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We inves t iga te  the in tens i ty  of heat  t r a n s f e r  between s p h e r i c a l  ~ c a l o r i m e t e r s  and a v i b r a -  
t ion- f lu id ized  bed. The expe r imen t a l  data a r e  gene ra l i zed  in the form of c r i t e r i a l  r e l a t i on -  
ships .  

Cer ta in  technologica l  p r o c e s s e s  in the m e t a l l u r g i c a l  and mach ine -bu i ld ing  indus t ry  [1-3] a r e  bes t  
a ccompl i shed  in a f luidized bed. In a number  of c a se s ,  e .g . ,  in the harden ing  of component pa r t s ,  the use 
of a v ibra t ion  method of f luidizat ion of fers  a number  of d i s t inc t  advantages  [4, 5]. To develop indus t r i a l  
ins ta l l a t ion  involving the use of a v ib ra t ion - f lu id i zed  bed, we mus t  know the fundamental  quanti ta t ive r e l a -  
t ionships  governing the t r a n s f e r  of heat  between this  medium and the m a t e r i a l  i m m e r s e d  in it. The l i t e r a -  
ture  has given inadequate at tent ion to this  p rob lem.  There  a re  a few data for  a nar row range of va r i a t ions  
in the v ibra t ion  p a r a m e t e r s ,  de r ived  for a low t e m p e r a t u r e  of the hea t -exchange  sur face  (below 300~C) [6-13, 
26]. It is the purpose  of this  inves t iga t ion  to de t e rmine  some of the quanti tat ive r e l a t ionsh ips  governing the 
t r a n s f e r  of heat  in cool ing of hot objects  (850~ in a v ib ra t ion - f lu id i zed  bed. 

A c y l i n d r i c a l  v e s s e l  140 m m  in d i a m e t e r  and 300 mm in height was a t tached to the p la t fo rm of the 
v i b r a t o r ,  and the wai ls  of the v e s s e l  we re  cooled with water .  The t e s t s  were  c a r r i e d  out with a va r i e t y  of 
d i s p e r s e  m a t e r i a l s ,  whose c h a r a c t e r i s t i c s  a re  given in Table 1. 

The m a t e r i a l  was poured  into the v e s s e l  to a height of 70-80 ram in each of the expe r imen t s ;  e l e c t r o -  
mechan ica l  v i b r a t o r s  were  used in the t e s t s :  a c a m - d r i v e n  v i b r a t o r  and one based  on the t i m e - d e l a y  (un- 
balance) p r inc ip le .  The p l a t fo rms  of the two v i b r a t o r s ,  for  al l  intents  and purposes ,  executed v e r t i c a l  
o sc i l l a t ions .  The f requency cont ro l  for  the c a m - d r i v e n  v i b r a t o r  was achieved by changing the dr ive  pul leys ,  
and the ampl i tudes  were  regu la ted  by a l t e r i ng  the eccen t r i c i t y .  The p a r a m e t e r s  of the t i m e - d e l a y  v i b r a t o r  
were  r egu la t ed  by turn ing  the unbalances and a l t e r i n g  the supply voltage for  the dc e l e c t r i c  motor .  A tacho-  
m e t e r  accu ra t e  to 3gc was used to m e a s u r e  the v ibra t ion  frequency.  The v i b r a t o r  s tands were  des igned so 
as to produce  the following max imum vibra t ion  p a r a m e t e r s ;  ampl i tudes  of 8 and 12 mm for f requencies  of 
19 and 16.8 Hz, r e spec t i ve ly ,  on the c a m - d r i v e n  v i b r a t o r ,  and ampl i tudes  of 6.4 and 3 mm at f requencies  
of 16.8, 32, and 36 Hz r e spec t i ve ly ,  for  the t i m e - d e l a y  v ib ra to r .  

