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Abstract~Axial dispersion coefficients in three-phase fluidized beds have been measured in a 0.152 
m-lD • 1.8 m high column by the two points measuring tedmique with the axially dispersed plug flow model. 

The effects of liquid velocity (0.05-0. l 3 m/s), gas velocity (0.02-0~ 16 m/s) and particle size (3-8 ram) on 
the axial dispersion coefficient at the different axial positions (0.06-0.46 m) in the bed have been determined. 

The axial dispersion coefficient increases with increasing gas velocity but it decreases with an increase in 
particle size and exhibits a maximum value with an increase in the axial position from the distributor. 

The axial dispersion coefficients in terms of Ihe Peeler number have been correlated in terms of the ratio 
of fluid velocities, the ratio of the panicle size to column diameter, and the dimensionless axial position in the 
bed based on the isotropic turbulence theoD'. 

INTRODUCTION 

Three-phase (liquid-gas-solid) fluidized bed opera- 
tion can be achieved in a bed of solid particles which 
are fluidized by cocurrent upflow of gas and liquid 

phases. 
Three phase fluidized beds as a chemical reactors 

have been widely used in petroleum, pulp and paper, 
coal liquefaction and biological processes since il hds 
been generally known that three phase f uidized bed 
reactors are superior in their performance t~.) Ihal uf 
three phase fixed bed operatious. 

Various aspecls r three phase fluidized beds have 
been studied exlensively as can be found in i)revious 
review articles [1-6]. However, infl~rma:i,:m ,.Jl~ 11~.' 
axial dispersior, characteristics in Ihree phase fluidized 
bed are very limited but these inforulaliol! are essel!- 
liallv required for designing three-plnase Iluidized bed 
rea~tors. F~specially, the variation of axial dispersiol~ 
cuelficient (D:) ahmg the bed height has nol beeE~ 
reDrrted up to date. 

Therefore, in this study, the axial disFersitm cod- 
ficients in three phase fluidized beds have beeu deter- 
mined by using the two poims measurin~ technique 
witE the axially dispersed plug flow model. The effec's 
of liquid and gas velocities and palucle size u~ the 

*To whom all currespundences should be addressed. 

axial dispersion cuefficient (Dz) along the becl height 
have been determined. The D z values in three-phase 
fluidized beds have been well represented by a cor- 
relatiun based on the isotropic turbulence theury. 

EXPERIMENTAL 

Experiments were carried out in a Plexiglas (_'~I- 
LIUH! 1.80 Ill high and 0.]52 m in. diameter as sho~,u 
in Figure 1. Solid particles were supported up. a per- 

furaled plate cor~.taining 156 evenly-spaced h~Jles (ff 3 
mm diameter which served as a liquid phase distrib- 
utor. The distributor was situated between the main 
column section and a 0.3 m high stainless steel dis- 
Iributor box into which the liquid phase was introduc- 
ed through a 50.8 mm pipe from Ihe reservuir. The liq- 
uid flow rate was measured with a turbine flow meier 
(Hoffer Flow Cuntrols) and regulated by meaus uf 
globe valves or. the feed ai:d bypass lines. The gas was 
fed tu Ihe column through fuur evenly spaced 6.35 
into dislribulor pipes which contained 26 holes uf 2.0 
mm diameter. Eight pressure taps were mortared flush 
with ihe wall of the column at 0.16 m height iJ~.ten, als 
froul the dislributor plate. The static pressure at each 
of these points was measured with a liquid manome- 

ter. 
Throughout this study, water was used as the liq- 

uid phase, air as the gas phase and either 30, 6.0 ur 
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Fig. I. Schematic diagram of the experimental appa- 
ratus.  

