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Abstract-As a first stage of studies on the development of a fluidized bed incinerator for radioac- 
tive spent ion-exchange resins, the axial mixing: characteristics of anion exchange resin beads and 
glass beads in a fluidized bed were investigated. The extent of axial solid mixing could be well 
characterized with a diffusion model and a global mixing index under various experimental conditions 
such as excess air velocities, size differences of particles and concentrations of resins. It was found 
that a certain extent of mixing or segregation was reached after 90 s. Axial diffusion coefficients 
are varing from 1 to 5 cm2/s in this experimental ranges. The best conditions to incinerate anion 
resin beads with glass beads as bed materials in the gas-solid fluidized bed system, were 30 wt% 
of resins in overall composition and excess air velocity over 8 cm/s with glass beads having an avera- 
ged diameter of 320 gm. 

INTRODUCTION 

Spent ion-exchange resin beads generated from nu- 
clear power plants have higher radioactivity and swel- 
ling property as a result of water absorption. Most 
of radioactive wastes have been processed to form 
solid cement blocks since cementation technology is 
well developed and is a cheaper process giving appro- 
priate safety. However, cementation technique could 
not be utilized for treating spent ion exchange resins, 
because its swelling property causes to the cement 
be broken and to result in potential leakage of radioac- 
tivity into the environment. Therefore many research- 
ers have expended much effort to develop an alter- 
native means of treating such spent resins, which 
would provide ample stability in the final product. In- 
cineration, especially fluidized bed incinerators, could 
be one useful alternative to treat these spent resins 
since resins are quite easy to feed continuously and 
have some fluidity with uniform shape and size. Re- 
search and development has been performed by sev- 
eral researchers [1, 2J and a commercialized incinera- 
tor has been constructed for miscellaneous wastes [-3]. 

KAERI (Korea Atomic Energy Research Institute) 
has built a bench-scale fluidized bed incinerator. As 

*To whom all correspondences should be addressed. 

a related basic experiment, the mixing characteristics 
of spent resins which are lighter materials (specific 
gravity: 1.16) than ?)ed materials (sands or glass beads) 
in a fluidized bed has been studied to find a proper 
mixing ratio and feed rate of resins. The mixing behav- 
ior in a fluidized bed was observed with various ex- 
cess gas velocities, particle size and density and aver- 
aged compositions of mixture. Such experimental re- 

suits were analyzed by using an axial diffusion model 
and a mixing index. 

MIXING MODELS 

tn this study two mixing models, a mixing index 
and a diffusion model, were applied to observe mixing 
extent in the axial direction during fluidization. 
1. Mixing Index and Global Mixing Index 

The overall weight fraction of tracer or combustive 
materials (resins generally in this study) in total mix- 
ture and the local weight fraction at a certain point 
i, are defined as X and X,, respectively. Then, the; mix- 
ing index (IM,) is described as follows [4,51; 

IM, = XJX (1) 

if IM,=I ,  represents perfect mixing, and if IM,=0  
or l/X, represents perfect segregation. In case the 

experiment is initiated in a totally segregated eondi- 
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Fig. 1. Initial particle distributions before fluidization. 

tion, the initial particle distribution is shown in Fig:. 1. 
In the segregation and mixing of fluidizing particles 
the relatively denser and bigger particles tend to fall 
down and the lighter and smaller particles move up- 
ward in a fluidized bed. The former and later particles 
used to be called as jetsam and flotsam, respectiw.qy. 
The initial condition as shown in Fig. 1, could be ex- 
pressed as follows; 

for i~j (at flotsam layer) 
IM,~ 1/R (2) 

for i<j (at jetsam layer) 
I M i  ~ - 0 (3) 

where IMO is a local mixing index at initial condition, 
i is the layer number of the sampling point and j is 
the layer number of the first sampling point in the 
flotsam section from the distributor. When the number 
of layers is N, each layer is assumed to have uniform 
mixing and the sampling is perfect, the averaged mix- 
ing index of flotsam is unity. Then the standard devia- 
tions could be described at initial condition and at 
time t during fluidization as follows: 

S = [ _ ( IMi-  1) e] ~/2 (4) = 

So = E ( IM/ ' -  1) 2] v,~ (5) 

And the global mixing index is, then, defined as a 
function of above standard deviations [-6-9], 

IMG = 1 - (S/S,,) (6) 

= 1 -  

N 

1 (IM 1)2 

N 

I/2 

(7) 

In order to apply such expression to this experimental 
inilial condition, the equation could be described by 
combining with Eqs. (2) and (3). 

