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Abstract — Characteristics of holdup and flow behavior of fluidized solid particles were investigated in a liquid-solid
circulating fluidized bed (0.102 m x 3.5 m). Effects of liquid velocity (U,), particle size (dp) and solid circulation rate
(Gy) on the solid holdup, overall particle rising velocity, slip velocity between liquid and particles and hydrodynamic
energy dissipation rate in the riser were examined. The particle holdup increased with increasing d or G but decreased
with increasing U;. The overall particle rising velocity increased with increasing U; or Gy but decreased with increasing
dp. The slip velocity increased with increasing U; or d, but did not change considerably with Gg. The energy dissipation
rate, which was found to be closely related to the contacting frequency of micro eddies, increased with increasing dp, Gg
or U;. The solid particle holdup was well correlated with operating variables such as U;, dp and Gg.
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1. Introduction

Due to the highly effective contacting between liquid phase
and fluidized solid particles, the liquid-solid fluidized bed has
been widely utilized for heterogeneous flow reactors and pro-
cesses such as hydrocracking using catalyst, separation or
recovery processes by using ion exchange resin, adsorption,
absorption and sedimentation processes [1-3]. It has been
understood that the heat transfer and liquid-solid mass trans-
fer coefficients in liquid-solid fluidized beds are extensively
high while the pressure drop is extremely low, compared with
other multiphase flow processes such as fixed bed reactors.
Those characteristics are mainly ascribed to the flow behav-
ior of solid particles, since the solid particles comprise a dis-
crete phase in the continuous liquid medium [1-5]. However,
the liquid-solid fluidized bed has been restricted in its usage
when the solid particles are small or porous and their density
is small, since the liquid velocity should be adjusted in the
range between the minimum and terminal velocities of fluid-
ized particles. In addition, the demand for small and porous
solid particles has recently tended to enormously increase in
the various kinds of industries.

The liquid-solid circulating fluidized bed has been pro-
posed to overcome the disadvantages of the conventional lig-
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uid-solid fluidized beds [6-12]. It can be operated with high
liquid velocity to increase the production or operation effi-
ciency per unit cross-sectional area of the column, by adopt-
ing the circulation mode of solid particles. It can minimize the
dead zone and increase the contacting efficiency between the
particles fluidized in the liquid medium, as well as between
the particles and the liquid medium. The liquid-solid circulat-
ing fluidized bed can be operated in the relatively high range
of liquid velocity, which leads to the increase in the shear
stress at the interface between the heterogeneous phases [13-15].
The unique features of liquid-solid circulating fluidized
beds can stem from the contacting motion and flow behavior
of fluidized solid particles; however, there has been little
attention to the flow behavior of particles. We, thus, investi-
gated the holdup and flow behavior of fluidized solid parti-
cles in the riser of a liquid-solid circulating fluidized bed. The
overall particle rising velocity, slip velocity between the liquid
and solid particles and energy dissipation rate in the riser of
the liquid-solid circulating fluidized bed were also examined.

2. Experiments

Experiments were performed in the riser of a liquid-solid
circulating fluidized bed, which was composed of three main
sections such as riser column, downcomer and solid recycle
device, as shown Fig. 1. The details of experimental appara-
tus can be seen elsewhere [11,12]. The diameter and height of
the main riser column were 0.102 m and 3.5 m, respectively.
A perforated plate which was installed at the bottom of the
riser was used as a liquid distributor. The solid particles which
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Fig. 1. Experimental apparatus.

1. Riser 12. Data acquisition system
2. Down Comer 13. A/D Converter

3. Hopper 14. Computer

4. L/S Separator 15. Liquid Distributor

5. Liquid reservoir 16. Liquid Pump

6. Butterfly Valve 17. Power Supply

7. Control Valve 18. Temperature Indicator
8. Flow meter 19. Heater

9. Thermocouple 20. Pressure Tap

10. Amplifier 21. Pressure sensor

11. Low-pass Filter

were separated at the top of the riser were returned to the bot-
tom of it through the solid recycle device. The solid particles
were circulated by adjusting the angle and length of the solid
recycle guide and secondary liquid flow rate at the solid recy-
cle device. The solid circulation rate (Gg) was determined by
measuring the amounts of particles piled up above the butter-
fly valve in the downcomer [11,12]. The diameter of the glass
beads was either 0.5, 1.0, 2.0 or 3.0x107 m and density was
2500 kg/m® which were used as a solid particle phase. Tap
water of which density and surface tension was 1000 kg/m’
and 72.75%107 N/m, respectively, was used as a continuous
liquid phase.

