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It is shown that  the h e a t - t r a n s f e r  coeff icient  can be increased  by using an enclosed turbulent  jet.  

Acce le ra t ed  heat  t r a n s f e r  is the ma jo r  purpose  of many r e s e a r c h e s  in technology, pa r t i cu la r ly  ones in-  
volving granular  media ,  espec ia l ly  f luidized beds. Many studies on fluidization by gas- l iquid drople t  j e t s  have 
shown that  the h e a t - t r a n s f e r  ra te  can be inc reased  by about a fac tor  of 3 by compar ison~i ' th  a homogeneous hea t -  
t r a n s f e r  agent. Any fu r the r  acce le ra t ion  of the heat  t r a n s f e r  r equ i r e s  r e s e a r c h  on the ex te rna l  heat  t r a n s f e r  
in such beds,  which is pa r t i cu la r ly  re levan t  to the injection of turbulent  fluid je ts  into the boundary zone,  
where  one gets an annular  enclosed je t  flowing along an impermeab le  surface .  

F igure  1 shows the e s sence  of the sys tem;  the working par t  is an annular  channel fo rmed  by a cyl inder  
of d i ame te r  70 mm and the c a l o r i m e t e r  of d iamete r  22 m m ,  height 700 ram, which is se t  at the axis of the 
cyl inder  at the level  of the dis t r ibut ing grid. The wa te r  is drawn f rom the tank by a 2K-6M pump and fed to 
the heat  exchanger ,  whence it passes  via the dis t r ibut ing grid into the apparatus.  The heat  exchanger  s tabi l izes  
the input wa te r  t empera tu re .  A Kama pump produces  a turbulent  je t  in the boundary l aye r  by independent wa te r  
feed into an annular  s lot  fo rmed  by the cyl indr ical  c a lo r im e t e r  and the filling. The liquid flow ra t e s  a re  moni-  
to red  by duplicated construct ions  working with U-tube dif ferent ia l  manomete r s .  The wate r  passes  f r om the 
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Fig. 1. The apparatus:  1) tank; 2) pump; 3) heat  exchanger ;  
4) constr ic t ion;  5) valve;  6) di f ferent ia l  U-tube manomete r ;  
7) ca lo r ime te r ;  8) filling; 9)cyl inder ;  10) expansion chamber;  
11) potent iometer ;  12) null the rmos ta t ;  13) au to t r ans fo rmer ;  
14) switch; 15) t h e r m o m e t e r ;  16) distr ibution grid. 
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Fig. 2. Generalization of the m e a s u r e m e n t s  
on s tabi l ized hea t  t r a n s f e r :  1) lead,  d = 2.17 
ram;  2 and 3) a lundum, d = 2.27; 0.949 ram;  
4, 5, 6) g l a s s ,  d = 2.36; 1.34; 0.67 ram. 

working zone into an expansion vo lume ,  hence it r e tu rns  to the tank. The inlet  wa t e r  t e m p e r a t u r e  in the work  
ing zone and that  in the s lot  a re  the s ame .  The t e m p e r a t u r e  of the bed is de te rmined  as the a r i thmet i c  mean  
of read ings  taken with l abora to ry  t h e r m o m e t e r s  having scale  divis ions  of 0.1~ and inse r ted  at  the inlet  and out-  
le t ,  with the m a x i m u m  t e m p e r a t u r e  d i f ference  not exceeding 0.8~ The t e m p e r a t u r e  of the h e a t - t r a n s f e r  wall  
is moni tored  with c o p p e r - C o n s t a n t a n  t he rm ocoup l e s ,  which a re  fi t ted into the sur face  of the c a l o r i m e t e r .  The 
t h e r m o - e m f  is de te rmined  by a balance method with an R-306 poten t iometer .  The c a l o r i m e t e r  is supplied with 
ac  via an RNO 250-5 a u t o t r a n s f o r m e r .  The m a j o r  quant i t ies  were  va r i ed  within the following l imi ts :  speed of 
the fluidizing med ium 0.006-0A8 m / s e c ;  m e a n b e d  poros i ty  0.684-0.96; densi ty  of  pa r t i c l e  m a t e r i a l  2450-11s300 o 
kg/m3; equivalent  pa r t i c l e  d i a m e t e r  0.67-2.36 m m ;  je t  speed at  t heou t l e to f  the s lo t4 .3-14 .7  m / s e c ;  and s lo twidth  
0.3-0.6 m m .  Ini t ia l ly ,  the e x p e r i m e n t s  we re  p e r f o r m e d  with the je t  supplied at  a height of 20 m m  above the 
grid with a constant  heat  flux at the wall .  Measu remen t s  of the input power  and of the wall  and bed t e m p e r a t u r e  
we re  used with Newton 's  equation to calculate  the local  h e a t - t r a n s f e r  coeff ic ients ,  which gave graphs  for  the 
height dis tr ibut ion.  It  was  found that  t h e r m a l  s tabi l izat ion o c c u r r e d  at  a ce r ta in  point in the ca lo r ime te r .  The 
graph se rved  to define the length of the s tabi l izat ion region and the h e a t - t r a n s f e r  coefficient  on the s tabi l ized 
pa r t .  

