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We have measured the intensity of the transfer of heat between a bed 
of fineIy dispersed material (particle dimensions < 100 pm) and a sur- 
face set into the bed. The bed has been fluidized by the fiItration of 
a gas through the bed, or by means of vibration. 

To enhance hea t -  and m a s s - t r a n s f e r  p r o c e s s e s ,  
industry has r ecen t l y  begun to employ the f luidized 
bed [1]. An iner t  g ranu la r  m a t e r i a l  is se lec ted  as the 
in te rmedia te  heat c a r r i e r  in such a sys tem.  The in- 
tens i ty  of the p roces s  depends in g r ea t  m e a s u r e  on 
the pa r t i c l e  d imensions  of this ma te r i a l .  It has r e -  
peatedly been conf i rmed [2-9] by e x p e r i m e n t  that with 
a reduct ion (up to a ce r ta in  Iimit)  of the par t ic le  di-  
mens ions  of the f luidized bed, the value of c~ w is in-  
c r eased .  The purpose  of the expe r imen t  de sc r ibed  in 
this a r t i c le  was to de te rmine  this l imi t  in eorundum, 
i. e . ,  to find the pa r t i c l e  d i a m e t e r  at which the value 
of OZw attains a max imum value,  and how it v a r i e s  with 
a fu r the r  reduct ion  in the par t i c le  d imensions  when 
e l ee t roeorundum is f luidized with a gas  or through 
applicat ion of v ibra t ions .  

The t es t s  on a bed f luidized by gas were  c a r r i e d  
out on a quar tz  column 64 mm in d i a m e t e r  and 1000mm 
in height.  A s t a i n l e s s - s t e e l  s t r ip  with a c ro s s  sect ion 
of 1.2 x 6 mm,  with a winding pi tch of 12 mm,  was 
wound in a sp i ra l  exhibit ing a d i ame te r  of 40 mm and 
a height of 120 m m  along the axis of the column, at a 
height of 56 m m  above the gas -d i s t r i bu t ion  grid.  The 
ends of the sp i ra l  were  welded to s t ee l  rods 20 • 5 mm 
in c ro s s  sect ion,  and these  s e r v e d  s imul taneous ly  as 
cu r ren t  conductors  and mounts for the sp i ra l .  The 
sp i ra l  s t r ip  was i m m e r s e d  into the f luidized bed and 
heated by the e l e c t r i c a l  cu r ren t  pass ing  through it. To 
de t e rmine  the t e m p e r a t u r e  of the sp i ra l ,  t h e r m o e o u -  
pies were  embedded at th ree  points along the length of 
the sp i ra l .  The t e m p e r a t u r e  of the sp i ra l  was auto-  
ma t i ea i ly  kept constant throughout the expe r imen t s .  

The t e m p e r a t u r e  of the f luidized bed was r e c o r d e d  by 
means  of the rmocoup les  posi t ioned abox/e the g a s - d i s -  
t r ibut ion gr id  at d is tances  of 45, 90, and 165 ram. The 
power d iss ipated  by the hea te r  was de te rmined  f rom 
the magnitude of the cur ren t  and f rom the voltage dif -  
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Fig. 1. Complex ~m/X~ 0"z v e r s u s  pa r t i c l e  
d i ame te r  (#m): 1) for  a i r - f lu id i zed  bed; 2) 

fo r  v ibrof lu id ized  bed. 

ference at the ends of the spiral. We calculated the 

coefficient of heat transfer between the surface of the 

heater and the bed from the magnitude of the power 

dissipated within the bed and from the average tem- 

perature difference. 
As demonstrated by the calculations carried out in 

accordance with [12], the end losses of the heater did 

not exceed 2%. The studies were carried out for a 

heater-surface temperature ranging up to I000 ~ C. 
The initial height of the bed was 175 ram. 