X=O, 

x=~ 

x=0 

at time t=0  

[3<x<a : material dp/only 

0<x<13 : material dpj only 

Fig. 2. Representation of fluidized bed. 

i N 1 
i~1 ('IM,- 1) 2 1/2 

1 2 I M G = I -  ( ~ _ I )  Ni+(N ' N1)j (8) 

where, N, is the total number of sampling points, NI 
is the number of sampling points in flotsam section. 
The values of global mixing index (IMG) is varying 
between 0 and 1, which shows perfect segregation and 
mixing, respectively. 
2. Axial Diffus ion Model  

A general unsteady state diffusion model could be 
applied to understand mixing degree in a fluidized 
bed. Differences in both sizes and densities could be 
resin variables to affect to the mixing and segregation 
in fluidized bed, and some diffusion and mixing index 
models in the literatures [10-15] were mainly used 
to observe such influence. Considering one dimension- 
al diffusion in axial direction, the diffusion model is 
simply expressed as follows; 

o C  = D 02C: 

at ox :~ (9) 

with initial and boundary conditions as shown in Fig. 2. 

C - 1  at t=0,  x>[3 (10a) 

C = 0  at t=0,  x<[3 (10b) 

C = C  at t=oc, x>0 (10c) 

aC - 0  at t>0, x = 0  (10d) 
ax 

aC - 0  at t>0, x ct (10e) 
at 

Equation was solved with given initial and boundary 
conditions and the final solution is, 

/ \ 

+ SIN(~-[3)  exp[ - ( ~ - )2Dt ]  (COS~2~ x ) 2  
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E 

Fig. 3. Experimental apparatus. 
1. Fluidized bed 10. Air regulator 
2. Distributor 11. Root blower 

3. Air box 12. Differential manometer 

4. Solid loading port 13. By-pass line 

5. Solid discharge 14. Pressure gauge 

6. Control valve 15. Sample port 
7. Inclined manometerl6.  Cyclone 

8. Anemometer 17. Solenoid valves 
9. Air filter 
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+ S I N ( ~ [ 3 )  exp[ - ( ~ - ) : ~ D t ] ( C O S - ~  - x  ) 3  

+ ...... } (11) 

Using this equation, D could be est imated from the 

measured  values of concentration. C, in different loca- 

tion at a certain time, t. 

E X P E R I M E N T  

A schematic diagram of the exper imental  apparatus 

is shown in Fig. 3. The fluidized bed was fabricated 
with a t ransparent  acryl column (28 cm-ID and 180 

cm-high) which simulated the bench-scale fluidized 
bed incinerator constructed at KAERI. For .,;ampling 
by using a sample probe at different locations along 

axial dis tances (2.8, 6.8, 10.8, 15.8, and 20.8 cm) above 
the distributor, sampling ports  baying a size of 0.6 cm 

Table 1. Particle size distribution 

Particle dp, Weight fraction(X,) 
size(~m) (jam) Glass Beads Anion resins 
1000-850 925 1 

850-710 780 0.0004 

710-600 655 0.009 0.844 
600-500 550 0.7594 0.0001 0.0012 0.156 

500-425 462.5 0.161 0.2606 0.0014 
425-325 390 0.0621 0.5153 0.4568 
355-300 327.5 0.0061 0.2101 0.3239 

300-250 275 0.002 0.0129 0.0967 

250-212 231 0.0008 0.0659 

212-180 196 0.0002 0.0213 

180-150 165 0.0328 

ttarmonic mean 925 518.37 387.82 319.87 624.72 
diameter(~m) 
dm := 1/Z(xJd,) 

Minimum fluidi- 28.9 14.7 10.1 7.4 8.3 
zation velocity 
(cm/sec) 

Density(g/cm :~) 2.4671 1.1558 

were  fabricated with attaching adhesive rubber  to 
avoid leakage of bed materials. The air distr ibutor  was 

manufactured using a perforated stainless steel  plate 

(5 mm thick) and the air plenum was 20 cm in height. 

