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A scheme  is  developed for  the de te rmina t ion ,  by a n u m e r i c a l  method, of the height of the ac t ive  
s a tu r a t ed  by m o i s t u r e  hZ~ and heated by gas haez , in a wetted f luidized bed.  The de-  zones ,  

pendence of these  quant i t ies  on the bas ic  p a r a m e t e r s  of the p r o c e s s  is  shown. 

F o r  ca l cu la t ions ,  des ign ,  and opera t ion  of f lu id ized-bed  equipment ,  a knowledge of the ac t ive  height of 
the bed h.~. at  which the t e m p e r a t u r e s  of the so l id  p a r t i c l e s  and the gas a r e  a lmos t  equal ized  and the act ive 
height of"~the bed hZ z at  which m a s s - e x c h a n g e  p r o c e s s e s  a r e  a lmos t  comple ted  is impor tant .  

Until r ecen t ly ,  the p r o b l e m s  of ca lcula t ing  the height of the act ive zones have been inadequately worked 
out [1], e spec i a l l y  for  the ca se  of a wetted f lu idized bed,  when complex heat-  and m a s s - e xc ha nge  p r o c e s s e s  
take p lace  in i t .  F o r m u l a s  for  de t e rmin ing  the heights of the ac t ive  zones h ~  and hZ z in a f luidized bed a re  
comple te ly  lacking in p r o c e s s e s  that  a r e  compl ica ted  by the evolution of reac t ion  heat. 

Z by means  of the s y s t e m  of equations developed We have under taken the de te rmina t ion  of ha~ z and haz 
e a r l i e r  [3], which connect the outlet  p a r a m e t e r s  of the m a t e r i a l  and the gas with the inlet  p a r a m e t e r s .  The 
course  of the hea t -  and m a s s - e x c h a n g e  p r o c e s s e s  in the wetted f lu idized bed and, consequent ly ,  the height of 
the ac t ive  zone depend on a l a rge  number  of f a c t o r s ,  which make the inves t iga t ion  and, e s p e c i a l l y ,  the p r e -  
senta t ion of the r e su l t s  in g raph ica l  fo rm diff icul t .  Because  of th i s ,  we have chosen a cour se  of fixing ce r t a in  
quanti t ies  (for example ,  the p a r a m e t e r s  of the gas and the m a t e r i a l  at the inlet  to the apparatus)  and of show- 
ing the dependence of the height of the ac t ive  zone on other  p a r a m e t e r s ,  mainly those of mos t  i n t e r e s t  in p r a c -  
t ice :  the speci f ic  product iv i ty  of the appara tus  and the magnitude of the heat evolved in the p r o c e s s .  

We under took the inves t iga t ion  and ana lys i s  of the heights of the ac t ive  zones by the cons ide ra t ion  of a 
p r o c e s s  ( s imi l a r  to that  which we d e s c r i b e d  p rev ious ly  in [2]) for  the wetting of sodium sulfate  in a f luidized 
bed with the r emova l  of the reac t ion  heat;  however ,  the r e s u l t s  obtained a r e  in t e re s t ing  for  a wide c i r c l e  of 
s i m i l a r  p r o c e s s e s .  

The speci f ic  charge  of the appara tus  was a s sumed  to be 0.8n kg of m a t e r i a l  p e r  1 kg of d ry  a i r .  N u m e r i -  
cal  values of n were va r i ed  and were  a s sumed  equal to 0, 1, and 2. The evolved heat p during wetting of the 
m a t e r i a l  was a s s u m e d  to be equal to 0, 50, 100, and 150 kcal  p e r  1 kg of wate r  consumed in wetting the ma-  
t e r i a l .  It was a s sumed  that  the quantity of wate r  fed into the appara tus  wets the m a t e r i a l  to 9%. 

F igure  1 shows the dependence of the quanti t ies  | and Z on the height of the f luidized bed f o r  fixed p a r a m -  
e t e r s  of a i r  at the inlet  | and Z 0. It can be seen that  in the case  of an unl imi ted  i n c r e a s e  of the height of the 
bed H, the values  of Z H, | and, in addi t ion,  T tend to ce r t a in  quanti t ies  which we sha l l  ca l l  l imi t ing:  |  
Zoo, and Too. In this  case  | becomes  equal to the t e m p e r a t u r e  of the p a r t i c l e s  Too, and the value of Zoo is 
equal to the sa tu ra t ion  value at the t e m p e r a t u r e  T~ .  The pro jec t ion  on the plane Z0H indica tes  the sa tu ra t ion  
p r o c e s s  of the c u r r e n t  of a i r  by wate r  vapor  and @OH indica tes  the change of the a i r  t e m p e r a t u r e  at  the outlet  
f rom the bed of height H. 