During the e x p e r i m e n t s  we m e a s u r e d  the h e a t - t r a n s f e r  coeff ic ient  by means  of a heat  probe  (an c~ 
c a l o r i m e t e r ) ,  which was made of a copper  or  a nickel  sphere  into whose cen te r  a C h r o m e l - A l u m e l  t h e r m o -  
couple had been imbedded.  The heat  probe ,  f i r s t  heated in an e l e c t r i c  furnace to a t e m p e r a t u r e  of 850-900~ 
is r ap id ly  i m m e r s e d  into the v ib ra t ing  bed along the axis  of the v e s s e l  and it is fixed at the midpoint  of the 
charge  height.  The t e m p e r a t u r e  of the v ib ra t ing  bed dur ing the e x p e r i m e n t  did not go above 40~ During 
the cool ing of the heat  p robe ,  an automat ic  po t en t iome te r  r e c o r d e r  (class  0.5, t ime of sca le  coverage  i see) 
to m a r k  the t e m p e r a t u r e  d i f ference  between the bed and the probe  (0) ,  m e a s u r e d  by the d i f fe ren t i a l  t h e r m o -  
couple.  The h e a t - t r a n s f e r  coeff ic ient  is de t e rmined  by a r e g u l a r - r e g i m e  method on the bas i s  of the hea t -  
probe  cool ing r a t e  [16] in the v ib ra t ion - f lu id i zed  bed, i . e . ,  
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F ig .  1. Effect of vibration pa rame te r s  on the intensity 
of heat t r ans fe r  for corundum when day = 45.9 #m:  a) 

( W / m  2 �9 deg) as a function of the frequency n (Hz) of 
vesse l  vibrat ion;  1, 3, 5, 7, and 9 ) c a m - d r i v e n  vibra-  
tor;  2, 4, 6, and 8) t ime-de lay  vibrator;  1 and 2) A = 1.5 
ram; 3) 2 mm; 4) 3 mm; 5 and 6) 4 ram; 7 and 8) 6 mm; 
9) A = 8 mm; b) interrelat ionship between optimum vi-  
brat ion pa rame te r s :  frequencies n (Hz)and  amplitudes 
A (ram). 

where m = ln01/02, 1/T is the cooling rate,  and �9 is a coefficent by means of which we take into considera-  
tion the magnitude of the tempera ture  gradient through the c ross  section of the ~ ca lor imeter .  

As they were being processed ,  the 0 (7) curves  in the range f rom 850 to 100~ were divided into seg-  
ments of 50~ within whose l imit  the magnitude of oz could be regarded  as virtually constant. The resul t -  
ing value of a was r e f e r r e d  to the average surface tempera ture  for each theoret ical  segment. Such a pro-  
cedure made it possible graphically to plot the function a(0) for the entire cooling period. F r o m t h r e e  to 
five t he rmograms  of 0(7) were taken for each mater ia l  in a given vibrat ion regime.  

To increase  experimental  accuracy ,  the graph paper of the e lectronic  potent iometer  was made to move 
at a speed such that the maximum t i m e - m e a s u r e m e n t  e r r o r  did not exceed 3-4 ~c. 

The measuremen t  accuracy  is p r imar i ly  affected by the e r r o r  in the determination of the cooling rate 
that is dependent on the absolute e r r o r  in the recording  of the t empera tures .  

To reduce the absolute e r r o r  in the tempera ture  measurement ,  the potent iometer  was graduated from 
17 to 37 inV. To record  t empera tu res  up to 480~ an additional emf was introduced into the measur ing  
c i rcui t  f rom a s table-voltage source.  The maximum relative e r r o r  in the determination of the hea t - t r ans fe r  
coefficient was thus no more  than • 

One of the basic factors  governing the intensity of heat t r ans fe r  in the medium under consideration is 
the hydrodynamic regime of that medium. The kinetic energy t ransmi t ted  to the bed by the vibration of the 
vesse l  is t r ans fo rmed  into the kinetic energy of the moving part icles .  Similar to the fluidized bed, stable 
low-frequency l a rge - sca l e  circulat ion loops for groups of par t ic les  are  seen in the system,  and s imulta-  
neous lywef indhigh- f requeney  sma l l - sca le  loops. A stat is t ical  s teady-s tage  [25] field of part icle velocities 
and their  groups is set up in the bed. This field can be described,  to a f i r s t  approximation, by the mean 
square mass  velocity u and the average scale (dimension) F of the circulat ion loops. Proceeding from these 
concepts,  within br ief  time intervals  continuous replacement  of the par t ic le  groups takes place at the su r -  
face immersed  i n  the bed. The average  contact time for the part icle  group is proport ional  to the c i rcu la-  
tion time 

1 ~- 
~eff= ~eff = u---" 

This relat ionship will be valid if the surface dimension is g rea te r  than the average dimension of the 
part icle  circulat ion loop within the bed. In this case,  the time of contact between the part icle  group and the 
wall will be independent of the geometr ic  dimensions of the i m m e r s e d  body. 

