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Abstract-We investigated fiae hydrodynamic characteristics of two types of inverse fluidized bed reactors hav- 
ing different driving force for fluidization: aeration axld centrifugal force. In fiae first reactor, only an upward gas 
flow allows floating low-density polyefiaylene beads to sink down into liquid phase and to be uniformly distri- 
buted over fiae entire column. The gas velocity at which fiae solid concentration is uniform throughout fiae bed 
expansion decreases wifia increasing particle loads. In fiae second reactor, the particle loads do not greatly affect 
fiae critical rotating velocity for fiae homogeneous distribution of solid particles while fiae geometry of reactor 
spacing and the type of impeller axe more important for the distribution of particles. For the application of waste- 
water treatment, fiae inverse fluidized bed wifia aeration was found to be more efficient fiaan fiae second type of 
reactor. 
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INTRODUCTION 

Biotechnology has been greatly improved in the field of  the 
immobilization of microbes on the solid substrate [Yoon et al., 
1982; Koh and Chang, 1979]. This technique is better than the 
immobilization of enzymes because it is stable as well as eco- 
nomic [Frida and Kolot, 1981]. The immobilization of micro- 
bes allows us to constantly provide enzymes from immobilized 
microbes. In order to effectively apply this technique to indus- 
try, the development of  suitable biocarriers is very important. 
The biocarriers for the immobilization of microbes are divided 
into two kinds: organic and inorganic materials. In this study, 
we choose polyethylene beads as biocarriers since the polyeth- 
ylene is used in various applications due to its low cost, ready 
availability and resistance to chemicals and harsh environ- 
ments. Also, the high specific modulus and strength of polyeth- 
ylene make it a good candidate for acting as a reinforcing 
component in laminates/composites. One of the major markets 
for polyethylene is the packaging industry where it is used 
directly or in the form of laminates with aluminum foil, paper, 
etc. [Dibyendu et al., 1997]. However, polyethylene has a hy- 
drophobic surface property which is not good for the immobili- 
zation of microbes. Thus, we modified the surface property of  
the polymer substrate from hydrophobic to hydrophilic by treat- 
ing the polyethylene surface with chlorosulfonic acid. This chemi- 
cal modification not only changes the hydrodynamic characteris- 
tics of particles in fluid phase but also increases the retention 
capacity of  microbes on the solid biocarriers [Yang et al., 1997]. 

To effectively use the biocarriers with density lower than that 
of  liquid for the application of wastewater treatment, the con- 
cept of  inverse fluidization is needed [Wild et al., 1982; Lee 
and De Lasa, 1987; Nikolov and Karamanev, 1987; Fan, 1989; 
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Roustan et al., 1993; Bastoul et al., 1996; Lee et al., 1989]. 
Such a system can be operated with downward flow of the 
liquid counter to the net upward buoyancy force on the parti- 
cles. The gas flow is upward, counter to the liquid flow and 
bed expansion can be supported by either the (downward) liq- 
uid phase, the (upward) gas bubbles, or both [Fan et al., 1982; 
Krishnaiah et al., 1993]. In this study, we investigated the hy- 
drodynamic characteristics of  two different inverse fluidiza- 
tions: one is using upward gas bubbles and the other is using 
downward liquid flow due to centrifugal force. So far, how- 
ever, only a limited number of  studies are available on these 
inverse fluidized reactors [Fan et al., 1982; Hinh et al., 1992; 
Krishnaia et al., 1993; Legile et al., 1988; Comte et al., 1997]. 
Thus, the primary objective of  this study is to independently 
characterize the hydrodynamic behaviors of two inverse fluidi- 
zations. The secondau objective is to compare the hydrody- 
namic performances of  the two reactors for the application of 
wastewater treatment. 