A cyclone was installed to capture entrained fines. In 
bed materials glass beads were  used for main fluid- 

izing particles as a je tsam in general  and anion ion- 
exchange resin beads for combustive particles as a 
fo tsam.  The  anion resin beads were  dr ied up to 20- 

25% of moisture content.  The size distributions of par- 

ticles used in the exper iment  are listed in Table 1. 

Each exper iment  was started from perfect  segregation 

with glass beads as je tsam in the  lower section and 
resin beads as a flotsam in the upper  section as an 

initial condition. Air was injected at a certain flowrate 

and fluidization mixing was started and s topped by 

switching on and off both solenoid valves. After deflu- 

idization, samples  were  obtained using a grain sample 
probe which was a grain sampler  type of cylindrical 

tube (0.6 cm diameter,  35 cm long) to fit into sampling 
ports. The sampling tube was introduced to the deflu- 

idized bed and the mixture of two particles along the 
radial direction of the  bed were  sampled. The  amount 

of each sample was about 3-5g and three  t imes of 

sampling were  carried out at one point to abtain 
enough amount  of sample to be represent ing  the aver- 
aged mixture along radial distance. The  composit ions 
in a sample were  analyzed in two means.  When the 

mixture consisted of different particles in size distri- 

bution, samples were  sieved to find their  compost- 
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Table 2. Experimental condition 

Particle size(~m) 
Excess air velocity(U-U,.A cm/sec 
Initial weight fraction of 

the anion resins(%) 
Total weight of the fluidized bed(kg) 

(Glass Beads+Anion Resins) 

320-925 
4.16-29.12 

15, 30 

15 

tions. When glass beads and resins were mixed, sam- 
pies were combusted in oxygen environment using a 
thermogravimetric analyzer (TGA, LECO MAC-400) 
because resins were combustible with weight loss in 
the TGA. The experimental variables and tlheir ranges 

are shown in Table 2. Size of particles ranged 320- 
950 pm and the excess air velocity (U-U~/)  varied 
as based on jetsam particles with a range o~! 4-29 cm/s. 
Fractions of anion resins in total mixture were 15 and 
30 wt%. In the different experimental conditions with 
the above mentioned variables, the compositions along 
the axial direction of the fluidized bed could be meas- 
ured and used to estimate local mixing indices, global 
mixing indices and axial diffusion coefficients to ex- 
press quantitative mixing extent. 

R E S U L T S  AND DISCUSSION 

1. Trans i en t  R e s u l t s  
Compositions of two particles in a fluidized bed be- 

come uniform after reaching a steady state. The main 
purpose of this study is to observe mixing degree in 
a steady state, however, the time required to reach 
a steady state and transient data to prove a diffusion 
model are important to analyze further information 

such as mixing degrees and their trends with respect 
to flowrate, particle characteristics and others. To find 
out a required time to reach a steady state, which 
is not changing any more in the averaged composition 
of the mixture, the sampling and the composition of 
samples were obtained at 20, 40, 60, 90. 120, 150s 
after fluidized mixing. Fig. 4 shows the variation of 
composition with time at different location along the 
axial distances above the distributor. The mixture in 
a fluidized bed becomes steady and has uniform com- 
positions at all the locations of the bed after about 
60-90s after fluidization. The estimated diffusion coef- 
ficient from the experimental results using Eq. (11), 
that is D, , ,=4cme/s,  could give composition profiles 
as solid lines in Figs. 4 and 5. It was found that the 
axial solid mixing rate and degree could he adequately 
described by diffusion coefficients. Fig. 5 also shows 
the composition profiles along axial distances at the 
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Fig. 4. Variation of particle composition with time (D~ 
4 cm2/s, U-Umf=4 .16  cm/s, A30%: G32q); resin 
30%: Glass bead 320 Urn). 
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5. Variation of particle composition with axial dis- 
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Fig. 6. Local mixing index with respect to time (Da~,=4 
cm2/s, U U~i=4.16 cm/s, A30%: G320). 

