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It was shown expe r imen ta l ly  and by calculat ion that  in heat  t r a n s f e r  between an i so the rma l  
wall  and a fluidized bed with all the heat  r emoved  by the fluidizing agent, the a s sumed  t r a n s -  
fe r  coeff icient  o~as and the m a x i m u m  flux Q v a r y  widely with inc rease  in pa r t i c le  s ize  of fine 
gra ined  m a t e r i a l s .  

One of the mos t  impor tan t  f ac to r s  effect ing heat  t r a n s f e r  in a fluidized bed is the solid par t i c le  s ize  d 
[1-4]. When d is made s m a l l e r  than 2-5 m m  the m a x i m u m  heat  t r a n s f e r  coeff icient  O~ma x i n c r e a s e s  but 
s imul taneous ly  the re  is a d e c r e a s e  in the opt imum m a s s  veloci ty  Gopt of the fluidizing agent.  
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D i a g r a m  of instal la t ion.  1 )  Fig. 1. 
c a l o r i m e t e r ;  2) wall;  3) movable  wall;  
4) insulation; 5) the rmocoup les ;  6) 
caps ;  7) grid;  8) fluidized agent  sup-  
ply. 

In hea t  exchange with an i so the rma l  su r face  when all  the 
heat  is r emoved  (supplied) by the flow of fluidizing agent, the 
d e c r e a s e  in m a x i m u m  heat  flux GCp resu l t s  in s m a l l e r  t e m -  
pe r a tu r e  d i f ference  0 between the wall and the bed. 

Consequently in the re la t ionships  obse rved  between the 
par t i c le  s ize  d and heat  t r a n s f e r  to or  f r o m  the wall  wide 
var ia t ions  in the m a x i m u m  heat  flux Q (for given t e m p e r a t u r e  
of the wall  and the fluidized bed at  i ts  inlet) a re  found. This  
is the case  for  both fluidized and packed beds independently 
of the bed shape.  

In expe r imen t s  made with the appara tus  shown in Fig. 1 
with the bed with coa r se  packing and sma l l  d iamete r ,  the t e m -  
pe r a tu r e  gradient  perpendicu la r  to the wall  l ies  l a r g e r  in a 
boundary l ayer  of width comparab le  with the pa r t i c l e  s ize .  
Hence when the ra t io  of the bed height H to the packing s ize  
s (in the expe r imen t s  (H /S )ma  x = 13.6)is  la rge  then the bed 
t e m p e r a t u r e  v a r i e s  axial ly  with the height.  Studying the uni-  
f o r m  case ,  [2] the energy  equation can be wri t ten  

d~O Gc v dO o: 
o = o .  (1) 

dz~ )~z de s'~ z 

In pr inc ip le  (1) is appl icable for  any case  of uni form heat  
t r a n s f e r  d is t r ibut ion along the bed height and p a r t i c u l a r l y  for  
a pipe c lus t e r  in the bed if s is taken to be the ra t io  of f ree  
volume (not containing the heat  exchanging pipes) to the heat 
exchange su r face  a r ea .  Consider ing that a does not depend on 
z [4], for  boundary conditions 

H 

z 0 0 0 o )'" dO 1" aO = - , z = H  0~]--0~--  dz 
Ocp dz " ,~ Gcps 

0 
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Fig. 2. Heat  t r a n s f e r  coefficient  ~ ve r sus  s ize  of pa r t i c l e s  d and 
d i a m e t e r  of packing s ph e re s  Ds: 1) data of [7], g lass  beads 120/~m 
i.d., d i a m e t e r  of packing sphe res  19 ram; 2) d = 120 pm; D s -- 19 
r a m ; 3 )  320 and 19; 4) 320 and 44; 5) 630 and 44; 6) D s = 4 4 r a m ,  d 
= 800/~m; 7) 44 and 1000 respec t ive ly ;  8) 28 and 1000; 9) 44 and 120; 
2-9) f ine - f ine -gra ined  m a t e r i a l  (corundum). ~, W / m  z .deg;  G, kg 
/ s e e  �9 m 2. 

