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Abstract-The gas backmLxing characteristics in a circulating fluidized bed (0.1 m-Dx5.3-m high) have been deter- 
mined. The gas backmixing coefficient (D~.,:) from the axial dispersion model in a low velocity fluidization region 
increases with increasing gas velocity. The effect of gas velocity on D~,,, in the bubbling bed is more pronounced 
compared to that in the Circulating Fluidized Bed (CFB). In the dense region of a CFB, the two-phase model is 
proposed to calculate D~, from the two-phase model and mass transfer coefficient (k) between the crowd phase 
and dispersed phase. 211e gas baclmaixJng coefficient and the mass transfer coefficient between the two phases increase 
with increasing the ratio of average particle to gas velocities (UyU,.). 
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I N T R O D U C T I O N  

The flow behavior of gas-solid in a fluidized bed largely' de- 
wnds on the fluidizafion regime. Therefore, the gas mixing chmac- 
leftstics are also affected by the fluidization regime. Information 
of gas backmixing may be used to evaluate chemical conversion 
and selectivity at different gas flow rates [Arena, 1997] or gas 
flow regimes in a flnidized bed [Li and Wemstem, 1989; Nam- 
kung and Kim, 1997]. Many experiments have been carried out 
to determine gas mixing characteristics in a bubbling fluidiza- 
fion regime [van Deemter, 1985]. However, a comprehensive 
description of gas backmixing in rhea high velocity fluidization 
regime has not yet been developed and controversy over some 
experimental results still remains. Furthermore, comparison 
studies of gas backmixmg characteristics in the low- and high 
velocity regimes are relatively sparse. 

it has been obsepeed that a core-atmulus slmc~e exists in the 
dilute region of a CFB. Thus, several studies [Brereton et at., 
1988; Werther et at., 1992; Amos et at., 1993; Namkqmg and Kim, 
1997] have proposed the core-annulus models to determine the 
gas mixing coefficient in the dilute region of a CFB. Although 
the core-annulus slmcture in the dense region of CFB cannot be 
obsel~ed clearty as in case of the dilute region, annular flow is 
also obsel~,ed in the dense region of a CFB [Ishii and Horio, 
1991]. In the bubbling fluidization region, two- o1" three-phase 
models are used to determine the gas mixing coefficient [van 
I)eemter, 1985]. Yemshalmi [ 1986] proposed a simple countercur- 
rent model to predict gas backmJ_xmg in bubbling and turbulent 
fluidization regimes. In a CFB, gas backmixmg in the center and 
wall regions of the dense phase has different mixing behavior 
[Li and wemstein, 1989; Namkung and Kim, 1998a]. Since the 
t wo- p l~  model can account for different gas mixing behavior in 
the two regions [Arena, 1997], a more accnrate gas backmixing 
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coefficient may" be determined in the dense region ofa  CI?B. 
In this study, the gas backmixing coefficients in the dense re- 

gion from bubbling to fast fluidized beds are compared. A two- 
phase model for the dense region of a CFB is proposed to deter- 
mine the gas backmixing coefficient 0)~,~) and the mass transfer 
coefficient (k) be~,een the crowd and the dispersed regions. 

EXPERIMENT~M~ 

The experiments were carried out in a lransparent Plexiglas 
column (0.1 m-IDx5.3 m-Ngh) as ~own in Fig. 1. The details of 
the experimental facilities can be found elsewhere ~amkqmg and 
Kim, 1997, 1998a, b]. The solid particles used in the present s*udy 
were FCC pal~icles and their properties are given in Table 1. The 
superficial gas velocity' (U~,) and the solids circulation rate (G,) 
were varied in the range of 1.5-3.0 m/s and 14-45 kg/m-'s, re- 
spectively. The tracer gas (He) was injected at steady rate as step 
injection at 1.85 m above the dis~butor plate through an up-facing 
inj eetion hole and sampled at four elevations O. 10, 0.25, 0.35, 0.55 
m). The tracer injection rate was 0.45-0.56 % by volume of the 
total air flow rate. The holes of the sampling tube were covered 
with a screen to prevent leakage of solid particles from the beck To 
determine the gas backmixing coefficient (D~,,, Dh~.), the injection 
and sampling tubes were moved radially across the bed width. At 
s t e@ stale conditions, the tmc~ gas was smi led  at nine different 
radial positions and the sampled gas was analyzed by gas chro- 
m_atography (HP 5890II). 