same experimental conditions. The local mixing index 
could also be analyzed by using Eq. (1) and is shown 
in Fig. 6. In case of this experiment, the mixing index 
is close to unity and constant with time and shows 
the a certain extent of mixing or segregation being 
reached after 90s. Such time is very. short ;and the 
steady state of the mixing has been reached yew fast 
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Fig. 8. Effects of gas velocity on global mixing index (A30 
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in a gas-solid fluidized bed. The results are the same 
as the analysis made by the axial diffusion in previous 
model and are similar to other studies E16-!8]. The 
axial diffusion coefficients estimated in the experi- 
mental ranges are varying from 1 to 5 crn~/s. 
2. Effect  of  Overall Compos i t ion  of Res in  B e a d s  

Nienow et al. [19] has experimented with samll por- 
tion of large particles in fluidized bed of smaller ones 

and Rowe et al. [20], Hemati et al. E8] found that 
less effects of the concentration of lighter and smaller 
particles on mixing in a fluidized bed when the gas 
velocity was twice higher than minimum fluidization 
velocity. Two different overall compositions, which 
were 15 wt% and 30 wt% of resin beads, were experi- 
mented to observe mixing extent by fluidization. With 
the same procedures, diffusion coefficients and global 
mixing indices have been estimated from the obtained 
experimental results. The estimated value..s of diffu- 

sion coefficients and global mixing indices with excess 
gas velocities are shown in Figs. 7 and 8. 

Diffusion coefficients and mixing indices .'~how high- 

er values at 30 wt% of the overall composition in the 
mixture than those at 15 wt%. Therefore 30 wt% of 
the overall composition shows the proper mixing ratio 
for feeding resin beads into a fluidized bed. From the 
experience of incinerating resin beads (polymers), the 
composition of resin beads in waste mixture could not 
be above 30 wt% due to melting and inadequate com- 
bustion such as generating incombustible substance, 
The 30 wt% of resin beads could be a proper overall 
composition in mixture and feeding condition tor inci- 
nerating them. 
3. Effect  of  Gas Veloci ty  a n d  Par t i c l e  Size  

It is generally known that the extent of mixing is 
due to bubble movements [21-24]. The mixing in a 
fluidized bed is occurred by the movement of bubbles 
and their wakes. Therefore the increment of bed hei- 
ght is one of the main reasons to form large bubbles 
and wakes and more vigorous mixing. However, the 
higher bed height causes to occur slugging. When the 
ratio of bed diameter to height is around 1, it is found 
that the enough mixing could be obtain in fluidized 
beds. Values of solids mixing diffusion coefficients and 
mixing indices are shown as a function of gas velocity 
for different bed materials (jetsam) in Figs. 7 and 8. 
The excess velocity (U-Urn/) of fluidizing gas ranges 
up to a velocity of 20 cm/s. Both mixing coefficients 
and indices increased with excess gas velocities as 
expected and became constant after a certain gas ve- 
locity. The literature [25] showed similar behaviors 
and the lower walues at further higher velocities. 

