
KoreanZ Chem. Eng., lg(3), 347-351 (2001) 

Transition Velocity and Bed Expansion of Two-Phase (Liquid-Solid) 
Fluidization Systems 

Dong H y u n  Lee ~ 

Deparlment of Chemical Engineering and Energy & Environment Research Center, 
Korea Advanced Institute of Science and Technology, Daejeon 305-701, Korea 

(Received 14 December 2000 �9 accepted 16March 2001) 

Abstract-Hydrodynamic transition experiments for two-phase (liquid-solid), both upward and downward, liquid 
flow systexns were perfoxrned in a 127-nml diameter colunm. The particles were 3.2-irml polymex- (1,280 kg/m3), 5.8- 
irml polyethylene (910, 930, 946 kg/m3), 5.5-ram polystyrene (1,021 kg/m 3) and 6.0-rim1 glass (2,230 kg/m 3) 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~j due to bed expansion. 
The non-dilnensionalized pressure gradient using the liquid/solid mixture density increases with increasing liquid 
velocity and then reaches a constant value close to unity beyond U~,,j. The minimum fluidizalion Reynolds nulnber fox- 
liquid-solid system increases with increasing Archimedes number including both heavier and lighter than the density 
of the liquid phase. U~j should be the same fox- both upward and domlward fluidization systems since the Ergun 
equalion is based on the main assttmption 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 

In two-phase (liquid-solid) upward systems, solid particles whose 
density is large,- than that of the liquid are fluidized by upward liquid. 
When tile solid beds have a density lower than tilat of the liquid, 
the beds can be fluidized by a dowmvard flow of liquid phase [Muro- 
yanm and Fan, 1985]. In boti1 cases, the liquid is the continuous 
phase and solid particle is dispersed phase. 

The application of fluidizatic~l tectmique in biotectmology has 
become one of tile most hnportant areas in bioreactor engineering 
[Atkinson, 1981 ; Shngerl, 1989]. Upward fluidized bed bioreactors 
are among tile most efficient reactors for aerobic and alaea-obic waste- 
watex-t1~atment [Jeris et al., 1 981 ; JeweU et al., 1981; Choi and Sire1, 
1999], penicillin production [Oh et al., 1988; Endo et al., 1988], 
and phenol degi-adation [Tang and Fro1, 1987; Livingston and Chase, 
1 989]. However, the important problem of biofllm thickness con- 
bol is the main reason fox the limited indusbial application of ttlese 
systems. The cc~lb-ol of biofihn thickness witiml a narrow range is 
achieved in the downward fluidized bed biofilm reactor [Kammanev 
and Nikolov, 1992]. It was found that tim bioreactor is vmy ef- 
ficient both when used for biological aerobic wastewatex treatment 
under bench scale and when scaled up [Nikolov and Karamanev, 
1987; Nikolov et al., 1990]. 

Many studies have been published on h y d r o d ~ i c s  of two- 
phase (liquid-solid) upward fluidization [Wilhelm and Kwauk, 1948; 
]4,x'guII~ 1952; Richardson and Zaki, 1954; Begovich and ~r 
1978; Epstein et al., 1981;Fan et al., 1985; Kwauk, 1992; Zhang et 
al., 1995; Lee et al., 1999, 2000b]. However, few studies on tile hy- 
drodynamics of two-phase downward flnidization have been pub- 
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lished [Fan et al., 1982; Gamier et al., 1990; Karamanev and Ni- 
kolov, 1992; Lee et al., 2000a]. Two mathematical models relating 
the bed expansion to the dowrrward liquid velocity were proposed 
by Fan et al. [1982]. These models were based on the experimental 
data obtained from exlmnsion of beds containing solid particles hav- 
ing densities from 822 to 930 kg/m 3 and only one bed with lighter 
particles with a density of 380 kg/m 3. Particle sizes were 4.76 and 
19.1 ram, corresponding to d/D~ ratios of 0.062 and 0.25, respec- 
tively. Karamanev and Nikolov [1992] reported the bed expansion 
ct~-ac~islics of two-pt~se downward fluidizalioix They used twelve 
different expanded polystyrene (Styrofoam) spheres with diameters 
fi-oln 1.31 to 7.24 irml and densities between 75 and 930 kg/m 3, 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 and tile density difference between solid particles and liquid 
on the trm-lsition velocity and bed expansion under the d/Z) t ratio 
less tilml 0.05 in two-phase boti1 upward and downward fluidiza- 
tion systems. 
1. Pressure Gradient of Two-Phase (Liquid-Solid) Fixed or 
Fluidiz ed Beds 

