
TABLE 2.  Influence of Fo rm of Mois ture  Bonding and Drying T e m p e r a t u r e  on the Kinetics of the 
P r o c e s s  of Thread  Deformat ion  

Experimenta 1 
temperature, 
"K 

313 

353 

393 

Moisture 
content cor- 
responding 
to beginning 
of deformation, 
~ 

140 

165 

170 

Moisture 
content cot- 
responding 
to maximum 
rate of de- 
formation, % 

20-45 

30-60 

30-60 

Maximum 
rate of de- 
formation 
%/rain 

0.25 
1.03 
1.60 

maximum 

5.9 
6.5 
6.9 

Relative deformation of thread~ % 

correspond ing 
to elimination 
of moisture 
from macro- 
pores 

3.2 

4.0 

4.3 

correspond ins 
to eliminatior 
of moisture 
from micro- 
pores 

1.4 
1.8 
1.9 

correspond ing 
to elimination 
of adsorbed 
moisture 

1.3 

0.7 

0.7 

Thus, shr inkage  effects  in v i scose  th reads  when d r i ed  a r e  governed p r i a c i p a l l y  by the forms  of bonding 
of the w a t e r  e l imina t ed ,  and the s t ab i l i za t ion  of the porous s t r u c t u r e  of the th reads  is governed  by the number  
of repea ted  d ry ing  and wetting ope ra t ions .  Cyc l ica l  w e t t i n g - d r y i n g  thus gene ra t e s  a s ign i f ican t  reduct ion in 
the vo lumes  of the m a c r o p o r e s  and m i c r o p o r e s .  
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I N T E R R E L A T E D  H E A T  A N D  M A S S  T R A N S F E R  IN 

A F L U I D I Z E D  B E D  IN A N  O S C I L L A T I N G  MODE 

V. A .  S h e i m a n  UDC 66.047.01 

The prob lem of the i n t e r r e l a t e d  hea t  and m a s s  t r a n s f e r  in a f luidized bed in an osc i l l a t ing  mode 
is fo rmula ted  with al lowance fo r  the c i r cu la t ing  motion of the p a r t i c l e s ,  and i t s  solut ion is ob-  
tained with some  a s s u m p t i o n s .  

As is known, a spec i f ic  p r o p e r t y  of hea t  exchange in a f luidized bed cons i s t s  in the fact  that the p a r t i c l e s  
of the bed undergo a b r i e f  t e m p e r a t u r e  pulse in a thin l a y e r  near  the g r id  owing to heat  t r a n s f e r  f rom the f luid-  
iz ing agent  to the p a r t i c l e  su r f ace .  The t e m p e r a t u r e  of a pa r t i c l e  fal ls  with g r e a t e r  d i s tance  f rom the g a s -  
d i s t r i bu t ing  g r id  because of the effect ive heat  conduction of the bed and the conduct ive propagat ion  of heat into 
the p a r t i c l e ,  and s t a r t i ng  with a c e r t a i n  height the bed becomes  i s o t h e r m a l .  Thus, the t e m p e r a t u r e  of a p a r t i -  
c le  in the l a y e r  n e a r  the g r id  d i f fe rs  f rom i ts  t e m p e r a t u r e  in the r ema in ing  volume.  This t e m p e r a t u r e  d i f f e r -  
ence can reach  cons ide r ab l e  amounts .  F o r  example ,  accord ing  to the e x p e r i m e n t a l  data of [1] the surface  of a 
m o i s t  g r a i n  pa r t i c l e  is heated by 20~ in 0.2 sec ,  by 30 ~ in 0.3 sec ,  and by 49 ~ a f t e r  0.5 sec .  Upon fu r the r  heat -  
ing the t e m p e r a t u r e  d i f fe rence  between the su r face  and c e n t e r  d e c r e a s e s ,  although even a f t e r  3 sec  it was s t i l l  
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F ig .  I .  F o r  the fo rmu la t i on  of the 
boundary condi t ions:  a) d iagram of 
mutual  motion of pa r t i c l e s  and f lu-  
i d i z ingmed ium;  b) d i r e c t  flow; c) 
counterf low;  1) hot a i r ;  2) cold a i r ;  
3) d i r ec t i on  of pa r t i c l e  motion.  