1. Main colunm 2. Pressure tap 
3. Turbine flow meter 4. Liquid reserv(Ar 
5. Pump 6. Dislributo~ box 
7. Drain 8. Gas flow meter 
9 Filter and regulator 10. Timer 

11 Tracer tank 12. Conductivily prubes 
13. Omductivity bridge 14 Recorder 

g 0 mm glass beads, each with a density of '2500 kg/m :~ 
as the solid phase. Superficial velocities o[ liquid an.d 
gas phases ranged from 0.05 to 0.13 m/s  and from 
0.02 tu O. 16 m ls, respectively. 
1. Measurements of phase holdups and axial 
dispersion coefficients 

"]he liquid ai~d gas phases were introduced Jut()lhe 
bed of s{)lids with the desired superficial ~,elo(:ilies {)1 
buth phases. When sleady-state was reached, the pres- 
sure profile up h) the enlire height uf the culunu! v, as 
measured by using liquid man.unlelers al differeHI 
axial pt;silitms. The expauded bed heighI was takel~ as 
the p()hH at which a change in the slope of the pig ',,,'as 
observed [7i. Values of Ihe expanded bed height sr ob- 
tained agreed well with visual observatir The liquid 
and gas phase holdups were determined from the 
knowledge of pressure drop, bed height, flukls aud 
sr properties i8]. 

S{~dium clfloride st)lotion (0.3 N), as the tracer, was 
c(Jnlained m a reservoir (0.1 m-lD • 0.4 m high) pres- 
suriTed by compressed air. This reservo r was c~)u- 
heeled tim,ugh a solenoid valve con_m0lled by an autu- 
mal]c timer to the down faced tracer feed dislribuhu 
located un.dernealh {ff the distributo~ plate In each ex- 
perimeul, a 0.25-0.5 second pulse of tracer wa.,, im 

up = 6 ram. U; = 0.10 m/s, Ug = 0.06 m/s "~200 

a) Hp =OA6 m ~ I , ~ A .  t 100 

| 

bt H n :: t).36 m 1 
200 

A 1 lOO 
/ 

c l Hp : 0.26 m -~200 :> 

~2()o 
d) Hp = 0.16 m / 

~ , . , u ~  1 tO0 

i 
e) Hp = 0.06 m 1 

20O 

,oo 
/ 

. . . . . . . .  L 

5 IO 5 0 n'ecor point 
Thne, sec 

Fill. 2. A typical tracer response curve. 

iected in.to the column. Its volume was measured bv 
means of a level gauge attached to the tracer reservoir. 
The concentration o1 tracer was monitored by five cun- 
ductivily probes with the conductivity bridges. The 
probes (0.5 ram-( )D platinum wire) were located at the 
cei~ler of the column 0.06, 0.16, 0.26, 0.36 an.d 0A6 m 
al.){)ve the distributor plate. Typical tracer respouse 
curves are shuwn in Figure 2. The c{Jnductivi~y gai~ 
obtained from Ihe response curw~ was converted into 
the concei~traticJu from the previously calibraled rela- 
lionship between conductivity gain and the cuncen- 
Iratiun of NaCI. 

The dispersi{Jn data were in.terpreted by means of 
the axially dispersed plug flow m~del [9]. This model 
has been. f{)und to adequately describe axial mixing in. 
liquid-solid [71, gas-liquid I 10,11 ] and three phase flu- 
idized beds [7,12-17j. 

To circumverd the difficulties,~f perfect pulse injec- 
lion and tailing problem, Iwo measuriug poip.ls tech- 
nique was employed [ 13]. 

The m<on~ent differeuce betweeH Ihe lv,,r r']easur- 
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Fig. 3. Effect of gas  ve loc i ty  on D z in three  p h a s e  flu- 

id ized  beds  of 3 mm g l a s s  beads .  

ing points  can be expressed as:  

Zi/z= 1 .0  (1) 

A a a = 2 / P e  = 2 D . ~  lr2) 
U , L  " 

The  axial d i spe r s ion  coeff icient ,  D., has  been  
calculated from the difference of second ruomer~ts uf 
the response curves for each experimental  conditior: 
from Equation (2). 

