the
particle storage vessel there is significant non-uniformity in
the radial distributions of the bed voidage, and liquid and
particle velocities [7]. Due to the radial non-uniformity of
the flow structure, significant errors will occur when the
empirical relations for conventional liquid-solid fluidization
based on homogeneous fluidization are used to describe the
non-uniform flow structure in a liquid-solid circulating flui-
dized bed (LSCFB) [7]. Therefore, new models are needed
to describe the non-uniform flow structure in the LSCFB.

The radial non-uniformity of the flow structure has been
found in gas-solid circulating fluidized beds in recent years
(e.g. Weinstein et al. [8], Zhang et al. [9] and Herb et al.
[10]). While it is desirable to establish a two-dimensional
model to fully describe the radial flow distribution, the com-
plexity involved in developing such a model has led to only
limited success [11]. A more practical way to describe the
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radial non-uniformity in the gas—solid system is to use the
core—annulus model. This method divides the cross-section
into two regions, the core and annular regions, and assumes
that the flow structures within both regions are uniform. The
differences between the two regions are then used to simulate
the radial non-uniformity in the flow structure. The core—
annulus method has been successfully applied to describe
flow structures [ 12-15], mixing properties [ 16], and reac-
tion [17] in gas—solid suspension systems.

In this paper, a core—annulus type model is, for the first
time, proposed for a liquid-solid system, to simulate the
radial flow structure in the liquid—solid circulating fluidized
bed. The mode] prediction is then compared with the exper-
imental results. Finally, the flow behaviours in the LSCFB
are discussed based on the predicted results.

2. Core-annulus model

Experimental results in the LSCFB have indicated that
there is radial non-uniform distribution of the flow structure,
with higher bed voidage, higher liquid velocity and higher
particle velocity in the central region of the bed and with
lower values of the above variables in the near wall region
[7]. Given these flow characteristics, a core—annulus type
model will be suitable for describing the flow structure in the
LSCFB. The core—annulus model assumes that there are two
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homogeneous flow regions (core and annulus) in the radial
direction of the bed, and uses the differences between them
to describe the radial non-uniform flow structure in the
LSCFB. While this type of model does not provide the precise
radial flow structure, it does provide a practical and very
useful method to describe the flow structure before a more
precise model becomes available. More importantly, the
results obtained with the core—annulus model can also be
used to predict the behaviour of an LSCFB reactor, so as to
provide some key information for the reactor design.

The assumed core—annulus structure for the liquid—solid
two phase flow in an LSCFB is presented in Fig. 1. The model
is established with the following assumptions.

1. The flow structure in the cross-section in the LSCFB can
be divided into a core region with diameter of r, and an
annular region from r=r_ to r=R.

2. The fluidization in each of the core and annular regions is
homogeneous, i.e. there are uniform solids holdup and
uniform liquid and particle velocity distributions in each
of the two regions, although the fluidization in the whole
cross-section of the bed is not uniform.

3. The liquid in the core region is flowing upwards with a
velocity V.. and the liquid in the annulus may flow
upwards or downwards with a velocity V,, (upwards is
positive).

4. The particles in the core region with a solids holdup of
(1—¢g,) are flowing upward with a velocity V.. The par-
ticles in the annular region with a solids holdup of (1~ &,)
may flow upwards or downwards with a velocity V,
(upwards is positive) depending on the liquid velocity in
this region.

5. In each of the core and the annular regions, due to the
homogeneous fluidization assumption, the relationship
between the liquid and particle velocities satisfies the the-
ory of generalized fluidization developed for conventional
homogeneous liquid—solid fluidization {4-6]. That is, in
the core region there is

Vie V.

3 gg =1 1
U (1)
and in the annular region there is
V .

LA (2)
U, U

where U, is the particle terminal velocity and 7 is the index
of the Richardson and Zaki equation {3].

6. In the fully developed flow, there is no net interchange of
liquid and particles between the core and annular regions,
because of the uniform flow structure in the axial direction
of the bed [7,18].

Based on the above assumptions for the flow structure, five
more equations (Eqs. (3)—(7)) can be established. The mass
balance for the liquid and solids phases between the two
regions at a given cross-section provides
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Fig. 1. The core-annulus flow structure of the liquid-solid circulating flui-
dized bed.

and
(l—ac)rgvsc-i_(1_ga)(Rz—r;c,)Vsa=R2Lls=R2Gs/ps (4)

where U is the superficial liquid velocity, G; is the particle
circulation rate, U is the particle circulation rate expressed
as superficial particle velocity, and p; is the particle density.

