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Based  on an ana lys i s  of the t h e r m a l  and the e i e c t r o p h y s i c a l  c h a r a c t e r i s t i c s  of a f luidizat ion 
bed with d i e l e c t r i c  c lay  pa r t t c I e s ,  a method has been developed of d is tending such p a r t i c l e s  
by means of a h igh- f requency  e l ec t r i c  field for the product ion of c e r a m i c  sand. 

The authors  have s tudied the f eas ib i l i t y  of applying heat  f rom a h igh- f requency  source  to a f [u id tza-  
lion bed with d i e l e c t r i c  p a r t i e I e s  in a h i g h - t e m p e r a t u r e  d is tens ion  p r o c e s s  for  the product ion of c e r a m i c  
sand. 

A p e c u l i a r  fea ture  of the p r o c e s s  by which raw clay is t r a n s f o r m e d  into a porous c e r a m i c  product  
( ce ramic  sand) is the concu r r en t  effect  of two f a c t o r s :  1) a t r ans i t ion  f rom the c r y s t a l l i n e  to the p y r o -  
p las t i c  s ta te  at suff ic ient ly  high t e m p e r a t u r e s ,  and 2) a gas genera t ing  reac t ion  in a l r eady  hot g ra ins  of the 
m a t e r i a l  [1, 2]. These  two fac tors  a re  at the root  of s e r ious  technologica l  p r o b l e m s  (adherence of d i s -  
tended p a r t i c l e s  to the ho t te r  wai l s  of the r eac to r ,  agg lomera t ion  with solid fuel p a r t i c l e s  pass ing  into the 
bed, e tc . )  [n connection with the supply of heat to a g ra in  f rom the sur rounding  g a s e s  [3]. The quarttity of 
heat  which a gra in  r e c e i v e s  is l imi ted  by the magnitude of the heat  t r a n s f e r  coeff ic ient  a ,  white the t em-  
p e r a t u r e  inside a gra in  d rops  f rom the p e r i p h e r y  toward the cen te r ,  i . e . ,  in the d i rec t ion  opposi te  to the 
gas genera t ing  reac t ion .  

In our p roposed  method of producing c e r a m i c  sand in a f lu id iza t ion  bed by means of a h igh- f requency  
e l e c t r i c  field [4] t he re  is heat  genera ted  within the volume of e v e r y  ascending p a r t i c l e  and the change in 
the d i rec t ion  of the t e m p e r a t u r e  g rad ien t  is favorable  to the gas gene ra t ing  r eac t ions .  F u r t h e r m o r e ,  it 
b ecomes  poss ib l e  to r a i s e  the t e m p e r a t u r e  of p a r t i c l e s  suff ic ient ly  high to make the max imum ra te  of gas  
genera t ion  a lmos t  fal l  within the py rop [a s t i e i t y  range [5, 61. in o r d e r  to study and be able to control  the 
technologica l  p r o c e s s e s  of f i r ing,  the authors  have thoroughly analyzed the t he r m a l  and the e l e c t r i c a l  
c h a r a c t e r i s t i c s  of this  sy s t em.  

T e m p e r a t u r e  C h a r a c t e r i s t i c s .  
by the equation of heat  conduction 

The t e m p e r a t u r e  d i s t r ibu t ion  inside a gra in  of r ad ius  R is d e s c r i b e d  

(1) c 7 - _ _  . 
O~ r Or ~ 

with the boundary  condit ion at r = R 

1 ) ~  aT - -~ (Y s - -Y0) .  (2) 
Or In 

The r a t e  of heat  genera t ion  in the gra in  volume due to d i e l e c t r i c  t o s ses  dur ing h igh- f requency  heating 
is 

-- 0.~5 ~ tg 6rE,,,. (3) 
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Fig .  1. Des ign  of the t e s t  c a p a c i t o r  wi th  sh ie ld  and r e -  
a c t o r ,  and s p a t i a l  l ayou t  of the r e a c t o r  and the Q - m e -  
t e r :  1) f i l t e r ;  2) r e a c t o r  m a d e  of a c r y l i c  g l a s s ;  3) 
m e t a l l i c  g r id ;  4) housing;  5) hous ing  c o v e r ;  6) f l u i d -  
t za t ion  bed  of g r a n u l a r  d i e l e c t r i c  m a t e r i a l ;  7) gas  d i s -  
t r i b u t o r  g r id ;  8) s tand;  9) i n s u l a t o r s ;  10) p l a t e s  of the 
t e s t  c a p a c i t o r ;  11) i n s u l a t i n g  w a s h e r s ;  12) mode l  E 
9-5 Q - m e t e r ;  13) r e f e r e n c e  co i l  of the Q - m e t e r ;  14) 
c o a x i a l  l e a d s .  