10 ~ despi te  the i n c r e a s e  in t e m p e r a t u r e  a t  the cen t e r  of the pa r t i c l e  ( 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  
agent  t h = 280~ Accord ing  to  [2], fo r  a m o i s t  g r a in  h = 0.116 W/m.deg ,  while a = 0.7" 10 -3 m2/h; we take 

= 1 7 5 W / m  z ' d e g ,  and then f o r d  = 4 r a m  and T = l  sec  we have Bi =3.0  and Fo =0 .05 .  Accord ing  to [3] the 
exces s  t e m p e r a t u r e  at the su r face  of the pa r t i c l e  is 48.5 ~ (~0 = 20~ while with Bi = 4 and Fo = 0.005 (~" = 0.1 
sec)  it is 29~ (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  agent t h = 130~ in both c a s e s  the t e m p e r a t u r e  at  the 
c e n t e r  of the pa r t i c l e  is  p r a c t i c a l l y  cons tan t .  These data  pe r ta in  to heat ing of the pa r t i c l e ,  s ince because  Lu << 
1, it  is na tu ra l  to a s sume  that  the evapora t ion  of mo i s tu re  or  its r ed i s t r ibu t ion  over  the c ross  sec t ion  of the 
pa r t i c l e  does not occur  dur ing  a b r i e f  hea t  pulse .  

At the s ame  t ime ,  in ca lcu la t ions  i t  is val id  to assume that the final t e m p e r a t u r e  of the m a t e r i a l  is ap-  
p r o x i m a t e l y  equal  to 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  agent leaving the bed [4]. F o r  h e a t - s e n s i t i v e  p rod -  
ucts ,  however ,  o r i en ta t ion  to the final 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  agent  without al lowance for  poss ib le  
overhea t ing  of the p a r t i c l e s  n e a r  the g r id  can lead to i r r e v e r s i b l e  changes degrad ing  the p r ope r t i e s  of the m a -  
t e r i a l  of the p a r t i c l e s  (the death of l iving o r g a n i s m s ,  decompos i t ion  of the m a t e r i a l ,  the r e l e a s e  of undes i rab le  
s u b s t a n c e s ,  mel t ing  or  fusion, c r a c k i n g  of the p a r t i c l e s  because of t he rma l  s t r e s s e s ,  e tc .) .  This per ta ins  
e s p e c i a l l y  to those p a r t i c l e s  for  which one cannot neg lec t  the t e m p e r a t u r e  g r ad i en t  over  the c r o s s  sec t ion ,  
s ince  dur ing  a b r ie f  pulse the su r f ace  l a y e r s  a r e  subjec ted  to overhea t ing ,  while the i n t e g r a l - a v e r a g e  t e m -  
p e r a t u r e  over  the volume of the pa r t i c l e  can r e m a i n  low and its final value may not exceed the p e r m i s s i b l e  
l imi t .  M o r e o v e r ,  one mus t  c o n s i d e r  that the pa r t i c l e  is r e pe a t e d l y  subjec ted  to such overhea t ing .  An examina -  
tion of the dynamics  of the heat ing of a pa r t i c l e  with r e s p e c t  to the height is e s p e c i a l l y  e s s e n t i a l  for an o s c i l l a t -  
ing mode of d ry ing ,  s ince  with this method of hea t  supply  one of the e l ements  of the in tens i f ica t ion  of the p r o -  
c e s s  cons i s t s  in r a i s i ng  the ini t ia l  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  agent  dur ing  the heat ing pe r iods .  

