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M e a s u r e m e n t s  w e r e  made  to de t e rmine  the coeff icient  of heat  t r a n s f e r  between a ve r t i c a l  
cy l ind r i ca l  su r face  and a fluidization bed with eight d i f ferent  kinds of fixed packing. The 
data for  the m a x i m u m  heat  t r a n s f e r  coeff icient  have been genera l ized  into design fo rmulas .  

Many applicat ions a r e  found in the chemica l  industry  for  fluidization s y s t e m s  where  a r a t h e r  h o m o -  
geneous s t ruc tu re  can  be ach ieved  by the use  of s m a l l - s i z e  fixed packings  [1-5]. Publ i shed  informat ion  
about the hea t  t r a n s f e r  between a su r face  and a fluidization bed with many  s t a t ionary  packing e lements  is 
v e r y  sporad ic  [6-9]. Essen t i a l ly ,  i t  pe r ta ins  to a bed of ba l l s ,  of pe r fo r a t ed  cy l inders  [8], and hor izonta l  
o r  ve r t i ca l  tube bundles [6, 7]. A l imi ted  amount  of data is a l so  avai lable  on the r a t e  of heat  t r a n s f e r  in 
a fluidization bed with packing in the fo rm of finned tubes or  wi re  sp i r a l s  [9]. 

The objec t  of this study was a sys t emat i c  ana lys i s  of the heat  t r a n s f e r  r a t e  at  a su r face  i m m e r s e d  in 
a m o d e r a t e d  fluidization bed with va r ious  kinds of fixed packing and, a t  the s ame  t ime ,  to de tec t  the bas ic  
t rends  of the heat  t r a n s f e r  p r o c e s s .  

We p r e s e n t  now the r e s u l t s  of our  exper imenta l  study. 

The  t e s t  appa ra tus ,  including a column 300 and 150 m m  in d i a m e t e r ,  was  s i m i l a r  to the one desc r ibed  
e a r l i e r  in [9]. Several  kinds of packing were  used he re ,  the i r  c h a r a c t e r i s t i c s  as  l i s ted  in Table  1. The 
d i spe r sed  m a t e r i a l  was  sand d = 0.23 and 0.63 ram,  s i l ica  gel d = 0.19 ram,  corundum d = 0.09 ram,  and 
Hspherical" s i l ica  gel d = 0.34 and 0.76 ram.  The hea t  t r a n s f e r  between a ve r t i c a l  cy l indr ica l  su r face  and 
the m o d e r a t e d  fluidization bed was m e a s u r e d  by the s t eady - s t a t e  method with a h e a t e r - p r o b e  20 m m  in  
d i ame te r  a thorough desc r ip t ion  of which had been given e a r l i e r  in [9 !. We f i r s t  m e a s u r e d  the power  d i s -  
s ipated by the probe  as  well  as  the t e m p e r a t u r e  d i f ference  between its  su r face  and the bed. F r o m  these 
data we then calcula ted  the heat  t r a n s f e r  coeff icient  with a m a x i m u m  e r r o r  not exceeding 3%. In eve ry  
t e s t  the p robe  was  p laced a t  the cen te r  of the column. I t s  lower  edge was  then 100 m m  away f rom the gas  
d i s t r ibu tor  gr id.  In addition to a smooth  cyl indr ica l  p robe ,  we had a lso  p r e p a r e d  p robes  with fins ( i t ems  
5, 6, 7 in Tab le  1). The  fin c r o s s  sec t ion  was  2 x 20 m m .  In  these  p robes  the fins w e r e  not in contact  
with the cy l indr ica l  pa r t .  