The t r ans fe r  of heat f rom the surface to the vibration-fluidized bed can thus be t reated as a p rocess  of 
heating continuously changing groups of par t ic les .  The removal  of heat by the gas leaving the bed, because 
of its low heat capacity,  is negligibly small.  The radiative heat exchange, according to our es t imates ,  is 
also slight and it can be neglected. Convection (filtration} heat t r ans fe r  for small  Re numbers {rather small  
particles}, when the s t reamlining is p r imar i ly  without separat ion,  on the basis of the es t imates  f rom [17, 
21], was also not considered.  The part icle  group together  with the gas that it contains, as a f i r s t  approxima-  
tion, will be t reated as a packet in which the t ransfer  of heat is achieved as a consequence of an effective 
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Fig. 2. Heat-transfer coefficient ~ (W/m2-deg) of 

a vibration-fluidized bed of corundum for day = 45.9 

# m  (with a su r face)  as a funct ion of t h e  e x c e s s  t e m -  
p e r a t u r e  0 (~C):a) n = 1 6 . S H z ,  A = 6 m m ; b )  n =  16.8 
Hz, A = 1.5 ram; 1) c a m - d r i v e n  v i b r a t o r ;  2) t i m e - d e l a y  
v i b r a t o r .  

t h e r m a l  conduc t iv i ty  ~p which is  a funct ion of po ros i t y ,  as wel l  as  of the t h e r m a l  condue t iv i t i e s  of the ga se -  

ous and so l id  phases .  A s s u m i n g  that  the packet  is hea ted  in a m a n n e r  ana logous  with the hea t ing  of a s e m i -  
in f in i t e  body, we find that  the i n t e n s i t y  of heat  t r a n s f e r  f rom the wal l  to the packet  can be def ined [15] in the 
fol lowing m a n n e r :  

1 
q = - -  V ~;,OpCp At _ .  

The a v e r a g e  heat  flow d u r i n g  the t ime  ~- 

1 ! qdz 2V ~pppCp At. (1) 

,9 

Analogous  concep t s  w e r e  used e a r l i e r  [18, 19, 21] for the f lu id ized bed. 

Us ing  the f a m i l i a r  nota t ion,  we can wr i t e  Eq. (1) in the fo rm of the c r i t e r i a l  r e l a t i o n s h i p  

Nu~/Fo = 2 . (2) 

It follows f rom (2) that  the h e a t - t r a n s f e r  i n t e n s i t y  in the i nves t i ga t ed  m e d i u m  v a r i e s  in i n v e r s e  p r o -  
po r t i on  to the squa re  roo t  of the d i m e n s i o n l e s s  t ime  of contac t  be tween  the packet  and the wail ,  which is a 
funct ion of the ra t io  l/u. To e l i m i n a t e  the effect  of the e i r c u i a t i o n - l o o p  d i m e n s i o n  on heat  t r a n s f e r ,  we 
m u s t  make  the d i a m e t e r  of the c~ c a l o r i m e t e r  g r e a t e r  than l .  In this  connec t ion ,  we p e r f o r m e d  t e s t s  with 
five oz c a l o r i m e t e r s  of v a r i o u s  d i a m e t e r s  in v i b r a t i o n  f lu id ized c o r u n d u m  with an a v e r a g e  p a r t i c l e  d i m e n -  
s ion  of 68.4 p m  for n = 16.8 Hz and A = 4 mm.  The r e s u I t s  of these  t e s t s  a re  given in Table  2. The va lues  
of c~ c o r r e s p o n d  to the range  of t e m p e r a t u r e s  for  the p robe  su r f a c e  f r o m  650 to 700~ The table  gives 
the a r i t h m e t i c  m e a n  va lues  f rom the data of t h ree  m e a s u r e m e n t s .  

It follows f rom the table  that  a change in probe  d i a m e t e r  by a fac to r  of 2.4 has v i r t u a l l y  no effect  on 
the h e a t - t r a n s f e r  i n t e n s i t y .  This  obv ious ly  i nd i ca t e s  that  the p robe  d i m e n s i o n s  were  g r e a t e r  than the a v e r -  
age sca le  of the c i r c u l a t i o n  loop. In s u b s e q u e n t  e x p e r i m e n t s  we used a probe  with a d i a m e t e r  of 20 ram. 