F o r m u l a t i o n  of  t h e  P r o b l e m  

The basic  equations of i n t e r r e l a t e d  heat  and m a s s  t r a n s f e r  [5] with boundary condit ions of the third kind 
a r e  a lso  val id  for  a f luidized bed.  In the m a j o r i t y  of c a s e s  of p r a c t i c a l  impor t ance ,  however ,  the comple te  
s y s t e m  of equations and some boundary  condi t ions can be s imp l i f i ed .  Because of the s m a l l n e s s  of the hea t -  
g r a d i e n t  coeff ic ient  5 for  the m a j o r i t y  of m a t e r i a l s  [6] and the c o n s i d e r a b l e  t ime lag of mo i s tu re  f i e ld  re la t ive  
to the t e m p e r a t u r e  f ield fo r  h e a t - s e n s i t i v e  m a t e r i a l s  [7], the values of the Posnov and Lykov numbers  are  ve ry  
s m a l l ,  as an ana lys i s  shows [8]. Because  of this one can a lso  a s sume  that  the mo i s tu re  content  of a pa r t i c l e  
v a r i e s  only in t ime,  r emain ing  cons tan t  ove r  the height  of the bed. In the d ry ing  of hea t - s ens i t i ve  m a t e r i a l s  it  
is impor t an t  to achieve condit ions such that  deepening of the evapora t ion  zone is p revented ,  i .e . ,  so that  the 
m o i s t u r e  within the pa r t i c l e  moves  in the form of a liquid. In this c a s e ,  as is known, the p h a s e - c o n v e r s i o n  
c r i t e r i o n  is $ = 0. 

In the t h e r m a l  t r e a t m e n t  of m a t e r i a l s  in a f lu idized bed the sy s t em of equations mus t  be c losed  by the 
equation of hea t  balance fo r  the f luidizing medium,  which has a d i f fe ren t  form for  continuous and per iodic  p ro-  
c e s s e s .  The boundary condit ions a t  the p a r t i c l e  su r face  a r e  a l so  changed in this c a s e .  

A per iod ic  d ry ing  p r o c e s s  is c h a r a c t e r i z e d  by continuous va r ia t ion  with t ime in the t e m p e r a t u r e  and 
m o i s t u r e  content  of the en t i r e  co l l ec t ion  of p a r t i c l e s  of the bed and in the coeff ic ients  of heat  and m a s s  t r a n s -  
fe r .  In this case  the t e m p e r a t u r e  of the f luidizing medium is a function of the coord ina te s  and t ime .  
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Fig. 2. Graph of variat ion in the function Z(Fo) 

[Eq. (5)]: 1) Zup = ~ "FOup; 2) Zdo = l - V x  • 
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A continuous drying process  in a fluidized bed is charac te r ized  by constancy of the s ta t i s t i ca l -average  
mois tu re  of the entire bed in a given c ross  section with time, and the temperature  of the hea t - t r ans fe r  agent 
is also constant  in time in a constant  c ross  section of the bed. However,  for each separate element of the bed 
the p rocess  is unsteady, since the brief tempera ture  pulse in the layer  near  the grid leads to the formation of 
a t ransient  tempera ture  field of the mois t  par t ic le ,  and therefore a s y s t e m  of equations of interrelated heat 
and mass  t r ans fe r  is valid for  the part icles of the bed. In this case dt/dT = 0 and the balance equation for the 
fluidizing medium can be written as [9, 10] 

r [t (h, T) - -  ~ (R, h, r)] dh = - -  Lc f l t .  (1) 

Integrating Eq. (1) from t(0, T) to t(h, T) and from 0 to h, in dimensionless  form we obtain 

T(Z,  Fo) = O(1, 1, Fo) -r iT(0, Fo) --O(1, 1, Fo)] exp (--pZ). (2) 

Although Eq. (2) is obtained with the condition of constancy of the particle tempera ture  over  the height of 
the bed, it is confirmed well by experimental  data. Here the dimensionless flux of mois ture  can be represented 
as follows: 

Kim(Fo ) = Bi,r - -U(1,  Fo)]. (3) 

As is known, the motion of par t ic les  in a fluidized bed has a chaotic random nature.  In this case the 
velocity of part icle motion can be represented as a superposi t ion of determined and random components.  