EXPERIMENTALS 

We studied two different reactors: One (Fig. 1) is the inverse 
fluidized reactor using aeration and the other (Fig. 2) is the 
inverse fluidized reactor using centrifugal force. In Fig. l, the 
air from the bottom air distributor makes water recirculate in 
the bed and biocarriers fall down. In this apparatus with a 
transparent acrylic column of 10.7 cm inner diameter and 50 
cm height, hydrodynamic experiments were mainly performed. 
Air, water and biocarriers were used as the gas, liquid and solid 
phases, respectively. We used a ceramic material as a gas dis- 
tributor. Equally spaced pressure taps were mounted on the 
column wall from the sparger up and connected to water ma- 
nometers. To prevent solid particles from entering into the pres- 
sure measurement lines, a polymeric screen was attached to the 
tip of  each pressure tap. 
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1 ~ 3  

Fig. 1. Schematic diagram of the h~vcrsc fluidizcd reactor us- 
ing aeration. 
1. Column 5. Pressure taps 
2. Solid particles 6. Rotameter 
3. Air distributor 7. Regulator 
4. Air inlet 8. Compressor 

We used chemically treated low density polyethylene (LD- 
PE) beads as biocarriers. The shape of biocarriers is oblate and 
the average diameter is 3.86 mm, thickness of  2 mm, average 
density 0.93 g/cm3; sphericity 0.93; void fraction 0.386. We us- 
ed three steps for modifying the surface of polyethylene beads. 
First, polyethylene beads were mixed with 10 mM-ferric chlo- 
ride solution at 30 °C for 3 hours. The pretreated beads were 
water washed and vacuum dried for 30 min. Then, we etched 
polyethylene beads in chlorosulfonic acid solution [C1SO3H : 
CCL=2 : l(w/w)] with stirring for 4 hours at room temperature. 
After etching polyethylene beads were water-washed for at 
least 15 min and vacuum-dried over 1 hr. 

In the apparatus represented in Fig. 2, we measured a critical 
mixing velocity for the minimum fluidization of biocarriers at 
different conditions such as the position of impeller and the 
particle loading. The reactor is made of Pyrex and the tempera- 
ture is controlled by warm water circulating through the jacket. 
The reactor with an inner diameter of  16 cm and the height of 
41.3 cm has an inner tube with an inner diameter of  10.7 cm 
and a height of  28 cm. The impeller is an anchor type with the 
dimensions shown in Fig. 2. In this experiment, we used both 
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Water Out  ~ 4 [!?~i ~°~ Tube Inner 

~ - - -  Water In ~ ~ 
- -  8cm 

Impel ler  

Fig. 2. Schematic diagram of the inverse fluidized reactor us- 
ing centrifugal force. 
1. Air distributor 4. Water jacket 
2. Anchor type stirrer 5. Motor 
3. Inner 6. Biocarriers 

untreated and treated LDPE beads. The untreated and treated 
LDPE beads have a density of  0.903 g/cm 3 and 0.93 g/cm 3, re- 
spectively. We also conducted experiments in the reactor with- 
out the inner tube. 

RESULTS AND DISCUSSIONS 

1. Hydrodynamics of the Inverse Fluidized Reactor using 
Aeration 

First, we obtained the gas holdups of the bubble column 
(without solid particles) in the first reactor (Fig. 1) to check the 
performance of the apparatus and compared the values obtain- 
ed from the observation of liquid level rise with the values cal- 
culated from the pressure drop measurements (Fig. 3). The eG 
was calculated from Eqs. (1) and (2) after setting es=0. Fig. 4 
shows good agreement between the measured and calculated 
values and confirms the accuracy of the manometer. The ob- 
served result was obtained from the height of  bed expansion 
due to aeration. Then, we obtained the average phase holdups 
in the three-phase fluidized bed from the following equations: 

--~P= ( ~ p  ~+~zpz+~sps) g. (1) 
z 

~+~z+~s=l. (2) 
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Fig. 3. Pressure variations with respect to position in a bub- 
ble column. 
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Fig. 4. Gas holdups at different Uc s in a bubble column. 
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I o UG=0.1854 em/sec / /  
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Fig. 5. Variations o f  the pressure profiles versus the superfi- 
cial gas velocity. 
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Fig. 7. Changes o f  the gas velocity with respect to particle 
loads. 
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Fig. 6. Average phase holdups in the reactor with 20% parti- 
cle loads. 
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Fig. 8. Variations o f  the solid holdup profiles with the gas ve- 
locity. 

