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Abstract−−−−Hydrodynamic transition experiments, involving both visual observations and pressure measurements,
were performed using a 127-mm diameter Plexiglas column for three-phase inverse fluidized beds of 5.8-mm poly-
ethylene spheres. Observations of interest not hitherto reported include: (1) A marked hysteresis effect (even when
starting from a loose-packed condition) between inverse fluidization and defluidization which disappears when a
wetting agent is added to the downflowing water. (2) An initially abrupt decrease of the minimum fluidization
voidage, εmf, followed by a gradual rise of εmf with increasing superficial gas velocity, Ug. (3) Lower values of εmf for
three-phase systems than for the corresponding two-phase (liquid-solid) fluidized beds because local agitation by the
gas bubbles causes bed compaction near the minimum liquid fluidization velocity, Ulmf. (4) Ulmf vs. Ug curves which,
though they always show Ulmf decreasing as Ug increases, sometimes display concave-downward, sometimes concave-
upward and sometimes S-shaped behavior.
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INTRODUCTION

For three-phase inverse fluidized beds, gas flows upward and
liquid downward. Typical applications are gas-liquid reactions in
which a catalyst is required to enhance the conversion in chemical
and biochemical industrial processes such as waste-water treatment
[Shiomodiara et al., 1981; Kaul and Gadaraki, 1990; Gonzalez et al.,
1992; Karamanev and Nikolov, 1996; Ramsay et al., 1996; Wright
and Raper, 1996], hydrometallugy for the microbiological leaching
of metals [Nikolov and Karamanev, 1987] and bioremediation of
pentachlophenol-contaminated soil [Karamanev et al., 1997]. How-
ever, the gas-liquid-solid fluidized bed reactor may be the most dif-
ficult of all reacting systems to commercialized due to their extreme-
ly complicated flow behavior [Tarmy and Coulaloglou, 1992].

Few studies have been published on the hydrodynamics of three-
phase inverse fluidized beds. Fan and coworkers [Chern et al.,
1981, 1983, 1984; Fan et al., 1982a, b] investigated the hydrody-
namic behavior of three-phase inverse semi-fluidized beds in which
a liquid is the continuous phase, and presented a flow regime map
for three-phase inverse fully fluidized beds. Kirshnaiah et al. [1993]
correlated the minimum liquid velocity at the onset of fluidization
in terms of the physical properties of the fluids, particle characteris-
tics and system variables. Buffière and Moletta [1999], Fan et al.
[1982a], Ibrahim et al. [1996] and Légile et al., 1988] studied and
correlated the phase holdups for three-phase inverse fluidized beds.
Karamanev and Nikolov [1992a, b] studied bed expansion and par-
ticle drag coefficient in liquid-solid inverse fluidization. They con-

cluded that the drag coefficient of free-rising light particles cou
be described by the conventional law of free settling only wh
Ret<130 and/or ρs exceeds approximately 900 kg/m3. Briens et al.
[1997] reported minimum liquid fluidization velocity as obtaine
from measurements of static-pressure gradients in three-phas
verse fluidized beds. Ulmf was found to decrease as the superfic
gas velocity increased.

Zhang et al. [1995, 1999] reported a Gas Perturbed Liquid M
el (GPLM) which could predict Ulmf for both conventional and in-
verse three-phase fluidized beds. Briens et al. [1999] reported
the effect of inhibitors on minimum fluidization could be predicte
from their effect on gas holdup by adapting the GPLM. Bed vo
age and phase holdups have also been measured in many p
systems [Fan et al., 1982a; Légile et al., 1988; Buffière and Mole
1999]. However, the bed voidage at the minimum fluidization h
not been systematically studied in three-phase inverse fluidi
beds, although much εmf data has been published in two-phase s
tems (i.e. liquid-solid and gas-solid fluidized beds).

The primary objective of this study is to characterize the hys
esis effect between inverse fluidization and defluidization in thr
phase inverse fluidized beds, an aspect not previously reporte
secondary objective is to show and explain the bed voidage
the individual phase holdups at the minimum fluidization con
tion in such beds.