The pro jec t ion  of the curve of the p r o c e s s  on the plane ZOO indica tes  the re la t ion  between the wetting of 
the a i r  and i ts  t e m p e r a t u r e  at the outlet  f rom the bed of height H. 
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F i g .  1. Dependence  of the t e m p e r a t u r e  | and  the  m o i s t u r e  
con ten t  of  the  gas  Z on the  he igh t  of  the  f l u i d i z e d  bed  H. The  
i n i t i a l  p a r a m e t e r s  of  the  a i r  a r e  00 = 25~ Z0 = 8 g / k g ;  s p e -  
c i f i c  c h a r g e  of  the  a p p a r a t u s  n = 2; hea t  e v o l v e d  # = 75 k c a l /  
kg;  the  po in t s  d and e c o r r e s p o n d  to he igh t s  o f  the  a c t i v e  
zones  BhZ z and Bha@ z f o r  va lue s  of a z = b @ = 0.95; T H i s  the  
t e m p e r a t u r e  of p a r t i c l e s  in the  bed  with  he igh t  H; and ZTH 
i s  the  e q u i l i b r i u m  m o i s t u r e  con ten t  of  the  g a s  a t  t e m p e r a t u r e  
TH; | T, ~ Z, g/kg. 

We i n t r o d u c e  the  quan t i ty  a z = (ZH - Z0) / (Z~  - Z0), wh ich  de f i ne s  t he  d e g r e e  of  s a t u r a t i o n b y w a t e r v a p o r  
of  the  a i r  e m e r g i n g  f r o m  the  bed  of  he igh t  H, and the  quan t i ty  b| = (@I-I - | @0}, which  i s t h e  d e g r e e  of  
p r e h e a t i n g  of  the  a i r .  

F i g u r e  1 shows  the  he igh t s  of  the  bed  when a Z = b | = 0.95�9 It can  be s e e n  tha t  t h e s e  he igh t s  a r e  s i g n i f -  
i c a n t l y  dlf-ferent .  The  d i f f e r e n c e  be tween  the  quan t i t i e s  hZ z and ha@z f o r  i d e n t i c a l  v a l u e s  of  aZ and b| i s  due 
to the  d i f f e r e n t  n a t u r e  of  the  h e a t -  and  m a s s - e x c h a n g e  p r o c e s s e s ,  to the  d i f f e r e n c e  be tween  the mo t ive  p o w e r s  
of  t h e s e  p r o c e s s e s ,  and a l s o  to the  d i f f e r e n t  n u m e r i c a l  va lue s  f o r  the  c o e f f i c i e n t s  of  hea t  and m a s s  exchange .  
T h e r e  i s  a l s o  the  m u t u a l  e f fec t  of  the  h e a t -  and m a s s - e x c h a n g e  p r o c e s s e s .  

F i g u r e  2 shows  the  p r o j e c t i o n s  on the  p l a n e  Z0| of the  c u r v e s  tha t  de f ine  the  r e l a t i o n  b e t w e e n  the  h e a t -  
and m a s s - e x c h a n g e  p r o c e s s e s  in the we t t ed  f l u i d i z e d  bed ,  with a d i f f e r e n t  s p e c i f i c  p r o d u c t i v i t y  of the  a p p a r a t u s  
n and with  d i f f e r e n t  m a g n i t u d e s  of  hea t  evo lu t ion  #.  A l l  the  c u r v e s  e m e r g e  f r o m  a s i ng l e  p o i n t O ,  which c o r r e -  
sponds  to the  p a r a m e t e r s  of  the  a i r  a t  the i n l e t  to the  a p p a r a t u s .  On the  l ine  abe  a r e  the  po in t s  c o r r e s p o n d i n g  
to the  s t a t e s  of the  g a s  a t  t he  ou t l e t  f r o m  the bed  of he igh t  H = oo. It i s  obv ious  tha t  the  c u r v e  abc  c o r r e s p o n d s  
a l so  to the  l ine  of  t o t a l  s a t u r a t i o n  of a i r  by w a t e r  v a p o r  a t  the  t e m p e r a t u r e  | The  s t r a i g h t  l ines  j o in ing  the 
o r i g i n  and the  ends  of  the  c u r v e s ,  i . e . ,  s t r a i g h t  l i n e s  s i m i l a r  to Ob, a r e  the  l ines  of i d e n t i c a l  n u m e r i c a l  v a l u e s  
of a Z and b | . A c t u a l l y ,  i t  fo l lows  f r o m  the  equa t ion  a z = b | tha t  