Fig. 3. Vertical thermal conductivity X z versus size of particles d 
and of packing Ds; I) corundum, d = 320/*m; II) d = 630/~m; HI) 
d =  1000#m.  I-HI) Ds = 4 4 r a m ;  IV) d = 1 0 0 0 / ~ m ;  Ds = 2 8 r a m .  
I-IV) s = 0 .11m ;  H = l . 4 m .  A, W / m - d e g .  

the solution of E q. 

where  

(1) can be r ewr i t t en  

A - -  Gcp B Y-~-~; 

0 
- -  = Aev,= + BEY,% (2) 
Oo 

( Gcv ) 
e ?~H - -  - -  1 

/3 ::  ~ X-7o ; (3) 

?,,_ Gcvs?~ 

1 Gc~, ,," , 1  Gc,~ 12 ~ z  

The maximmn heat  flux 

' ~ 2  = 2 ~.~ 2-  z, + ,z--~- 

H 

,5, Q = ~ O l d z  = O.at -~ . 7~  

0 

The value cha rac te r i z ing  the heat  flux for  unit sur face  a r e a r e l a t e d  to the t e m p e r a t u r e  di f ference between 
the wall  and the fluidiztng agent at entry  has  the d imension of the heat  t r a n s f e r  coeff icient  and is given by 

Q = cz [ A ( e v , H - - 1 ) +  B (ev, H .... 1)] (6) 
c%~ F0 o H L% %-- " 

Changing to dimensionless form 

~,z = 1 ~ a; a H  - -  b;  ar 
HGcp Pe Gcps Gcps ~ 
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Fig. 4. Conventional hea t  t r a n s f e r  coeff icient  ~as  (W/m2 .deg) v e r s u s  d i -  
mens ions  of instal lat ion,  d i a m e t e r s  of packing sphe res  Ds and of par t ic les"  
d, ram.  Roman n u m e r a l s  k z =,~, Arab ic  n u m e r a l s h  z =0 ,  l e t te rs ,  expe r i -  
menta l  and those calcula ted by (13) values  of points,  au thors '  expe r imen ta l  
data. 1~ A ,  I) D s = 4 4 m m ; H = 1 . 4 m ; s =  0 . 1 1 m ; 2 ,  B, II) Ds = 4 4 r a m ;  
H = 0.56 m; s = 0.13 m;  3, III) Ds  = 28 ram; H = 0.56 m;  s = 0.13 m; 4, C, 
IV) f r ee  l aye r  without r e g a r d  fo r  neon;  s = 0.2 m; H = 0.4 m;  V) the same ;  
s = 0.15 m;  H = 0.4 m;  VI and VII) with r e g a r d  for  ~eon;  H = 0.4 m;  s = 0.2 and 

and 0.3 m respec t ive ly .  

Fig.  5. ~as  v e r s a s  pa r t i c l e  s ize  d and ra t io  H / D a  (with no r ega rd  for  C~con; 
X z = %  f ree  layer ) .  1-6) pa r t i c le  s ize  0.12; 0.32; 0.5; 0.63; 0.8 and 1.0 mm,  
r e spec t ive ly .  

Equation (6) can be r ewr i t t en  as 

[ ab [--] sh I . . . .  ] exp 1 ~.=I-- t §  [--], (7} 
L [-:-] ch V~-:- ab Shl - -  a 

whe re 

t / - - _ V ' b - ~ - a b ;  [ - -1=  0 .5- -1  , r _  [ + l = 0 . 5 + l  , r _  

In many ea se s  Eqs .  (2) and (6) can be s impl i f ied  and take the fo rm:  

when a = 0 (kz = 0, p is ton flow) 

bz 

0 = 0 o e - H ;  r  -~ ,  (8) 

when a = oo (X z = o0, comple te  mixing) 

1 b 
b . _ _  0 = 0 ~  q - t '  ~ = b + l  (9) 

An expe r imen ta l  invest igat ion of the var ia t ion  in oe(~as ) with d was made with the appara tus  shown in Fig. 1. 
The bed packing cons is ted  of graded  me ta l  sphe re s  of d i a m e t e r s  f r o m  19 to 44 mm,  and for  fine gra ined 
m a t e r i a l  va r ious  f rac t ions  of corundum pa r t i c l e s  f r o m  120 to 1600 #m size,  a va r i ed  f r o m  110 to 310 ram, 
the height of the covered  packing va r i ed  f r o m  560 to 1400 ram.  The t e m p e r a t u r e  of the wall  was m e a s u r e d  
with a c h r o m e l - a l u m e l t h e r m o c o u p l e .  The rmocoup le s  with enclosed junctions were  used to m e a s u r e  the 
bed t e m p e r a t u r e ,  and finally s ix t h e r m o c o u p l e s w e r e  calked into the meta l  sphe re s .  Fluidizat ion was 
achieved by undried a i r .  
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If the experimental  graph of the change of the temperature  with height of the bed is plotted in s emi -  
logari thmic form, then f rom the slope of the s traight  line In 0/00--z  which is only negligibly affected by the 
second t e rm in E q. (2) the value of ~/l can be found as the tangent of this slope. Hence 

(z 
Gcp?, 

S 

The heat t r ans fe r  coefficient is calculated f rom 

N 
c~ = , ( 1 1 )  

fo 

Par t  of the experimental  data for  the variation of a and A z with the mass  velocity G of fluidizing bed 
agent, the size d of the par t ic les  and the packing 13 s are given in Figs.  2 and 3. 

