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This paper presents a method of determining the rate of mixing of the 
solid phase in adjacent fluidized beds. Experimental data are given. 

I n s t a l l a t i o n s  c o n s i s t i n g  of s e v e r a l  ad j acen t  c h a m -  
b e r s  connec ted  h y d r a u l i c a l l y  to one ano ther  by open-  
ings  o r  ove r f l ows  in the d iv id ing  p a r t i t i o n s  a r e  wide ly  
used  in f l u i d i z e d - b e d  eng inee r ing .  In the c a s e  of d r y -  
ing of v a r i o u s  m a t e r i a l s  in a f l u id i zed  bed such i n s t a l -  
l a t i ons  e n s u r e  o r d e r e d  m o v e m e n t  of the m a t e r i a l  and 
l a r g e l y  obvia te  the o v e r s h o o t  of the u n p r o c e s s e d  m a -  
t e r i a l  into the f inal  p roduc t ,  an unavoidab le  o c c u r r e n c e  
in s i n g l e - c h a m b e r  ope ra t ion  [1]. 
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F ig .  1, D i a g r a m  of e x p e r i m e n t a l  ap-  
p a r a t u s :  1) Hot c h a m b e r ;  2) cold c h a m -  
be r ;  3) pa r t i t i on ;  4) E P P - 0 9  po ten t io -  
m e t e r ;  5) P P  p o t e n t i o m e t e r ;  6) l a b o r -  
a to ry  a u t o t r a n s f o r m e r ;  7) a m m e t e r ;  8) 
v o l t m e t e r ;  9) m e a s u r i n g  d i a p h r a g m s ;  
10) t h e r m o c o u p l e s ;  11) m a n o m e t r i c  
tubes;  12) RGN-600 a i r  b lower ;  13 )e l ec -  

t r i c  h e a t e r .  

In the t h e r m a l  t r e a t m e n t  of me ta l  a r t i c l e s  [2, 3] in 
a f lu id ized  bed  the use  of t w o - c h a m b e r  i n s t a l l a t i o n s  
e n s u r e s  the t r a n s f e r  of hea t  by the m a t e r i a l  c i r c u l a t -  
ing through the opening f r o m  one c h a m b e r  to the o t h e r  
and thus c r e a t e s  in the two c h a m b e r s  zones  with d i f -  
f e r en t  t e m p e r a t u r e s  o r  gas  compos i t i on  with the l i b -  
e r a t i o n  of hea t  (due to combus t ion  of the gas ,  for  in-  
s t ance)  in only one of them. Desp i t e  the wide use  of 
such i n s t a l l a t i o n s  the laws gove rn ing  the t r a n s f e r  of 
the so l id  phase  through the opening in ad jacen t  f lu id -  
i zed  beds  have h a r d l y  been i n v e s t i g a t e d  at a l l .  It was  
shown in [5, 6] that  in the a b s e n c e  of a p r e s s u r e  g r a -  
d ient  t h e r e  is  a d i f fus ive  f lux of p a r t i c l e s  through the 
opening in the Wall s e p a r a t i n g  f lu id ized  beds .  

So f a r  the only inves t iga t ion  dea l ing  with the quan-  
t i t a t ive  c h a r a c t e r i s t i c s  of mix ing  of the m a t e r i a l  in 
ad j acen t  f lu id ized  beds  is  [4]. The i nves t i ga t i ons  w e r e  
conducted  in a s m a l l  r e c t a n g u l a r  a p p a r a t u s  with c r o s s -  
s ec t i ona l  d imens ion  0. 0380 • 0. 0760 m and he ight  
0. 228 m.  The a p p a r a t u s  was  d iv ided  by a pa r t i t i on  
with 6 .36  • 6 .36  m m  squa re  ho les .  One of the c h a m b e r s  
was  loaded  with e l e c t r i c a l l y  conduc t ive  coke and the 
o t h e r  was  loaded  with a m i x t u r e  of noneonduct ive  and 
conduc t ive  cokes .  The vo l tage  d rop  be tween e l e c t r o d e s  
i m m e r s e d  in the second  c h a m b e r  was  m e a s u r e d ,  and 
the c onc e n t r a t i on  of p a r t i c l e s  of noneonduct ive  coke in 
each  c h a m b e r  was  d e t e r m i n e d  f r o m  a c a l i b r a t i o n  cu rve .  
Us ing  a c u r v e  r e p r e s e n t i n g  the change in the concen-  
t r a t i on  of nonconduct ive  coke with t ime  the r e s e a r c h e r s  
d e t e r m i n e d  the m a s s  flow (w, g / s e c )  of c i r c u l a t i n g  
coke due to h o r i z o n t a l  mix ing  through the openings .  

