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Abstract—Hydrodynamic transition experiments for two-phase (liquid-solid), both upward and downward, liquid
flow systemns were performed in a 127-mm diameter columm. The particles were 3.2-mm polymer (1,280 kg/m’), 5.8-
mm polyethylene (910, 930, 946 kg/m’), 5.5-mm polystyrene (1,021 kg/m’) and 6.0-mm glass (2,230 kg/m’) spheres,
with water, aqueous glycerol solution and silicone oil as liquids. The dimensionless pressure gradient increases initially
with increasing liquid velocity, but decreases gradually with increasing liquid velocity beyond U, due to bed expansion.
The non-dimensionalized pressure gradient using the liquid/solid mixture density increases with increasing liquid
velocity and then reaches a constant value close to unity beyond U, The minimum fluidization Reynolds number for
liquid-solid system increases with increasing Archimedes number including both heavier and lighter than the density
of the liquid phase. U,, should be the same for both upward and downward fluidization systems since the Ergun
equation is based on the main assumption that drag force of the superficial liquid velocity, U, is equal to the net

difference between gravitational and buoyancy forces.
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INTRODUCTION

Tn two-phase (liquid-solid) upward systems, solid particles whose
density 1 lerger than that of the hiquud are fhudized by upward hiquad.
When the solid beds have a density lower than that of the liquud,
the beds can be fluidized by a downward flow of liquid phase [Muro-
yama and Fan, 1985]. In both cases, the liquid 1s the continuous
phase and solid particle is dispersed phase.

The application of fluidization techmque in biotechnology has
become one of the most unportant areas m bioreactor engineering
[Atkcinson, 1981; Shugerl, 1989]. Upward fluidized bed bioreactors
are among the most efficient reactors for acrobic and anaerobic waste-
water treatment [Jeris et al, 1981 ; Jewell et al, 1981; Choi and Shin,
1999], penicillin production [Oh et al, 1988; Endo et al, 1988],
and phenol degradation [Tang and Fan, 1987, Livingston and Chase,
1989]. However, the important problem of biofilm thickness con-
trol 18 the mam reason for the limited mdustnial application of these
systems. The control of biofilm thickness within a narrow range 1s
achieved in the downward fhuidized bed biofilm reactor [Karamanev
and Nikolov, 1992]. It was found that this bioreactor s very ef-
ficient both when used for biological aerobic wastewater treatment
under bench scale and when scaled up [Nikolov and Karameanev,
1987 Nikolov et al., 1990].

Many studies have been published on hydrodynamics of two-
phase (liquud-solid) upward fluidization [Wilhelm and Kwaule, 1948;
Ergun, 1952; Richardson emd Zaki, 1954; Begovich and Watsorn,
1978, Epstein etal., 1981; Fan et al., 1985, Kwauk, 1992; Zhang et
al,, 1995; Lee et al, 1999, 2000b]. However, few studies on the hy-
drodynamics of two-phase downward fluidization have been pub-
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lished [Fan et al., 1982; Garmier et al., 1990, Karamanev and Ni-
kolov, 1992; Lee et al, 2000a]. Two mathematical models relating
the bed expansion to the downward liquid velocity were proposed
by Fan et al [1982]. These models were based on the experimental
data obtamned from expension of beds contaming solid particles hav-
ing densities from 822 to 930 kg/m’ and cnly cne bed with lighter
particles with a density of 380 kg/m’. Particle sizes were 4.76 and
191 mm, corresponding to d,/ID, ratios of 0.062 and 0.25, respec-
tively. Karamanev and Nikolov [1992] reported the bed expension
characteristics of two-phase downward fluidization. They used twelve
different expanded polystyrene (Styrofoam) spheres with diameters
from 1.31 to 7.24 mm and densities between 75 and 930 kg/m’, cor-
responding d,/D, ratios from 0.016 to 0.091, respectively.