During heating by a gas blast Cl = 0, and during intensive endotherma[ distension processes it may 
even happen that Cl < 0. Transient heating and cooling of a grain is characterized by two time parameters: 

R 2 R 2 R ~ 
x 0 = ~ - c ' ~  and T a = - c ?  . . . .  c?. (4) 

Nu ~'G 

F o r  a r g i l l a c e o u s  and c e r a m i c  sand p a r t i c l e s  wi th  a r a d i u s  I1 = 1-2 m m  in a f l u id i z a t i on  bed  the v a l u e s  

of t h e s e  p a r a m e t e r s  a r e  ~-0 ~ 0 .1 -0 .2  min and ~'s ~ 1-5 min.  

F r o m  the so lu t ion  to Eqs .  (1)-(2) wi th  a c o n s t a n t  a d i a b a t i c  he a t i ng  r a t e  of a g r a i n  ~i" = ~t/e% one can  
e v a l u a t e  the t e m p e r a t u r e  d rop  be tween  c e n t e r  (r = 0) and s u r f a c e  (r = R) of a p a r t i c l e  as  we l l  as  be tween  

s u r f a c e  (r = R) and a m b i e n t  m e d i u m :  

~F"C o and ATs : Ts - - T o  ~ l~r" :a"  1 (5) 
a r o  = T (r = 0) - -  K = V 

At an a v e r a g e  r a t e  of h i g h - f r e q u e n c y  he a t i ng  T ~ 200~ of p a r t i c l e s  wi th  a r a d i u s  R ~ 1-2 mm,  
as  had been  a t t a ined  by  the a u t h o r s ,  one could  thus  e x p e c t  i n t e r n a l  t e m p e r a t u r e  d r o p s  AT e ~ 5-10~ and 
e x t e r n a l  t e m p e r a t u r e  d r o p s  AT s ~ 50-200~ E x t e r n a l  and i n t e r n a l  t e m p e r a t u r e  r i s e s  m e a s u r e d  on in-  
d i v i d u a l  g r a i n s  wi th  t h e r m o e o u p l e s  have  c o n f i r m e d  the v a l i d i t y  of e x p r e s s i o n  (5) as  f a r  as  AT c is  e o n -  
c e r n e d .  Op t i ca l  p y r o m e t e r  m e a s u r e m e n t s  have  shown that  in a s u s p e n s i o n  of c l a y  p a r t i c l e s  d i s t e n d e d  by  
a h i g h - f r e q u e n c y  f i e ld  the  t e m p e r a t u r e  d r o p s  be tw e e n  g r a i n  s u r f a c e s  and e s c a p i n g  g a s e s  do, indeed,  r e a c h  

AT s 100-200~ l e v e l s .  
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Fig .  2. I n t e g r a l  e l e c t r i c a l  c h a r a c t e r i s t i c s  of the  f l u td t za t t on  
bed  as  func t ions  of the gas  v e l o c i t y  (D = 70 ram,  g l a s s  b a l l s  
0 .6 -1 .2  m m  in d i a m e t e r ) :  m = 0.25 (1), 0.5 (2), 0.75 (3). Sol id 
l i ne s  i n d i c a t e  5C m (pF),  d a s h e d  l i ne s  i nd i ca t e  5Cm/AC m (%). 
Gas v e l o c i t y  w ( cm/ sec ) ,  A C m / C  0 (%). 