eS=HbAp s. (3) 

The concentration of solids in the reactor, defined by the ratio 
of the static bed height to the column height, varied from l0 to 
40%. The hydrodynamic behavior can be identified by the 
pressure profiles and the axial solid concentration profiles, 
when the superficial gas velocity U~ is varied. As the gas was 
injected, the lower portion of the bed began to be fluidized. As 
the gas velocity was further increased, the remaining packed 
portion of solid progressively moved until the entire bed was 
fluidized. The gas velocity at which the solid concentration 
was uniform throughout the bed is called the critical fluidiza- 
tion velocity. The critical fluidization velocity was determined 
in the apparatus of Fig. 1. Fig. 5 shows the variations of the 
pressure profiles versus the superficial gas velocity and the 
average phase holdups in the reactor with 20% particle load- 
ing. The average phase holdups in Fig. 6 were obtained from 
the slopes of the lines in Fig. 5 and the previous three equa- 
tions. As shown in Fig. 6, the gas phase holdups in the 2- 
phase region suddenly increase just before fluidization starts, 
while the gas phase holdups for the 3-phase region slightly 
decrease at the critical fluidization point. The change of the 
critical fluidization velocity with respect to particle loading and 

the variations of the solid holdup profiles with the gas velocity 
are presented in Figs. 7 and 8, respectively. The gas velocity 
for the critical fluidizafion decreases with increasing solid par- 
ticle loading. Fig. 8 shows that a gradual transition to fluidiza- 
tion at low particle loading is observed while a sharp transition 
is observed at high particle loading. This phenomenon may be 
explained by the percolation theory for the phase transition 
[Choi et al., 1995]. Our sparger shows similar performance with 
the rubber membrane sparger studied by others [Comte et al., 
1997]. 

We have tried to fit our experimental data to Comte et al.'s 
model. The main assumption of their model is that the axial 
solid distribution in the column is mainly controlled by the 
difference between the density of the particle and that of the 
gas-liquid m£xture which can be considered as a homogeneous 
fluid. The density of this mixture can be estimated as follows 
everywhere in the reactor whatever the conditions are: 

9=F~P~+e~P~. (4) 
EG+Et 

Since the density of gas is much less than the density of liq- 
uid, Eq. (4) can be simplified by 

EG+Et" 

September, 1999 
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If the density of solid particles is greater than the density of a 
gas-liquid mixture, particles will settle down to the bottom of 
the reactor. If the density of solid particles is less than the 
density of the lnLxmre, particles will go upward. When the den- 
sfly of the solid particles is equal to the density of the mixture, 
particles will disperse in the reactor. In this model, however, 
the liquid circulation due to the rising gas bubbles is not con- 
sidered. When the gas velocity is equal to the critical fuidiza- 
tion velocity, the density of the mixture equals the density of 
the solid particles. That is, 

p=p~, (6) 

and Eq. (5) becomes 

Ps_ ez 
Pz %+~/ (7) 

If we define R as 

R--- Pz-P%I- Ps pz pz (8) 

and combine Eqs. (2), (7) and (8), we have 

~=(1-e~,)~' (9) 

and 

g~=R(1-g~,). (10) 

From the concept of the slip velocity G defined by Wallis 
[1969], 

o= U+, (11) 
EG 

the critical velocfly can be expressed as follows: 

U~c=GR(1-~,). (12) 

Since ps=0.93 g/cm 3 and pL=I.00 g/cm 3, R becomes 0.07 in 
our experiment. As shown in Fig. 9, G is between 8.57 and 
14.29 cm/sec. When es> 0.1, G is between 8.57 and 11.43 cm/s. 
It has been reported that solids promote bubble coalescence 
when G is greater than 25 cm/sec and the particles act as a 
'decelerator' slowing down the rising bubbles when G is less 
than 25 cm/sec [Hebrard et al., 1996; Hyndman and Guy, 1995]. 
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Fig. 9. Variations of the gas velocity with solid holdup. 
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Fig. 10. Comparison of predicted values with experimental data. 