Some empi r i ca l  r e l a t ion  a r e  shown in Fig. 1 for  a f r ee  and a m o d e r a t e d  fluidization bed. They r e -  
f lec t  the change in the r a t e  of heat  t r a n s f e r  between a fluidization sy s t em and a ve r t i c a l  cyl indr ica l  su r face .  
The cu rves  for  a m o d e r a t e d  bed l ie below those for  a f ree  fluidization bed. An analogous pa t t e rn  was  ob-  
s e rved  in the t e s t s  with o ther  m a t e r i a l s  and fixed packings.  This  is  p r o b a b l y  due to the lower  r e p l a c e m e n t  
r a t e  of pa r t i c l e  ~packets"  a t  the heat  t r a n s f e r  su r face  in fluidization beds  with s m a l l - s i z e  packing. As is  
well  known [2], the flow of the solid phase  in a f luidization bed depends on the s ize  of the col laps ing gas  
bubbles .  The l a r g e r  the gas bubbles  a r e ,  the h igher  is the i r  l if t  ve loci ty .  The gas bubbles  a r e  b roken  up 
by s ta t ionary  packing e lements  i m m e r s e d  in the fluidization bed and the ve loc i ty  of the c i rcu la t ing  solid 
phase  becomes  lower  at  the sur face  [14], as  a r e su l t  of which the r a t e  of  heat  t r a n s f e r  in the s y s t e m  also 

drops  somewhat .  

The  cu rves  in Fig.  l a ,  b have r a t h e r  sha rp  peaks .  A fu r the r  evaluat ion of t e s t  data was  to have r e -  
vea led  the t rends  of the m a x i m u m  heat  t r a n s f e r  r a t e  in the given sys t em.  A genera l iza t ion  of the t e s t  data 
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TABLE 1. Charac te r i s t i c s  of the Packings  

Kind of packing Item No. ! Diameter, !Bundle spac- 

I 

t cm ing, mm 
,,,oo:,vo ,7:,oa 
mensl~ packin g, 

Heap of wire spirals [13] 

Bundle of vertical tubes 
with three straight axial 
fins 

Bundle of vertical tubes 
with single-cut helical 
fins, S=-132 mm 

Bundle with double-cut 
helical fins, S= 132 mm 

Bundle with double-cut 
helical fins, S= 132 mm 

Packing No. 7. Probe with 
triple-cut helical fin 

5.5 
2 
l 

63• 

63• 

63• 

3,0 
0,52 
0,34 

2,7 

5,52 

4.5 

36 X63 2,72 

2 63• 4,3 

3,2 
4,8 
"[,4 

8,6 

7,23 

8,22 

13,5 

8,3 

has establ ished that the maximum heat t r ans fe r  coefficient in a modera ted  fluidization bed follows the r e -  
lation 

NUm,~.~ = f (At) ~ (1) 

which differs  f rom the well known re la t ion  for a free fluidization bed [10, 11] by the exponent of the A r c h i -  
medes number  (0.20 to 0.22). 

The graph indicates c lear ly  that the heat t r ans fe r  coefficient in a modera ted  bed depends on the kind 
of packing. The denser  the packing is, the lower is the value of amax.  A s imi la r  t rend of this re la t ion 
was noted in all other  tes ts .  

In o r d e r  to determine the effect  of packings,  we introduce the pa rame te r  (d / /p ) .  Here  lp c h a r a c t e r -  
izes the hydraul ic  d iameter  of a fixed packing and is equal to the bed volume per  unit of packing surface 
a rea .  

In Fig.  2 the tes t  data have been evaluated in coordLn_ates 

ArO.~S = f �9 (2) 

On this graph we have plotted the tes t  points for all the kinds of packing and bed mate r ia l  in this 
study. On the same graph we also show other  r e s e a r c h e r s '  tes t  resu l t s  pertaining to a horizontal  c lo se -  
packed s taggered  tube bundle 50 mm in d iameter  [6] and a ver t ica l  s taggered tube bundle 20 mmoin d i am-  
e ter  [7], also data f rom [8] pertaining to the heat  t r ans fe r  f rom the wall of a 74 mm in d iameter  column 
to a bed with spher ical  packing of e lements  6, 14.7, and 19 mm in d iameter .  

F u r t h e r m o r e ,  we have also plotted here  our tes t  data for a spher ical  packing.* The tests  were  p e r -  
formed with a rec tangular  column F = 0.032 m 2 in c ros s  sect ion a rea ,  where zeolite was fluidized with air  
in a packing of ce ramic  balls 15 mm in d iameter .  

Accord ing  to Fig. 2, the test  points for all the kinds of packing in this study, except the spher ical ,  
fit c losely about a single s t ra ight  line. This indicates that the selected effective dimension does rel iably 
cha rac t e r i ze  sma l l - s i z e  packings of d iverse  designs.  