F r o m  these data for  amax, Gopt, and A z (and also when X z = 0 and X z = r calculations were made of a s 
for various combinations of Da; H; d and D s (Fig. 4). The calculation of O~as for  the free layer  (Fig. 4) 
was made using the data [2-5]: 

area x = 35.7 pO~ ~O,6d_O.3G; (12 )  

~tAr . (13) 
Gopt = d(18 -k 5,22 V ~ )  ' 

k 
- -  = 134.2 DJ (i - -  e) -1 (w-- 1) ~ Ar ~ (H/Da),a ; (1 4) 

"Y 

6r c = ~ Ar __ ,. (15) 
d(1400-~ 5,22 ~ At) 

Nu con = 0.009 Ar a.5 pr o.33. (1 6) 

Since (12) is empirical ,  calculation for coarse  par t ic les  was made in two different ways: in the f i rs t  
ease it was assumed that it gives the whole of the maximum heat t ransfer  coefficient and in the second ease 
(curves VI and VII Fig. 4) aco n was added to o~ from calculation using Eq. (16). The calculated and exper i -  
mental data in Fig. 4 show that for all the apparatus size and heat t ransfer  surfaces  chosen, the variat ion 
of aas with part icle s i re  d is non-uniform. Comparison of curves  IV and VI in Fig. 4 shows that addit ion 
of the convection te rm increases  dop t into the range of large values for d. The experimental  variat ion of 
aas = f(d) was noted with and without the added convective t e rm.  increasing the bed d iameter  (or more  
general ly  the rates of the fluidized region to the heat t ransfer  area) allows for the same condition a large 
mass  velocity of fiuidizing agent and consequently dop t is decreased  and aas is increased.  

This applies for the specified ranges of variables  but beyond these (part icularly with the packing) a 
limitation in the t ransfer  horizontal ly is observed in the bed and consequently the present  method of calcula-  
tion ceases  to be applicable. 

With decrease  in the packing size the mixing of fine par t ic les  de ter iora tes  and there is an increase  in 
the bed diameter  [7] which decreases  ~max and therefore  also aas" 

Thus the optimum d value at which eros is a maximum depends on the physical  proper t ies  of the fluid- 
izing agent, the bed dimensions,  the heat t ransfer  surface area,  and with a packed bed on the geometr ic  
pa r ame te r s  of the packing. E quations are  given allowing the calculation of the heat flux Q for given bed 
dimensions and tempera ture  difference 00 between the wall and the gas inlet or the determination of the 
bed dimensions for given Q and O 0. In packed beds the optimum d value can be found by two methods of 

calculation. For  free beds the dopt can be chosen f rom Fig. 5. 

N O T A T I O N  

Q 
N 

O~as  

Cp 
S 

Da 

is the heat flux,W; 
is the ca lor imeter  power, W; 
is the conventional heat t ransfer  coefficient, W / m  2" deg; 
is the heat capacity of fluidizing agent, J / k g  .deg; 
is the t r ansver se  dimension of installation, m; 
is the d iameter  of apparatus,  m; 
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is the height of heat  t r an s f e r  surface ,  m;  
is the d i ame te r  of f ine -granu la r  m a t e r i a l  par t ic les ,  m; 
is the width of heat t r ans fe r  surface ,  m; 
m the the rma l  diffusivity, m 2 / s ;  
is the c a l o r i m e t e r  area,  m2; 
is the total heat t r an s f e r  surface ,  m2; 
is the mass veloci ty  of fluidizing agent, k g / s e c  .m2; 
is the optimum mass  velocity,  k g / s e c ,  m2; 
is the rate  of fluidization onset, k g / s e c  .m2; 
is the fluidization number,  k g / s e c  .m2; 
is the bed poros i ty ;  
is the f ree  fall accelera t ion,  m / sec2 ;  
is the ai r  the rmal  conductivity, W / m  "deg; 
is the effective ver t i ca l  thermal  conductivity of bed, W/m .deg~ 
is the kinematic  v i scos i ty  of air ,  m 2- sec;  
is the dynamic v iscos i ty  of air ,  N / m 2 ;  
is the density of f ine -granu la r  mater ia l ,  kg/m3;  
is the ai r  density,  kg/m3;  
is the t empera tu re  d i f ference between i so thermal  wall and bed, ~ 
a re  the coeff icients ,  1 / m ;  
are  the d imensionless  coeff icients;  
is the Archimedean number;  
is the Nusselt  number;  
is the Prandt l  number .  
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