The averaged bed voidage in the two regions should be
equal to the bed voidage at this cross-section, that is,

rie.t (R —r)e,=Re (5)

At this cross-section of the bed, the pressure drop across
the core region, the annular region and the whole cross-sec-
tion should be the same because there is no force exerted in
the radial direction, so that

e [e) ]
e ax | (6)
_g_[_d_f’] ,
o &, (7N
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where 7,,, is the shear force between the liquid phase and the
wall, 7,,, is the shear force between particles and the wall, 7,
is the shear force of the liquid between the core and annular
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regions, and 7, is the shear force of the solids between the
core and annular regions.

The shear forces in Egs. (8)—(10) are obtained from the
following correlations. The shear force between the liquid
phase and the wall of the bed is [19]:

1 )
Tw = Eflaplaavfa ( 11 )

where fi, is the Fanning friction factor.

The shear force between the solids phase and the wall is
usually correlated with the liquid velocity but not the particle
velocity, and has been given as follows [20,21]:

i
Tsw=5f;aps(l_8a)vlza (12)

where f,, is the friction factor between the particles and the
wall.

The shear force between the core and annular regions is
obtained with the assumption that there is a ‘wall’ between
the two regions. Therefore, the equations for the shear forces
would have the same forms as Eqgs. (11) and (12) but with
a different liquid velocity. The difference in the liquid veloc-
ities between the two regions is used instead of V,,. Therefore,
the shear forces of liquid and solids phases between the core
and annular regions are:

1
TI-::'Z_flcplgc(Vlc_ Vla)2 (13)

1 2
T:;czzf;cps(l _sc)(v']c— Vla)‘ (14)

where f|; is the Fanning friction factor of the liquid phase
between the core and the annular regions and f;_ is the friction
factor of the solids phase between the core and the annular
regions.

The friction factors in Egs. (11) and (13) are determined
from the Fanning friction factor. Under the operating condi-
tions of our experiments [7] and model prediction, the Fan-
ning friction factor can be obtained based on the Reynolds
number {19].

The friction factor between the particles and the wall, f,,
is usually correlated by the following equation [20,21]:

2 b
Jsa =f0(gYBl) (15)

where D is the diameter of the column, V, is the liquid veloc-
ity, and f; and b are the empirical coefficients for the specific
system. With the published correlations for liquid—solid
transport systems [20,21], f;, and b can be obtained. Substi-
tuting V, with V,, or (V.—V,,) and D with 2R or 2r,, the
solids friction factors between the annulus and the wall and
between the core and annular regions can be obtained.
There are seven variables in the flow model (V,,, Vi,, V.,
Vsar &2, &, and r.) and there are also seven independent equa-
tions (Egs. (1)—(7)), so that the seven variables can be

obtained for different operating conditions. Model inputs are
Uy, U,, eand the physical properties of the liquid and particles.
All other conditions are normally given except &, which needs
to be obtained experimentally.

3. Comparison of model predictions with experimental
results

With the core—annulus model proposed above, the varia-
bles in the core and annular regions can be obtained for a
given set of specific operating conditions, that is, with the
known U, U, and ¢ and the liquid and particle properties. In
order to compare the predicted results with the experimental
results of Liang et al. [7], the diameter of the circulating
fluidized bed for the model prediction is chosen as 0.14 m,
the same as in the experiments. The properties of the liquid
and solids phases for the model predictions are also the same
as those in the experiments: the liquid phase is tap water and
the solids phase is glass beads with a diameter of 0.405 mm
and a density of 2460 kg m ~>. The terminal velocity for this
particle is 0.053 m s~ '. The operating ranges of the variables
for the model prediction are also chosen to be the same as
those of the experiments, that is, the superficial liquid velocity
is in the range of 0.051 to 0.135 ms~', and the particle
circulation rate is from 0.0 t0 0.0015 m s~ ",

The predicted cross-section radial flow structure under
U,=0.077ms™ ', U,=0.0011 ms™' and £=0.914 is given
in Fig. 2. The experimental radial bed voidage and liquid
velocity distributions under the same operating conditions
are given in the same figure. It can be seen that the predicted
bed voidages and liquid velocities are consistent with the
experimental results: the predicted results indicate that in the
LSCEFB, the flow structure is non-uniform in the radial direc-
tion. The bed voidage, liquid velocity and particle velocity
are higher in the core region, and lower in the annular region.
Liquid and particles move upward in the core region. Liquid
and particles also move upward in the annulus under these

Uj=0.077 mis Ug=0.0011 mis
Experimental Model prediction
O liquid velocity liquid velodity
1809 |@ tedvidase hogueams - - - [ 100
160 I
@ 1401 @ . - 96
= ° <
P 120j ! - o %
- 1 -
2 100 o 2
E o A SR 3 o
5/ 80 - 1 ? S
@ - ' & FSS >
> 60 - A_LE 8
° . ] @
< 404 ' <o 84
L