On the basis  of the preceding discuss ion,  we r e c o m m e n d  the following formula  based on a genera l i -  
zat ion of tes t  data 

" d \--0,07 

Numa x = 0.32 kr ~  (3) 

�9 The tes ts  were  pe r fo rmed  jointly with G. I .  Kovenskii .  
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Fig .  1. Heat  t r a n s f e r  coeff ic ient  
( W / m  2. deg) as  a function of 

the f i l t ra t ion ve loc i ty  u ( c m / s e e ) :  
(a) sand d = 0.63 m m ,  (b) s p h e r i -  
cal  s i l ica  gel d = 0.34 ram;  1) f r ee  
bed, 2, 3) with No. 3 and No. 4 
packing r e spec t ive ly  (see Tab le  1). 

for  calcula t ing the m a x i m u m  coeff icient  of heat  t r a n s f e r  between a m o d e r a t e d  fluidization bed and a ve r t i ca l  
tubular  su r face .  This  re la t ion  is val id within the range  90 < A r  < 21,850 and 0.0015 < d / / p  < 0.225. The 
m a x i m u m  d i spe r s ion  of t e s t  va lues  does  not exceed  10%. 

The t e s t  points for spher ica l  packings  follow a somewhat  d i f ferent  t rend  and fit another  s t r a igh t  l ine,  
somewhat  below and s t e e p e r  than the o ther  one. F o r  ca lcula t ing ~ m a x  between a ve r t i c a l  tube and a m o d -  
e ra t ed  fluidization bed packed with a heap of hal ls  we sugges t  the fo rmula  

( d ~  -~ 
NUma x = 0.19At ~ - ~ p ]  . (4) 

This  re la t ion  is appl icable  within the range  100 < Ar  < 300 and 0.020 < d/lp < 0.07. Some depa r tu re  
of point 30 f rom the un ive r sa l  s t ra igh t  l ine is  due to a poor  lay of l a rge  ba l l s  (19 m m  in d iamete r )  in a 

sma l l  column (74 m m  in d iamete r ) .  

I t  is  evident ,  accord ing  to Fig.  1, that  the heat  t r a n s f e r  coeff ic ient  app roaches  i ts  m a x i m u m  within 
a wide range  of f i l t ra t ion ve loc i t ies .  The t rend  of the cu rves  he re  depends on the s ize  f rac t ion  of the d i s -  
p e r s e d  m a t e r i a l .  In the case  of r e l a t ive ly  l a rge  pa r t i c l e s  (Fig. l a ) ,  the heat  t r a n s f e r  coeff icient  r e ach es  
i ts  m a x i m u m  value fas t  and then d e c r e a s e s  sl ightly with inc reas ing  f i l t ra t ion veloci ty ,  until e ros ion  of the 
bed  m a t e r i a l  begins .  In a f luidization bed of s m a l l e r  pa r t i c l e s  (Fig. lb) the heat  t r a n s f e r  coeff icient  in-  
c r e a s e s  gradual ly  up to i ts  m a x i m u m  value.  I t  then r e m a i n s  a lmos t  constant  ove r  a r a t h e r  wide range  of 

f i l t ra t ion ve loc i t i es .  

Thus ,  for  a m o d e r a t e d  fluidization bed there  is a suff icient ly wide range  of gas f i l t ra t ion ve loc i t ies  
where  the hea t  t r a n s f e r  coeff icient  is a l m o s t  m a x i m u m  and constant  within 5%. 

0,3 & - - f  a - - 7  a - - 1 3  0 - - 1 9  + - -  ~ " ~  

0,2 0 - - 3  a - - 9  ~ - - f 5  W - - g /  < ~  
0 - - 4  n - -  lO . o - -  f6 ~ - -  2Z V - - ? 8  
m - - 5  $ ~ / !  ~ f 7  x- -Z$ ^ - - t 9  
� 9  ~ - - t 2  4 - - f 8  ~s--Z~, .~__$0 