RESULTS A N D  D I S C U S S I O N  
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The radial conceagmtion distributions ofbackmixed trac~ gas at 
the different tracer injection points in the dense regions of CFB 
are shown in Fig. 2. As can be seen in Fig. 2A, a very sharp 
radial concentration profile is observed with the tracer gas injec- 
tion at the wall region. However, with the tracer gas injection at 
the center region, the amount ofbackmixed tracer gas is very low 
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Fig. 1. Schematic  diagram of  apparatus. 
1. Riser 5. Sampling pot 
2. Cyclone 6. Butterfly valve 
3. Hopper 7. Distributor 
4. Loop-seal 

Air 

due to the high-upward gas-solid flow in the center region o f  the 
bed. Therefore, it can be claimed that the gas baclanixmg char- 
acteristics in a center and wall region would be different. As can 
be seen, the tracer gas can reach the side opposite to the injection 
point due to the considerable circumferential gas mixing in the 
bed. In conWast to CFB, the very sharp radial concentraion pro- 
files do not exist and the intensity of  gas backmixing is more or 
less uniform over the cross section office bubbling fluidized bed 
[Li and Weinstein, 1989]. 
1. B a c k m i x i n g  Coeff ic ients  
1-1. Axial Dispersion Model 

The gas backmixing coefficients in the dense regions have been 
determined by  using the dispersion model based on the one- 
dimensional flow [Li and Weinstein, 1989; Li and Wu, 1991]. 
The axial dispersion model at steady slate can be expressed as : 

d~C _ ,CU~ dC =0 
eD,,,,-s - (1) e d x  

Table 1. Physical properties of  FCC particle 

FCC particle 

Mean diameter [pm] 65 
Apparent density [kg/m 3] 1720 
~,,~ 0.494 
U,,r [m/s]* 0.0027 
U, [~'s] 0.19 
Transport velocity [m/s]** 1.4 

*calculated by Haider and Levenspiel [1989]'s method 
**emptsdng time method INamk~ag et al., 1999] 
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Fig. 2. Backmixed tracer gas concentration m the [lense region 
(U.=2.5 m/s). 

with the following boundary conditions 

x=0, C=C,, x = - ~ ,  C=0 (2) 

Then, Eq. (1) has a solution of  the form 

C {U,, "~ 
- -  = e x p / ~ x !  (3) 
C~I i.aD~,,, ) 

where C,. and D~.. are the concentration of  tracer gas at injection 
level and the gas backmixing coefficient, respectively. The aver- 
age values of  the sampled tracer concentrations along the radial 
direction (Fig. 2) at the different axial positions are used to cal- 
culate Dj,,, from the axial dispersion model. 

The effect of  gas velocity on the gas backmixing coefficient is 
shown in Fig. 3 with the dam of  previous studies (Table 2). Gas 
backmL~ing in a flaidized bed is mainly caused by downflow of  
solids. Nguyen et at. [ 1981] repolied that gas backmixing com- 
mences in a bubbling fluidized bed at 3 U,,~. As can be seen, D~,,, 
increases with increasing gas velocity at lower fluidizmg gas 
velocities since movement of  gas-solid and dowafflow ofpm~i- 
cles increase with increasing gas velocity: 
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Fig. 3. Yhriaiion of  gas backmixhlg coefficient with gas velocity. 
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Table 2. Summary on ex~perimental conditions of previous studies (Fig. 4) 

Workers Particles Size [gm] Density [kg/m 3] Column dia. [m] Flow regime Tracer gas 
Mason [1950] Catalyst 70 1956 0.0762 

104 
Glass beads 102 2421 

155 
Overchashier [1957] Catalyst 77 1500 0.406 

Latham and Potter [1970] Glass 75 2400 0.152 

97 2410 
125 2420 

Nguyen [1977] Silica sand 145 2500 0.30 
Cankurt and Yerushalmi [1978] Catalyst 55 1074 0.152 

Wippen et al. [1981] Sodium carbonite 100 1450 0.19 

Lee and Kim [1982] Cement raw mill 23.6 2500 0.078 

Lee and Kim [1989] Glass beads 362 2500 0.10 
Li and Weinstein [1989]  Catalyst 59 1450 0.152 

Namlamg and Kim [1998b] Silica sand 125 3055 0.10 

This study FCC particles 65 1720 0.10 

B He 

B He 

B Mercury vapor 

B He 

S, T C.H~ 

B CO, 

S, T CO2 
S, T CO~ 

B, S, T He 

F,P 
F CO2 
F He 

Flow regime : B, S, T, F, P-bubbling, slugging, turbulent, fast and 

C ~  and Ye~halmi [1979] reported that gas backmixing 
diminishes over the turbulent flow" regime, and they l~ve defin- 
ed the gas velocity at which D/,,, exhibits its maximum value as 
the transition velocity from bubbling to turbulent fluidized bed. 
In the fast fluidized bed, D~,, increases with increasing G, but 
decreases with increasing UI~, [Namkang and Kim, 1998@ To 
maintain a dense region with increasing U~, G, should increase 
accordingly. Thus, it is difficult to observe the effect of U,: on Dz,,, 
m the dense region of CFB independently. However, D~,,, in the 
fast fluidized bed are higher than those in a tarbulent fluldized 
bed since the increasing rate of D~,, decreases as the gas velocity 
increases [Namkung and Kim, 1998a, b; Li and Wemstem, 
1989]. As can be seen in Fig. 3, the effect of Ui, on D~,, in the bub- 
bling region is more pronounced than that in the turbulent and 
fast fluldized bed regimes. 