The main objective of study is to investigate the effects of liquid
velocity end the density difference between solid perticles end hiquid
on the transition velocity and bed expansion under the d,/D, ratio
less than 0.05 m two-phase both upward and downward fhudiza-
tion systems.

1. Pressure Gradient of Two-Phase (Liquid-Solid) Fixed or
Fluidized Beds

With the z-coordmate taken as positive m the upward direction,
1e., m the same direction as the liquud flow, the overall pressure
vanation m the vertical direction corrected for the frictional pres-
sure gradient is given by

_dPy _ _dp
( dzl "fg+( dz)

s

(M

The frictional pressure gradient m two-phase (Liquid-sohd) upward
systems can be expressed as

(_g_z) =e.(p.—p)g

fils

(2)
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Substituting Eq. (2) mto Eq. (1) and rearrangmg, we obtain

) )
—[-= ] =1+g|E—1 3
pigh. dz), P, ®)

For a fixed or mederately expanded bed, (—dp/dz),,, can be expressed
by the Ergun [1952] equation applied to the hquid-sohd mterac-
tion, i.e.,

(7d_p) _15001 —af)zp,f_u+1.75(1 —e)pU;
dz/, g 0'd, g 94,
Substituting Eq. (4) mto Eq. (1) leads to
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With the assumptions of bed voidages, particle properties and the
superficial iqud velocity are all uniform over the entire bed height,
Egs. (3) and (5) can be apphed if the bed height 1s known from the

measurement so that the pressure gradient is also uniform over that

(4)

mterval.

Tn case of the liquid-solid dowmward fixed or fluidized beds, the
dimensionless pressure gradient as reported by Lee etal. [2000a] 18
defmed as

1 (_dP) LS00 —epU; 17501 e) U} ©
Is

el dz dde  Pg g odg
The frictional pressure gradient at the minimum fluidization condi-
tion equal to the net difference between gravitational and buoy-
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ancy forces per umit area 1s given by the Ergun equation [1954].
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Rearrang mg the result, we arrive at
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With simplification of the equation type suggested by Wen and
Yu [1966a, b], the Ergun equivalent of Re,, equation reduced to
the more generalized form as

Re,, =4/C: +C,Ar, —C, (10)

where values of C, and C, m the literature are surnmarized m Table 1.

EXPERIMENTAL

Table 1. Values of C; and C, coefficients from various investigators

Author C, C,

Wen and Yu [1966a, b] 337 0.0408
Richardson [1971] 257 0.0366
Grace [ 1982] 272 0.0408

Prassure laps

—
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200 Wer Resanvoir —%

N

(b)

Fig. 1. Schematic diagrams of experimental equipment (a) Two-phase (liquid-solid) upward systems; (b) Two-phase (liquid-solid) down-

ward systems.
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Table 2. Physical properties of solid particles, ¢=1.0

Solids Density3 Mean diameter
P:» [kg/m’] d,, [mm]
Alumina (in silicone oil) 1881 3.2
Glass beads 2230 6.0
Polyethylene (PE) 910 58
Polyethylene (PE) 930 58
Polyethylene (PE) 246 5.8
Polymer blend (PB) 1280 33
Polystyrene (P3) 1021 55
Table 3. Physical properties of liquids (20 °C)

o Density Viscosity
Haud p.lkgm] b, [mPars
Glycerol solution 1130 7.0
Silicone oil 953 24
Water 1000 1.0