20-_ . —(Tl_ _F
0T T T T8
00 02 04 06 08 10
R
Fig. 2. Comparison of the model prediction and the experimental results of
the radial distributions in the liquid velocity and bed voidage under
U,=0077ms"", U;=0.0011 ms~'and 6=0914.
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Fig. 3. Comparison of the model predictions and the experimental results of
the radial distributions in the liquid velocity under U, =0.0015 ms~' and
different superficial liquid velocities.
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Fig. 4. Comparison of the model predictions and the experimental results of
the radial distributions in the liquid velocity under U;=0.09 ms™"' and
different particle circulation rates.

operating conditions, although the particle velocity is rather
low.

The predicted radial liquid velocity distributions under
U,=0.0015 m s~ ' and different superficial liquid velocities
are presented in Fig.3. The experimental results under
U,=0.0015m s~ "and U, =0.051and 0.069 m s~ " are shown
in the same figure. It can be seen that the prediction is con-
sistent with the experimental results. The predicted radial
liquid velocity distributions under U;=0.09 m s~ ' and dif-
ferent particle circulation rates are illustrated in Fig. 4. The
comparison with the experimental results under U,=0.09
m s~ and U, =0.00059, 0.00084 and 0.0013 m s~ is also
given in the same figure. Again, the model predicts the exper-
imental results well.

All the predictions shown in Figs. 2—4 agree very well with
the experimental results in the core region, and also provide
correct average values in the annular region although they
cannot provide exact fit to the measured values given the
nature of the core—annulus model. The agreements between
the experimental radial profiles of bed voidage and liquid
velocity and model predictions indicate that the proposed
core—annulus model can be used to simulate the radial non-
uniform flow structure in the liquid—solid circulating fluidized
bed.

4. Model predictions

With the model properly established, it can now be used
to study the effects of the various operating parameters on
the flow structure in the fully developed region of the liquid—
solid circulating fluidized bed. This would aid the design of
such liquid-solid circulating fluidized bed reactors, espe-
cially when there are only limited experimental data
available.

4.1. Liquid velocity

The predicted liquid velocities under U,=0.0015 m s™'
and different superficial liquid velocities presented in Fig. 3
show that with the increase of superficial liquid velocity, the
liquid velocities in both the core and annular regions increase.
Fig. 3 also shows that increasing superficial liquid velocity
also increases the radial non-uniformity for most situations.
To examine the radial non-uniformity, a radial uniformity
factor, V,,/V,., is used to illustrate the relative radial distri-
bution of the liquid velocity in the two regions of the bed.
When V,,/V,. equals 1.0, there is uniform distribution of the
liquid velocity in the radial direction. A lower V,,/V,. value
represents less uniformity in the radial distribution of liquid
velocity. The variation of Vi,/ V. with the increase of super-
ficial liquid velocity is shown in Fig. 5. The results in Figs. 3
and 5 indicate that although the liquid velocities in both the
core and annular regions increase with the increase of super-
ficial liquid velocity, the liquid velocity in the core region
increases faster than that in the annular region when the super-
ficial liquid velocity increases from 0.051 ms™' to a point
between 0.090 ms~' and 0.110 ms™', resulting in the
decrease of the uniformity factor, V,,/V,, that is, resulting in
more severe radial non-uniformity. At a point around 0.10
ms~ !, V,,/V, reaches the lowest value, indicating that the
radial non-uniformity in liquid velocity reaches the maximum
(and that the radial uniformity becomes minimum). Beyond
this point, with further increase of superficial liquid velocity,
it can clearly be seen that the liquid velocity in the annular
region increases faster than that in the core region, leading to
an increase of V,,/V,., so that the radial non-uniformity in
liquid velocity decreases. The liquid velocity at which the
radial non-uniformity in liquid velocity reaches the maximum
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Fig. 5. The variation of the radial uniformity factors and the radial uniformity
index with superficial liquid velocity under U,=0.0015ms™".
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Fig. 6. The variation of the radial uniformity factors and the radial uniformity
index with particle circulation rate under U,=0.090 ms~".

is defined as the transition velocity, U,, from the circulating
fluidization regime to the liquid transport regime [ 18].