Witi1 the z-coc~dinate taken as positive in the upward direclioxl, 
i.e., in the same direction as tile liquid flow, the overall pressure 
variation in the vertical direction corrected fox tile fiiclional pres- 
sure gradient is given by 

dP dp 

The fiictional pressure gradient in two-phase (liquid-solid) upward 
systems can be expressed as 

( -~ ) , . ,  =s~(p~ - 9,)g (2) 
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Substituting Eq. (2) into Eq. (1) and rearl-anging, we obtain 

(3) p,g\ dz.],~ kp, ./ 
Far a fixed or maderate2y expanded bed, (-dp/dz)s ~ can be expressed 
by the Eigun [1952] equatic~l applied to the liquid-solid interac- 
tion, i.e., 

( ~zdP)j 250(2a~-~l)~xlUl k 1.75(la~ -~l) plU~ (4) 

Substitutiug Eq. (4) into Eq. (1) leads to 

150(1 e,)~,u, 1.75(1 e,)uj • C5) 
P~gk dz),~ d?~d~e~ P,g e? *dpg 

With the assumptions of bed voidages, l:~trtic2e properties and the 
sutzerJidal liquid velocity are all uttifcml over the entire bed height, 
Eqs. (3) and (5) canbe applied if the bed height is known from the 
measurement so that the pressure gradient is also unitbrm over that 
iilterval.  

In case of the liquid-solid dowrrw~rd fixed or fluidized beds, the 
dimensionless pressure gradient as reported by Lee et al. [2000a] is 
defined as 

_._1 (_dP~ =2 150(1 e~)~Ia, U, 1.75(1 e~)U~ 
p,gk dz/~ O~d~ p,g ~ ~d~g (6) 

The frictional pressure gradient at the minimum fluidizatian condi- 
lion equal to the net difference between gmvitatic~al and buoy- 
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ancy farces per unit area is given by the Elgun equation [1954]. 

( ~ 150(1 e~)~g~U~ 1.75(1 a~)p~U~ k ),.dP =~l(o~ P,)lg ,~cl~" (7) 

Rearranging the result, we arlive at 

250 2 - ~  ~ ~ . _ ~  
R%I+ 1.75 d? t~%I xr~l.75 -u (8) 

where Ar~ d~p,l(p0 P,)lg (9) 

With smlplification of the equation type suggested by Wen and 
Yu [1966a, b], the Ergun equivalent of R%; equation reduced to 
the mare generalized foml as 

R % I = ~ - Q  (20) 

where values of Q and C: in the literature are surnm~.zed in Table 1. 

EXPERIMENTAL 

Table 1. Values of C1 and C~ coefficients from various investigators 

Author C 1 C 2 

Wen and Yu [1966a, b] 33.7 0.0408 
Richm-dson [1971] 25.7 0.0366 
Grace [1982] 27.2 0.0408 

(a) (b) 

Fig. 1. Schematic diagrams of experimental equipment (a) Two-phase (fiquid-solid) upward systems; Co) Two-phase (liquid-sond) down- 
ward systems. 
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Table 2. Physical properties of solid particles, ~b=l.0 

Solids Density Mean diameter 
p,, [kg/m 3] dp, [ram] 

Alumina (in silicone oil) 1881 3.2 
Glass beads 2230 6.0 
Polyethylene (PE) 910 5.8 
Polyethylene (PE) 930 5.8 
Polyethylene (PE) 946 5.8 
Polymer blend (PB) 1280 3.3 
Polystyx-ene (PS) 1021 5.5 

Table 3. Physical properties of liquids (20 ~ 

Density Viscosity 
Liquid 

p~, [kg/m 3] bt~, [mPa' s] 