The mode of t r a n s p o r t  of p a r t i c l e s  f r o m  c h a m b e r  
to c h a m b e r  i s  s i m i l a r  to that  of ho r i z on t a l  mixing.  
Bubbles  r i s i n g  above the pa r t i t i on  e j ec t  p a r t i c l e s  to 
the s ide ,  and they p a s s  f rom one c h a m b e r  to tbe o ther .  

The r a t e  of mix ing  can be c h a r a c t e r i z e d  by the 
so l ids  f lux de ns i t y  (j, k g / m  2. sec) ,  which ind ica t e s  the 
amount  of so l ids  p a s s i n g  in one d i r e c t i o n  through one 
squa re  m e t e r  of opening p e r  second.  In s t e a d y - s t a t e  
cond i t ions  without  supply  o r  w i thd ra w a l  of m a t e r i a l  
t h e r e  wi l l ,  of c o u r s e ,  be an equal  f lux in the oppos i te  
d i r e c t i o n .  
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Fig. 2. Temperatures measured at 

different levels over chamber (t in ~ 
l in ram): a) for z = 110 mm; b) 20; 

c) 10; d) 2 .5 .  

The f i r s t  s e r i e s  of e x p e r i m e n t s  d e s c r i b e d  below 
was  c a r r i e d  out on an e x p e r i m e n t a l  a p p a r a t u s  (Fig.  1) 
c o n s i s t i n g  of a c h a m b e r  of r e c t a n g u l a r  sec t ion  (0.5 • 
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x 0. 092 m) and height 1 m, divided into two halves by 
a movable vertical wooden partition 3.5 mm thick. 

Air heated in an electric heater (t = 90~ ~ C) was 
blown into the bottom of one half of the chamber, and 
cold air  (t = 20~ ~ C) was blown into the other. From 

the heat-balance equation in steady-state operation we 
found the value of 

Gs= [Ohg-Q{;s176 (1) 
C s (.th-- tc) 

with which the r equ i r ed  quant i ty  j i s  connected by the 
re la t i  on sh ip 

] = G s/Fs].  (2) 

In the t r e a t m e n t  o f  the e x p e r i m e n t a l  da ta  w e  n e g l e c t e d  
the t r a n s f e r  of heat through the opening by the gas in 
view of the absence  of a p r e s s u r e  grad ien t  and the in -  
s i g n i f i c a n t  bulk specific heat of the gas. 

The loss  of heat  to the su r round ings  was a s sume d  
to be propor t iona l  to the d i f ference  in t e m p e r a t u r e  be-  
tween the half  of  the c h a m b e r  and the sur roundings~  
This per fec t ly  logical  assumpt ion  enables  us to e s t i -  
mate  the heat  loss  to the su r round ings  f rom the follow- 
ing fo rmulas :  

Qloss = ~'~ lossexP UhZ' __ to)l(th, -f- tc - -  2to), (3) 

QI, _ exp 
loss--~loss (tc -- /o)/( /h -]- t c - -  2to). (4) 
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Fig. 3. Plot of solids flux density j(kg/m2 .sec) 

against superficial mass rate G - Gcr (kg/m2, sec) 

and height of opening Hop (ram): i) and a) Hop = 

=30; 2 andb) Hop = ii0; 3 and e) Hop-70. 