The m a i n  s e r i e s  of t e s t s  we re  c a r r i e d  out o v e r  a wide r ange  of f r e que nc i e s  and amp l i t udes  on c o r u n -  
dum powders  with an ave rage  g r a i n  d i a m e t e r  of 45.9 pro.  

The r e s u l t s  of th is  s e r i e s  of e x p e r i m e n t s  a r e  given in Fig.  1. We can  see f rom the cu rve  in Fig.  l a  
that  o v e r  the e n t i r e  i nves t i ga t ed  range  of v i b r a t i o n  p a r a m e t e r s ,  for  spec i f i c  f r e q u e n c i e s ,  we note bends  in 
the c u r v e s  for  c~ = f(n). Here ,  the g r e a t e r  the ampl i tude ,  the lower  the f r e que nc i e s  at  which the cu rve  
bends .  The p r e s e n c e  of a m a x i m u m  in the i n t e n s i t y  of the t r a n s f e r  of heat  be tween  the su r f a c e  and the v i -  
b r a t i o n - f l u i d i z e d  bed was a l so  noted by o ther  r e s e a r c h e r s  [6, 7, 11]. As we can see  f rom the c i ted  data ,  
the coef f ic ien t  of hea t  t r a n s f e r  is  a nonmono ton ic  funct ion of the ampI i tude  and f requency .  The e x t r e m u m  
condi t ion  for  th is  funct ion is  
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T A B L E  1. C h a r a c t e r i s t i c s  of  the T e s t  M a t e r i a l s  

Material 

Corundum 

~t  

n 

n 

Sand 

t ,  

Carborundum 

Copper 
Iron 
Magnesite 
Chamotte clay 
Cast iron shot ~ 
Nickel 

dav, pm 

287,9 

125,8 
102,7 
68,4 
45,9 
14,2 
10 
7 

470,8 
282 
201 
82,4 
79,1 

26,2 
79,8 

159,9 
41,8 

1000 
4OO 

Ppart' 
kg/m ~ 

4000 

4000 
4000 
4000 
4000 
4000 
4OO0 
4000 
2500 
2500 
2500 
2500 
3200 

8930 
7880 
3100 
2650 
7850 
8900 

O, 537 

0,57 I 
0,5851 
0,562 I 
o, 562 I 
0,6221 
0,71 ] 
0,77 ] 
0,428 

0,43 
0,456 I 
O, 569 I 

0,814 ] 
0,6581 
0,513 I 
0,6151 
0,445 : 
0,57 

Limits of vibration 
in vibration 
parameters 
A, mm n. HZ 

4; 8 16 

4 16,8 
26,?2 16 13--24 

1,5--8 13--36 
4; 6 16 

�9 4 ;  6 16 
16 6 
16; 16, 

2--6 16--28 
16--36 

6--84--83--6 116;16'8 

; 6 16 
16,8 
16,8 

; 6 16,8 
16,8 
24 

Particle shape 

Irregular, 
acute- angled 

The same 
t~ 

t~ 

Acute- angled 

,t 

acute-angled 
The same 

Acute-angled 
, t  

Circular 

c)a (A, n) _ 0 and 0ct (A, n______) = 0, 
an OA 

whence  A = fl(n). 

To d e t e r m i n e  the fo rm of this  funct ion,  we p r o c e s s e d  the e x p e r i m e n t a l  data for c o r u n d u m  (45.9 #m) 

in A, n c o o r d i n a t e s  for  the po in ts  c o r r e s p o n d i n g  to (~max" The e x p e r i m e n t a l  poin ts  a re  shown in Fig.  l b  
in  a l o g a r i t h m i c  coo rd ina t e  s y s t e m .  The e x p e r i m e n t a l  data fall  s a t i s f a c t o r i l y  on the s t r a i g h t  l ine  d e s c r i b e d  
by the fol lowing funct ion:  

A --- 0.4 n-1"% 

This  equa t ion  can be w r i t t e n  in the fo rm 

A~ 1.6 = 7.6 or K = 0-78a) -~ 

The r e s u l t i n g  r e l a t i o n s h i p  def ines  the condi t ions  for  the onse t  of m a x i m u m  i n t e n s i t y  in the t r a n s f e r  of 
hea t  be tween  the v i b r a t i o n - f l u i d i z e d  bed and the su r f ace .  Under  the cond i t ions  of ou r  e x p e r i m e n t s ,  the (~max 
va lue  was r eached  as soon as  K = 4.7 (g r ea t e r  va lues  of K c o r r e s p o n d  to g r e a t e r  f r equenc ie s ) .  

