
only a mode of flow without a core  is possible. These resul ts  emerge  directly f rom the proper t ies  of the 
curves  F constructed in the axes ~ and 30 for the case of grad p=cons t .  

N O T A T I O N  

Dimensional quantities: U, velocity of upper plate; A, p r e s s u r e  gradient;  ~'0, limiting shear  s t r e s s ;  
~p, analog of plastic viscosi ty;  m, n, nonlinearity pa ramete r s  of flow curve;  h, channel width; Yi, Y2, bound- 
ar ies  of core; V(y), flow velocity;  ~, shear  velocity. Dimensionless quantities: W=V/U, flow velocity; ~ = 
y/h, ver t ica l  coordinate;  41, 42, boundaries of core ;  40, coordinate of the plane in which the shear  s t r e ss  equals 

z e r o ; f l = T / A h ,  reduced shear  s t r e s s ;  ~=~I,,U!(AJ,)" and ~0~T0,Ah, pa ramete r s .  

1, 
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S T A B I L I T Y  OF O P E R A T I O N  OF AN A P P A R A T U S  C O N T A I N I N G  
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The results  of numerical  experiments on the investigation of the stability of the fluidization 
process  relative to finite perturbations and its behavior upon cross ing  the boundary of s ta-  
bility are  presented.  

In [1] the problem of the stability of the fluidization process  was formulated in a f ramework within which 
the fluidized bed was considered as a single s t ruc ture less  element with certain operating charac te r i s t i c s ,  and 
the boundary of the region of stability in the space of the pa ramete r s  of the process  was studied in a l inear 
approximation. 

The present  report  is a continuation of [1]. The stability of the fluidization process  relat ive to finite pe r -  
turbations is demonstrated by a numerical  experiment and its behavior upon cross ing  the boundary of the region 
of stability is studied. 

In [1] a model of a fluidized bed was proposed which is described by the following equations: 

l mTt {- mg -::- k l (  q -!- q~) '-- k2q = p* __pO, (1) 

H --  H o 
q =: qo -'- p s H  =- a - - -  

H 

From the sys tem (1)-(3) we get the equation 

"kl -:- a ,H  -:- (a 2 _ asH-~-)H -:- a~H- '  § a~ ~=0, 

where 

(3) 

(4) 
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w h e r e  

ao ~ 2 (cVmkl) - l ;  at =Clo l--~ In ~ cV~)Skl~21; a2 =ao~)S (kt ~ k2); 
r 

a 3 = 2aHok2/m; a~ = --  aoaH o (k 1 -~ k2); a 5 = ao [rag - -  

_ p. ~ pO § (k~ ~ k2)(q o ~ a)]; c - M/RT; ~ = pS (Qb - -  Qo), qo ~ pSQo. 

Equa t ion  (4) has the  d i m e n s i o n l e s s  f o r m  

d3z A ( 1  Nn d2z__ [ 1 ( l )  1 ] dz 
dx ---~ -v 2 dx ~ -7 A2Nn ~ 1-7 -t- ~ dx 

[ ] - - A S N ( I + n )  I - ~  A 2B4- l +  (C+AND) =0 ,  ( 5 )  

[ [ 

z = - -  ; x = - -  (Qb - -  Qo); A = v;  
H ,  ~ H , !  A ~  

B = 2  1 ; C = 2  - ;  D=H,/I-Io; 
mg mg 

N = "-2pSkl; n = k2/kl; v ~ vcklV. 

We note  tha t  N, n, and v a r e  the  d i m e n s i o n l e s s  c o m p l e x e s  which d e t e r m i n e  the  b o u n d a r y  of  the  r e g i o n  of 
s t a b i l i t y  in [1]. 