i I = I 

o; 2 s * e e l #  = z ~ , e e m z d/Zp 

Fig. 2. Universal graph. Dispersed material :  sand d = 0.23 
mm, curves 1, 2, 3, 4, 5, 6, 7, 8) for packing No. 5, 6, 7, 2, 3, 
4, 8, 9 r e s p e c t i v e l y  (see Table 1); si l ica gel d = 0.19 mm, 
cm~ves 9, 10, 11, 12, 13, 14) for packing No. 5, 6, 7, 2, 3, 4 
r e s p e c t i v e l y  (see Table 1); corundum d = 0.09 ram, curves 15, 
16) for packing No. 3, 4 r e s p e c t i v e l y  (see Table 1); sand d 
= 0.63 mm, curves 17, 18) for packing No. 3, 4 r e s p e c t i v e l y  
(see Tab le  1); spher ica l  s i l ica  gel d = 0.76 m m ,  cu rves  21, 22) 
for  packing No. 3, 4 r e spec t i ve ly  (see Tab le  1); cu rves  23, 24) 
ba sed  on t e s t  data in [9]; cu rves  25, 26) based  on tes t  data  f rom 
[10]; cu rve  27) for  zeol i te  d = 0.2 m m  with packing of ba i l s  15 
m m  in d i a m e t e r ;  cu rves  28, 29, 30) based  on t e s t  data  in [11]. 
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Fig.  3. Range of gas ve loc i t i es  and 
par t i c le  s i zes  where  NUma x is  a t -  
tained: 1, 2, 4, 5, 3, 6) corundum d 
= 0.09 mm;  s i l ica  gel d = 0.19 mm;  
spher ica l  s i l i ca  gel d = 0.34 and 0.76 
mm;  sand d = 0.23 and 0.63 m m ,  
re  spec t ive ly .  

In the genera l  c a se ,  the heat  t r a n s f e r  coeff ic ient  is a function of t h ree  d imens ion les s  groups:  

N u = f  At; - ( f ,  Re . (5) 

F r o m  he re  we find the following conditions for  a m a x i m u m  heat  t r a n s f e r  coeff ic ient  in a f luidization bed 
with a packing of any given design: 

Of _ 0, 0f _0  (6) 
0 Re 0 Ar 

and, consequently, as a function of two variables 

Cp (At, Re) = 0. (7) 

The boundar ies  of the field of t e s t  points  where  the heat  t r a n s f e r  coeff ic ient  is app rox ima te ly  (within 
5% accuracy)  m a x i m u m  and constant  have been drawn in Fig.  3 in Re,  A r  coord ina tes .  The lower  boundary 
m a r k s  the beginning of the region where  a d i f fe rs  f rom ~ m a x  by not m o r e  than 5%. The t e s t  points fit 
c lose ly  enough on the s t ra igh t  line desc r ibed  by the following e m p i r i c a l  equation: 

Rep = 0.18 Ar ~ (8) 

The o ther  s t r a igh t  line on the graph r e p r e s e n t s  the upper  boundary of the reg ion  where  the heat  t r a n s -  
f e r  coeff ic ient  is  m a x i m u m .  I t  app rox ima te ly  c o r r e s p o n d s  to the beginning of e ros ion  of the d i s p e r s e d  m a -  
t e r i a l .  The t e s t  cu rve  can be desc r ibed  by the following re la t ion:  

Pep ~-- 0.43 Ar ~ . (9) 

Accord ing  to Fig. 3, approx imat ions  (8) and (9) genera l i ze  our  t e s t  data ,  with the d i spe r s ion  of t es t  
va lues  not exceeding 10%. 

Thus ,  our  t e s t s  have r evea led  some  basic  t rends  in the heat  t r a n s f e r  between a ve r t i c a l  cyl indr ica l  
su r face  and a m o d e r a t e d  f luidization bed.  On the bas i s  of these  data ,  we p ropose  f o r m u l a s  (4), (3) for  the 
m a x i m u m  heat  t r a n s f e r  coeff ic ient  and fo rmu la s  (8), (9) for  the op t imum f i l t ra t ion  veloci ty .  

U 

d 
lp  

~max 
S 

NOTATION 

is the gas filtration velocity, based on the total bed cross section; 
is the mean diameter of particles; 
is the characteristic packing dimension; 
is the heat transfer coefficient; 
is the maximum heat transfer coefficient; 

is the pitch of hel ical  f ins.  
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