The tests were carried out on corundum with an 

average particle diameter of 24, 48, 95 pm (p = 

= 3750 kg/m 3) and sand with grain diameters of 280 

and 630 #m (p = 2600 kg/m3). The narrow fractions of 

particles exhibiting a dimension of ~48 pm were pro- 
duced by elutriation on an industrial installation. The 

dimensions were monitored microscopically. The fine 

dust was first removed from the larger corundum and 
sand particles. The average particle dimensions were 

Fig. 2. H e a t - t r a n s f e r  coeff ic ient  c~ (W/m z-deg) v e r s u s  f i l t ra t ion  
ra te  G (kg/m z. hr) for  corundum pa r t i c l e s  d m = 48 ~m at t e m -  

p e r a t u r e s :  1) 155; 2) 310; 3) 430; 4) 520; 5) 675 ~ C. 
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d e t e r m i n e d  f r o m  the  d i s p e r s i o n  Curve o r  by m e a n s  of 
a m i c r o s c o p e ,  and the  m e a n - s q u a r e  d e v i a t i o n  did not  

e x c e e d  16%. 
Curve  1 in Fig.  1 shows  the  e x p e r i m e n t a l  r e s u l t s ,  

wh ich  a r e  a l s o  g i v e n  in Tab l e  1. E a c h  e x p e r i m e n t a l  
point  has  been  ob ta ined  by a v e r a g i n g  s e v e r a l  of the  
e x p e r i m e n t s  c a r r i e d  out at v a r i o u s  bed t e m p e r a t u r e s ,  

Tab le  1 

The Value  of  the  H e a t - t r a n s f e r  Coe f f i c i en t  f o r  
Corundum P a r t i c l e s  wi th  day = 95 /~m a s  a 
Func t ion  of the F i l t r a t i o n  Ra te  at  V a r i o u s  

T e m p e r a t u r e s  

t G a w t G a w  t G I a w  
I 

160 166 530 74 600 600 163 I 940 
F 

193 87 575 219 I 965 222 100 722 28I 1000 
258 120 787 383 990 
290 143 810 760 65 836 
366 164 815 78 900 
412 208 865 92 915 
445 239 880 112 925 

445 93 258 9! 5 132 960 
108 278 903 157 970 
I 19 296 925 183 990 
147 320 915 198 1020 
180 600 67__5 734 260 1050 
194 85= 815 850 79 955 
214 108 872 113 J000 
289 132 881 155 1030 
331 138 922 214 1090 
448 

The s c a t t e r  of t he  po in t s  did not  e x c e e d  10%, thus  not  
e x c e e d i n g  the  l i m i t s  of m e a s u r e m e n t  a c c u r a c y .  To 
d e s c r i b e  the  e x p e r i m e n t a l  da ta  d e r i v e d  f o r  v a r i o u s  
t e m p e r a t u r e s  in the two  m a t e r i a l s  ( co rundum and sand),  
we e m p l o y e d  the fo l lowing  e m p i r i c a l  r e l a t i o n s h i p  f r o m  

[91: 

c~r.= 35.8 Z0.6 p0.2 d-0.36 W / m  2 . deg ,  (1) 

The e x p e r i m e n t a l  da ta  w e r e  p r o c e s s e d  in the  f o r m  of 
the  c o m p l e x  a m / k ~  ~ as  a func t ion  of the p a r t i c l e  
d i a m e t e r .  The  h e a t e r - s u r f a c e  t e m p e r a t u r e  was  chosen  
as the  g o v e r n i n g  t e m p e r a t u r e .  The s y s t e m  adopted  f o r  
t he  p r o c e s s i n g  of t he  e x p e r i m e n t a l  da ta  m a d e  it p o s -  
s ib le  to a s c e r t a i n  the  quan t i t a t i ve  r e l a t i o n s h i p  g o v e r n -  
ing the  change in the  m a x i m u m  h e a t - t r a n s f e r  c o e f f i -  
c ien t  as  a func t ion  of p a r t i c l e  d i m e n s i o n s  in the  
f l u i d i z e d  bed.  In the  r e g i o n  of l a r g e  p a r t i c l e s ,  the  
quant i ty  a m i n c r e a s e s  wi th  an i n c r e a s e  in the  p a r t i c l e  
dimensions, in accordance with relationship (i). In 
the region of the fine particles (<I00/~m), curve I 

(Fig.  1) a t ta ins  a m a x i m u m ,  subsequen t  to which we 

find a r e v e r s a l  in the  shape  of the  funct ion:  the  h e a t -  
t r a n s f e r  coe f f i c i en t  d i m i n i s h e s  as the p a r t i c l e  d i m e n -  
s ions  b e c o m e  s m a l l e r � 9  This  is obv ious ly  a s s o c i a t e d  
with  the o v e r h e a t i n g  of the  f ine  p a r t i c l e s  r e l a t i v e  to 
the  l a r g e r  p a r t i c l e s ,  sa id  o v e r h e a t i n g  t ak ing  p l a c e  as  
a r e s u l t  of an i m p a i r m e n t  in the i n t ens i t y  of mix ing  
wi th in  the  bed (owing to  the  a g g l o m e r a t i o n  of the  f ine ly  
d i s p e r s e d  p a r t i c l e s ) ,  a s  w e l l  as  b e c a u s e  of the r e d u c -  
t ion  in the  hea t  c a p a c i t i e s  of ind iv idua l  p a r t i c l e s .  