I n t e g r a l  E l e c t r i c a l  C h a r a c t e r i s t i c s .  The f u n d a m e n t a l  c h a r a c t e r i s t i c  p a r a m e t e r  of a c onve n t i ona l  
e l e c t r o t h e r m a l  f l u i d i z a t i o n  bed  with  conduc t ing  p a r t i c l e s  is  i t s  to t a l  e l e c t r i c a l  r e s i s t a n c e .  In a d i e l e c t r i c  
f l u id i za t t on  bed ,  on the o t h e r  hand, the r a t e  of hea t  g e n e r a t i o n  is d e t e r m i n e d  by  the t angen t  of the l o s s  
angle  tan 5 in e x p r e s s i o n  (3). The  bed  i t s e l f ,  t o g e t h e r  with the i n s e r t e d  e l e c t r o d e s ,  c o n s t i t u t e s  an e f f e c -  
t ive  c a p a c i t o r  which  is  an i n s e p a r a b l e  p a r t  of the  c o m p l e t e  h i g h - f r e q u e n c y  g e n e r a t o r .  F o r  th is  r e a s o n ,  
the o p t i m u m  p e r f o r m a n c e  of the e l e c t r i c a l  p a r t  of the a p p a r a t u s  is  e s s e n t i a l l y  d e t e r m i n e d  by  i t s  i n t e g r a l  
c h a r a c t e r i s t i c  p a r a m e t e r s :  i t s  i m p e d a n c e  and, above a l l ,  i t s  to t a l  c a p a c i t a n c e  C. A change  in c a p a c i t a n c e  
C as  a r e s u l t  of the bed  e x p a n s i o n  and of the con t inuous  bed  he igh t  f l uc tua t i ons  may,  at a s u f f i c i e n t l y  l a r g e  
a m p l i t u d e ,  d i s t u r b  the s t a b i l i t y  of the  h i g h - f r e q u e n c y  g e n e r a t o r  mode  and r e d u c e  the a m p l i t u d e  of the e l e e -  
t r i o  f i e ld  E M in s ide  the e f f ec t ive  c a p a c i t o r .  

The e f f ec t i ve  c a p a c i t a n c e  i n c l u d e s  the c a p a c i t a n c e  of the l o w e r  bed  p a r t  f i l l ed  with g r a i n s  and the 
c a p a c i t a n c e  of the e m p t y  ( g a s - f i l l e d )  u p p e r  p a r t .  As a s t a t i o n a r y  bed  b e c o m e s  f lu id i zed ,  the he igh t  of the 
l o w e r  p a r t  i n c r e a s e s  wh i l e ,  at  the s a m e  t i m e ,  the e f f ec t ive  d i e l e c t r i c  p e r m i t t i v i t y  e '  of the t w o - p h a s e  gas  
- s o l i d  r a n d o m  m i x t u r e  f i l l i ng  the l o w e r  p a r t  d e c r e a s e s .  The O d e l e v s k i i  f o r m u l a  [7] fo r  e '  of an expand ing  
g r a n u l a r  bed  y i e l d s  the change  of mean  c a p a c i t a n c e  A C m  = C m - C  0 d u r i n g  t r a n s i t i o n  f r o m  a s t a t i o n a r y  
l o o s e  to a f l u i d i z e d  bed .  The f l u c t u a t i o n s  of the e f f ec t ive  c a p a c i t a n c e  5C = C - C  m in a f l u td i z a t t on  bed  
could  not be d e t e r m i n e d  a p r i o r i  and it has  been  n e c e s s a r y ,  t h e r e f o r e ,  to r e s o r t  to an e x p e r i m e n t .  

The  i n t e g r a l  e l e c t r i c a l  c h a r a c t e r i s t i c s  ( c a p a c i t a n c e  and qua l i t y  fac to r )  of a d i e l e c t r i e  f l u id t z a t t on  bed 
w e r e  m e a s u r e d  on a co ld  m o d e l  at an f = 20 MHz f r e q u e n c y  with  the a id  of a s p e c i a l  a t t a c h m e n t  to the m o d -  
el  E 9-5 Q - m e t e r  fo r  r e c o r d i n g  the v a l u e s  on a loop o s c i l l o g r a p h .  The l ayou t  of the t e s t  c a p a c i t o r ,  the 
r e a c t o r ,  and the Q - m e t e r  is  shown in F ig .  1. 

The  r e a c t o r s  w e r e  m a d e  of a c r y l i c  g l a s s  in the shape  of c y l i n d e r s  wi th  an in s ide  d i a m e t e r  D = 70 
m m  and D = 140 mm.  The  gas  d i s t r i b u t o r  g r i d  was  made  of g l a s s  f i b e r  and fe l t .  The  d i e l e c t r i c  p a r t i c l e s  w e r e  
q u a r t z  sand  0 .14 -0 .6  m m  in d i a m e t e r ,  g l a s s  b a l l s  0 .6 -1 .8  m m  in d i a m e t e r ,  and c e r a m i c  sand 2-5 m m  in d i a m e t e r .  