To allow for  the effect of the particle motion in the bed on the variat ion in particle tempera ture  over  the 
height of the bed we make the following assumptions:  

1) the hydrodynamic environment  is identical in all ver t ica l  c ross  sections of the bed; with this condition 
the random velocity component of part icle  motion is reflected only in the average value of the deter -  
mined component,  since the point of a given horizontal  c ross  section of the bed at which the particle is 
found makes no difference at all; 

2) the principle of equivalence of the choice of an a rb i t r a ry  particle of the bed occurs ;  consequently,  the 
resul t  of an analysis of the heat and mass  t r ans fe r  for  any particle of the bed can be extended to any 
other particle of the bed. 

These assumptions make it possible to formulate the following phenomenological model of heat exchange 
in a fluidized bed with allowance for  the circulat ing motion of the par t ic les ;  one considers  a fixed particle for 
which the heat  exchange takes place with a medium having a tempera ture  which varies  in accordance with 
Eq. (2). Consequently, Eq. (2) ref lects  the presence of an ensemble of par t ic les .  Despite the chaotic nature of 
part icle  motion in the bed, the determined component  has a c lear ly  expressed ver t ica l  reciprocat ing nature 
(the c i rculat ing motion of the par t ic les  [11-13]). Since the gas motion occurs  in only one direct ion (upward), 
the heat exchange between the fluidizing agent and the part icles  proceeds by the direct-f low principle during 
the upward motion of the part icles (from the gas-dis t r ibut ing grid to the top section of the bed) and by the 
counterflow principle during the downward motion of a part icle (from the top section of the bed to the g a s - d i s -  
tributing grid),  as i l lustrated in Fig. 1. 

Thus, Eq. (2) must  be writ ten as follows: 

T(Z ,  Fo)= / O(1' 1, Fo)q-[T(0, Fo)--O(1, 1, F o ) l e x p ( - - p Z ) , O ~ Z ~ l ,  
|O(1, 1, Fo)-i-[T (0, Fo)--O (1, 1, Fo)]exp(--pz), 1.~<Z~0. 

(4) 
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Fig.  3. Var ia t ion  in temperature of f lu id iz ing 
medium: I )  in i t i a l ;  2) dur ing f i l t r a t i on  through 
the bed. 

Consequently, the ver t ica l  coordinate Z is a function of time, i.e., Z(Fo). Since reciprocat ing particle 
motion occurs ,  the function Z(Fo) is periodic.  In the general  case ,  as is shown in [14, 15], for example,  the 
average particle velocities upward v + and downward ~fi are  different.  Then the perilodic function Z(Fo), as 
follows f rom Fig. 2, can be represented in the form 

Fo m Fomo, mFomo<Fo<mFomo-F Foup 
Z (Fo) = Foup 

Fo Fomo (5) 
FOdo F (m+ 1) F~o-o ' m Fornoq-Foup< Fo < (m+ I) Famo 

(m = 0, 1, 2, 3 . . . ) .  

Z (Fo)=0 for Fo<0 and Fo>(m-- 1) Fo mo; Fomo =Foup+FO do 

For convenience in the later calculations we introduce the intermediate value of the quantities: 0 -< Fo u --< 
FOup; 0 -< Faro -< FOdo. Vr known average values of the dimensionless velocities of particle motion upwar~ 
~+z and downward 7r we have the following: FOup = Z/~z+; FODo = (1-Z) /~  If one takes into account FO~p and 
Faro , then the limits of Fo take the following values for upward particle motion (ascent) and downward particle 
motion (descent). For the last period of particle ascent the top line in (5) is written as follows: mFomo < Fo < 
mFomo + FO~p; for particle descent in the last period the bottom line in (5) has the following form: mFomo + 
FOup < Fo < mFomo + FOup + Faro. Thus, the position of a particle along the height of the bed is determined 
by the value of FO~p and FO~l o during its ascent  and descent ,  respect ively .  In a real fluidization process  the 
part icle does not always reach its ext reme positions. In calculations for  the upward motion of a part icle one 
can consequently be limited to some value Fo{a p < FOup, especia l ly  since the bed becomes i so thermal  af ter  the 
sect ion of thermal  stabil izat ion.  As for  the downward motion of a part icle ,  the particle temperature  for  FOlio ~ 
0 is of the g rea t e s t  interest .  With allowance for  (5), Eq. (4) can be writ ten as follows: 