The effect of U:., on Peclet manber (Pe~,=U~,D,/D~,,,) is shown 
in Fig. 4. As can be seen, Pe~ decreases significantly with in- 
creasing U~,. However, as U~. is increased above 0.5 ~Zs, Pe,,, val- 
ues lie in the range of 0.2-0.6 regardless of U),,. In the circulating 
fluidized bed, the effects of convection and dispersion of gas 
phase on Pe~, become similar with increasing I~. 
1-2. Two-phase Model m the Dense Region of CFB 

As shown in Fig. 2, in the dense region of the CFB, gas back- 
mixing in the center and wall regions of the bed would be some- 
what different. To evaluate D~,, in the bubbling fluidized bed, 
van Deemter [1961] proposed a two-phase model. Later, Lee 
and KSm [1982] adopted this model in the turbulent fluidized 
bed. However, the proposed model based on the two-phase 
slmcture in the dense region of CFB to calculate gas backmix- 
ing coefficient is scarce. Therefore, in the present study., the two- 
phase model in the dense region of CFB is proposed. Although 
the two regions in the dense region are not observed clearly as in 
case of the dilute region, the dense phase can be divided into the 
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pneumatic, respectively. 

crowd region in which gas backmkxing occua-s and the dispersed 
region where gas flows upward. 

The following assmnptions are made to simplify the proposed 
model as shown in Fig. 5. Gas backmixing occms in the crowd 
region due to downflow of solids, but it is neglected in the dis- 
pe13ed region. The crowd region exists at the condition of mmi- 
mam fluidization state. Gas exchange occoas between the crowd 
and dispersed regions, and the mass transfer coefficient (k) and 
D~,~ do not change with the bed height. 

Namlamg and Kim [1997, 1998a] proposal the core-annulus 
model to calculate D~, and k in the dilute region of a CFB. For 
the crowd and dispersed regions at steady state, the following 
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Fig. 4. Variation of Peclet number with gas velocity. 
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Fig. 5. Two-phase model for gas baekmL'dng in the dense region 
of  the CFB. 
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Fig. 6. Effect of  U,,tU~ on D~ in the dense region of the CFB. 

dispersed region : e<M,~%k(Cj-Cj = 0 (5) 

dC d2C + 
crowd region" &.U,,.=~-D,.~a,.~ k(Q-C<D = 0 (6) 

ff the axial dislance (x) is far below the tracer injection point, 
the tracer concentrations in the crowd and dispersed regions 
approach zero. At the tracer injection plane, the sum of tracer 
gas concentration in the crowd (C 0 and the dispersed regions 
(Cj) equals the concentration of tracer gas at injection level 
(C.). Then, the boundary conditions are as follows : 

B.C.: x=-% Q=C,y0  (71) 

.:~ C,,.+ ~i-' </= 1 C,4k 0,4,  
where, x=0 is the tracer injection point and (V,/Vr) is the ratio 
of the volume of crowd region to that of the total. 

Eqs. (5) and (6) are solved by using the boundary conditions of 
Eqs. (7) and (8). The obtained solutions are : 

Ca,, = (k+ e..U,a',)exp(r,x) (9) 

C<, k+ eaU<5, ~z/~.) 

C<t_ k<,,.p(r~x) (10) 

where 

U~,. k 4- f(U~"~=+ 2kU,, 4-( k "y~ 4k 

(11) r l  
2 

The values of (V,/VT), gj,C, mad C,~ are needed to determine k 
and D,~. However, it is impossible to measure exact values of 
g,l, C,. and C,l. Therefore, g,j value is calculated from the pro- 
posed correlation ofZhang et al. [1991] at r=0 (g=g0.~9~). As can 
be seen in Fig. 2, the tracer concentration at the center region 

(Ir/N_<0.55 ) is low and nearly constant i~espective of the radial 
dislance. Therefore, the values of C,, (]r/N >0.55) and C,~ are used 
as the tracer gas concentration at the wall and center regions of 
the bed, respectively. If ej and g are knox.s, then (V,</V~) can 
be determined fi'om the follox~ing equation. 