Equa t ion  (5) was  s o l v e d  on a c o m p u t e r  by the  R u n g e - K u t t a  method  with an a c c u r a c y  of 10 -3. The  p r i n t e r  
put  out  the  c u r r e n t  v a l u e s  of x and z and the g r a p h  z = z(x). The  s t r u c t u r a l  and o p e r a t i n g  p a r a m e t e r s  o f  two 
i n s t a l l a t i o n s  ( l a b o r a t o r y  and i n d u s t r i a l ) ,  in which a t r a n s i t i o n  f r o m  n o n u n i f o r m  f l u i d i z a t i o n  to a s e l f - o s c i l l a t i n g  
m o d e  of  f l u i d i z a t i o n  has  been  o b s e r v e d ,  w e r e  used  for  the  c a l c u l a t i o n .  The  n u m e r i c a l  v a l u e s  of the  p a r a m e t e r s  
a r e  p r e s e n t e d  be low ( h e r e  and l a t e r  the  quan t i t i e s  p e r t a i n i n g  to the  i n d u s t r i a l  i n s t a l l a t i o n  a r e  g iven  in b r a c k e t s ) :  

m : 225 [60]kg/m 2, H,  ---- 0,217 [0.118] in, k~ : 387597 [110] l /m- sec, 

p : 1.29 [1.29] kg/m s, k 2 : 3875.97 [5.02]1/m" sec, Qb : 

= 0.533 [3.822] m/sec, S = 0.01 [36] m 2, Q0 = 0.05 [0.65]m/sec, 

H 0 = 0.15 [0.085]m. p* __p0 = 3217.25 [8814.55] N/m 2. 

The  p a r a m e t e r  V (the v o l u m e  of the  c h a m b e r  be low the  gr id)  and a c c o r d i n g l y  the  d i m e n s i o n l e s s  v o l u m e  v w e r e  
v a r i e d  in the  c a l c u l a t i o n s .  

It was  shown in [11 tha t  the  s t e a d y  mode  of f l u i d i z a t i o n  is  u n s t a b l e  ( s tab le)  r e l a t i v e  to s m a l l  p e r t u r b a t i o n s  

if  v l i e s  i n s i d e  (outs ide)  the  i n t e r v a l  (v1, v2) , w h e r e  v t and v 2 a r e  d e t e r m i n e d  by Eq. (15) in [1] and depend on N 
and n. In the  c a l c u l a t e d  v a r i a n t s  v 1 and v 2 have  the fo l lowing  v a l u e s :  vt = 1.435 [1.921];  v 2 = 243.865 [29.833]. 

Le t  us  e x a m i n e  the  b e h a v i o r  of the s o l u t i o n  of  Eq. (5) when v l i e s  o u t s i d e  the  i n t e r v a l  (vl,  v2) , i . e . ,  in the  
r e g i o n  of  s t a b i l i t y .  It t u r n e d  out  that  the  s t e a d y  m o d e  of f l u i d i z a t i o n  

A2N (1 -- n) 
z ,  = (6)  

2B-? ( I + ~ )  (C q- AND) 

is  a l so  s t a b l e  r e l a t i v e  to f in i t e  p e r t u r b a t i o n s .  H e r e  the  so lu t i on  of  (5) c o n v e r g e s  to z ,  the f a s t e r ,  the  f a r t h e r  v 
is  f r o m  the b o u n d a r y  of the  i n t e r v a l  (v~, v2). The  d e p e n d e n c e  of the d i m e n s i o n l e s s  t i m e  x of  e s t a b l i s h m e n t  of  
an o s c i l l a t i o n  a m p l i t u d e  of 0 . 0 5 z ,  on the  d i m e n s i o n l e s s  v o l u m e  v under  the s a m e  i n i t i a l  cond i t ions  is  p r e s e n t e d  
in F ig .  1. 

The  b e h a v i o r  of the  so lu t i on  of  Eq. (5) in the  r e g i o n  of s t a b i l i t y  is  shown in F ig .  2. 

It is  s e e n  f r o m  F i g s .  1 and 2 tha t  o p e r a t i o n  of  the  f l u id i za t i on  p r o c e s s  n e a r  the  b o u n d a r i e s  of  the  i n t e r v a l  
of  i n s t a b i l i t y  (vl ,  v2) l e a d s  to p r o l o n g e d  d a m p e d  o s c i l l a t i o n s  upon a r a n d o m  d e p a r t u r e  f r o m  the s t e a d y  mode  z . .  
tf such  o s c i l l a t i o n s  a r e  u n d e s i r a b l e ,  then  a sh i f t  of the  p r o c e s s  f a r t h e r  f r o m  the b o u n d a r i e s  of  (v1, v2) a l lows  
one to avoid  t h e m .  The p r o c e s s  can  be sh i f t ed ,  for  e x a m p l e ,  by m a k i n g  the v o l u m e  V of  the  c h a m b e r  be low the  
g r i d  s m a l l e r  o r  l a r g e r  [depend ing  on w h e t h e r  our  v a l u e  of v is  l o c a t e d  to the  lef t  o r  r i g h t  of (v~, v2)]. 