T (Z, Fo)=O(1, 1, Fo)+[T (0, Fo)--@ (1, I, Fo)l exp [--pZ (Fo)]. (6) 

In an oscillating mode of drying the initial t empera ture  of the hea t - t r ans f e r  agent is a periodic function 

of time [6]: 

[rh, O<Fo<Fo  a 
ma ma, 

T(0, Fo)=/Tco ,  Foh:+- k F o c < F o  < F O h ~  kFoc q- Foco, (7) 
/ 
/Th, F o ~  k Foe+ F o c o < F o < F o ~ - ( k +  1) F%, (k=0, I, 2, 3...), 

T (0, Fo) ----- 0 for Fo < 0 and Fo ~. (ku-t 1) Fo c , 

The p re l iminary  heating of the mate r ia l  is taken into account  in Eq. (7). 

In each period of heating or  cooling a particle repeatedly undergoes upward and downward motion, but a 
fully determined n u m b e r  of t imes.  Therefore ,  the quantity m in l~.q. (5), which charac te r i zes  the number  of 
ascents  and descents  of a part icle in the bed in each of the periods of heating and cooling, is a finite quantity. 
We introduce the intermediate  quantities 0 -< Fa ro  -< FOco and 0 ~ FOl~ - Fo h. A simple relationship exists  
between Fo '  , Fo '  , and Fo" �9 Fo '  = t u f a - -  o + Fo '  for  periods of part icle ascent  and Fo [_ = mFomo + FOup+ CO Up dO" CO ~,x up , uo 
FO~o for  periods of  descent.  The same relations are  also valid for Foh. With allowance for  the intermediate 
values the las t  two lines in (7) take the following values for the las t  cycles  of cooling and heating: Fo~na+ 
kFo c < F o  < F o ~  a + k F o  c + F O c o ( k = 0 , 1 , 2 , 3  . . . .  )and Fot~a + ( k - 1 ) F o  c +FOco < F o  <Fo~  na + k F o  c (k = 1, 
2, 3 . . . )  for  t h e l a s t  cooling cycle (FOco instead of Fa ro  for  all but the last  cycle);  Fo~ na + kFo c < Fo < Fo~ na + 
kFo c + FOco and Fo~ na + kFo c + FOco < Fo < Fo~ na  + kFo c + FOco + Fo~a (k = 0, 1, 2, 3 . . . )  for the last  heating 
cycle (Fo h instead of Fo~ for all but the las t  cycle) .  

1174 



Thus ,  with a l lowance  fo r  the condi t ions  f o r m u l a t e d  above,  we a r r i v e  at  the following initial s y s t e m  of 
equa t ions :  

0 0 ( X , Z ,  Fo) 020(X,Z,  Fo) , F 00 (X ,Z ,  Fo) 

0 Fo cgX 2 X OX 

OU(X, Fo - -L  f O'U(X' 2 + P~x OU(X, ]' 

u (x, o)= o, o (x, z, o)= o, 

OU(X, Fo) [ q-Bim[l--U(l, Fo)]=O,  
- -  ax ix I 

O0(X,oxZ, Fo) x=q-Bim[1--U(1, Fo)]KoLy--Bi{O(1, t, Fo) 

- -  O (1, Z, Fo)%[T (0, Fo) - -  O (1, 1, Fo)] exp [ - -  pZ (Fo)]} = 0, 

OU(X, Fo) -I = 0 ,  00(X, Z, Fo) ! = 0 .  