(12) 

To obtain the analytical solutions of D~,< and k from Eqs. (9) 
and (10), the mean values of C,, and Q1 along the radial direc- 
tion at each axial position are calculated from the experimental 
data. Next, using the boundary conditions of C./C.  and C, JC. 
at x=0 (Eq. (8)), the gradient (r 0 of C,,/C,, and QJC,, versus the 
axial distance (x) in the semi-log plot is adjusted until the gra- 
dient (r 0 becomes identical. Then, D~,< and k can be calculated 
from the gradient and intersection of the profile of C./C,, and 
QJC. versus x in the semi-log plot. 

The calculated values of the gas backraixing coefficients 03t,,,, 
D~) from the axial dispersion and the two-phase models are 
shm~m in Fig. 6. As can be seen, the gas baclamxmg coefficient 
inca'eases with increasing UJU~ since do~alflow of solids near the 
wall region is more pronounced with increasing UI./U,. The ob- 
tained D/~ values from the two-phase model are lower ~an those 
from the axial dispersion model. This difference may come from 
the assumption of gas baclcmLxing in the dispersed region being 
absent in the two-phase model. Howevel; a li~e mount  of back- 
mixed tracer gas in the dispersed region may exist fi'om 
transfer between the crowd and dispersed regions and the local 
downflow of solids in the dispersed region. The amount of 
backmixed tracer gas in the dispersed region of the dense region 
is higher than that ofthe backmixed tracer gas in the core region of 
the dilute region. Therefore, the difference in gas baclanJ~g coef- 
ficients 0)/><,, D~.) from the axial dispersion and the two-phase 
models in the dense region is higher than those in the dilute 
region ~amkong and Kim, 1998a]. As can be seen, the calcu- 
lated values of D~>~ from the model of van Deemter [1961 ] in the 
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bubbling bed have the lowest values. Owing to the different gas 
b a ~  characterisiics of the crowd and dispersed phases in the 
dense region (Fig. 2), it can be claimed that the obtained gas back- 
~ g  coefficient from the two-phase model belier describes gas 
flow patterns in the bed compared to the axial dispersion model. 

The mass Wansfer coefficient (k) increases with increasing Up/U~. 
because the upward gas velocity and downflow of solids in- 
crease with increasing U~fU:,.. As expected, k values in the dense 
region (6.535-15.215 m/s) are much higher than those in the dilute 
region 0.109-0.277 m/s) ofCFB [Namktmg and Kim, 1998a]. 

CONCLUSIONS 

The gas backmixing coefficient (D/,,,) in the lower fluidizing gas 
velocity ranges increases with increasing gas velocity. The Pe- 
clet number (Pe,.) decreases significantly with increasing U,: in the 
lower fluidizing gas velocities; howevel; as U~ is increased above 
0.5 m/s, Peh is not affected largely by the increasing of U~. In the 
dense region of the CFB, a considerable amount of backmixed 
tracer gas near the wall region of the bed is observed. However, at 
the center region of the bed, gas baclanJxmg is negligibly small. 
The two-phase model in the dense region of CFB is proposed to 
calculate D,,. and mass transfer coefficient (k) between crowd 
and dispersed regions. The gas bachnLxing coefficient and the 
mass transfer coefficient between two-phase increase with in- 
creasing the ratio o f average particle to gas velocities (UfL~O. 

NOMENCLATURE 

Ar : Archimedes number [-] 
C : concentration of tracer gas [mol/m 3] 
C,, : concentration of tracer gas at injection level, mean mixed 

vol%, Wacer gas volumetric flow rate, ntiS., multiplied by' 
the bed area [mol/m ~] 

D~,, : gas bachnixmg coefficient from the axial diversion model 
[m-?s] 

D~.~ : gas backmkxing coefficient from the two-phase model 
[m-'/s] 

D, : colmnn diameter [m] 
G, : solids circulation rate [kg/m:s] 
k : mass transfer coefficients between crowd and dispersed 

region [m/s] 
Pe~, : Peclet number (U~D~/D~,.,) 
Re : Reynolds number (U:~d,.G/I~) [-] 
-~.. : superficial gas velocity [m/s] 
U, : particle velocity (G,/p~) [m/s] 
U, : particle terminal velocity [m/s] 
x : vertical distance from ~acer gas injection level [m] 
z : distance from the distributor [m] 

Greek Letters 
: gas vokmae fraction [-] 

G, : gas volume fraction intheminiraum fluidization conditions 
[-] 

P, : panicle density [k~lm -~] 

Subscripts 

c : crowd region 
d : dispersed region 
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