We know that  the f o r c e s  of adhes ion  b e t w e e n  the  
p a r t i c l e s - - b r o u g h t  about  by the  p r e s e n c e  of a m o i s t u r e  
f i l m - - d i m i n i s h e s  t he  t e m p e r a t u r e  r i s e s .  We a l s o  know 
[11] tha t  wi th  a t e m p e r a t u r e  in e x c e s s  of 2 5 0 - 3 0 0  ~ C 
t h e r e  a r e  v i r t u a l l y  no e l e c t r o s t a t i c  f o r c e s  of adhes ion ,  
and the  f r i ab i l i t y  of the  m a t e r i a l  m u s t  i m p r o v e  as a 
r e su l t � 9  The e x p e r i m e n t  c o n f i r m e d  tha t  a bed  m a d e  up 
of p a r t i c l e s  24 pm in s i z e  cannot  be  f l u i d i z e d  by  a i r  
at r o o m  t e m p e r a t u r e ,  whi le  at t e m p e r a t u r e s  above  
250 ~ C the  bed is s a t i s f a c t o r i l y  f lu id i zed .  

The bed is not  h o m o g e n e o u s  in th is  c a s e ,  and the 
m o t i o n  of ind iv idual  p a r t i c l e  c l u s t e r s  is c l e a r l y  v i s -  
ib le ;  th is  is due p r i m a r i l y  to the  van  d e r  Waals  f o r c e s .  
M o r e o v e r ,  the  c l u s t e r i n g  of the p a r t i c l e s  is  c o n f i r m e d  
by the  fac t  that  the  v e l o c i t y  fo r  the onse t  of f l u i d i z a -  
t ion is h i g h e r  in the s y s t e m  than  that  g iven  t h e o r e t i -  
ca l ly  a c c o r d i n g  to  [13]. Na tu ra l ly ,  a f u r t h e r  i n c r e a s e  
in the  t e m p e r a t u r e  of the bed wi l l  not i m p r o v e  the m i x -  
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Fig. 3. Heat-transfer coefficient c~ (W/m 2- 
�9 deg)  v e r s u s  v i b r a t i o n  r a t e  an ( c m / s e c )  fo r  
c o r u n d u m  p a r t i c l e s  d m = 68 pro: 1) a = 

= l m m ;  2) 2; 3) 4. 

ing  of the  m a t e r i a l  and the  v a l u e s  of a m  d e r i v e d  f o r  
v a r i o u s  h i g h e r  bed  t e m p e r a t u r e s  c o r r e s p o n d e d  to the  
i d e n t i c a l  p a r t i c l e  d i a m e t e r .  

Table  2 

Values  of the  H e a t - t r a n s f e r  Coef f i c i en t  fo r  Corundum 
P a r t i c l e s  150 #m in Size ,  f o r  Va r ious  V i b r a t i o n  P a -  