Z = Z  0 §  Z ~ - - Z  0 , 
O |  - -  O o 

which c o r r e s p o n d s  to a l i n e a r  d e p e n d e n c e  of Z on | and tha t  t h i s  l ine  p a s s e s  t h rough  the po in t  0 wi th  a n g u l a r  
c o e f f i c i e n t  

Z~ - -  Z o 

O .  - -  0 o 

F o r  e v e r y  po in t  of  the  s t r a i g h t  l ine  the  s c a l e  o f a  Z and b | wi l l  be t h e i r  own,  d i f f e r e n t  f r o m  the o t h e r s ,  but 
u n i f o r m  o v e r  the  whole  length  of the  l i n e .  
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F i g .  2 F i g .  3 F i g .  4 
F i g .  2. R e l a t i o n  be tween  the  m o i s t u r e  con ten t  of the  g a s  Z and the  t e m p e r a t u r e  of the  gas  O for  p r o c e s s e s  wi th  
d i f f e r e n t  p a r a m e t e r s ,  wi th  i n c r e a s i n g  he igh t  of the  f l u i d i z e d  bed .  The  po in t  O de f ines  the  g a s  p a r a m e t e r s  at  
the  i n l e t  to the  f l u i d i z e d  bed  (O0=25~ Z0= 8 g / k g ) ;  abc  i s  the  l ine  of t o t a l  s a t u r a t i o n  of the  a i r  by w a t e r  v a p o r ,  
c o r r e s p o n d i n g  to Z(TH) a t  TH; Ob i s  the  l ine  of i d e n t i c a l  v a l u e s  f o r  the  d e g r e e  of  hea t ing  of the  a i r  b O,  i . e . ,  
the  l i n e a  Z = b O ; w h e n p  = 0 ,  n = 0  (1), n = l  ( 2 ) ; n  = 2  (3); w h e n p  = 7 5 ,  n = 1  (4), n = 2  (5). 

F i g .  3. R e l a t i o n  be tween  a Z and b| f o r  d i f f e r e n t  v a l u e s  of the  s p e c i f i c  c h a r g e  n and the  hea t  evo lu t ion  p.  
See F i g .  2 f o r  t he  v a l u e s  of the  c u r v e s .  

F i g .  4. Dependence  of  the d e g r e e  of  s a t u r a t i o n  of a i r  by w a t e r  v a p o r  on the  he igh t  of  the  bed  H and the  
p a r a m e t e r s  of the  p r o c e s s  n and IX. The  d a s h e d  c u r v e  i s  c o n s t r u c t e d  by f o r m u l a  (1), and the  o t h e r  c u r v e s  
a r e  p l o t t e d  a c c o r d i n g  to d a t a  f r o m  c a l c u l a t i o n s  on a c o m p u t e r .  

The  n a t u r e  of the  c u r v e s  fo r  d i f f e r e n t  v a l u e s  of n and tx i s  v e r y  d i f f e r e n t .  C u r v e s  f o r  p r o c e s s e s  without  
hea t  evo lu t ion  (Ix = 0) a r e  c l o s e  to s t r a i g h t  l i n e s ,  f r o m  which  i t  fo l lows  tha t  v a l u e s  of a Z and b O in th i s  c a s e  do 
not  d i f f e r  so s i g n i f i c a n t l y  wi th  change  of he igh t  of the  bed .  In the  p r e s e n c e  of hea t  evo lu t ion  (Ix > 0) the  c u r v e s  
a r e  d e f l e c t e d  s i g n i f i c a n t l y  to the  r i g h t  of the  s t r a i g h t  l i n e s ,  c o r r e s p o n d i n g  to a Z = b O. It fo l lows  f r o m  th i s  
tha t  the  v a l u e s  of a Z with i n c r e a s i n g  he igh t  of  the  bed  i n c r e a s e  c o n s i d e r a b l y  m o r e  r a p i d l y  than  the  v a l u e s  of 
b |  In the  c a s e  of high va lue s  of hea t  evo lu t ion  p ,  t h e r e  i s  a d e p a r t u r e  of the  c u r v e s  to  the  r i g h t  of  the  v e r t i -  
c a l  Hne OO1, which  c o r r e s p o n d s  to  hea t i ng  up of  the  gas  due to the  hea t  of  r e a c t i o n .  In t h i s  c a s e ,  the  c u r v e s  
d r i f t  to the  s i de  o p p o s i t e  f r o m  the po in t  at which  the  p a r a m e t e r s  c o r r e s p o n d  to in f in i t e  he igh t  of  the  bed  H. 