R E S U L T S  A N D  D I S C U S S I O N  

It has been  accepted that the axial m o v e m e n t s  of 
gas bubbles  and liquid wakes  are the main  cause of 
axial mixing in the direction of flow in liquid-gas 
[18,19] and  three phase  fluidized beds [7',12,14.16]. 
The  rising bubbles  are trailed by turbulent  wakes  
which  concurrent ly  form and separate  dur ing their 
rise, these  fast nloving liquid e lemenls  will cause axial 
nfixip.g ip. three fluidized beds [20]. 
2.  E f f ec t  o f  g a s  v e l o c i t y  o n  D= 

The effect of gas velocity OH D. in three phase  fluid- 
ized beds of different particle sizes is showp in Figures 
3 and 4.11 is well kp.own that the it~erease of gas veluc- 

1.5 

1 . 0  

0.5 

o~ 

00  

- -  2.0 
L 

a) dp= 8 rnm 
H : 0.21 m 

ra 

b) dp ~ 8 mm 
U/= 0.12 m/s 

, 0  , 
~ O 

~ J ~ )  01. I 0.21 0.711 0.41 

0.0 I I ~ t 
0 4 8 12 I6 

[J~ * ]01), rll/s 

Fig. 4. Effect of gas  ve loc i ty  on D z in three  p h a s e  flu- 

id ized  beds  of 8 mm g l a s s  beads .  

i ty causes Ihe il~crease of D: in three phase fiuidized 
bed regardless of particle size and l iquid veloci ly 
as obtained in dfis study. Also it car! be seep_ iu 
Figures 3b and 4b that D. increases with gas veluci ly 
i t :  all the axial positions uf ti le bed. Oir lhe basis ~,f the 
present and previous studies, it can be toncluded Ihal 
E). increases wi lh the gas velocity in all rite axial posi- 
tions uf tire beds uf different particle sizes since I)ubMe 
size, bubble phase hc, ldup and wake W&lnle behipd 
bubbles may increase wi lh ap. increase in gas veh,citv 
ip. lhe beds of different particle sizes ahmg Ihe axial 

positious. 
3. E f f e c t  o f  l i q u i d  v e l o c i t y  o n  D~ 

The effect of liquid velocity on D. in the  beds uf dif- 
ferent parlicle sizes is showl,, i t :  Figures 5 and 6. The 
l iquid w, locity has a positive effect on D. in the beds of 
3.0 and 6.0 ran1 glass beads at higher gas velocities. 
However,  the coefficient ip. the beds of 8.0 m m  parti- 
cles is p.early independen t  of liquid velocity in the 
range of 0.09-0.13 m./s. 

An increase in liquid velocity will resull in h igher  
bed porosity or lower particle cop.cep.tration, finer bub- 
ble dispersiup, at h)wer gas velocities and  higher  par- 
t ide  oscillatiup, in the vertical direction of three  phase  
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Fig. 5. Effect of l iquid ve loc i ty  on 1)z in three  p h a s e  

f lu idized b e d s  of 3 mm g lass  b e a d s .  

f lu id ized beds [12]. The i lx : reasmq m,,r l ia furce ~,f 
so l d  parlicle~, v, ill~ an ill.crease ii~ f luid veluci tv  may 
c,,TiHribqle to !he nun-ulf i f l . , rnf i ly of tl/re~' phase f luid- 
ized bed by geP.eralmg the furm tur l)ulei !ce [21] ~J~,.I 
I]I~].V (..,scilhde the part ic le I l loVelHel ! l  a l ! , ]  disiHh,gtah, 
the rish,.g hubbles [22]. These tV,:t7 ctmti ict ir !g (,lft,+.ls 
IIlil+V Caljse a max imun~ increase iu l iquid phase axial 
in xi+~g. As can I)e seeu il~ Figure :5a+ lh i -  IdWRtn,wt,a 
is wel l  rel>rus~.t!led by the ',+ aria/iul~ ~f l)_ it! Ihe beds t~f 
3.0 rain glass beads m whM1 D. exhil)ib+ a tnaxhnln+l  
va lue at a ~i',el~ l iquid ve luc i ly  al Ihe hyv,.er Ras ,.+,k,c- 
ities. [h,, : ,ev,. ,r .  at h igher  gas vekJcities, I9. tH,.rease.+ 
wi th  ulcrcasiI!g l iquM vel,.+uity siuce the h+..xl:.+ ~,[ :+ i) 
t r im glass beads is character ized bv f i le [>t.lt)l)le ~ {,atu-,- 
,.el!,::e fk+w regime al h igher  gas veluci l ies lg. l?, i .  