OX Jx=o OX ix=0 

(8) 

(9) 

(10) 

(11) 

(12) 

(13} 

A n a l y t i c a l  S o l u t i o n  

Since the cont inuous p r o c e s s  is of the g r e a t e s t  i n t e res t ,  we will  be confined to a solut ion fo r  only this 
c a s e .  F i r s t  we so lve  an aux i l i a ry  p rob l e m  - Eq,  (9) with the condi t ions  (10), (11), and (13) fo r  U. Applying 
a Lap lace  t r a n s f o r m ,  with a l lowance fo r  (10) we obtain  the fol lowing in the t r a n s f o r m  region  in place of (9): 

d2U(X, s) + r dU(X, s) ] 
slY(X, s) = Ly dX 2 X dX " (14) 

Let  us c o n s i d e r  the equat ion 

with the condition 

We r e p r e s e n t  FF(X ) in the fo rm 

d~ Fr ( X) F ~dF ~X 
ff - - r , - - ,  _ Fr(X ) (15) 

dX X dX 

dF r (X) I 
dX x=o = 0. (16) 

F r (X) = ~ al, X k. (17) 
k = 0  

Subst i tu t ing (17) into (15) with a l lowance  for  (16), we obtain the fol lowing e x p r e s s i o n  for  FF(X):  

~ o  X2k Yr (X) = = (2k)~ ( 2 ~ - -  i + r)~ (18) 

We note that  a solut ion of an equat ion of the type of (8) was obtained in ano the r  fo rm in [17, 18]. The 
funct ion FF(X) is even .  P a r t i c u l a r  c a s e s  of the funct ion F F ( X  ) a re  

F0(X ) = ch(X); FI(X ) = I0 (X); F.,(X) _ shX 

X 
- - - - ;  F r ( O ) =  1. 

With allowance for (13), the solution of Eq. (14) in accordance with (15) can be written in the form 

_ , s~ X U (X, s) = A* (S) Fr ( ] / /  ~ -  ), (19) 

w h e r e  the in tegra t ion  cons t an t  A*(s) is d e t e r m i n e d  f r o m  the condi t ion  (11). 

Le t  us now turn  to the so lu t ion  of the ma in  p rob lem.  In the t r a n s f o r m  region we have in place of (8) 

s~)(X, Z, s ) =  d2~)(X' Z, s) ~ r d@)(X, Z, s) (20) 
dX ~ r- -~- " dX 
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The so lu t ion  of  Eq.  (20) is wr i t t en  ana logous ly  to Eq. (19) in the f o r m  

iX, Z (s), s] = A [Z (s), s] F r (V'sx).  (21) 

In the d ry ing  of h e a t - s e n s i t i v e  m a t e r i a l s ,  as is known, the m a x i m u m  final t e m p e r a t u r e  m u s t  not  exceed 
the l imi t ing  p e r m i s s i b l e  t e m p e r a t u r e .  With p r e l i m i n a r y  heat ing [19] in the top sec t ion  of  the bed (Z = 1) the 
t e m p e r a t u r e  O(1, 1, Fo) of the m a t e r i a l  is  a p p r o x i m a t e l y  equal  to the m a x i m u m  p e r m i s s i b l e  t e m p e r a t u r e  | 
and with a c e r t a i n  a p p r o x i m a t i o n  it can  be taken as a cons tan t  quant i ty .  Consequen t ly ,  

0 (1, l, Fo) = (9* = const. (22) 

The so lu t ion  of  the p rob lem will  thus re f l ec t  the law of va r i a t ion  of the t e m p e r a t u r e  of the m a t e r i a l  f rom 
the value r e c e i v e d  in the t e m p e r a t u r e  pulse at the g r id  to the m a x i m u m  p e r m i s s i b l e  value @*. Consequent ly ,  
the ca l cu l a t i on  c o m e s  down to the d e t e r m i n a t i o n  of | Z, Fo) f o r  0 -< Z -< 1 with a known | 1, Fo).  