r a m e t e r s  

a ~  1 r n m  a = 2  m m  a = 4  m m  
n 

400 
600 
800 

I000 
1200 
1400 
1600 

~,67 1,77 1 100 
3.97[ 80 

1,33 7.02 I 75 
11.02 90 ~,67 
15.76 560 

2.34 21,70 610 
2.67 28.2 620 

a n  a ~  z 

~.34 3.54 
7.94 

2,67 14.05 
22.04 ~.34 
31.52 

4.68 43,40 
5.34 56.40 

~ W  a n  

90 ~.67 
80 

190 
630 
660 9.36 
680 10.68 

7.08 
1"5.88 
28.10 
44,08 
32,04 
88,80 

112,80 

1oo 
llO 
370 
7O0 
740 
750 
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We should note the nature  of the re l a t ionsh ip  be -  
tween ~w and the f i l t ra t ion  ra te  for  the very  fine p a r -  
t i c l e s  (Fig. 2). The h e a t - t r a n s f e r  coeff ic ient  in this 
case  i n c r e a s e s  monotonica l ly  as the f i l t ra t ion  ra te  of 
the a i r  i nc r ea se s ,  and this  continues all the way to the 
r e g i m e s  at which the m a t e r i a l  is c a r r i e d  out of the 
bed, without reach ing  the max imum value.  The hea t -  
t r a n s f e r  coeff ic ients  obtained at the boundary of m a -  
t e r i a l  r e m o v a l  f rom the bed as the max imum a t ta in-  
able values due to en t ra inment  have been condit ionally 
plotted in Fig. 1 on a par  with the usual  values of a m. 
As we can see f rom curve  1 in Fig. 1, s m a l l e r  values 
of c~ w a re  at tainable for p a r t i c l e s  48 pm in s ize  than 
for  pa r t i c l e s  95 #m in s ize .  

On application of vibrat ions  to the bed, the mono-  
tonic nature of the re la t ionsh ip  between ~w and the 
veloci ty  an set  in at a co rundum-pa r t i c l e  d imension  
s m a l l e r  than 10 pm. 

We know that the poss ibi l i ty  of t r ansmi t t ing  energy 
to a pa r t i c l e  by means  of an a i r  s t r e a m  is impa i r ed  
with a reduct ion  in par t i c le  d imension,  s ince  no t i ce -  
able en t ra inment  of the m a t e r i a l  f rom the bed begins 
fo r  r e l a t i ve ly  low speeds,  whereas  the fo rces  of s u r -  

face in terac t ion  between the pa r t i c l e s  inc rease  ap-  
p rox ima te ly  in i nve r se  propor t ion  to the par t i c le  d i -  
a m e t e r s .  It is t h e r e f o r e  natura l  that the f inely d i spe r sed  
m a t e r i a l s  cannot be brought to the f luidized s tate ,  nor 
can they be brought to a s ta te  of violent  mixing within 
the bed exc lus ive ly  by means of gas f i l t ra t ion.  Addi-  
t ional energy  must  be int roduced into the bed for the 
f luidizat ion of such ma te r i a l s ,  e . g . ,  the energy  of 
mechan ica l  v ibra t ions .  

As is well-known,  we can fluidize a bed of finely 
d i spe r sed  powder by subject ing the column to ve r t i ca l  
v ibra t ions .  The intensi ty of heat t r a n s f e r  f rom the bed 
to the sur face  in the case  of high co lumn-v ib ra t ion  
r a t e s  is independent,  in this case ,  of the a i r  f i l t r a -  
tion ra te  [10], and the subsequent  t e s t s  were  t h e r e -  
fore  c a r r i e d  out on a column without gas f i l t ra t ion.  

A p las t ic  column (110 mm in d i a m e t e r  and 500 m m  
in height) with a sol id  bottom was mounted on a v i b r a -  
t o r  p la t fo rm which executed ve r t i e a t  osc i l la t ions  with 
an ampli tude of up to 4 ram, with a f requency  range 
f r o m  0 to 25 Hz. A cy l indr ica l  sensor ,  8.6 mm in d i -  
a m e t e r  and 30 mm in height, was mounted ve r t i ca l ly  
along the axis of the column, and this s e n s o r  v ibra ted  
together  with the column. The s enso r  was posi t ioned 
at a height of 20 mm above the bottom, its su r f ace  was 
made up of a tightly wound copper  wire ,  100 pm in 

d i ame te r .  
The s enso r  was connected into an e l e c t r i c a l  br idge  

c i rcu i t  which made it poss ib le  to main ta in  a constant  
su r face  t e m p e r a t u r e  of 60 ~ C, and in addition, it was 
poss ib le  to m e a s u r e  the power  d iss ipa ted  f r o m  the s e n -  
so r  [10]. The bed t e m p e r a t u r e  was m e a s u r e d  with a 
copper  r e s i s t a n c e  t h e r m o m e t e r .  This s e r i e s  of e x p e r -  
iments  was conducted with na r row e l ec t roco rundum 
f rac t ions  (average pa r t i c l e  d imens ions  of 6, 10, 20, 
24, 68, and 150 pro, and on sand gra ins  389 pm in 
s ize) .  The ini t ial  m a t e r i a l  l aye r  in the column was 
70 m m  in height.  