The predicted liquid velocities in both the core and annular
regions under U,=0.09 m s~ ' and different particle circula-
tion rates are shown in Fig. 4. The same radial uniformity
factor, V,,/V,., is used to characterize the effect of particle
circulation rate on the radial flow structure as presented in
Fig. 6. With the increase of particle circulation rate, the liquid
velocity in the core region increases, while the liquid velocity
in the annular region decreases. It can also be easily seen that
the magnitude of the variation in the core region is larger than

that in the annular region. When the particle circulation rate
is rather small, e.g. U,=0.00050 m s ~', V,,/ V,. is very close
to 1.0, indicating that there is a nearly uniform distribution
of the liquid velocity in the radial direction. With the increase
of particle circulation rate, V,,/V,. decreases monotonically,
suggesting that the radial non-uniformity in liquid velocity
always increases with particle circulation rate.

4.2. Particle velocity

The predicted particle velocities under U;=0.0015m s '
and different superficial liquid velocities are shown in Fig. 7.
The radial uniformity factor for the particle velocity distri-
bution (defined as V,,/V,.) is also given in Fig. 5. The par-
ticle velocities in the two regions both increase with the
increase of liquid velocity. The particle velocity in the core
region increases faster than that in the annulus when the
superficial liquid velocity is lower than the transition velocity,
U,, so that the radial non-uniformity in the particle velocity
increases with the increase of superficial liquid velocity in
this range. When the superficial liquid velocity is higher than
U,, due to the faster increase of the liquid velocity in the
annular region, the particle velocity in the annular region will
increase faster than that in the core region, resulting in the
decrease in radial non-uniformity in the particle velocity. The
above results also indicate that the variation of the radial non-
uniformity in the particle velocity distribution in the bed is
consistent with that in the liquid velocity distribution as
shown in Figs. 3 and 5.

The particle velocity predicted under U,=0.09 m s~ and
different particle circulation rates is shown in Fig. 8. The
comparison of the particle velocities in the two regions is also
illustrated in Fig. 6, with the aid of the radial uniformity factor
V.o/ V.. With the increase of particle circulation rate, the
particle velocity in the core region increases due to the
increase of the liquid velocity in this region as shown in
Fig. 4, while the particle velocity in the annular region
decreases due to the decrease of the liquid velocity in that
region. As a result, the radial non-uniformity in the particle
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Fig. 7. Predicted radial distributions of the particle velocity under
U,=0.0015 m s~ ' and different superficial liquid velocities.
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Fig. 8. Predicted radial distributions of the particle velocity under U, =0.09
m s~ and different particle circulation rates.

velocity increases with the increase of particle circulation
rate, consistent with the variation of the radial non-uniformity
in the liquid velocity as shown in Figs. 4 and 6.

4.3. Bed voidage and solids holdup

The variations of the liquid and particle velocities will
influence the bed voidages and solids holdups in the two
regions. With the increase of superficial liquid velocity,
although the liquid and particle velocities in the two regions
both increase, the magnitude of the increase in liquid velocity
is higher than that of particle velocity. As a consequence, the
bed voidage in the two regions increases, as shown in Fig. 9.
The variations of the radial uniformity factors of the bed
voidage ( &,/ &.) and of the solids holdup (&,./ &) in the bed
based on the results in Fig. 9 are also illustrated in Fig. 5.
With the increase of superficial liquid velocity, the radial non-
uniformity in the bed voidage and solids holdup increases
first. However, when the superficial liquid velocity is larger
than the transition velocity, U,, as in the cases of the liquid
velocity and particle velocity, the radial non-uniformity in
the bed voidage and the solids holdup decreases.

Comparing the variations of the radial uniformity values
in the liquid velocity, the particle velocity, the bed voidage
and the solids holdup presented in Figs. 5, 3, 7 and 9, it can
be seen that all radial uniformity factors decrease with the
increase of superficial liquid velocity when U, is less than U,
At U,, all radial uniformity factors reach their minimum.
Beyond U,, all radial uniformity factors increase with the
increase of superficial liquid velocity. Therefore, it can be
concluded that significant change in the flow structure occurs
around U/,. This corresponds to the operating regime transi-
tion from the circulating fluidization regime to the transport
regime reported by Liang et al. [18].

The predicted radial bed voidage distributions under
U,=0.09 ms™' and different particle circulation rates are
shown in Fig. 10. The radial uniformity factors of the bed
voidage and the solids holdup obtained from the results in
Fig. 10 are also presented in Fig. 6. It can be seen that when
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Fig. 9. Predicted radial bed voidage distributions under U,=0.0015 ms™"
and different superficial liquid velocities.
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Fig. 10. Predicted radial bed voidage distributions under U,=0.09 ms™'
and different particle circulation rates.