Glycerol solution 1130 7.0 
Silicone oil 953 2.4 
Water 1000 1.0 

F_xpelmlents, involving boti1 visual observations and clynanlic 
pressure measurements determined by differential pressure mans- 
ducer (Omega, PX?50-DI) connected to a large number of axially 
disaibuted pressure taps, were camed out in a 127-ram diameter 
Plexiglas column of total 2.74 m, with a 1.83-m high test section. 
Tile pressure taps were mounted flush witi1 tile wall of tile colunm 
at O.l-m intervals starting from 0.05 m above the liquid distributor. 
Tile schenlatic diagxams of tile experimental setup, involving two- 
phase (liquid-solid) both upward and dovalward systenls are shown 
in Figs. l(a) and l(b). The particles were 3.2-mm polymer (1,280 
kg/ra3), 5.8-nml polyethylene (910, 930, 946 kg/ra3), 5.5-ram poly- 
styrene (1,021 kg/ra 3) and 6.0-nml glass (2,230 kg/ra 3) spheres, with 
watel, aqueous glycerol solution and silicone oil as liquids. Tile liq- 
uid fows upward tinough tile beds of solids for upward systenl, 
while the liquid flows dowrrward for two-phase (liquid-solid) down- 
ward systenls. Tile physical properties of solids particles and liq- 
uids are listed in Table 2 and Table 3, respectively. Tile static bed 
height. HB0, was always higher than 0.5 m with the particle weights 
of 3.5-8.54kg depending on tile particle dmsit~ Liquid flow rates 
(U~) were measured by a flow meter in the range of 0-27.9mm/s. 
Tile liquid was pumped into tile plenum chmnber of tile column 
(packed with 16-ram plastic intalox saddles) at a constmlt flow rate 
and then through a perforated plate containing 34 evenly spaced 
holes of dianleter 4 lrml serving as tile liquid distributor in tile two- 
phase upward fluidized beds. Ji1 tile downwEd systenl, tile liquid 
pumped to top of tile column at a constant liquid flow, tile~l through 
a perforated contaitmg 34 evenly spaced holes of diameter 4 nml 
serving as the liquid distributoc A retaining stainless screen (5 mesh) 
was located below tile fluidized-bed liquid distributor section. Tt~  
section prevented tile particles fi-onl xising fronl tile bed to tile top 
portion of the columrt Pressure signals from the transducer were 
processed by a personal computer at a sampling frequency of 5 Hz 
for intervals 180 s. The overall pressure gradients were measured 
to determine the minimurn liquid fluidization velocity of the parti- 
cles by changing tile superficial liquid 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 
(dp=33 toni, p~=l~80 kg/mS). Co) Dimensionless pressm~ 
gradient based on liquid/solid nfixture density as a func- 
tion of liquid velocity for liquid-solid fluidized beds (d,= 
3.3 ram, 0,=128o kg/nr 

RESULTS AND DISCUSSION 

The minimurn fluidizafion velocity (~.~) in liquid-solid fluid- 
ized beds is a function of particle dianleter and density as well as 
tile physical properties of liquid pha,se such as density and viscos- 
ity. The dimensionless pressure gradient in terms of liquid density 
for water-palylner blend beads is shown in Fig. 2a, together with 
the predicted hydrostatic pressure gradient [Eq. (3)] and the pre- 
dicted pressure gradient from FXt. (5). Tile rainilnunl liquid fuidi- 
zation velocity is taken as tile velocity at which tile pressure gx-adient 
reaches a maximurn. The dimensionless pressure gradient increases 
initiaUy with increasing liquid velocity, but decreases graduaUy with 
increasing liquid velocity beyond U~,:- due to bed expansioxx Tile 
non-dinlensionalized pressure gx-adie,lt in tenns of tile liquid/solid 
mgxture density fox- tile same systera increases witi1 increasing liquid 
velocity and then reaches a constant value close to unity beyond 
U~u; as can be seen in Fig. 2b. 

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

The bed voidage is seen to vary linearly with liquid velocity be- 
yond Uw; i.e. 

U~=e'U~ (11) 
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Fig. 3. Relation between bed voidage and liquid velocity for two- 
phase (liquid-solid) fluidization systems. 