Thus, it can be seen that our ceramic membrane diffuser gene- 
rates small bubbles and the polymer particles decelerate. In 
this plot, when the solid hold-up is small such as (es=0.1), the 
particles do not sufficiently decelerate the velocity of the ris- 
ing bubbles. This means the slip velocity G depends on the pre- 
sence of solids. Thus, G can be expressed as the following em- 
pirical law: 

G=Go(1-e~,f (13) 

Since the slip velocfly, Go, is the average free rising bubble 
velocfly, G0=21.8 cm/sec was obtained from the bubble col- 
umn data. Eq. (12) canbe written as 

U~c=GoR(1-e,) y (14) 

Fig. 10 compares our results with Comte et al.'s results. The 
value of the exponent y was found to be 4.5 by a simple 
logarithmic fitting while the value of y was found to be 2 by 
Comte et al. This means that we obtain smaller critical veloc- 
ity of gas bubbles than Comte et al.'s critical velocfly under 
the same solid hold-up and density conditions. Since they used 
tmtreated polyethylene beads (hydrophobic) while we used 
surface modified polyethylene beads (hydrophilic), the hydro- 
philic surface property of particles may act as a 'decelerator' 
slowing down the rising bubbles. 
2. Flow Characteristics in the Sofid-Liquid Inverse Fluid- 
ized Reactor using Centrifugal Force 

The equation for the pressure drop in the packed bed is ex- 
pressed by the Elgun equation, and the inverse fluidization occurs 
when the pressure drop in the packed bed equals the difference 
between the particle buoyancy and gravitational forces [McCabe 
et al., 19931. 

(pz-ps)(1-g~,)g= 
]5ouz=+ ~t~(]-~=+)2.+).vsu~=+ m(]-~=+) 

(15) 2 3 2 3 
0 dp~mf 0 dpemf 

ff we introduce a factor, c~, which is the relative contribution 
of downward flow to rotating fow, the liquid velocfly for the 
minimum fuidization, UL,¢, can be represented by the critical 
rotating velocity, N,+ 

U~m/=C~NmfD.. (16) 

The balance equation for the minimum fuidization can be 
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Fig. 11. Change of critical rotating velocities with respect to particle loads. 
(a) untreated LDPE beads without inner tube; (b) treated LDPE beads without inner tube; (c) untxeated LDPE beads with 
inner tube; (d) treated LDPE beads with inner tube. 

Table 1. Values of ~ at different experimental conditions 

Position of 
impeller 

System without System with 
inner tube inner tube 

Untxeated Treated Untxe~ed Treated 

LDPE LDPE LDPE LDPE 

Top 0.00352 0.00409 0.00297 0.00353 
Middle 0.00354 0.00374 0.00300 0.00354 
BoSom 0.00388 0.00429 0.00260 0.00352 

written as the following second order equation for PeN, -,S: 

2 3 

OK emf_ 150K(1-emf)~ - 2 (17) 
, ~  Arz= ~ vz"~'~-27-2"~,~ KeN, mj+KeN, my, 
I . / D I X  ~ • . / o ~ J t ' - ~  

2 d 3 K=Do 
where Re~ ms -pzN~sDa and Arz -pz(ps-pz) ~g<0, and 

' ~tL ~t 2 dp" 