the particle circulation rate is small, e.g. U, =0.00050m s ',
the radial uniformity factors of the bed voidage and of the
solids holdup are about 1.0, indicating a nearly uniform dis-
tribution of the bed voidage and the solids holdup in the radial
direction. With the increase of particle circulation rate, the
liquid velocity in the core region increases, while the liquid
velocity in the annulus decreases, as shown in Figs. 3 and 7.
The particle velocity follows the same trend as the liquid
velocity, as shown in Figs. 4 and 8. The magnitude of the
increase in the liquid velocity in the core region is less than
the increase in particle velocity in the same region, making
the bed voidage decrease with the increase of particle circu-
lation rate as given in Fig. 10. In the annulus, the decrease in
the liquid velocity is higher than the decrease in the particle
velocity, resulting in the decrease of bed voidage in the annu-
lar region as well. As a consequence, the average bed voidage
decreases and the average solids holdup increases with the
increase of particle circulation rate. From Figs. 10 and 6, it
can also be seen that the radial uniformity in the bed voidage
and the solids holdup decrease with the increase of particle
circulation rate, indicating an increase in radial non-
uniformity.
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4.4. Slip velocity

From the predicted liquid velocities and particle velocities
of the core and the annular regions, the slip velocities in the
two regions can be obtained. Fig. 11 presents the slip veloc-
ities in the two regions under U;=0.077 ms~' and
U,=0.0011 ms~'. The slip velocity, Viip» based on the
experimental radial bed voidage distribution, also shown in
Fig. 11, is obtained with the assumption that the following
equation is valid in each small region containing one meas-
urement point [3]:

Vslip= Ulgn_l (16)

It can be seen that the predicted slip velocity with the core—
annulus model is consistent with that obtained from the exper-
imental radial bed voidage distribution.

The predicted slip velocities under U, =0.0015m s~ ' and
different superficial liquid velocities are presented in Fig. 12.
The comparison of the slip velocities in the two regions
(Vaip.a! Vsiipc) is also shown in Fig. 5. With the increase of
superficial liquid velocity, the slip velocities in the two
regions both increase. As with the cases of liquid and particle
velocities, when the superficial liquid velocity is less than U,
the increase in slip velocity in the core region is faster than
that in the annulus. Beyond U, the increase in slip velocity
in the annulus will be faster than that in the core region.

The variations of slip velocities in the core and annulus
regions under U;=0.09 m s~ and different particle circula-
tion rates are shown in Fig. 13. The comparison of the slip
velocities in the two regions (Vyipa/ Vyip,c) 18 given in Fig. 6.
It can be seen that with the increase of particle circulation
rate, the slip velocities in the two regions will both decrease,
as a result of the faster increase in the particle velocity in the
core region and the faster decrease in the liquid velocity in
the annular region, as shown in Fig. 8. The slip velocity in
the annulus decreases faster than that in the core region,
resulting in more severe radial non-uniformity in slip
velocity.
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Fig. 11. Comparison of the slip velocities obtained from the core-annulus
model and those obtained from the experimental radial bed voidage profile.
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4.5. Drag coefficients

From the predicted liquid and particle velocities, the drag
coefficients, Cp, can be obtained with the following equa-
tions. In the core region it is

4 d(p—
(Cpoms -2l p) (7

3 pl(Vlc_ vsc)2
and in the annular region it is

(Coams dolpmp) (17a)

3 pI(Vla_ ‘/sa)z
With the assumption that the following equation is valid
in each small region containing one measurement point, local
relative drag coefficients based on the experimental radial
bed voidage profile are obtained:

4 Ar
Cp=————— 18
P73 Re2e 2 (18)
where
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Fig. 14. Comparison of the relative drag coefficients obtained from the core—
annulus mode] with those obtained from the experimental radial bed voidage
profile.

Ar=dipg(p,—p) /1w’ (19)

and

Re,— P (20)
o

where d,, is the diameter of the particles and w is the viscosity
of the liquid phase.

Since the drag coefficient, Cy, is a function of the particle
shape and concentration, as well as Reynolds number, it is a
common practice to first relate Cp, to Cpg, the drag coefficient
of a single spherical particle, with the relative drag coefficient
Cp/ Cps. For Cpg, the following equation for the drag coef-
ficient of the single particle is usually used [22]:

24 3.6

Cos =+ =
PS5 Re, Re>?

(21)
The relative drag coefficients in the core and annular regions
under U/, =0.077m s~ 'and U,=0.0011 m s~ ' obtained from
Eqgs. (17), (17a) and (21) based on model predictions are
presented in Fig. 14. The local relative drag coefficient
obtained from Eqs. (18) and (21) based on the experimental
radial bed voidage profile is also shown in Fig. 14. It can be
seen that the drag coefficients predicted with the core—annu-
lus model agree well with those obtained from the experi-
mental radial bed voidage distribution.