In the beds u[ 6.0 rant glass heads, it can be au tk i -  
pated fr+um previous studies i23-25] that the f lew pat- 
le ! t !  uf s u l i d  p l , a s v  wmlh . t  be it~ raud{Tn~ rn,:.,ti,.[~ v. il[i 

higher  s~lid c o H c e n l r a t i ( m  a t ! d  the' larger p a r t i c l u s  t u a v  

g e n e r a l e  l a r g e r  [ l l ( ) i i le l ! l t l ] l ]  w h i c h  m a y  e a s i l y  d i s i i ! k , -  

g r a l e  f i le  gas bul)bles. Therefore.  as  c~n be setq~ [t~ 
Figure Six the rate ~f il+.creas+., in D. is ~e atr+,'el',, h,w it! 
the gas vehTcitv r<:mge 0.04-O.]6 th is .  

,,t 
" L  

x 

a) dp : 6 mn+L H : 0.31 mrn 

t:::1.__.._._------o----"--'-- 

[3 

O ~. [] V 
U~ (Ill/s) 0.04 006 (}]0 0.16 

t 1 I 
[7) d ~  : 6 r a m ,  IJ~ : I) 16  m , s  

I I 

K i m  alld K i m  

{ 19;'43) 

(g, zS. E3 '~G 
f l _ l  ft.31 (1,1l H Ira) O.l 1 

I 1 I I I 
6 ,g I() 1:2 14 

t J,,. lOl). ]n/s 

Fig. 6. Effect of l iquid ve loc i ty  on  D z in three  p h a s e  
f luidized beds  of 6 mm g lass  heads .  

In Figure 6b, lhe rate of increase in D. at the axial 
pusi t iun uf 0.41 m frum ihe d is t r ibutor  is h igher  than 
Ihal at Ihe uther axial  posili,:ms. This may  reflect lhal 
Ihe rate ,nf iucrease in bubb le  size f rum Ihe bubb le  
c{Talesceuce at the h igher  ax ia i  pusi l iuns is h igher  thai! 
those al t i le hrwer axial  p~Tsili,.~im iu the bed at h igher 
bed i )ur .s i l ies wi th im:reasiug l iquid veluci ty.  
4.  Ef fec t  o f  t h e  d i m e n s i o n l e s s  a x i a l  p o s i t i o n  in  

t h e  b e d  o n  D= 

As can be ~{,eH m Fig. 7, D. exh ib i ls  a n~axi luuru 
va lue ,,~'ill~ m,:reasiHg Ihe dimeHsi~,tfless axial  l)+.Tsi- 
lh~us it+. ihe bed (H/I-4,) Jl! the ~auge uf O.6-0 7 regard- 
less {Tf part ic le size. II ,::au be a l l r ibu led It7 f i e  buhl) le  
r ising velr y w h i d t  appears a m a x i n m m  vah le  i~ Ihe 
dimep.si{Tnless axial  i).si l ioi~s ,.,f 0.65-().75 [213] due t{7 
~he end ef fed. 