Expenments, mvolving both visual observations and dynamic
pressure measurements determined by differential pressure trans-
ducer (Omega, PX750-DI) comnected to a large munber of axially
distributed pressure taps, were carned out m a 127-mm diemeter
Plexiglas column of total 2.74 m, with a 1.83-m high test section.
The pressure taps were mounted flush with the wall of the cohunn
at 0.1-m intervals starting from 0.05 m above the liquid distributor.
The schematic diagrams of the expermmental setup, mwolving two-
phase (Liquid-solid) both upward and dowrward systemns are shown
in Figs. 1(a) and 1(b). The particles were 3.2-mm polymer (1,280
kg/m*), 5.8-mm polyethylene (910, 930, 946 kg/m™), 5.5-mm poly-
styrene (1,021 kg/m®) and 6.0-mm glass (2,230 kg/m”) spheres, with
water, aqueous glycerol solution and silicone o1l as liquids. The Lig-
uid flows upward through the beds of solids for upward system,
while the liquid flows downward for two-phase (liquid-solid) down-
ward systems. The physical properties of sohids particles and hig-
uids are hsted m Table 2 and Table 3, respectively. The static bed
height, Hz,, was always higher than 0.5 m with the particle weights
of 3.5-8.54 kg depending on the particle density. Liquid flow rates
(U;) were measured by a flow meter in the range of 0-27.9 mm/s.
The liquud was pumped mto the pleruun chamber of the cohunn
(packed with 16-mm plastic mtalox saddles) at a constant flow rate
and then through a perforated plate containing 34 evenly spaced
holes of diameter 4 mm serving as the liquid distributor m the two-
phase upward flindized beds. In the downward systern, the liquid
pumped to top of the colunn at a constant hiquid flow, then through
a perforated containing 34 evenly spaced holes of diameter 4 mm
serving as the liquid distributon A retaining stainless screen (5 mesh)
was located below the fluidized-bed hquid distnbutor section. This
section prevented the particles from rismg from the bed to the top
portion of the column. Pressure signals from the transducer were
processed by a personal computer at a sampling frequency of 5 Hz
for intervals 180s. The overall pressure gradients were measured
to determine the minimum liquid fluidization velocity of the parti-
cles by chenging the superficial hiquid velocity decreased step-by-
step from the initially fluidized state to zero.
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Fig. 2. (a) Dimensionless pressure gradient based on liquid density
as a function of liquid velocity for Liquid-solid fluidized beds
(d,=33 mm, p,=1,280 kg/m). (b) Dimensionless pressure
gradient based on liquid/solid mixture density as a func-
tion of liquid velocity for liquid-solid fluidized beds (d,=
3.3 mm, p,=1,280 kg/nt).

RESULTS AND DISCUSSION

The mnimum fluidization velocity (U, i liquid-solid fluid-
1zed beds 13 a function of particle diameter and dersity as well as
the physical properties of liquid phase such as density and viscos-
ity. The dimensionless pressure gradient in terms of liquid density
for water-polymer blend beads 1s shown 1 Fig. 2a, together with
the predicted hydrostatic pressure gradient [Eq. (3)] and the pre-
dicted pressure gradient from Eq. (5). The mmnmmum liqud fludi-
zation velocity 1s taken as the velocity at which the pressure gradient
reaches a maximum. The dimensionless pressure gradient increases
mitially with mereasing liquid velocity, but decreases gradually with
mnereasing liquid velocity beyond U, due to bed expansion. The
non-dmmensionalized pressure gradient mn terms of the hqud/solid
muixtire density for the same system increases with mereasing liquid
velocity and then reaches a constant value close to unity beyond
U, @8 can be seen n Fig. 2b.

Fig. 3 (with one case also plotted m Fig. 2b) shows the variation
of bed voidage with liquid velocity in the various two-phase (lig-
uid-solid) fluidization systems.

The bed voidage is seen to vary linearly with liquid velocity be-
yond U,,; ie.

U=e', (n
Korean J. Chem. Eng.(Vol. 18, No. 3)
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Fig. 3. Relation between bed voidage and liquid velocity for two-
phase (liquid-solid) fluidization systems.