Table 1

It can be seen from the above results presented in Sections
4.4 and 4.5 that although the correlations based on homoge-
neous fluidization cannot be used in the whole bed of circu-
lating fluidization due to the radial non-uniformity of the
flow structure, these correlations can be used in the core
and annulus regions respectively given the assumption of
homogeneous fluidization in the two regions. Therefore, the
conventional empirical correlations for liquid-solid fluidi-
zation are still useful for the circulating fluidization.

4.6. The radius of the core region

The reduced radius of the core region (r./R) under differ-
ent liquid velocities and particle circulating rates is given in
Table 1 and also shown in Figs. 3, 4, 7-10. It can be seen that
the core region increases with the increase of superficial liquid
velocity but decreases with the increase of particle circulating
rate. Comparing the core—annulus structure in the gas—solid
circulating fluidized beds [ 13-15], the ratio of the core region
in the liquid—solid system is much smaller than that in the
gas—solid system. This may be due to the higher viscosity and
density of the liquid phase than the gas phase which leads to
the higher interaction between the liquid phase and the wall,
and therefore a thicker annular region.

5. Radial uniformity index

In the above sections, the radial uniformity in liquid vetoc-
ity, particle velocity, bed voidage and solids holdup in the
bed have been discussed based on the radial flow structure in
the LSCFB. In the practical applications of liquid-solid cir-
culating fluidized beds, it is not only the liquid velocity or
only the bed voidage that determines the performance of a
fluidized bed, since the bed voidage can be controlled inde-
pendently of the superficial liquid velocity by varying the
particle circulation rate. Therefore, it is the combined effect
of the above two variables that will determine the flow struc-
ture of a liquid—solid circulating fluidized bed. To character-
ize this combined effect, a radial uniformity index, N, is
defined here:

_V/(-8)_Vul-s
Vlc/(l_ac) Vlc 1—8'41

(22)

B

The reduced radius of the core region under different superficial liquid velocities and particle circulation rates

U (ms™h U, (ms™")
0.051 0.069 0.090 0.110 0.135 0.00050 0.00059 0.00084 0.0013 0.0015
U,=0.0015ms™’
r./R 0.495 0.509 0.520 0.526 0.528
U,=009ms™'
r./R 0.571 0.546 0.529 0.524 0.520
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In the circulating fluidized bed, since V. is always higher
than V), and &, is always higher than &, (unless internals are
installed to change the flow pattern), the Ng value is less than
1.0, with a lower Ny indicating a less uniform radial flow
structure. When the liquid moves downwards in the annular
region, Ny will be less than O.

The physical significance of Ny may be illustrated with a
liquid—solid reaction carried out in the liquid—solid circulat-
ing fluidized bed reactor, in which the liquid phase is the
reactant and the solids phase is the catalyst. When the radial
non-uniformity in the liquid (reactant) velocity increases,
that is, when V,,/V,. decreases, the radial non-uniformity in
the residence time distribution of the reactant in the reactor
will increase. As a result, the difference in the reactant
conversion between the core and annular regions will in-
crease. Therefore, the non-uniformity in the reactant con-
centration (and the product concentration as well) in the
radial direction will increase and the overall reaction conver-
sion will decrease [23]. On the other hand, when the radial
non-uniformity in the solids holdup (catalyst holdup) in-
creases, that is, when (1—g.)/(1—&,) decreases, the dif-
ference in the reactant conversion between the core and
annular regions will increase, because the reaction rate is
directly proportional to the catalyst holdup. Hence, the non-
uniformity in the reactant concentration in the radial direc-
tion will also increase and the overall reaction conversion will
decrease. The effect of the radial non-uniformity in the
particle (catalyst) velocity is also included in Ny given the
relationships among V., V,. and g, and V,,, V, and &,, as
shown in Eqgs. (1) and (2). Thus, Mg defined in Eq. (22)
does reflect the variations of all the key parameters describ-
ing the flow structure in the LSCFB. As a result, Ny can
be used as an index to characterize the radial uniformity (or
non-uniformity) of the flow structure in an LSCFB. If Ny
equals 1.0, then there will be uniform radial flow structure
in the bed. The smaller the value of Ny is, the more signifi-
cant is the radial non-uniformity in the bed, and the more
significant is the effect of the radial non-uniformity on the
performance of the LSCFB reactor. For other kinds of LSCFB
applications than catalytic reactions, Ny can also be used as
an index to characterize the radial uniformity of the flow
structure.