The higher mixing rate was obtained with smaller 
size jetsam particles. The diffusion coefficient did not 
become steady when the size of jetsam particles was 
large (925 pro) even at higher gas velocities. The differ- 
ence of sizes and densities between two particles 
caused segregation from each other since the larger 
and denser  particles are falling to the bottom of a 
fluidized bed. It is generally known that the closer 
to the unity ratio of two particle sizes is giwm, the 
better  mixing could be occured with showing higher 
values of axial mixing diffusion coefficient. Also differ- 
ence of deneities in two particles is another wariable 
to make more segregation. Therefore, the smaller par- 
ticle must be denser  for better  mixing. For comhusting 
ion exchange resin beads at a fluidized bed incinera- 
tor, the size of bed materials (sand or glass beads) 
should be smaller than the size of resin beads. From 
experimental results, the glass beads having an avera- 
ged diameter of 320 pm give the best mixing by such 
reasons. In these experiments some quantitative mix- 
ing could not be described well because two proper- 
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Hg. 9. Effects of particle size ratio on axial diffusion co- 
efficient (G320: G925, G388: G925, G518: G925). 

1.0 

0.9 
I 

L? 

--  0.8 Ommmm U U,~/: 16.64 
~_lz3z2~ : 20.8 
&&2~, ~', : 24.96 
A*,AAA : 29.12 

0.7 
0.3 014 0'.5 0.6 

dpj@ ( - ) 

Fig. 10. Effects of particle size ratio on global mixing in- 
dex (G320: G925, G388: G925, G518: G925). 

Table 3. Limited excess air velociW between particle sizes 
and anion resins 

Panicle size(gm) Resins(%) U -U~Xcm/s) 
320 30 28  

388 30 212 
925 30 220 
320 15 ~8 
388 15 k12 
925 15 ~24 

ties (size and density) have different and interlocking 
effects to mixing and segregation of two particles. Fur- 
ther  studies will correlate such cross-linked two var- 
iables in mixing and segregation at fluidized beds. 

Figs. 9 and 10 also show that the diffusion coeffi- 
cienls and mixing indices are a function of the particle 
size ratio of glass beads. Larger difference of particle 
sizes makes segregation as shown in the figures. 

As a summary of the results in this study, the ap- 

propriate conditions for obtaining better mixing extent 
were', listed in Table 3. The overall resin content in 
a mixture fluidized bed could be 30wt% rather than 

15 wt% in weight. However, excess air velocities must 
be more than 8, 12 and 20 cm/s for bed materials of 
glass beads with sizes of 320, 388 and 925 pro, respec- 
tively. The best conditions to mix resin beads with 
glass beads as bed materials in experimented ranges 
of this gas-solid fluidized bed, were 30 wt% of resins 
in overall composition and the excess air velocity over 
8 cm/s with using glass beads having a diameter  of 
320 btm. 

CONCLUSIONS 

(1) The diffusion model and mixing index model 
could describe the axial mixing extent in gas-solid 
fluidized beds. For experimental ranges pe.rformed 
between glass beads and resin beads in this study, 
the steady state mixing was reached within 90s. 

(2) The higher mixing extent was observed with 
higher overall composition in the mixture. The overall 
composition in mixture was good enough to combust 
when the fraction of resin beads was 30 wt% in wei- 
ght. 

(3) Both diffusion coefficients and indices increased 
with excess gas velocities and became constant after 
a certain gas velocity. The differences of sizes and 
densities between two particles caused segregation 
having lower diffusion coefficients and mixing indices. 
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N O M E N C L A T U R E  

D :axial diffusion coefficient of solids [cra2/s] 
X :mass  fraction of flotsam in the bed 
IM=IM~ : local mixing index of layer i, demension- 

less 
X, mass fraction of flotsam in layer i. [ =m#(n-~, 

+ nv)]  
IM/ the local ]nixing index in the i layer before fluid- 

ization 
S mixing index based on mass fraction of layers 

a divided bed, dimensionless 
S,, value of s in the initial situation, i.e. perfect seg- 

regation, dimensionless 
N number  of layers 
N/ the total number  of sampling port 
N, the number  of sampling port in the flotsam lay- 

ers 
C concentration, fractional weight 
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: concentration of the flotsam at steady state, frac- 
tional weight 

t : time I-s] 
x :axial direction [cm] 

Greek Letters 
ct : the total of height of fixed bed [cm] 
[3 :height of jetsam particle [-cm] 

Subscripts 
s : solid 
g : gas 
t : total 
f : flotsam 
j : jetsam 
i :i-th layer 
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