PRESSURE GRADIENT

1. Two-Phase (Liquid-Solid) Inverse Fixed or Fluidized Beds
With the z-coordinate taken as positive in the upward directi

i.e. in the direction opposite to that of the liquid flow, and with t
hydrostatic head of liquid corrected for the frictional pressure g
dient, the overall pressure variation in the vertical direction c
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(1)

The frictional pressure gradient in two-phase (liquid-solid) inverse
fluidized beds is given by

(2)

Substituting Eq. (2) into Eq. (1) and rearranging, we obtain

(3)

In the case of a fixed bed, (−dp/dz)f, ls can be expressed by the
Ergun [1952] equation applied to the liquid-solid interaction as fol-
lowes:

(4)

Substituting Eq. (4) to Eq. (1)

(5)

We transform that equation to

(6)

Eqs. (3) and (6) can be applied if the bed height is measured and it
is assumed that voidages, particle properties and the superficial liq-
uid velocity are all uniform over the bed height so that the pressure
gradient is also uniform over that height interval.
2. Three-Phase (Gas-Liquid-Solid) Inverse Fixed or Fluidized
Beds

A force balance over a differential height dz of fluidized bed
now yields

(7)

If it is assumed that solids buoyancy in a three-phase bed is pro-
vided only by the liquid [Zhang et al., 1995, 1998], then Eq. (2) ap-
plies to this situation. Substituting for εsρsg in Eq. (7) by means of
Eq. (2) and simplifying, we obtain

(8)

Note that a different result would be generated if one were to as-
sume that the buoyancy force acting on the solids is provided by
the gas-liquid mixture [Lee et al., 1999].

In the case of a fixed bed, (−dp/dz)f, ls can again be expressed by
the Ergun [1952] equation applied to the liquid-solid interaction.
This requires that solids holdup=εs/(εs+εl), liquid holdup=εl/(εs+εl)
and liquid superficial velocity=Ul/(εs+εl). Substituting the Ergun
equation accordingly for (−dp/dz)f, ls into Eq. (8), neglecting the term
εgρgg and rearranging the results, we obtain

(9)

In three-phase inverse fixed or fluidized beds, application of 
(9) requires knowledge of the individual phase holdups at that 
en condition.

EXPERIMENTAL

Hydrodynamic transition experiments, involving both visual o
servations and frequent pressure measurements by differential
sure transducers (Omega, PX750-DI) connected to a large num
of axially distributed pressure taps, were performed using a 1
mm diameter Plexiglas column containing the three-phase inv
fluidized beds. The total column height was 2.74 m, with a 1.
m-high test section. Pressure taps on the wall of the column, 0
intervals from 0.05 m below the stainless steel liquid distribu
screen (4 mesh), which prevented the particles from rising to
top portion of the column, were connected to a differential press
transducer. A schematic diagram of the experimental setup is sh
in Fig. 1. The particles studied were 5.8-mm polyethylene sphe
of 910, 930 and 946 kg/m3 respectively, fluidized by water, or wa-
ter plus 50 ppm of a wetting agent (MAKON-NF, Stepan Chem
cal Co.), and air. The mass of particles used was 3.5 kg and in
height of bed varied from 0.50 m to 0.54 m depending on the 
ticle density. Gas and liquid flow rates were measured by rota
ters, with Ug varied from 0 to 16.5 mm/s and Ul from 0 to 26.4 mm/
s. The air was introduced from a perforated distributor contain
25 holes of 0.8-mm diameter. The liquid was pumped to the 
idization column maintaining a constant liquid flow. Note that t
gas and liquid velocities used were maintained in a range in wh
bubble entrainment by the liquid would not occur in the lower d
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Fig. 1. Schematic diagram of experimental setup.
Korean J. Chem. Eng.(Vol. 17, No. 6)
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tributor section. Transducer signals were processed by a personal
computer at a sampling frequency of 5 Hz for intervals of 180 s.

The three phase-holdups in the fluidized state were determined
by solving three equations:

(10)

(11)

(12)

The overall pressure gradients were measured also for the determi-
nation of the minimum liquid fluidization velocity of the three-
phase inverse fluidized beds. For these measurements, the superfi-
cial liquid velocity was decreased step-by-step from the initially
fluidized state to zero, at constant gas velocity, and then increased
from zero to the fluidized state. At minimum fluidization, solids
entrainment was very small, although the bed surface fluctuated. It
was found that most of bed remains stationary in three-phase in-
verse fluidized beds when fluidization begins at the bottom of the
bed. The minimum fluidization voidage, εmf, was determined from
Eq. (12) by the measuring the bed height on stopping the gas flow,
beyond the condition where decreasing the liquid velocity had ef-
fected a complete transition from the fluidized state to a fixed bed.