Ny values obtained under different operating conditions
are presented in Figs. 5 and 6. The results show that when
the superficial liquid velocity is less than U, Ng will decrease
with the increase of superficial liquid velocity, indicating the
increase in the radial non-uniformity of the flow structure.
At U,, Ny reaches the lowest value, so that the radial non-
uniformity in the flow structure reaches its maximum value.
Beyond U,, Ny increases with the increase of superficial
liquid velocity, indicating the decrease in the radial non-
uniformity in the flow structure. With the increase of par-
ticle circulation rate, as shown in Fig. 6, Ny decreases, so that
the radial non-uniformity of the flow structure increases as
well.

6. Flow mechanism in the liquid—solid fluidization
system

The above results of the radial non-uniformity in the flow
structure in the LSCFB may be explained by the mechanism
presented below.

When the liquid flow passes through a packed bed of solids,
the packed bed acts as a distributor and the liquid velocity is
uniformly distributed radially in the bed, provided that the
bottom liquid distributor is designed properly. When the
superficial liquid velocity is increased to a value higher than
the minimum fluidization velocity but less than the critical
velocity for the circulating fluidization (a velocity signifying
the transition from conventional liquid—solid particulate flui-
dization to liquid—solid circulating fluidization as defined by
Liang et al. [18]), particles begin to move randomly. This
random movement of particles leads to uniform particulate
fluidization [6], so that the liquid velocity is uniformly
distributed in the radial direction. Since the liquid velocity
is still low, the influence of the wall effect is relatively
insignificant.

With the increase of superficial liquid velocity, when the
superficial liquid velocity is higher than the critical liquid
velocity for the circulating fluidization, the bed is operated in
the circulating fluidization regime, and a fraction of the par-
ticles will be transported out of the bed. At the same time,
particles need to be added into the bottom of the bed to
maintain a constant solids inventory. Due to the low resis-
tance in the central region of the bed, the liquid velocity in
this region will increase faster than that near the wall where
the wall friction becomes more significant with the increase
of superficial liquid velocity. Therefore, particles in the cen-
tral region are more likely to be entrained out first. At the
same time, with the higher momentum, particles in the central
region will have more chance to move into the annulus until
an equilibrium is reached with no net exchange between the
two regions. As a result, a core—annulus structure with higher
liquid velocity, higher particle velocity and higher bed voi-
dage in the core region and lower values of the above para-
meters in the annular region is established. In this operating
regime, with the increase of superficial liquid velocity, the
wall factor becomes more significant so that the radial non-
uniformity of the flow structure increases.

When the superficial liquid velocity is higher than U,, that
is, when the bed is operated beyond the circulating fluidiza-
tion regime, with the increase of superficial liquid velocity
the solids holdup in the near wall region decreases greatly.
Because the shear forces between the particles and the wall
are directly proportional to the solids holdup, with the
increase of superficial liquid velocity the shear force between
the particles and the wall decreases. Therefore, the liquid
velocity in the near wall region will increase faster than that
in the central region. As a result, the differences in liquid
velocity, particle velocity and bed voidage between the two
regions will decrease with the increase of superficial liquid
velocity, indicating that the fluidized bed begins the transition



60 W.-G. Liang, J.-X. Zhu / Chemical Engineering Journal 68 (1997) 51-62

from the circulating fluidization regime into the transport
regime [ 18]. With even further increase of the liquid veloc-
ity, when the bed enters the transport regime, the flow struc-
ture will be uniform again.

With the increase of particle circulation rate, there will be
even higher solids holdup in the near wall region. Hence, the
friction between the particles and the wall in the near wall
region will increase, resulting in a decrease in the liquid
velocity and particle velocity in this region. As a conse-
quence, the radial non-uniformity in the flow structure
increases.

7. Similarities and differences between gas—solid and
liquid—solid systems

Fluidization behaviours of gas-solid (G/S) and liquid—
solid (L/S) systems have long been considered different [ 1]
although some attempts have been made to generalize the
two systems [4,5]. In conventional low velocity fluidization
where no significant particle entrainment occurs, the differ-
ences between the two systems are very clear: gas—solid sys-
tems are mostly characterized by heterogeneous distribution
of particles in the fluidized bed (aggregative fluidization),
while liquid-solid systems are regarded as homogeneous
with particles uniformly distributed in the bed (particulate
fluidization). For high velocity fluidization where particle
entrainment becomes very significant and external solids
recirculation becomes necessary, however, the differences
between the two systems become not so distinct: in both
systems, there exist radial non-uniform flow distribution of
fluid and particles, with more particles concentrated in the
near wall annular region and higher fluid and particle veloc-
ities in the central core region. In G/S systems, the hetero-
geneity decreases as bubbles disappear. On the other hand,
the heterogeneity in L/S systems increases with the appear-
ance of radial non-uniformity in the liquid and particle flow
structure. This seems to suggest that the two systems become
alike when the fluidizing fluid velocity is increased.