The p r e s e n c e  of a v i r t u a l l y  cons t an t  va lue  for  the m a x i m u m  h e a t - t r a n s f e r  coef f ic ien t  ev iden t ly  sug-  

ges t s  tha t  the e f fec t ive  t i m e  7ef  f for the con tac t  be tween  the p a r t i c l e  groups  (packets) and the hea t - exchange  
s u r f a c e  wi th in  the i n v e s t i g a t e d  r ange  of v i b r a t i o n  p a r a m e t e r s  is  a c o n s t a n t  quant i ty .  We can a s s u m e  that  
the value of the a v e r a g e  m a s s  flow ra te  for  the p a r t i c l e s  r e m a i n s  cons t an t  in this  ca se ,  i .e . ,  with K > 0.78 
�9 w ~ i n a d d i t i o n  to the i n c r e a s e  in  the l i n e a r  ve loc i ty ,  t he r e  is  a s i m u l t a n e o u s  i n c r e a s e  in the po ros i t y  of the 
bed. 

F o r  a n u m b e r  of t echno log ica l  p r o c e s s e s ,  in which it  is  i m p o r t a n t  to ach ieve  the g r e a t e s t  h e a t - t r a n s f e r  
coef f i c ien t  (for example ,  in the ca se  of ha rden ing) ,  it  is  adv i sab le  to use a r e g i m e  whose v i b r a t i o n  p a r a m -  
e t e r s  a r e  governed  by cond i t ions  (3) and (4). 

Since two types  of v i b r a t o r s  we re  be ing  used in the e x p e r i m e n t s ,  it  was a m a t t e r  of some  i n t e r e s t  to 
c o m p a r e  the e x p e r i m e n t a l  data de r i ved  unde r  i den t i ca l  cond i t ions ,  but  with d i f f e ren t  v i b r a t o r s .  These  data  
a re  p r e s e n t e d  in  Fig.  2 in the f o r m  of a graph for  the funct ion c~ = f2(0). It follows f rom the graph that  the 
type of v i b r a t o r  had no effect  on the i n t e n s i t y  of hea t  t r a n s f e r .  

Moreove r ,  i t  can  be conc luded  that  the coef f ic ien t  of the t r a n s f e r  changes  only s l igh t ly  with a v a r i a t i o n  
in t e m p e r a t u r e .  Thus ,  in s tudy ing  the m a t e r i a l s  l i s t ed  in  Tab le  1 we found that  as the probe  was cooled f rom 
850 to 100~ the h e a t - t r a n s f e r  i n t e n s i t y  d i m i n i s h e d  b a s i c a l l y  by no m o r e  than 20-45~c. 

F r o m  the s t andpo in t  of h a r d e n i n g ,  the g r e a t e s t  i n t e r e s t  is the t e m p e r a t u r e  r ange  f rom 530 to 730~ 
[ 2 0 ] -  the s o - c a l l e d  i n t e r v a l  of m i n i m u m  au s t e n i t e  s t ab i l i ty ,  in which the g r e a t e s t  cool ing  ra te  is  requi red �9  
In th is  connec t ion ,  f u r t h e r  g e n e r a l i z a t i o n  was unde r t aken  for  th is  t e m p e r a t u r e  i n t e r v a l  of the c o o l e d s u r f a c e ,  
and for  the e x p e r i m e n t a l  va lues  of the h e a t - t r a n s f e r  coef f ic ien t  we took the a ve r a ge  for th is  i n t e rva l .  
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Fig.  3. C o r r e l a t i o n  of expe r imen t a l  data on heat  t r a n s -  
fe r  with r e s p e c t  to the s u r f a c e :  a) in the v ib r a t i on - f l u i -  
d ized bed:  1) co rundum;  2) sand; 3) ea s t  i ron  shot;  4) 
c o r b o r u n d u m ;  5) copper ;  6) i ron;  7) magnes i t e ;  8) chamot te  
c lay;  9) nickel ;  b) in a t ight ly  packed moving  bed [22-24] 
(Nu. 10 a long  the axis  of o rd ina tes ) :  1) g lass  beads  day 
= 375 p m  in an a t m o s p h e r e  of a i r  [23]; 2) the s a m e ,  in a 
F r e o n  a t m o s p h e r e  [23]; 3) g lass  beads  dav = 145 p m  in an 
a i r  a t m o s p h e r e  [23]; 4) the s a m e ,  in a F r e o n  a t m o s p h e r e  
[231; sand day  = 150 pm in an a i r  a t m o s p h e r e  [22]; 5) the 
s a m e ,  day = 400 pm [22]; 7) the s ame ,  d a v =  600 pm [22]; 
8) s l a g  beads  day = 780 pm in an a i r  a t m o s p h e r e  [24]; 9) 
the s a m e ,  day  = pm [24]; 10) the s a m e ,  day  = 2200 pm [24]. 