In v i ew of  the mu tua l  e f fec t  of m a s s  and hea t  e x c h a n g e ,  and  a l s o  due to the  p r e s e n c e  of  hea t  evo lu t ion  in 
the  we t t ed  f t u id i zed  bed ,  the  a c t i v e  zones  of hea t  exchange  a r e  ex t ended  c o n s i d e r a b l y  in c o m p a r i s o n  with  the  
a c t i v e  zone  fo r  " p u r e "  hea t  exchange .  In the  we t ted  f l u id i zed  bed ,  when the cond i t ions  a r e  a s  d e s c r i b e d  in [2], 
the  c a l c u l a t e d  s i z e  of  the  a c t i v e  zone  of  hea t  exchange  ha~ z r e a c h e s  470 m m .  

The  r e l a t i o n  be tween  a Z and b | f o r  d i f f e r e n t  v a l u e s  of n and p i s  shown in F i g .  3. It can  be s e e n  tha t  
when n = 0 and p = 0, the  r a t i o  i s  c l o s e  to 1 o v e r  the  whole  r a n g e  of  v a l u e s  of a Z .  C o n s e q u e n t l y ,  the  d e g r e e s  
of c o n v e r s i o n  with  r e s p e c t  to | and Z a r e  c l o s e  to e a c h  o t h e r  at  any bed h e i g h t s .  

When p = 0 and n ~ 0, once  aga in  t h e r e  i s  qui te  c l o s e  a g r e e m e n t  be tween  the v a l u e s  of a Z and b O. The  
m a g n i t u d e  of the  r a t i o  b O / a  Z does  not  go beyond  0.5. 

In the  p r e s e n c e  of hea t  evo lu t ion  (p ~ 0), the  p r o p o r t i o n a l i t y  of b O and a Z b r e a k s  down s i g n i f i c a n t l y .  
Va lues  of b |  Z d i f f e r  g r e a t l y  f r o m  1, and f o r  a wide r a n g e  of v a l u e s  of a Z they  even b e c o m e  n e g a t i v e .  In 
F ig .  2 th i s  c o r r e s p o n d s  to the  c a s e s  when the c u r v e s  go off to the  r i g h t  beyond the l ine  OO l ,  i . e . ,  when the  
f l u i d i z e d  bed  is  not  c o o l e d  but  i s  h e a t e d  up.  

E a r l i e r  [4] we ob t a ined  f o r m u l a  (1) t h e o r e t i c a l l y  f o r  d e t e r m i n i n g  the he igh t  of the  a c t i v e  zone hZ z fo r  an 
a d i a b a t i c  p r o c e s s  t ak ing  p l a c e  in a we t t ed  f l u id i zed  bed:  

h Zaz:= - -  K1K.2K~ In (1 - -  a z) wdpc (1) 
(1 - -  e) Po 

F o r m u l a  (1) i s  o b t a i n e d  by so lv ing  the  d i f f e r e n t i a l  equa t ion  of m a s s  exchange  fo r  a f i l t r a t i o n  m o d e l  of a 
w e t t e d  f l u i d i z e d  bed  and v e r i f i e d  e x p e r i m e n t a l l y  in  [4] f o r  the  cond i t i on  when the  p a r t i c l e  t e m p e r a t u r e  
T < 40~ In  th i s  e a s e  (1 - PH) 2 ~ 1, which  e n s u r e s  an a c c u r a c y  of up to 10% with  r e s p e c t  to the  d e g r e e  
of s a t u r a t i o n  aZ fo r  a f i xed  va lue  of hZ z.  
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In o r d e r  to explain the sui tabi l i ty of fo rmula  (1) also for  o ther  p r o c e s s e s  taking place in a fluidized bed, 
Fig. 4 graphica l ly  shows the dependence of the  degree  of sa tura t ion  of a i r  by water  vapor  a Z on the height of 
the fluidized bed H fo r  different  values of n and p. The curve  cons t ruc ted  according  to fo rmula  (1) is a lso 
plotted on this graph.  