Richardson and Zald [1954] formulated the sectional correlations 
of tile extxxlent, n, to file terminal Reynolds number (Re~ c~U~p/ 
91). E, cpelmlental values of Us and n are listed in Table 4, together 
with file values o fn  fi-onl file Richardson-Zaki con-elations. As can 
be seen, tile agreement between tile two sets o fn  values is good. 

The difference between the values of R%/and Archimedes num- 
ber (At) is shoml in Fig. 4 with file data of Karamanev and Nikolov 
[1992]. Tile only Us,/values for wttich c~/D~ ratio is less than 0.05 
have been chosen due to the wall effect As can be seen in Fig. 4, 
file minimum fluidization Reynolds number for liquid-solid sys- 
tem increases with increasing Archimedes number including both 
file heavier and lighter densities of particles than that of the liquid. 
Thec~-etically, UI,,/should be file same for both upward and down- 
ward fluidization systems since the Ergun equation is based on the 
main assunlption that drag force of file superficial liquid velocity, 
Us,~ is equal to file net difference between gravitational and buoy- 

lOOO q 

�9 Experimenla[, Ps" Pl < ~ 
�9 Experimental, Ps - P= > 0 /  

-- Wen and Yu (1966a, b) / . f . _  
Rechardson (1971) / 

"7 100 G r ~  
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Fig. 4. Dependence of R e ~  on Archimedes number based on min- 

imum fluidization velocity in both cases. 

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

C O N C L U S I O N  

For two-phase both upward and downward flow systelns, file 
dimensioifless pressure gradient increases initially with increasing 
liquid velocity, but decreases gradually with increasing liquid veloc- 
ity beyond Us,/due to bed expansioi1 A good agreement was ob- 
tained between the experimental and the Richardson-Zaki correla- 
tions. Ul,,/should be file same for both upward and downward flu- 
idizatic~l syst~ns since file Eigun equatic~l is based on tile m ~ l  as- 
sumption that drag force of the superficial liquid velocity, ~.~, is 
equal to file net diffel~lce between glavitadc~lal and buoyancy forces. 
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N O M E N C L A T U R E  

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

System dp [irml] Us expt'/[m/s] n expt't [-] n R.-Z. con-el'n [-] Source 

Glycerol solution-glass beads 6.0 0.26 2.47 
Water-glass beads 5.0 0.44 2.63 
Water-polymer blend (PB) beads 3.3 0.11 2.33 
Water-polystyrene (PS) beads 5.5 0.04 2.56 
Water-PE (p~ 910 kg/in 3) beads 5.8 0.08 2.41 
Water-PE (p~=930 kg/m 3) beads 5.8 0.07 2.50 
Water-PE (p~=946 kg/m 3) beads 5.8 0.06 2.52 

2.53 
2.40 
2.43 
2.57 
2.38 
2.42 
2.45 

This work 
Wilhelm and Kwauk, 1948 
This work 
This work 
This work 
This work 
This work 
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Archimedes number definedby  p,l<p -p,)lg 

coefficient in gq. (10) [-] 
coefficient in Eq. (10) [-] 
qui-volume sphere particle diameter [mm or m] 
colmml diaraeter [ra] 
acceleration of gravity [m/s 2] 
static bed height [ra] 
Richardson and Zaki [1954] index [-] 
total pressure drop [Pa] 
total pressure gradient [Pa/xn] 
overaU pressure gradimt in liquid-solid systera [Pa/ra] 
frictional pressm-e gradient clue to liquid-solid inter- 
action [Pa/ln] 
particle Reynolds number, p~dpU/g~ [-] 
Reynolds number at rainmlum fluidizatic~l conclition, 

O,gU,,j~, [-] 
particleReynolds nurnber at terminal condition, p~d~U/ 

m [-] 
superficial liquid velocity [m/s] 
U~ at minimum fluidization [ra/s] 
value of Uz when log U~ vs. log e fox- liquid-solid flu- 
idization is extrapolated to e=l  [m/s] 

G r e e k  Letters  

bed voidage [-] 
liquid holdup [-] 
voidage at minimum fluidization [-] 
solids hoMup [-] 
liquid viscosity [Pa.s or raPa-s] 
liquid density [kg/m 3] 
particle density [kg/ra 3] 
particle sphericity [-] 
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