The holdup of solid particles in the riser was determined by
means of the static pressure drop method with the measured
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values of pressure drop in the section of the riser, by using
Eqgs. (1) and (2) [1-4]. The pressure drops in the riser were mea-
sured by using pressure taps mounted flash with the wall of the
riser in a interval of 0.15 m from the particle recycle port. The
multi-channel pressure sensor which was connected with the
pressure taps was semiconductor type (Sensys). The voltage-
time signals, corresponding to the pressure-time signals, were
processed by a data acquisition system (NI cDAQ-9205) and
a personal computer at a rate of 1000 Hz. The total sample
length was longer than 30,000 data [16-19].

g +eg= 1.0 (1)
(e.pr +esps)g = AP/L )

3. Results and Discussion

Effects of liquid velocity on the solid particle holdup in the
riser of liquid-solid circulating fluidized bed can be seen in
Fig. 2, where the particle holdup decreases with increasing
liquid velocity. The variation of solid holdup with respect to
the liquid velocity is similar to that of Atta et al. [6], although
the values of solid holdup are different owing to the different
operating conditions. The variation of solid holdup is ascribed
to the fact that the liquid holdup increases with increasing lig-
uid velocity; thus, the particle holdup decreases to compensate
for the increase in the liquid holdup. The increase of liquid veloc-
ity leads to the increase in the impact force acting on the fluid-
ized solid particles, which promotes the entrainment of particles
from the riser. Therefore, the particle holdup decreases with
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increasing liquid velocity. However, the decrease of particle
holdup is not severe compared with that in the conventional
liquid-solid fluidized beds [1-4], since the particles are circulated
continuously. Effects of particle size on the particle holdup in the
riser can be seen in Fig. 3, where the particle holdup increases
with increasing particle size. This is because the terminal veloc-
ity increases with increasing particle size. In other words, the
amount of particles entrained from the riser decreases with
increasing particle size. Therefore, the amount of solid parti-
cles fluidized in the riser increases with increasing dp. Effects
of solid circulation rate on the particle holdup in the riser can
be seen in Fig. 4. In this figure, the value of particle holdup
increases with increasing solid circulation rate, which is simi-
lar to the results of Atta et al. [6]. The solid circulation rate has
been defined as weight of solid particles injected into and
entrained from the riser per unit time and cross-sectional area
of the riser. Therefore, the increase of solid circulation rate means
the increase of solid amount injected into the riser; thus, the
solid holdup increases with increasing Gg in all the cases studied.

It has been understood that the overall flow behavior of par-
ticles in the riser is one of the important factors in the design
of the liquid-solid circulating fluidized bed reactor or contac-
tor and to predict the performance of it [13-15]. The overall
interstitial rising velocity of solid particles in the riser can be
obtained by Eq. (3), which can be used to predict and analyze
the particle flow behavior in the riser.
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Fig. 4. Effects of Gg on ¢ in liquid-solid circulating fluidized beds.
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Effects of liquid velocity, particle size and solid circulation
rate on the overall particle rising velocity in the riser, Ug, can
be seen in Figs. 5 and 6. In Fig. 5, the overall particle rising
velocity increases with increasing liquid velocity, which is
due to the increase of upward fluidizing force acting on the
particles by liquid flow. The overall particle rising velocity also
increases with increasing solid circulation rate, but it decreases
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with increasing particle size (Figs. 5 and 6). Although the par-
ticle holdup increases with increasing solid circulation rate,
the effect of solid circulation rate is dominant rather than parti-
cle holdup on the overall particle rising velocity; thus, the
value of particle rising velocity increases with increasing solid
circulation rate. It can be expected that the particle velocity
decreases with increasing particle size, since the weight of
particles increases with increasing dpin a given solid circula-
tion rate condition.

Since the flow rate of continuous liquid medium and that of
discrete solid particles in the riser are different from each other,
the slip velocity between them can be defined as Eq. (4).

_ Uy
US/ip - (1 —SS)_US (4)

It has been understood that the relative velocity between the
continuous liquid phase and the discrete solid particles could
create shear stress and force at the interface during flow,
which is directly related to the mass and heat transfer between
them and in the flow process [6-12]. Effects of particle size,
solid circulation rate and liquid velocity on the slip velocity,
Ug;p» can be seen in Figs. 7 and 8. The slip velocity increases
with increasing particle size and liquid velocity. However, the
effect of solid circulation rate on the slip velocity is marginal,
as can be seen in Fig. 8. As mentioned earlier, the particle holdup
(Fig. 4) and overall particle rising velocity (Fig. 6) increase
with increasing solid circulation rate. Therefore, the effects of
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in liquid-solid circulating fluidized beds.

solid circulation rate on both of particle holdup and slip velocity
in Eq. (4) could compensate each other; thus, the value of slip
velocity does not change considerably with variation of solid
circulation rate.