The m e a s u r e m e n t s  on the s tabi l ized hea t  t r a n s f e r  we re  approximated  (Fig. 2) as 

Nue= 0,137 Re~ "31 0.5 Re e eq (1) 

with a coefficient of variation of 15.6%; the following parameters  were used as the definitive ones: the equivalent 
d i ame te r  of a po re  channel;  the actual  speed of the fluid/zing med ium in the bed; and the t e m p e r a t u r e  of the 
fluid. 

We found that  the heat  t r a n s f e r  was  affected by the d i a m e t e r  and densi ty  of the p a r t i c l e s ,  the flow speed,  
and the j e t  speed.  The s tabi l ized h e a t - t r a n s f e r  coeff icient  had a m a x i m u m  as a function of the flow speed,  
which was  due to compet ing ef fec ts  of the actual  flow speed,  the co r r e l a t ed  bed poros i ty ,  and the re la t ive  speed 
of the pa r t i c l e s .  On the other  hand,  the h e a t - t r a n s f e r  coeff icient  i nc reased  with the je t  speed,  and the l a t t e r  
had a m a x i m u m  at  a ce r t a in  inf i l t rat ion speed,  which o c c u r r e d  because  the wall  turbulence i n c r e a s e s  with the 
je t  speed [1, 2], with a cor responding  reduct ion in the th ickness  of the l a m i n a r  boundary sublayer  and hence in 
the t he rma l  r e s i s t ance .  The m a x i m u m  h e a t - t r a n s f e r  coeff icient  i n c r e a s e s  with the par t i c le  d i ame te r  and den-  
s i ty ,  since the f luidization speed then r i s e s ;  i.e., f luidization occu r s  a t  h igher  degrees  of turbulence [3, 4]. 

The h e a t - t r a n s f e r  ra te  near  the grid was  much higher  than that  in the s tabi l ized sect ion,  so in the l a t t e r  
expe r imen t s  we produced a l a r g e r  e f fec t  f r o m  the je t  by inject ing it  a t  a height of 300ram,  i~ . ,  at  a height 
where  the hea t  t r a n s f e r  was  p rev ious ly  stabi l ized.  

F igure  3 shows the mode of injection and the var ia t ion  in the h e a t - t r a n s f e r  coefficient  with height ,  where  
one can dist inguish the inlet  sect ion (near the dis t r ibut ing grid) and the p a r t  where  the je t  occurs .  The hea t -  
t r a n s f e r  coeff icients  in the inlet  sect ion do not va ry  at a given inf i l t rat ion ra t e  and a re  desc r ibed  by the 
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Fig. 3. Variat ion in hea t - t r ans f e r  coefficient over  the 
height of the ca lo r ime te r ;  ~ in W/m 2" ~ and L in cm; 
alundum d = 2.27 mm; w f =  0.21 m / s e c ;  1, 2, 3) ~s = 14.7; 
9.44; 5.27 m / s e c .  

corre la t ion  curves  of [5], as is the stabil ization length. The other section shows an increase  in the local heat -  
t r ans fe r  coefficient with the jet  speed. 

We found that the local hea t - t r ans fe r  coefficients in the stabilized r a n g e  may be descr ibed  by 

- -  = . (2)  

Here the hea t - t r ans f e r  coefficient for  stabilized heat  t r ans fe r  is defined by (1), while the stabilization length 
is defined by 

/ -~ 316 Re~ 
d~ Q e ~  :s (3)  

Then the integral  mean hea t - t r ans f e r  coefficient over  the stabilization length is defined by 

l 

0 
(4) 

Consequently,  the injected turbulent je t  acce le ra tes  the heat t r ans fe r ,  par t icu lar ly  when it is injected in 
the stabilized section; the relat ionships may be of value in the design of new equipment. 