T A B L E  2. H e a t - T r a n s f e r  c o e f f i c i e n t  as  a Func -  
t ion of H e a t - P r o b e  D i a m e t e r  

D i a m e t e r ,  
l l lm 

W/m2. de i 

17,25 20 t 

1039 1039 
[ 

26 30 41 

940 1042 1150 

and [21] 

We gene ra l i z ed  all of the expe r imen ta l  data de-  
r ived  in the op t imum vibra t ion  r e g i m e  (i.e., when the 
h e a t - t r a n s f e r  in tens i ty  app roaches  o r  has  ac tua l ly  
r e a c h e d  the m a x i m u m  value) in the f o r m  of the func-  
t ion Nu = q) (Fo). 

The coef f ic ien ts  of t h e r m a l  conduct iv i ty  and 
t h e r m a l  d i f fus iv i ty  for  the packet  in the values  of 
Nu = C~expdav/l p and Fo = apTexp /d~v  were  d e -  
t e r m i n e d  f r o m  the fo rmu la s  

~p 

Cpart Ppart (1 - -  e) + Cgpg e 

1 +  
( l - - e )  1 

�9 . . 

~g- -}- 0.28 e0.63 (~part/Zg) J 
)~part 

In these  equa t ions  the d e t e r m i n i n g  t e m p e r a t u r e  was  a s s u m e d  to be equal  to the mean  in teg ra l  t e m p e r a t u r e  
of the packet ,  which was  ca lcu la ted  as  in the c a s e  of a s e m i - b o u n d e d  body [15] under  boundary  condi t ions  of 
the f i r s t  kind, on the bas i s  of the fo rmula  

When x = 1 / 2 ~ F o  ~ 2 we have d 0.72. 

3 =  1 i e r f  (x) dx. 
X 

0 

As was noted, above,  in an op t imum vibra t ion  r e g i m e  the con tac t  t ime  ~'eff is a cons tan t  quanti ty.  It 
was  ca lcu la ted  on the bas i s  of (1), which a c c o r d i n g  to [27] is val id for  l a rge  va lues  of the Fo number :  

4~pCpppart(1 - -  e) (5) 
"%if= 7ta~xp 
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The calculations per formed for par t ic les  with an average d iameter  of day < 100 pm under the condi- 
tion that the quantity ~ is equal to the poros i ty  of the bed in the free-f lowing state demonstrated that the 
mean effective frequency fexp = 1/Yell  is approximately equal to 3 Hz. 

The experimental  data for all of the tes t  mater ia ls  are  shown in Fig. 3a. It follows from the curve 
that for values of Fo* > 5 the experimental  data are  ra ther  well descr ibed by (2) for the sys tem being stud- 
ied. The maximum scat te r ing  in the experimental  points is less than 50%. This confirms the validity of 
the original hypotheses with regard  to the mechanism of heat t r ans fe r  for the given region of Fo* values. 

For  the region Fo* < 5 the quantity Nu depends only slightly on Fo* (approximately 0.05). 

For  purposes  of compar ison,  Fig. 3b shows the experimental  data derived by cer tain authors [22-24] 
in measur ing  the coefficient of heat t r ans fe r  between a moving sensor  and a tightly packed bed of par t ic les  
(or, conversely ,  for a moving bed and a fixed sensor) ,  i . e . ,  when the frequency of part icle  replacement  of 
the surface is known. As we can see from the graph, the t r ans fe r  of heat in the tightly packed bed when 
Fo > 1 is descr ibed quite sa t i s fac tor i ly  by the same equation (2). The maximum scat ter ing in this case 
does not exceed 60%. When Fo < 1, the curves  in Fig. 3a and b are  vir tually equidistant. 