Fig. 11 represents the critical rotating velocity of the impeller 
at the onset of fluidization with the change of particle loading. 
Fig. ll(a) and (b) are the results using untreated and treated 
LDPE beads in a reactor without inner tube, respectively, and 
(c) and (d) are the results using untreated and treated LDPE 
beads in a reactor with inner tube, respectively. Each figure 
represents the results obtained at three different positions: top, 
middle and bottom. As shown in Fig. 11, the critical rotating 
velocity slightly increases with increasing particle loads. To 
compare flow characteristics of four different cases, we calcu- 
late o¢ from Eqs. (16) and (17) using the average critical rotat- 
ing velocity and represented the results in Table 1. To obtain o¢, 
we first calculate the average value of rotating velocity, N,,s, at 
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each experimental condition and adjust c~ until the value of N,, s 
predicted by Eq. (17) equals the average value of N,, s obtained 
at each experimental condition. We use the golden section 
method to find c~. Since a large value of c~ means low energy 
cost for operating the reactor, the operation using treated LDPE 
beads in a reactor without inner tube is better than other opera- 
tions. This is because the density of treated LDPE beads (ps= 
0.93 g/cm 3) is slightly larger than that of untreated LDPE (ps= 
0.903 g/cm 3) and the inner tube blocks outward flow from im- 
peller to wall. Such a blocking effect of the inner tube has to be 
studied more for optimum design of reactor geometry. In addi- 
tion, the hydrophilic surface property of chemically treated par- 
ticles may provide easy operation of the reactor. 

CONCLUSIONS 

We investigated the hydrodynamic characteristics of two 
different three-phase inverse fluidized bed reactors: one using 
aeration and the other using centrifugal force. In the first re- 
actor, only an upward gas flow allows floating low-density po- 
lyethylene beads to sink down into liquid phase and to be 
uniformly distributed over the entire column. The gas holdup 
data obtained in the bubble column showed good agreement 
with the results obtained from the direct measurement of bed 
expansion. The gas velocity for critical fluidization decreased 
with increasing particle loads. Thus, this reactor can be oper- 
ated at low gas velocity with high load of particles. This means 
high population of microbes attached on the carrier surface. 
The slip velocity obtained from the bubble column data used to 
estimate the exponent of power law expression for the slip ve- 
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locity in the three-phase inverse-fluidized bed. The slip veloc- 
ity of the three phase inverse fluidized reactor was 9.7 to 13.5 
cm/sec. The predicted exponent for the power law expression 
of the critical velocity was 4.5 while it was 2 in Comte et al.'s 
study. This is because of the hydrophilic surface property of 
LDPE which may act as a 'decelerator' for the rising bubbles. 
In the second reactor, the particle loads did not highly affect the 
critical rotating velocity for homogeneous fluidization while the 
geometry of reactor spacing and the type of impeller were more 
impol~nt for easy fluidizatiort Therefore, the inverse fluidized bed 
reactor using aeration is more promising for the application of 
wastewater treatment than that using centrifugal force. How- 
ever, if we combined two concepts of inverse fluidization, we 
could design a better reactor for effective treatment of indus- 
trial wastewater. 
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NOMENCLATURE 

A : cross section area of the column [L 2] 
Ar~ : Archimedes number [dimensionless] 
Da : diameter of impeller [L] 
- d / d z  : axial pressure gradient [IVrF2L 2] 
dp : particle diameter [L] 
g : gravitational acceleration [UI ~2] 
G :slip velcity [LT 1] 
Go : slip velocity for as=0 [LT 1] 
Hb : bed height [L] 
K : constant for the ratio of Da to dp [dimensionless] 
Ms, : weight of solid introduced into the column [M] 
N,, s : rotating velocity for minimum fluidization [ T  1] 
R-I-ps/gL: density ratio [dimensionless] 
PeN, -,S : Reynolds number for minimum fluidization [dimension- 

less] 
UL,,s : liquid velocity for the fluidization [LT 1] 
U~, : critical gas velocity [LT 1] 
x, y : exponent in Fxls. (13) and (14) [dimensionless] 

Greek Letters 
c~ : relative contribution of downward flow to rotating flow 

[dimensionless] 
~.~ : porosity at minimum fluidization [dimensionless] 
~G : gas holdup [dimensionless] 
~L : liquid holdup [dimensionless] 
~s :solid holdup [dimensionless] 
p : gas-liquid mixture density [ML 3] 
PG : gas density [ML 3] 
Pz :liquid density [ML 3] 
Ps :solid density [ML 3] 
~tL : viscosity of liquid water [ML 1 ~1~1] 

qb : sphericity of particle [dimensionless] 
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