RESULTS AND DISCUSSION

1) Gas Holdup in Two-Phase (Gas-Liquid) Flow
Gas holdup was first measured in both a bubble column (Ul=0)

and for countercurrent two-phase flow, with liquid flowing down-
ward and gas upward in the absence of solid particles. Fig. 2 shows
that the gas holdup increases with increasing gas velocity. There is
only a small influence of liquid velocity over the range covered.
In the case of the gas holdup correlation of Buffière and Moletta
[1999] for bubble column (BC-R1 and BC-R2), the predicted gas
holdups are higher than the present experimental results due to the
smaller bubbles in the earlier study, where the gas sparger was a
perforated rubber tube and a perforated membrane, respectively.
The gas holdups of Briens et al. [1999] are lower than our data ow-

ing to their larger holes of the gas sparger, dor=3.0 mm [Tsuchiya
and Nakanishi, 1992].

2) Minimum Fluidization Velocity in Two-Phase (liquid-solid) In
verse Fluidized Beds

The minimum fluidization velocity in liquid-solid fluidized beds
Ulmf, is a function of the particle diameter and density, as well a
the physical properties of the liquid such as density and visco
The dimensionless pressure gradient for water-910 kg/m3 polyeth-
ylene beads is shown in Fig. 3a, together with predictions for
hydrostatic pressure gradient and the fixed bed pressure gra
The minimum liquid fluidization velocity is taken as the veloci
at which the pressure gradient within the bed is a minimum.
shown in Fig. 3a, the dimensionless pressure gradient decreas
itially with increasing liquid velocity, but increases gradually wit
increasing liquid velocity beyond Ulmf due to bed expansion. The
frictional pressure drop, ∆pf, for the same system increases linea
with increasing liquid velocity and then reaches a constant va
beyond Ulmf, as shown in Fig. 3b. This constant value is equa
the net buoyancy force per unit area by which the gravitatio
force of the particles is corrected.

3) Flow Regimes in the Three-Phase Inverse Fluidized Beds
Fig. 4 demonstrates that the frictional pressure drop profile

− 
∆P
∆z
-------  = εgρg + εlρl  + εsρs( )g

εg + εl  + εs = 1.0

εs = 
Mp

π 4Dt
2ρsHB⁄

--------------------------

Fig. 2. Variation of gas holdup with gas superficial velocity in
various bubble columns.

Fig. 3. Pressure gradient as function of liquid velocity for two-
phase liquid-solid inverse fluidized beds. Ug=0 mm/s, dp=
5.8 mm, ρρρρs=910 kg/m3.
(a) dimensionless pressure gradient; (b) frictional press
drop.
November, 2000
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three-phase inverse fluidized beds differ from the profiles for two-
phase inverse fluidized beds (compare Fig. 3b). Starting from a
loose-packed condition, as the liquid velocity was increased, the
frictional pressure drop through the bed followed a path typically
described by OABC at a constant gas velocity. Three regimes are
discernable in Fig. 4:

(a) Fixed-bed regime (O�A). At low Ul, the liquid simply per-
colates downward through the bed without disturbing the particles.
The bed is maintained at a constant voidage of ε0 and a height of
HB0. The magnitude of ∆pf rises steeply with increasing liquid ve-
locity as in any fixed bed and reaches the maximum pressure drop,
(∆pmax), at point A.

(b) Partially fluidized-bed regime (A�B). At point A and be-
yond, half or less of the bed is stationary, while the lower section
of the bed is fluidized as mentioned by Ibrahim et al. [1996]. The
frictional pressure drop, ∆pf, then decreases with increasing liquid
velocity from its maximum value of (∆pmax) at point A to (∆pb) at
point B.

(c) Fully fluidized-bed regime (B�C). The bed reaches its in-
itial stage of full fluidization at point B. The corresponding superfi-
cial liquid velocity is the minimum velocity of full fluidization on
increasing Ul. However, when Ul is decreased, the magnitude of
∆pf follows the curve marked C�A’�O. Two flow regimes can
then be identified: Segment C�A’ corresponds to the fully fluid-
ized-beds regime and segment A’�O, the fixed-beds regime. The
liquid superficial velocity at A’ is thus Ulmf.