It can be seen  f rom Fig. 4 that  the curve  plotted according to fo rmula  (1) is c lose  to the curves  cons t ruc -  
ted for  p r o c e s s e s  taking place in the wetted fluidized bed without heat evolution ~u = 0) ove r  the whole height 
of the bed H. In the p re sence  of significant heat evolution, a significant  d i f ference can be seen  between the 
path of the cu rves  (in the d i rec t ion of i nc rea se  of aZ) for  a given height H and the curve  obtained by fo rmula  (D. 
However ,  fo r  values of a z > 0.95, al l  the curves  p rac t i ca l ly  coincide.  Thus,  we may  a s sume  that fo rmula  (1) 
can be used for  es t imat ing  the height of the act ive zone hZ z for  a wide c i r c l e  of heat-  and m a s s - e x c h a n g e  p ro -  
c e s s e s  taking p lace  in a wetted fluidized bed. 

N O T A T I O N  

H, total  height of fluidized bed, m; Z0, | humidity and t e m p e r a t u r e  of the a i r  at the inlet  to the appa-  
ra tus ,  kg /kg  and ~ Z~,  0 ~ ,  humidity and t e m p e r a t u r e  of the a i r  at  the outlet  f r o m  the fluidized bed of 
infinite height; T,  t e m p e r a t u r e  of p a r t i c l e s  in the fluidized bed, ~ #, quantity of heat  evolved p e r  1 kg of 
a s s imi l a t ed  mois tu re ;  gc ,  m a s s  flow ra te  of a i r ,  k g / m  2- h; F,  su r face  a r e a  of pa r t i c les  in the fluidized bed, 
l / m ;  a ,  fl, coeff icients  of heat-  and m a s s - e x c h a n g e ,  r espec t ive ly ;  P0, a tmospher i c  p r e s s u r e ,  a tm;  w, l inear  
veloci ty  of  a i r ,  m / s e c ;  coefficients  of Eq. (1): K 1 = 0.36- 104; K2, shape fac to r  of pa r t i c l e s ,  equal to  1/6 for  the 
case  of sphe re s ;  K3, ra t io  of the gas  constants  of the vapor  supplied to the fluidized bed of liquid and fluidizing 
agent ,  equal to 0.622 in the case  of wa te r  vapor  and a i r ;  HB, d imens ion less  complex ,  where B = f l F P o / g  c .  

1. 

2o 

3. 
4. 
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F O R C E D - C O N V E C T I O N  H E A T  T R A N S F E R  IN P O R O U S  

M E D I U M  W I T H  J O U L E - - T H O M S O N  E F F E C T  

A .  I .  F i l i p p o v  UDC 536.24.02 

The heat -conduct ion effect  on the t h e r m a l  field of the thro t t le  effect  is  invest igated c lose  
to the boundary of a porous  medium at low p r e s s u r e  grad ien ts .  

A t h e r m a l  field is cons idered  in two semiinf ini te  media ,  one of which is impene t rab le  and the other  of 
which is a porous  medium; in the l a t t e r  a fluid motion takes  place accompanied  by the Jou le - -Thomson  effect .  
Such a p rob lem a r i s e s  when t h e r m a l  f ields a r e  invest igated in c o l l e c t o r - c a r r i e r s  of oil and gas [1] o r  in 
var ious  insta l la t ions for  studying and util izing the Jou le - -Thomson  effect .  A wide range of heat -exchange 
p rob l ems  on the boundary of two different  throt t le  fluids can be reduced to the above p rob l em.  

It is known that  the heat-conduct ion effect  due to fluid motion is  smal l  [2]. A low p r e s s u r e  gradient  
a r i s e s  in the d i rec t ion of convection so that  the der iva t ive  of t e m p e r a t u r e  due to throt t l ing is  smal l ;  the la t te r  

Bashki r ia  State Univers i ty ,  Ufa. T rans la t ed  f rom Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 31, No. 1, pp. 
42-46,  July ,  1976. Original  a r t i c l e  submit ted  May 27, 1975. 
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