The difference between the magnitude of Nu and the values of Fo and Fo* at the bends in the Nu(Fo) 
curves  for tightly packed and vibrat ion-f luidized beds is explained by the fact that the thermophysical  charac -  
t e r i s t i cs  of the packet were included in Eq. (5) for the calculation of Tef f, and the packet exhibited the poro-  
si ty of a free-f lowing mater ia l .  Observations show that the porosi ty  of the vibration-fluidized bed in the 
exper iment  (for ~max  ) was grea te r  by 20-30% than that of the free-f lowing mater ia l .  If we convert  the 
values of Nu and Fo* for the vibrat ion-f luidized bed, with considerat ion of the thermophysieal  charac-  
te r i s t ics ,  in the case of a poros i ty  elevated by 20-30% (in compar ison with a free-f lowing material) ,  the 
graphs of the Nu(Fo) functions in Fig. 3a and b vir tual ly  coincide. This indicates that the hea t - t r ans fe r  
mechanism in a moving tightly packed and vibrat ion-fluidized bed is identical. For  small  Fo numbers,  
when the function Nu(Fo) is weak, the basic thermal  res i s tance  is concentrated near the f i rs t  row of par t i -  
cles and the t r ans fe r  of heat is determined by the nature of the t r anspor t  at the boundary between the packet 
and the surface.  

Taking the poros i ty  of the free-f lowing mater ia l  as the charac te r i s t i c  quantity for a vibration-fluidized 
bed, we can write the equations which approximate the experimental  data: 

for 800 > Fo* > 5 

for 5 > Fo* > 0.07 

Nu = 1.13 (Fo*) -~ (6) 

Nu = 0.557 ( F o * )  - 0 - 0 6 4  . (7) 

These relat ionships may be used to calculate the maximum coefficient of heat t r ans fe r  between a vi- 
brat ion-f luidized bed and the surface immersed  within that bed. It follows f rom these relationships that the 
intensity of heat t r ans fe r  is governed p r imar i ly  by the thermophysica l  charac te r i s t i c s  of the bed (of the ma-  
ter ial  charge) and the part icle  dimensions.  The relat ionship between ~ and the part icle dimensions is com- 
plex. Initially, as the Four ie r  number  increases  (a reduction in part icle  dimensions) the hea t - t r ans fe r  
coefficient inc reases  (Eq. (7)). This relat ionship gradually weakens, and when Fo ~ 5 a change in particle 
dimension has no effect on the hea t - t r ans fe r  coefficient (Eq. (6)). 

A reduction in part icle d iameter  below approximately 80 ~m (Fo _> 5) is thus not advisable, since it 
does not resul t  in an intensification of heat t ransfer .  

O! 

a and X 
c 
A and n 
CO 

K= A co2/g 
q 

N O T A T I O N  

is the hea t - t r ans fe r  coefficient; 
are  the coefficients of thermal  diffusivity and thermal  conductivity; 
is the specific heat capacity; 
are  the amplitude and frequency of vesse l  vibration; 
is the angular  velocity; 
is the relative accelerat ion,  where g is the accelerat ion of free fall; 
is the heat flow; 
is the porosi ty;  
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dav 
V and S 
t 
At and 0 
5 

= ( tx ,  ~- - t w ) / ( t o -  tw)  

tx, T 
tw 
to 
Nu, Fo, and Re 
Fo* 

~eff and feff 

is the ave rage  par t i c le  d iamete r ;  
a re  the volume and a r ea  of the sur face ;  
is the t e m p e r a t u r e ;  
a re  the t e m p e r a t u r e  d i f fe rences ;  
is the re la t ive  e r r o r ;  
is the re la t ive  t e m p e r a t u r e ;  
is the instantaneous t e m p e r a t u r e  value; 
is the wall  t e m p e r a t u r e ;  
is the initial t e m p e r a t u r e  or  the t e m p e r a t u r e  of the bed core;  
a re  the s imi l a r i t y  c r i t e r i a ;  
is the F ou r i e r  number  in the opt imum vibrat ion reg ime  (for a constant  contact  
t ime);  
is the ave rage  dimension of the par t ic le  c i rcula t ion loop; 
is the mean square  m a s s  flow rate ;  
a re  the effect ive t ime and f requency of packet  r ep lacemen t .  

S u b s c r  

P 
g 
part 
h 
exp 
eft 
av 

i p t s  

denotes the packet;  
denotes the gas; 
denotes  the par t ic le ;  
denotes the heat  probe;  
denotes the exper iment ;  
denotes effect ive;  
denotes  average .  
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