Although the appara tus  was thoroughly insula ted,  the 
loss  to the su r round ings  at low a i r  flow ra t e s  reached  
20%. Fo r  the heat  t r a n s f e r  through the par t i t ion  we in-  
t roduced a heat  t r a n s f e r  coeff icient  k0, which was as -  
sumed cons tant  over  the height  of the bed and was de-  
t e r m i n e d  in the case  of a comple te ly  shut par t i t ion  

f rom the fo rmula  

t'*o = Qp~ar'H~ar (th - -  7c)" (5) 

The heat t r a n s f e r  through the pa r t i a l ly  open par t i t ion  

was then found f rom 

Qpar = koHpar b ([h -- [c). (6) 

Thus the expe r imen t  reduced to m e a s u r e m e n t  of the 
a i r  flow and the t e m p e r a t u r e s  of the bed and the hot 
and cold a i r  at the en t r ance  to the bed. As the en t r ance  
t e m p e r a t u r e s  of the a i r  we took the t e m p e r a t u r e s  of 
the hot and cold a i r  unde r  the s c reen .  To d e t e r m i n e  
the t e m p e r a t u r e  t which could be rega rded  as that of 
the bed we m e a s u r e d  the t e m p e r a t u r e  d i s t r ibu t ion  in 
the two c h a m b e r s  in d i f ferent  opera t ing  condi t ions  with 
a movable  the rmocouple .  
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Fig. 4. Plot of solids flux density j(kg/m 2 -sec) 
against superficial mass rate G - Gcr (kg/m2" see) 
and height z (mm) of opening above screen; 1 and 
a) z = 0; 2 andb) z = 30; 3 andc) z = 60; 4 andd) 

z : 90. 

The t e m p e r a t u r e  prof i le  i l l u s t r a t ed  in Fig.  2 shows 
that the t e m p e r a t u r e s  m e a s u r e d  in the bed by an un-  
shielded the rmocoup le  were  rap id ly  evened out over  
the sect ion and over  the height.  This  fact is indicat ive  
of the thorough mixing in the beds.  Hence, as the bed 
t e m p e r a t u r e  we took the t e m p e r a t u r e  indicated by an 
unshie lded  the rmocoup le  mounted at a d i s tance  f rom 
the s c r e e n  equal to half  the height of the bed at r e s t  
and in the c e n t e r  of the half  of the chamber .  

In the t r e a t m e n t  of the data we found the mean  value 
for  s l i t  heights  H s / =  30, 70, and 110 m m  in re la t ion  
to the supe r f i c i a l  m a s s  f lu idiz ing veloci ty.  The pa r t i -  
c le  m a t e r i a l  in al l  c a s e s  was fine co rundum (dp = 120~) 
and the f lu idiz ing agent was a i r .  

F igu re  3 shows the r e l a t ionsh ip  j =f (G - Gcr) for  
the range  G / G c r  = 1 -3 .5 .  The bulk specif ic  heat C s 
of the solid phase was taken as 1.14 kJ /kg ,  deg. More 
accu ra t e  data gave C s = 0.83 kJ /kg ,  deg. With this  
l a t t e r  f igure  the data were  r e p r e s e n t e d  r ea sonab ly  ac-  
c u r a t e l y  by the s t ra igh t  l ines  

] = A ( 0  - -  Got), (7) 

where A = 47, 34, and 42 for  s l i t  heights 30, 70, and 
110 ram, r e spec t ive ly .  The height of the bed at r e s t  in 
all  the e x p e r i m e n t s  was 110 ram. 

All the s t r a igh t  l ines  pass  through a point where ,  
accord ing  to the e x p e r i m e n t a l  data, there  is no mixing.  
The rate  at this  point is 0. 061 k g / m  2" see,  which is 
10~ below the s tab i l i ty  l imi t  ca lcu la ted  f rom Todes '  
f o r mu l a  [7] for a bed voidage e c r  = 0. 532. This d i s -  
c r e p a n c y  can be a t t r ibu ted  to the nonsphe r i c i t y  of the 

p a r t i c l e s  and some va r i a t ion  in ~cr. 

0 325 G- Gcr 
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where  

R e c r = A r / ( 1 5 0  '---ecr-]- ~ A r )  (8) 
8~r ~ 8cr  ' 

Ar = gd___~ P s - - P f .  Recr = Wcrdp 
v ~ pf v 

The second s e r i e s  of expe r imen t s  was conducted on 
an exper imenta l  appara tus  which di f fered  f rom the 
f i r s t  only in the c r o s s - s e c t i o n a l  d imens ions  (0.3 • 
• 0.11 m) and in having improved  heat  insulation to 
reduce  the heat  loss .  The method of de termining  j was  
the same  as before .  W e  invest igated the value of j in 
re la t ion to the superf ic ia l  m a s s  a i r  flow G - G c r  and 
the h e i g h t  z of the slit above the sc reen .  The d imen-  
s ions  of the s l i twe re  the same a s b e f o r e  (0.11 • 0.03 m). 
The exper imen t s  were  conducted with corundum (dp = 
= 120 p) and the bed height at r e s t  w a s  H = 120 m m .  