In the fully fluidized-bed state, assuming liquid-buoyed solids,
the frictional pressure drop, ∆pf, is given by:

(13)

with

(14)

(15)

From Fig. 4, on decreasing liquid velocity to Ul=1.9 mm/s, at
Ug=2.1 mm/s, the bed is still in the fully fluidized state, with the

bed voidage and gas holdup are 0.611 and 0.006, respectively.
stitution of these and other system values into Eqs. (14) and 
leads to ∆Pparticles=155.0 N/m2 and ∆Pgas=44.1 N/m2. The total pre-
dicted pressure drop, ∆pf=199.1 Pa is very similar to the experi
mental value from Fig. 4, 195.6 Pa.

Fig. 4 exhibits substantial hysteresis in the pressure drop
sponse to varying liquid velocity around incipient fluidization, ow
ing apperently to the properties of interface between solid parti
and liquid. Polyethylene is hydrophobic, so that air is in close c
tact with the particles.

Fig. 5 plots dimensionless pressure gradient profiles with a
without the wetting agent. A marked hysteresis effect between
verse fluidization and defluidization occurs without a wetting age
but disappears when the wetting agent is added. When the we
agent was added to water, the surface tension of water decre
from 0.072 to 0.053 N/m. As a result of the addition, the gas b
bles no longer attached to the solid particles, and this elimina
the hysteresis. A similar result for a three-phase inverse turbu
bed was reported by Choi et al. [1999] who modified the surf
polymer particles from hydrophobic to hydrophilic by treating th
polyethylene surface with chlorosulfonic acid. They obtained
smaller critical velocity of gas bubbles than reported by Comte
al. [1997]. Also, the ranges between inverse fluidization and de
idization shifted to the left due to reducing the surface tension
liquid as the wetting agent was added to water.

4) Minimum Fluidization Velocity in Three-Phase Inverse Flui
ized Beds

For conventional two-phase (liquid-solid or gas-solid) fluidiz
tion, minimum fluidization is defined as the condition at which th
pressure drop across the bed equals the weight of the bed 
1989]. In the case of the two-phase (liquid-solid) inverse fluidiz
tion, minimum fluidization is defined as the condition at which th
pressure drop across the bed is equal to net the buoyant forc
the particles in the bed. The determination of minimum fluidiz
tion velocity in the three-phase inverse fluidized beds is more 
ficult because of a strong pressure drop-flow rate hysteresis. 
minimum fluidization velocity at fixed Ug should be measured for

∆pf = ∆pparticles + ∆pgas

∆pparticles = 

Mpg
ρ l

ρp

----- − 1 
 

A t

----------------------------

∆pgas = 

ρgεgV totg
ρl

ρg

-----  − 1 
 

A t

--------------------------------------- = ρgεgHBg
ρl

ρg

----- − 1 
 

Fig. 4. Pressure drop for three-phase inverse fixed and fluidized
beds of polyethylene beads.

Fig. 5. Dimensionless pressure gradient profile with and with-
out wetting agent in three-phase inverse fixed and fluid-
ized beds for 5.8 mm polyethylene spheres of density 910
kg/m3 at Ug=2.7 mm/s.
Korean J. Chem. Eng.(Vol. 17, No. 6)
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decreasing Ul, with minimum fluidization then defined as the con-
dition at which the fluidized particles settle to form a fixed bed. Fig.
6 shows the variation of minimum fluidization velocity with super-
ficial gas velocity. Ulmf decreased as Ug increased as in previous
work [Legile et al., 1988; Ibrahim et al., 1996; Buffière and Moletta,
1999; Briens et al., 1999]. Increasing the gas velocity displaces
some of the liquid, resulting in a lower liquid holdup and a larger
interstitial liquid velocity. The slip velocity between liquid and par-
ticles increases and the larger drag exerted on the particles leads to
early fluidization [Ibrahim et al., 1996]. However, from Fig. 6, Ulmf

vs. Ug curves, though they always show Ulmf decreasing as Ug in-
creases, sometimes display concave-downward, sometimes con-
cave-upward and sometimes S-shape behavior. The different be-
havior can probably be attributed to the combined effects of liquid
motion induced by the bubble rise and solid agglomerates attached
to bubbles. For the 5.8-mm spheres of density 910 kg/m3, the con-
sistently higher downward Ulmf requirement with no wetting agent
compared to when the wetting agent is used can be attributed to
a decrease in the effective density of the particles due to bubble at-
tachment in the absence of wetting agent, an effect which is elim-
inated by the wetting agent.