The  he igh t  of the t e s t  c a p a c i t o r  p l a t e s  was  in each e a s e  m a d e  equaI  to the r e a c t o r  d i a m e t e r  (H = D). 
The  r e l a t i v e  he igh t s  of the s t a t i o n a r y  l o o s e  bed  w e r e  m = 0.1D, 0.25D, 0.5D, and 0.75D r e s p e c t i v e l y .  

The  v e l o c i t y  of the f l u id t z ing  gas  w a s  v a r i e d  so as  not to exceed  a c e r t a i n  m a x i m u m  Wma x f o r  a given 
bed at which  s t i l l  not  a s ing le  p a r t i c l e  would l eave  the m e a s u r e d  bed  vo lume ,  i . e . ,  r i s e  above  the he igh t  
of the t e s t  c a p a c i t o r  p l a t e s .  

In th is  way,  the quan t i ty  of so l id  p h a s e  wi thin  the m e a s u r e d  v o l u m e  r e m a i n e d  c o n s t a n t  th roughou t  
each  t e s t  and equa l  to i t s  m a s s  [n the o r i g i n a l  loose  s t a t i o n a r y  s t a t e .  The  g r e a t e r  the i n i t i a l  f i l l  m of the 
c a p a c i t o r  w a s ,  the l o w e r  was  the m a x i m u m  a l l owab le  v e l o c i t y  Wma x. 

The  i n t e g r a l  e l e c t r i c a l  c h a r a c t e r i s t i c s  fo r  e v e r y  h y d r a u l i c  mode  a r e  r a n d o m  func t ions  of t i m e .  T h e r e -  
f o r e ,  the o s c i l l o g r a m s  w e r e  eva lua t ed  by  a v e r a g i n g  the c h a r a c t e r i s t i c s  of such a r a n d o m  p r o c e s s  o v e r  a 
s a m p l i n g  t i m e  of 7 -- 10 see .  The  mean  change  in c a p a c i t a n c e  r e l a t i v e  to a s t a t i o n a r y  bed  A C m  = C m - C  0 
and the mean  f luc tua t ion  of c a p a c i t a n c e  5C m (both abso lu t e  and r e l a t i v e  va lues )  as  func t ions  of the gas  
v e l o c i t y  w a r e  shown in F ig .  2 f o r  one of the t e s t  s e rLes .  

A thorough  a n a l y s i s  of the  f r e q u e n c y  c h a r a c t e r i s t i c s  has  shown that  f luc tua t ion  f r e q u e n c i e s  in the 
1-6 Hz r a n g e  a r e  p r e d o m i n a n t  h e r e  and that  the mean  f luc tua t ion  f r e q u e n c y  in a f l u id t z a t i on  bed  is ,  quan -  
t i t a t i v e l y ,  a l i n e a r  funct ion  of the bed  he ight ,  as  has  been  m e n t i o n e d  by  the a u t h o r s  e a r l i e r  in [8]. The  
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Fig. 3. Schematic d i ag ram of a 
flu[dization furnace  with heat ut i -  
l izing beds in motion: 1) bin with 
raw mater ia l ;  2) charge  feeder;  
3) feed tube; 4) upper  heat  u t i l iza-  
tion zone; 5 ) l e v e l i n g b a f f l e s ;  6) 
upper  r a w - m a t e r i a l  moving bed; 
7) upper  support  grid; 8) p r o c e s s  
zone; 9) overflow; 10) lower heat  
uti l ization zone; 11) lower f inal-  
product  moving bed; 12) leveling 
baffles;  13) gas d i s t r ibu tor  grid; 
14) lower  support  grid; 15) d i s -  
charge  feeder ;  16) sl ide valve;  17) 
inlet tubing; 18) gas d i s t r ibu to r  grid; 
19) fluidized bed; 20) sl ide valve; 
21) outlet tubing. 

following empi r i ca l  re la t ions  between the f requency of capac i tance  fluctuations and the bed height have been 
derived f r o m  the tes t  data: 

f r n = 0 . 2 5 V / ~ - h  fortheD:140rnm mactor 
(6) 