Upon c r o s s i n g  the  b o u n d a r y  of the  r e g i o n  of s t a b i l i t y  the  b r e a k d o w n  of s t a b i l i t y  o c c u r s ,  as  s u g g e s t e d  in 
[1], in a " m i l d "  f a sh ion .  When v l i e s  in the  i n t e r v a l  (v1, v2) the a m p l i t u d e  of  the o s c i l l a t i o n s  i n c r e a s e s  m o n o t o n -  

1347 



:j 
I 

25!~ 

.9 

i 
~f :? if r. ,: 

Fig. 1 

Z 

o,8 

~7 

.A /? 

5 t0 

I 
I 

Fig. 2 

Fig. 1. Dependence of dimensionless t ime x of establishment of a steady 
state on the dimensionless volume v. 

Fig. 2. Behavior of  the solution of Eq. (5) in the region of stabili ty: 1) v = 
0.718; 2) v=1.108; 
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Fig. 3. Comparison of the oscil lation frequency of a fluidized bed 
obtained f rom Eq. (5) (curves 1) and f rom the l inearized sys tem 
(1)-(3) (curves 2) as a function of v: a) for the labora tory  instal-  
lation and b) for the industrial  installation. 

ically to infinity the fas ter ,  the c loser  v is to the center  of the interval (v~, V2). The order ly  periodic osc i l la tory  
mode of fluidization shown in Fig. 4a in [1] is established only when v = v  1 or  v=v2 . 

The oscil lat ion frequencies of a fluidized bed as a function of v were calculated f rom the l inearized s y s -  
tem (1)-(3) and f rom Eq. (5). The results  are  shown in Fig. 3. 

The frequency difference does not exceed 11 [23]% and decreases  near the ends of the interval (vt, v2). 
F rom the l inearized sys tem (1)-(3) the equation for calculating the frequency has the form 

1 

{D ~- i 2 ]~I -~ k2 ~- ~kJ~PCV 1 Y 
mk,cV  pS  . (7) 

The solution of Eq. (5) in the region of instability (vl, v2) can be taken as co r r ec t  up to the dimensionless 
t ime x0 when z becomes equal to z0=H0/H,,  where H 0 is the height of the bed in the motionless state. Then Eq, 
(5) no longer descr ibes  the physical  process  of fluidization. In this case the relaxation oscillations shown 
schematical ly in Fig. 4b in [1] are  established. 

The numerical  analysis of the behavior of the solution of Eq. (5) showed that the model proposed in [1] 
gives a fully sa t i s fac tory  c r i te r ion  for the stability (instability) of operat ion of an apparatus containing a 
fluidized bed relat ive to finite per turbat ions,  and also allows one to obtain the frequency of the oscillations and 
to est imate the damping decrement  upon a perturbat ion of the steady mode z . .  

N O T A T I O N  

H, bed height; H0, H, ,  bed heights in motionless and steady fluidized s tates;  g, f ree- fa l l  accelerat ion;  kl, 
k2, coefficients of res is tance  of gas-supply sys tem and gas-dis tr ibut ing device, respect ively;  M, molecular  
weight of gas;  m, mass of bed per  unit c ro s s - s ec t i ona l  area ;  p*, p0 p re s su re  at inlet and outlet of apparatus;  
Q0, Qb, minimum fluidization velocity and average velocity of gas in the bubble phase; q, qv, total  mass - f low 
rates of gas supplied to the bed and to the free cavity; R, gas constant;  S, c ros s - sec t iona l  area of bed; V, 
volume of cavity below gas-dis tr ibut ing grid access ible  to the gas;  p, gas density; T, absolute t empera ture ;  c, 
~, q0, pa ramete r s  introduced into (4); t, t ime;  z, dimensionless bed height; x, dimensionless t ime;  A, B, C, D, 
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N, n, d imens ion l e s s  complexes  in t roduced into (5); v, d imens ion les s  volume;  ~, p a r a m e t e r  introduced into (5); 
z . ,  d imens ion le s s  bed height in s teady  f luidized s ta te ;  w, c i r c u l a r  frequency.  
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EXACT SOLUTIO~q OF COMBINED HEAT- AND 