5) Phase Holdup and Bed Voidage of the Three-Phase Inverse

Fluidized Beds
Buffière and Moletta [1999], Légile et al. [1988] and Fan et 

[1982a, b] evaluated the individual phase holdups using the 
mated bed height and pressure gradient. This procedure impli
assumes that the solid entrainment into the freeboard is neglig
Solid entrainment was in fact very small in the present study,
though the bed surface fluctuated at the minimum fluidization c
dition, while most particles were immobile. Therefore, individu
phase holdups were determined from Eqs. (10)-(12), measuring
bed height by shutting down the gas velocity after transition fr
the fluidized state to a fixed beds. Fig. 7 shows the individual ph
holdups at the minimum fluidization condition. As expected, t
gas holdup increased and the liquid holdup decreased with inc
ing gas velocity.

Fig. 8 shows the bed voidage at minimum fluidization, εmf, in
three-phase inverse fluidized beds. In most cases there is an 
steep decrease of εmf with increasing gas velocity, followed by a
gradual rise. εmf is lower than for two-phase (liquid-solid) fluidized
beds, apparently because small scale agitation by the gas bu
lead to compaction of the bed near to the minimum liquid fluidiz
tion velocity [Briens, 1997a].

CONCLUSIONS

For three-phase inverse fluidized beds with aqueous liquid
profound hysteresis usually occurs between fluidization and de
idization, but this disappears when a wetting agent is added. 
voidage at minimum fluidization, εmf, tend to fall initially to a min-
imum and then rise gradually with increasing superficial gas ve
ity. εmf is lower for three-phase systems than for the correspon
two-phase (liquid-solid) fluidized beds because local agitation
the gas bubbles causes bed compaction near the minimum l
fluidization velocity. Ulmf vs. Ug curves, though they always show
Ulmf decreasing as Ug increases, sometimes display concave-dow

Fig. 6. Effect of gas velocity on the minimum fluidization velocity.

Fig. 7. Effect of gas velocity on individual phase holdups for 5.8-
mm particles of density 910 kg/m3 without wetting agent
added.

Fig. 8. Effect of gas velocity on bed voidage at minimum fluidi-
zation.
November, 2000
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ward, sometimes concave-upward and sometimes S-shaped behav-
ior.
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NOMENCLATURE

A t : cross-sectional area [m2]
dor : distributor hole diameter [m]
dp : equivolume sphere particle diameter [mm or m]
Dt : column diameter [m]
g : acceleration of gravity [m · s−2]
HB : bed height [m]
HB0 : static bed height [m]
Mp : particle inventory [kg]
∆P : total pressure drop [Pa]
∆pb : frictional pressure drop of the bed under fully fluid-

ized condition [Pa]
∆pgas : pressure drop of gas [Pa]
∆pf : frictional pressure drop [Pa]
∆pmax : maximum frictional pressure drop trough the parti-

cle bed [Pa]
∆pparticles : pressure drop of particles [Pa]
(∆P/∆z) : total pressure gradient [Pam−1]
(−dp/dz)ls : overall pressure gradient in liquid-solid system [Pa ·

m−1]
(−dp/dz)f, ls : frictional pressure gradient due to liquid-solid interac-

tion [Pa · m−1]
Ug : superficial gas velocity [m · s−1]
Ul : superficial liquid velocity [m · s−1]
Ulmf : Ul at minimum fluidization [m · s−1]
V tot : total volume in the bed [m3]

Greek Letters
εg : gas holdup [-]
εl : liquid holdup [-]
εmf : voidage at minimum fluidization condition [-]
ε0 : voidage of the fixed bed [-]
εs : solid holdup [-]
µl : liquid viscosity [kg · (m−1s−1)]
ρg : gas density [kg · m−3]
ρl : liquid density [kg · m−3]
ρs : solid density [kg · m−3]
σ : surface tension [N · m−1]
φ : particle sphericity [-]
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