The overall turbulence phenomenon in the riser, which is
due to the fluidization of particles in the continuous flow of
liquid phase, can be predicted by means of the hydrodynamic
energy dissipation. The energy input rate per unit weight of
continuous liquid phase can be written as Eq. (5). In addition, the
energy recovery rate by means of flowing liquid and entrained
particles from the top of the riser can be written as Eq. (6).

E,= Ui(erprtesps)g (5)
€1PL
U,p,+G
E, = (Urp,*+Gy)g (6)
EsPL

Then, the energy dissipation rate can be obtained as Egs. (7)
and (8) in the riser of liquid-solid circulating fluidized beds.

Ep=E,—Eg (7)

[UL(l 78L)(pSipL)7GS]g (8)

E.=
P €PL

Effects of particle size, solid circulation rate and liquid
velocity on the hydrodynamic energy dissipation rate in the
riser can be seen in Figs. 9 and 10. The energy dissipation rate
increases with increasing particle size, solid circulation rate
and liquid velocity. This can be ascribed to the fact that the
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increase of particle size, solid circulation rate or liquid veloc-
ity leads to the increase of turbulence in the riser. That is, the
interaction and contacting between liquid and solid particles
as well as among solid particles could increase with increas-
ingd,, G,and U, . The turbulent interaction and contacting can
be expressed by adopting the surface renewal theory based on
the concept of local isotropic turbulence model [22,23]. The
energy dissipation in the turbulent flow field can be related to
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Fig. 10. Effects of Gg on E,, in liquid-solid circulating fluidized beds.
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the micro scale eddies. That is, the length and velocity of
micro eddies can be written as Egs. (9) and (10), respectively
[22,23]. Therefore, the contacting frequency of micro eddies
can be written as Eq. (11).

3 0.25
L= [—“—-] ©
Epp.
Epi,\ 025
U,=|— 10
=2 (10)
P =k = k(Ee2) (1)
Le Hr
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In Eq. (11), K is a constant. It is noted from Eq. (11) that the
contacting frequency of micro eddies increases with increas-
ing energy dissipation rate and vice versa. This means that the
turbulence intensity in the riser could increase with increasing
energy dissipation rate.

The particle holdup in the riser was well correlated in terms
of operating variables as Eq. (12), with a correlation coeffi-
cientof 0.911 (Fig. 11).

0.203 1—0.365 ~0.144

&g = 0.366d)°"U, "G (12)

4. Conclusion

The holdup of fluidized particles in the riser decreased with
increasing liquid velocity, while it increased with increasing
particle size or solid circulation rate. The overall particle ris-
ing velocity in the riser increased with increasing liquid veloc-
ity or solid circulation rate but decreased with increasing
particle size. The slip velocity between liquid and particles in
the riser increased with increasing liquid velocity or particle
size, but it did not change considerably with variation of solid
circulation rate. The energy dissipation rate in the riser increased
with increasing particle size, solid circulation rate or liquid
velocity, due to the increase of contacting frequency between
micro eddies. The particle holdup was well correlated with
operating variables within the experimental conditions in the
present study.
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Nomenclatures
: constant [-]
b : constant [-]
D : column diameter [m]
dp : particle size [m]
E, : energy dissipation rate [m%/s*]
E, : energy input rate [m%/s’]
Eg : energy recovery rate [m%/s®]
F : contacting frequency of eddies [1/s]
Gy - solid circulation rate [kg/m?-s]
g : gravitational acceleration [m/s?]
K : constant [-]
L : length of test section [m]
L, : eddy length [m]

AP : pressure drop [Pa-s]
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U, : eddy velocity [m/s]

U, : liquid velocity [m/s]

Uy : overall particle rising velocity [m/s]
Uy, o slip velocity [m/s]

U, : terminal velocity of particles [m/s]

Greek Letters

g
&
PL
Ps
Hy,

10.

11.

12.

liquid holdup [-]
particle holdup [-]
liquid density [kg/m®]
particle density [kg/m?]
liquid viscosity [Pa-s]
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