The exper imenta l  data a re  shown in Fig. 4. They 
a re  sa t i s fac to r i ly  desc r ibed  by re la t ionship  (7), where  
the coeff ic ient  A is cons ide rab ly  h igher  than in the 
f i r s t  expe r imen t s  and is equal to 72, 66, 80, and 81 
fo r  d i s tances  of 0, 30, 60, and 90 mm, respec t ive ly ,  
between the lower  edge of the sl i t  and the sc reen .  

The value of  j was  de te rmined  a lso  in [4]. The data 
were  t r ea ted  in the f o r m  of  a r e l a t ionsh ip  j = k(W - 
- Wcr  ), where  the coeff icient  k is cal led the c i r c u l a -  
tion flux densi ty  and has d imens ions  k g / m  3. The num-  
e r i ca l  values  obtained in [4] agree  sa t i s fac to r i ly  with 
our  data  of the second se r ies .  However,  the d imen-  
s ions  of the openings in Lochiel  and Suther land ' s  ex-  
pe r imen ta l  appara tus  [4] were  v e r y  smal l  (6.36 • 
x 6.36 ram), and these authors  found  that on sl ightly 
a l te r ing  the s ize  of the holes  the value of j was in- 
v e r s e l y  propor t iona l  to the a r e a  of the opening r a i sed  
to the power  0.29:  

j ~ Fs~ ~>~ (9) 

The slit  a r ea  in our  appa ra tuses  was 83 t imes  
g r e a t e r  than in [4]. If the above re la t ionship  holds, 
this should reduce  the value of j by a f ac to r  of a lmost  
four .  The d i s ag reemen t  between the exper imenta l  data 
and re la t ionship  (9) ca s t s  doubt on the applicabi l i ty  of 
this re la t ionship  in exper imenta l  condit ions differ ing 
f r o m  those in [4]. 

NOTATION 

j is the sol ids  flux density,  k g / m  2. sec;  G s is the 
m a s s  of solids p a s s i n g t h r o u g h  opening in one direct ion,  

kg / see ;  Q~a, Qha is the heat  brought  into c h a mb e r  
M by heated a i r  and c a r r i e d  out of it, W; Qpar,  Qpar  is 

the heat  t r a n s f e r r e d f r o m  hot to cold chamber  through 
par t ia l ly  opened and comple te ly  c losed  part i t ion,  r e -  

0 speet ively,  W; Hpar, Hpa r is the height of par t i t ion 
involved in heat  t r a n s f e r  with par t i t ion par t i a l ly  opened 
and comple te ly  closed,  respec t ive ly ,  m; Qexp is the 

lOSS 

exper imenta l ly  de te rmined  heat  loss,  W; Q~oss' II Qloss  
a re  the lo s ses  of hot and Cold c h a m b e r s  to surroundings ,  
W; t c is the t empera tu re  of cold bed, ~ th is the t e m -  
pe ra tu re  of hot bed, ~ tc is the ambient  t empera tu re ,  
~ ko is the coeff ic ient  of heat t r a n s f e r  through par t i -  
tion, W / m  2, ~ C; G is  the m a s s  flow ra te  of f luidizing 
agent, k g / m  2. sec ;  Get  is  the min imum fluidizing m a s s  
flow rate ,  k g / m  2. sec ;  dp is  the pa r t i c l e  d iameter ,  m; 
b is  the sl i t  width, m;  F s / i s  the a r e a  of slit, m2;  z is  
the height of slit  above sc reen ;  e c r  is the bed voidage 
at min imum fluidization; g is the gravi ta t ional  constant ,  
m/sec2 ;  , is the k inemat ic  viscositY; m2/sec ;  Ps, Pf 
is the densi ty  of sol ids  and fluid, respec t ive ly ,  kg/m3; 
Wcr  is the min imum fluidizing velocity,  m / s e e ;  W is 
the f luidizing veloci ty ,  m / s e e ;  R e c r  is the Reynolds 
number  at min imum fluidization; Ar is the Arch imedes  
number .  
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