C O R R E L A T I O N  O F  T H E  D A T A  

The axial  and radial dispersicm <.:ueffMeuts ha~u 
been wel l  rel>rc+ser~led b )  l h e  isutrupic turl)uleHcu 
/he(70.' h~ tw(:, am] Ihree [:,base flt~idized heals sitw, +' fin., 
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Fig. 7. Effect of axial bed height on D= in three phase 
fluidized beds. 

dispersion can be attributed to the turbule[H eddy 
motions in the bed [14-18]. 

The eddy diffusivity can be written as: 

D.~,xDg [g ,'.U~ FU~)1 ~ (3) 

where a and b are constants. 
The coefficient in terms of the [}article Pe{:le[ nuln- 

her in three phase fluid[zeal beds based on Ihe isu- 
Iropic turbulence theory has been proposed by Kin] 
and Kim []4] as shown in Eq. (4) which has beet! 
knowr as the best representation of D: values in three 
phase fiuidized beds [17}. 

, dpU, ' ' 
,07;uTl {4/ 

However, Equation (4) does not take account of the 
variation of D e along the bed height of Ihree-pl~ase flu- 
idized beds. Therefore, the present experimental dala 
of the Pealer number {P%) has been correlated in teru ~s 
of the Peclet number ratio (PejPe2) in order Io accolu- 
modate the effect uf bed height (HIHb) oo. D~ with the 
assumption that D e in Eq. (4) are the mean values il~ 

three phase fhJidized beds. The expanded bed height 
(Hv) has been correlated with the present experirnen.tal 
variables as: 

H b = 1.12U~"" U~.~176 d~-"~ 15) 

with a correlation coefficient of 0.92. The Peclet nun> 
ber along the bed height can be determined from the 
following relation as: 

Pe~/Pe~,=2 .94  7.01 (H/H~,)§ 2 (6) 

in which F-I,, from Eq. (5) has been used in Eq. (6) and 
the correlation coefficient is found to be 0.90. The cor- 
relation covers the range of variables 0.24 ~ (H/Hv)~: 
0.97, 0.0197Kdv/Dc<'0.0526 , 0.238<I.J,,/(U,,-,- U~)< 

0.867 and its agreement with the data is shown in 
Figure 7. 

CONCLUSIONS 

The axial dispersion coefficient increases with an 
increase in gas velocity but it decreases with increas- 
ing particle size and exhibits a maximum value with 
increasing bed height from the distributor. Also, the 
coefficient exhibits a maximum value with an increase 
in liquid velocity at the k;wer gas velocities, but il in- 
creases with liquid velocity a( higher gas velocities in 
the bed of 3 mm glass beads. 

The axial dispersion coefficients in terms u5 the 
Peclet number have been correlated in terms o[ the 
ratio of fluid velocities, the ratio of the particle size lc, 
colunm diameter arm the dimen.sionless bed height 
based on the isotropic turbulence theory. 
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MOMENCLATURE 

a 

b 
dp 
Dc 

De 

E) z ' 

g 
H 

E[ b 
Ii!~, 

c o n s [ a n t  

constant 
particle diameter [m] 
column diameter [m] 
axial dispersion coefficient of liquid phase ira2/ 
s] 
mean axial dispersion coefficient of liquid 
phase [m 2/s] 
gravitational acceleration [m/s 2] 
heighl from tim distributor [m] 
expanded I)ed height [m] 
measuring height at the probe location [ml 
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L 
Pe 

P e  z : 

Pez '  : 

U : 

: distance between two probes [m] 
: Peclet number based on axial dispersion coeffi- 

cient and interstitial velocity of the continuous 

phase I U~ d,, "1 

Peclet number based on axial dispersion coeffi- 
do" I 

cient and superficial liquid velocity {,-D~-,j 

Peclet number defined in Eq. (4) 
superficial velocity {m/s] 

G r e e k  L e t t e r s  

E : phase holdup 
/2 : dimensionless first moment 
~2 : dimensionless second moment 

S u b s c r i p t s  

g : 

1 : 
gas phase 
liquid phase 
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