Richardson and Zaki [1954] formulated the sectional correlations
of the exponent, 1, to the terminal Reynolds number (Re,=d,U.p/
). Experimental values of U, and n are listed i Table 4, together
with the values of n from the Richardson-Zaki carelations. As can
be seery, the agreement between the two sets of nn values 1s good.
The difference between the values of Re,, -and Archimedes mim-
ber (Ar) 18 shown m Fig. 4 with the data of Karamanev and Nikolov
[1992]. The only U,,,values for which d./D, ratio is less than 0.05
have been chosen due to the wall effect. As can be seen in Fig. 4,
the mimmum flndization Reynolds munber for hiquid-solid sys-
tem increases with increasing Archimedes number including both
the heavier and lighter densities of particles than that of the Liquud.
Theoretically, U, should be the same for both upward and down-
ward fluidization systems since the Ergun equation is based on the
mamn assumnption that drag force of the superficial liquid velocity,
U,s 18 equal to the net difference between gravitational and buoy-

1000
® Experimental, p, - py <0
m  Experimental, p; - p >0
—— Wen and Yu (1968a, b)
— — Rechardson (1971)
1001 .... Grace {1982)
&
14
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'1 L L 1
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Fig. 4. Dependence of Re,,, on Archimedes number based on min-
imum fluidization velocity in both cases.

ancy forces. Theoretical equations from Table 1 predict reasonably
well the minimum liquid fluidization velocities for the both cases.

CONCLUSION

For two-phase both upward and downward flow systems, the
dimensionless pressure gradient mereases mutially with mereesing
liquid velocity, but decreases gradually with increasing liquid veloc-
ity beyond U, ,due to bed expansion. A goed agreement was ob-
tained between the experimental and the Richardson-Zaki correla-
tions. U,,.-should be the same for both upward and downward flu-
1dization systems since the Ergun equation s based on the main as-
sumption that drag force of the superficial liquid velocity, U, is
equeal to the net difference between gravitational and buoyancy forces.
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NOMENCLATURE

Table 4. Experimental values of terminal velocity U, and Richardson-Zaki index n for various systems

System d, [mm] U, expt’/[m/s] nexpt’/[-] nR.-Z. comrel’n [-] Source

Glycerol solution-glass beads 6.0 0.26 2.47 2.53 This work

Water-glass beads 5.0 0.44 2.63 2.40 Wilhelm and Kwauk, 1948
Water-polymer blend (PB) beads 33 0.11 2.33 243 This work
Water-polystyrene (P3) beads 5.5 0.04 2.56 2.57 This work

Water-PE (p,=910 kg/m®) beads 58 0.08 2.41 2.38 This work

Water-PE (p,=930 kg/m®) beads 5.8 0.07 2.50 2.42 This work

Water-PE (p,=946 kg/m®) beads 5.8 0.06 2.52 2.45 This work
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Ar, - Archimedes number defined by I(T}_ plg
C, - coefficient m Eq. (10) [-] i

C, - coefficient m Eq. (10) [-]

d, : qui-volume sphere particle diameter [mm or m|
D, . column diameter [m]

g - acceleration of gravity [m/s’]

H;, - static bed height [m]

n : Richardson and Zaki [1954] index [-]

—-AP : total pressure drop [Pa]

(—AP/Az) : total pressure gradient [Pa/m]
(—dP/dz), : overall pressure gradient m Liquid-solid system [Pa/n]
{—dp/dz),, : fricticnal pressure gradient due to liquid-solid mter-

action [Pa/m]

Re : particle Reynolds number, p,d,U,/L, [-]

Re;,; : Reynolds number at mimmumn fluidization condition,
P, Ut [-]

Re, : particle Reynolds mimber at terminal condition, p,d, U/
W [-]

7, : superficial liquid velocity [m/s]

Upr : U at mimmum fluidization [m/s]

U, : value of U, when log U, vs. log € for liquid-sohd flu-

idization is extrapolated to e=1 [m/s]

Greek Letters

£ : bed voidage [-]

g : hiquid holdup [-]

Epr : voidage at minimum fluidization [-]
£, : sohds holdup [-]

M, : hiquud viscosity [Pa‘s or mPa-s]

P; - liquid density [kg/m’]

P, : particle density [kg/m’]

0} : particle sphericity [-]
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