Nu e = a<le/k is the 
d e =2ed/3(1 - e) is the 
d is the 
k is the 
e is the 
c~ s is the 
o~ x is the 
w a = r is the 
wf is the 
Pr  is the 

= (Prf /Prs)  ~ is the ~q 

l is the 
Ree = wade/v is the 

NOTATION 

Nusselt number; 
equivalent d iameter  of channel; 
equivalent d iameter  of pa r t i c les ;  
thermal  conductivity of medium; 
mean porosi ty  of bed; 
stabil ized hea t - t r ans fe r  coefficient;  
local hea t - t r ans fe r  coefficient; 
actual velocity of fluidizing medium; 
f i l t rat ion speed for  total c ross  section of annular channel; 
Prandt l  number;  
cor rec t ion  for nonisothermici ty;  
thermal  stabilization length; 
Reynolds number;  
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is  the Reynolds number  for  jet ;  
is the je t  veloci ty  at  slot;  
is the k inemat ic  fo r  bed v i scos i ty ;  
is the s lot  width. 
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Laws governing the motion of pa r t i c l e s  and gas bubbles in a nonuniform fluidized bed a r e  analyzed 
on the bas i s  of a var ia t iona l  method for  desc r ib ing  the hydrodynamics  of a f luidized bed [1] using 
functions of the potent ia l  motion of phases  around an individual bubble [2]. Theore t i ca l  r e su l t s  
a r e  compared  with exis t ing  expe r imen ta l  data [6-17]. 

The eff ic iency of technical  p r o c e s s e s  taking place  in a fluidized bed is de te rmined  to a considerable  e x -  
tent  by the nature  of gas-bubble  motion.  

A l a rge  amount  of expe r imen ta l  m a t e r i a l  has  been accumula ted  on the laws governing the motion of indi-  
vidual bubbles a r t i f ic ia l ly  injected into a f luidized bed a t  f i l t ra t ion r a t e s  close to the ra te  for  initiation of f luidi-  
zation [3]. Relat ions  were  es tab l i shed  which de te rmined  the veloci ty  and size of such bubbles.  Potent ial  func-  
t ions w e r e  a lso  obtained which desc r ibed  the motion of phases  in the neighborhood of a r i s ing  gas bubble [2, 4, 
5]. 

The re  is a l a rge  amount  of data on the motion of bubbles in a fluidized bed at f luidization numbers  g r e a t e r  
than one [6-17]. The r e su l t s  of the va r ious  inves t iga tors  a re  cont rad ic tory ;  the laws governing the motion of 
bubbles a r e  not c l ea r  and the re  a re  no sufficiently jus t i f ied theore t ica l  models  which would make  it poss ib le  to 
obtain quanti tat ive laws governing the motion of the bubbles.  

I t  was  shown [1] that  one can obtain a r ep re sen ta t i on  of the averaged  veloci ty  and phase  concentrat ion 
f ie lds  in a nonuniform fluidized bed by using a var ia t iona l  formula t ion  of the motion of a two-phase  sys tem.  

We consider  the following s impl i f ied  model  of a sys t em.  We confine ourse lves  to the two-dimens ional  
case .  In accordance  with the concepts  of the s imp le s t  two-phase  theory  [3], we consider  a fluidized bed con-  
s is t ing  of an emuls ion  phase ,  in which the pa r t i c l e  concentra t ion is constant  and equal to E 0, and ascending gas 
bubbles. We a r b i t r a r i l y  divide the bed into ce l l s ,  each of which cons is t s  of a bubble with a following hydro -  
dynamic  wake and surrounding emuls ion  phase .  The s ize  of the cell  and the radius  of the bubble will  i nc r ea se  
during motion f r o m  below upwards .  The ra t e  of bubble r i s e  will i nc rease  correspondingly .  We introduce the 
quantity n - the number  of bubbles at  a d is tance h ve r t i ca l ly  above the gas -d i s t r ibu t ion  grid.  

The veloci ty  f ie lds  of the gas and p a r t i c l e s ,  and a lso  the s ta t ic  p r e s s u r e  field outside the bubble and i ts  
hydrodynamic  wake,  a r e  desc r ibed  by known functions [2] which in a fixed coordinate s y s t e m  with an or igin 
coinciding with the center  of a r i s ing  bubble at  a given t ime  a re  of the f o r m  

a) veloci ty  of solid phase:  
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