: 0 2  = 1 9  D=70   road,or 

Upon reexamina t ion  of the in tegra l  capaci tance  c h a r a c t e r i s t i c s  shown in Fig. 2, one notes the smal l  
r e la t ive  var ia t ion.  According to the fo rmula  der ived by V. I. Odelevskii ,  the re la t ive  capaci tance  devia-  
tion ACm/C 0 during t ransi t ion f r o m  a s ta t ionary  to a fluidized bed (Fig. 2a) does not exceed a few percent  
under  operat ing conditions. Under the given hydraulic  conditions here  (AC m = const),  however,  the ra t io  
5Cm/AC m reaches  10% (Fig. 2b) but, when r e f e r r e d  to the capaci tance  of the initial bed, 5Cm/Cm ~ 5C m 
/ C  o amounts to a f rac t ion  of a percen t  and is thus o[ an o rde r  of magnitude s m a l l e r  than the local density 
f luctuations [8]. 

This  e x t r e m e l y  low fluctuation f requency f of the effect ive capaci tance ,  re la t ive  to the intr insic gen- 
e r a t o r  f requency (f = 20 MHz), ensu re s  a quas i - s t eady  operat ion of the genera to r .  The smal l  ampli tude of 
capac i tance  f luctuations (SCm/C m < 0.2%) ensures  p rac t i ca l ly  stable energy  c h a r a c t e r i s t i c s  of that gene ra -  
tor .  

Experimental Apparatus. The design of the experimental apparatus [9] was based on studies concern- 

ing the electrophysical properties of a dielectric fluidization bed and the temperature characteristics of the 
firing process. Consideration was given to the economics of utilizing the heat from so|id products of firing 

and from gases escaping the reaction zone. During the continuous process, ceramic sand at a II00-1300~ 

temperature is discharged on one side of the reactor and air at a 900-II00~ temperature is discharged on 

the other side. Furthermore, an examination of the electrophysical properties of raw clay has shown that 

the electrical parameters of the effective capacitor can be made stable by a preliminary heating of the par- 
tieles and feeding them into the firing zone at an up to 600~ temperature. 

All these considerations have led to the design of a trizonal firing furnace with a stepped-eounterflow 
heat utilization system. The experimental apparatus shown schematically in Fig. 3 has a production 
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capaci ty  of 6-15 kg ce ramic  sand per  hour. The high-frequency energy was supplied f rom a standard 10 
kW osci l la tor  operating at a 40.68 MHz frequency. The osci l la tor  was loaded with a reac to r  80 mm in d iam-  
e ter  containing a fluidization bed with a 0.3-3.0 mm fraction of argi l laceous part icles .  

Tes ts  per formed on this experimental  apparatus have confirmed the theoret ical  conclusions concern-  
ing the tempera ture  and the e lec t r ica l  cha rac te r i s t i c s  of a dielectr ic  fluidizatton bed, also the co r rec tnes s  
of the engineering solutions to the technological problems.  The operat ing mode fluctuated within a fraction 
of a percent  in t e rms  of amplitude and within a few cycles  per  second in frequency. 

R ,  r 
T(r) 
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Ts 

T O 
T 

T O 

TCZ 

X 

c3~ 

XG 

f 

EM 
tan (5 
C 

Cm 
Co 
D, H 
h 

m = ho/H 
W 

N O T A T I O N  

are  the radius of a grain and the radius to any inside point; 
ts the tempera ture  inside a grain; 
ts the tempera ture  at the grain center;  
ts the t empera tu re  at the grain surface; 
ts the ambient temperature;  
ts the time coordinate; 
ts the time of tempera ture  leveling inside a grain; 
ts the time of tempera ture  leveling between grain and ambient medium; 
ts the thermal  conductivity of grain material;  
ts the specific heat in t e rms  of volume of grain  material ;  
ts the thermal  conductivity of gas; 
ts the heat t ransfer  coefficient; 
ts the volume rate of heat generation; 
ts the dielectr ic  permit t ivi ty  of grain material ;  
ts the f requency of high-frequency electr ic  field; 
ts the amplitude of high-frequency electr ic  field; 
ts the loss tangent o[ grain material ;  
ts the capaci tance of effective capaci tor  with fluidized bed; 
ts the mean effective capacitance; 
ts the capaci tance of effective capaci tor  with s ta t ionary bed; 
are  the d iameter  and height of reactor ;  
is the height of fluidized bed; 
is the relative initial fill of a reactor ;  
is the l inear veloci ty of gas s t ream.  
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