PROBLEM DURING FILM ABSORPTION 

N. I. GrigorVeva and V. E. Nakoryakov 

MASS-TRA NSFER 

UDC 536.248.2 

Exact  solut ions of the s y s t e m  of equations of heat and mass  t r a n s f e r  accompanying absorp t ion  
of vapor  by a l iquid f i lm a r e  obtained.  Expres s ions  for the main c h a r a c t e r i s t i c s  of heat and 
mass  t r a n s f e r  a r e  obtained. 

Numerous  p r o c e s s e s  used in c h e m i s t r y ,  r e f r i g e r a t i o n ,  etc.  entai l  the absorp t ion  of vapor  by a liquid 
solution.  A c h a r a c t e r i s t i c  fea ture  of such p r o c e s s e s  is the combined t r a n s f e r  of heat and abso rba te  in the 
liquid. In p r a c t i c a l  eng ineer ing  ca lcu la t ions ,  however,  hea t -  and m a s s - t r a n s f e r  p r o c e s s e s  a re  usual ly  con-  
s i d e r e d  s e p a r a t e l y .  

In the p r e s e n t  paper  we use a s imple  model  to inves t iga te  the mutual  effect of heat t r a n s f e r  and diffusion 
p r o c e s s e s  during absorp t ion  by a f i lm. 

The t r e a t m e n t  of the p r o b l e m  of combined heat and mass  t r a n s f e r  during absorp t ion  of a pure  (with no 
admix tu re  of gas) vapor  by a f i lm of solut ion flowing down a v e r t i c a l  walt is based on the following a s s u m p -  
t ions : 

1) the wall  is i s o t h e r m a l  and i m p e r m e a b l e  for the absorbed  subs tance ;  

2) the f i lm th ickness  5 is constant ;  

3) the flow of liquid is l a m i n a r ;  

4) at the l i q u i d - v a p o r  in te r face  the n a b s o r b a t e - l i q u i d  solut ion n s y s t e m  is in a s ta te  of sa tura t ion ;  

5) wave p r o c e s s e s  in the l iquid do not affect  heat  or  mass  t r a n s f e r ;  

6) a l l  the phys i ca l  p a r a m e t e r s  of the p r o b l e m  ( thermal  diffusivi ty,  diffusion coeff ic ient  etc.) a r e  constant  
in the cons ide red  ranges  of t e m p e r a t u r e  and p r e s s u r e .  

As a model  r e p r e s e n t i n g  the s ta te  of s a tu ra t i on  we se l ec t  a l inea r  r e l a t ion  between the concent ra t ion  and 
t e m p e r a t u r e  

C = d T + b .  
The coeff ic ients  d and b a r e  de te rmined  by the vapor  p r e s s u r e .  We int roduce a Ca r t e s i an  eoord ina te  s y s t e m  
(x' ,  y ' ) ,  whose x '  axis  co inc ides  in d i rec t ion  with the ve loc i ty  v of liquid in the f i lm and whose eoord ina te  
or ig in  l ies  on the sol id  wall.  We a s sume  that in the c r o s s  sec t ion  x '=O the liquid t e m p e r a t u r e  T o and eoneen-  
t r a t ion  C O a r e  constant  over  the c r o s s  sec t ion ,  and Co is less  than the sa tu ra t ion  value co r re spond ing  to 
t e m p e r a t u r e  TO, i . e . ,  C0<dT0+b.  

We solve the p rob l em on the a s sumpt ion  that v = const .  In d imens ion les s  fo rm the s y s t e m  of equations 
r e p r e s e n t i n g  heat and mass  t r a n s f e r  in the f i lm and the boundary condit ions a r e  as follows: 
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