In both G/S and L/S circulating fluidization systems, the
fluid (gas or liquid) velocity is higher in the central core
region than in the annular region and the particle holdup
increases from the centre towards the wall, leading to a radial
non-uniform flow structure. In addition, particles tend to form
some kind of aggregation, although the size of particle clus-
ters in the L/S system is much smaller [24] than that in the
G/S system [25]. To maintain continuous operation, parti-
cles have to be recirculated and fed back into the bottom of
the riser. Solids holdup in the riser can be controlled inde-
pendently of the fluid velocity by varying the particle circu-
lation rate. On the other hand, there are still clear differences
between G/S and L/S systems. For example, the relative size
of core region in the L/S system (presented in this work) is
much smaller than its counterpart in the G/S system [15].
In addition, the radial non-uniformity is also relatively less
significant in the L/S system compared with the G/S system.

For example, the uniformity index is in the order of 0.1 for a
typical L/S system reported in this work, while it is in the
order of —0.01 (there is downflow of fluid phase in the
annular region) in a typical G/S system [15]. Therefore,
high velocity L./S systems are still more homogeneous than
high velocity G/S systems.

8. Conclusions

A core—annulus model is developed to describe the radial
non-uniform flow structure in a liquid-solid circulating flui-
dized bed. The model predictions are consistent with the
experimental results in the radial distributions of the bed
voidage and the liquid velocities under different superficial
liquid velocities and particle circulation rates.

Model predictions show that the bed voidage, the liquid
velocity and the particle velocity all increase with the increase
of superficial liquid velocity. When the superficial liquid
velocity is less than a transition velocity, U,, the radial non-
uniformity of the flow structure increases with the increase
of superficial liquid velocity, and beyond U,, the radial non-
uniformity decreases with the increase of superficial liquid
velocity. At U, the flow structure begins the transition from
the circulation fluidization regime to the transport regime.
With the increase of particle circulation rate, the liquid and
particle velocities increase in the core region, but decrease in
the annular region. The bed voidages in the two regions both
decrease with the increase of particle circulation rate. The
radial non-uniformity of the flow structure increases with the
increase of particle circulation rate.

A radial uniformity index has been proposed to character-
ize the radial flow structure. Defined as [V, (1—&.)]/
[Vic(1—&,)], this uniformity index has values lower than
1.0, with a lower value signifying more non-uniform radial
flow structure.

From an analysis of the development of the liquid and
particle flow, a flow mechanism is proposed for the radial
non-uniform flow structure in the liquid—solid circulating
fluidized bed. The similarities and differences between gas—
solid and liquid—solid systems are also discussed.
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Appendix A. Nomenclature

Ar Archimedes number, dipig(p,— py) /

b empirical coefficient defined in Eq. (15)

Cp drag coefficient

Cps drag coefficient of a single spherical particle
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D diameter of the fluidized bed
fo empirical coefficient defined in Eq. (15)
fa Fanning friction factor between the liquid and the

wall

Sie Fanning friction factor of the liquid phase
between the core and the annular regions

fea friction factor between the particles and the wall

S friction factor of the solids phase between the

core and the annular regions

G, particle circulation rate (kg m~2s™")

g gravity acceleration (ms~?)

Ng radial uniformity index

n index of the Richardson and Zaki equation

P pressure (Pa)

R bed radius (m)

Re, Reynolds number at particle terminal velocity,
detPl/ M
radial position (m)

r. core region radius (m)

U, transition liquid velocity from the circulating
fluidization regime to the liquid transport regime
(ms™")

U, superficial liquid velocity (ms™")

U particle circulation rate expressed as superficial
particle velocity (ms™')

U, particle terminal velocity (ms™")

Vi actual liquid velocity (ms~")

Via actual liquid velocity in the annulus (m s ™)

Vi actual liquid velocity in the core (ms™")

Via particle velocity in the annulus (ms™"')

Vie particle velocity in the core (ms™")

Viip slip velocity between liquid and particles
(ms™")

Vatipe slip velocity in the core (ms™")

Vilipa slip velocity in the annulus (m s™")

X axial distance from the bottom of the bed (m)

e average bed voidage

& voidage in the annulus

& voidage in the core

o liquid density (kg m~?)

Ps particle density (kg m~>)

Tie shear force of the liquid between the core and
annular regions (N s~ ")

Tiw shear force between the liquid phase and the wall
(Ns™hH

Toc shear force of the solids between the core and
annular regions (Ns™")

Tow shear force between particles and the wall
(Ns™h

Subscripts

a annulus

c core

1 liquid

s particles
w wall
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