The expe r imen ta l  data de r ived  for corundum p a r -  
t i c l e s  of 68 and 150 pm are  shown in Fig. 3 and in 

Table 2. We see f rom the curves  that the h e a t - t r a n s f e r  
coeff ic ient  does not va ry  l inear ly  as the ra te  of v i b r a -  
tions (an) i n c r e a s e s .  With an i n c r e a s e  in the v ibra t ion  
ra te  there  is a drop in the growth ra te  for  ~w, and we 
even find a m ax im um  for the curve which is extended 
f a r the r  as the v ibra t ion  ampli tude i nc rea se s .  A s i m i -  
l a r  shape for  the function ~w = f (an)  and the p r e sence  
of a max imum in the curve  were  observed  in v i r tua l ly  
al l  of the inves t iga ted  f rac t ions .  The exper iments  with 
fine pa r t i c l e s  (5-7 pro) r e p r e s e n t e d  an exception,  with 
the growth ra te  for  ~w slowing down somewhat,  a l -  
though remain ing  posi t ive  within the region of high an. 
In these cases ,  we a r b i t r a r i l y  a s sumed  the l a r ge s t  of 
the m e a s u r e d  quant i t ies  to be the value of ~w. 

The r e su l t s  f rom exper iments  c a r r i e d  out with p a r -  
t i d e s  of var ious  d i a m e t e r s  a re  given in Fig. 1 in the 
fo rm of the complex ~m/k~ ~ as a function of p a r t i -  
cle d imens ions  (curve 2) for purposes  of compar i son  
with data de r ived  for  a f luidized bed. The coeff ic ient  
c~ m was de te rmined  for a vibrat ion f requency of 23.4 Hz 
and an ampli tude of 4 m m .  

As shown in Fig. 1, in both of these  cases  the in- 
tens i ty  of heat t r a n s f e r  ini t ial ly r i s e s  with a reduct ion 
in par t i c le  d imens ions ,  and then it fal ls .  In the region 
of r e l a t i ve ly  l a rge  pa r t i c l e s  (>100 /~m) both of the curves  
become incl ined pa ra l l e l  s t ra ight  l ines.  In a l oga r i t h -  
mic  coordinate  sys tem the s lope of these s t ra ight  l ines  
is 0.36, i . e . ,  the dependence on the d imens ions  of the 
pa r t i c l e s  is analogous to re la t ionship  (1). 

It is in te res t ing  to note that curve  2 (the v ib ra t ion-  
f luidized bed) is higher than curve  1 (the gas - f lu id ized  
bed) over  the ent i re  inves t iga ted  range  of pa r t i c le  d i -  
mensions .  Even in the region of r e l a t i ve ly  l a rge  p a r -  
t i c les ,  where the fo rce s  of sur face  in terac t ion  a re  
sl ight ,  the h e a t - t r a n s f e r  intensi ty in the v ib ra t ion -  
f luidized bed is v i r tua l ly  35% higher  than in the g a s -  
f luidized bed. It is obvious that in the v ib ra t ion - f lu id -  
ized bed the mixing of the m a t e r i a l  is more  intensive 
than in the a i r - f lu id i zed  bed, even for a higher p a r -  
t i c le  concentra t ion.  

This invest igat ion has demons t ra ted  that in the f lu-  
idizat ion of a bed of finely d i spe r sed  m a t e r i a l b y  means  
of v ibra t ion  it is easy to attain high h e a t - t r a n s f e r  coef-  
f ic ients  (on the o rde r  of 1000 W/m 2. deg) for  a bedin to  
which su r faces  have been i m m e r s e d ,  even in the case  
of low heat conduction by the gaseous medium of the 

bed (the air at room temperature). The use of vibra- 

tion-fluidized beds of finely dispersed materials thus 

becomes promising on an industrial scale. 

NOTATION 

c~ w and a m a re  the coeff ic ients  of heat  t r a n s f e r  be -  
tween the su r face  and the bed, and the i r  max imum 
values ,  W/m 2. deg; kg is the gas t h e r m a l  conductivity,  
W/m �9 deg; p is the density of the m a t e r i a l  pa r t i c l e s ,  
kg/m3; d is the pa r t i c l e  d imension,  in pro; a is the 
v ibra t ion  ampli tude;  n is the f requency of vibrat ion,  in 
rpm.  ; co is the angular veloci ty  of v ibra t ion;  t is the 
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wall  t e m p e r a t u r e ,  in ~ G is the m a s s  veloci ty ,  in 
k g / m  2 �9 h r .  
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