H e r e  we neg lec t  the s m a l l  t e m p e r a t u r e  changes  dur ing  the heat ing and cool ing  per iods  fo r  O(1, 1, Fo).  
With a l !owance  f o r  (22), the condi t ion  (12) is r ewr i t t en  as fol lows:  

OO ] +Bim[1 - - U ( 1 ,  Fo)] KoLy --BiO*[1 - -  exp(--pZ(Fo))l OX Ix=l 

+ Bi @ (1, Z, Fo) - -  Bi T (0, Fo) exp [--pZ (Fo)] = 0. 

(23) 

P e r f o r m i n g  the i n t e rm e d i a t e  ca l cu la t ions  and conve r t i ng  to the inve r se  t r a n s f o r m  on the bas is  of the 
expans ion  t h e o r e m ,  we obtain the f inal  so lut ion in the fol lowing f o r m :  

(9 (X, Fo) = (9" - -  ~ exp v n ; 

-- f~xFr(#t~X)F~ bt2Foup Q2Fr(i~t~X)Fod~ ] ~ 1  ] exp ( - -  ~t~Fo), (24) 

whe re  Ko* = Bi2mKoLy; Bi* = B i m K o L y  - Bi ~ .  In Eq.  (24), | is wr i t t en  as a funct ion of the two va r i ab le s  X 
and Fo ,  s ince Z is a funct ion of Fo .  In (24), the F o u r i e r  n u m b e r  takes on d i f f e ren t  va lues :  Fo = Fo ma  + kFo  c + 
FO~o fo r  a cool ing  per iod  and Fo  = Fo~ na + kFo  c + FOco + Fo~ fo r  a heat ing per iod .  One m u s t  a l sobeons ide r  
tha t  FO~o and Foil have d i f f e r en t  va lues  fo r  the pe r iods  of pa r t i c l e  a scen t  and descen t .  The s e p a r a t e  quan t i -  
t ies  in (24) a re  d e t e r m i n e d  as fo l lows:  v = i4~-Ly, i .e . ,  s = - L y v  2, where  s n a re  roots  of the equat ion 

/a = i4g', i .e . ,  s = _/~2, where  in this ease  s n a re  roots  of the equat ion  

(F r V'sX)x=, + Bi F r V s  = 0. (26.) 

The va lues  of ~l(v n) and r with the subs t i tu t ion  of v n o r / a  n fo r  Sn, a re  obtained f rom the e x p r e s s i o n  

i- t [- -} -  

X [(Fr Vs-X)x=l}- ml F F V ; ]  "@ S[ (F  I, 
f -  I V ~ X)x ='+BimFr l / /  ~ ]  {[(Fr]/sX)x:' ]; + Bi(FrVs);}" (27) 

We note that  when s n = - L y v 2  n the second  t e r m  in (27) equals  z e r o  because  of (25), and when s n = _/~2 the f i r s t  
t e r m  equals  z e r o  because  of (26). The value  of  ~b~(gn), with the subs t i tu t ion  of p n f o r  s n, is d e t e r m i n e d  f r o m  

the equa t ion  

~ (s) = [(F r t/-~X)x=d: + Si (F r V'~: 

(the index shows the p a r a m e t e r  with r e s p e c t  to which the de r iva t ive  m u s t  be taken);  

g~l = Bi j~l)m+ Bi j(x) __ Bi O*J O), (28) 

f~ = B i  J~2)m-t- Bi J(~) - -  Bi O*J ~), (29) 
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where  

h = Th t ~ l S t l z  - -  

j~2)m ,~ (2) 
= , , 2 s , , , + t  exp (-- p ) .  

The quant i ty  j ( i )  takes  on d i f f e ren t  va lues  in a c c o r d a n c e  with (5) and (7) depending on whe the r  heating o r  
cool ing of the m a t e r i a l  occu r s  and with a l lowance for  the a scen t  o r  de scen t  of the p a r t i c l e s .  In a c c o r d a n c e  
with (7) and Fig .  3, following the p r e l i m i n a r y  heat ing the re  o c c u r  the cool ing and then the heat ing oil the m a -  
t e r i a l ,  which in an osc i l l a t ing  mode  a re  pe r iod i ca l l y  r epea t ed .  F o r  cool ing dur ing  a scen t  we have 

xexp - -  P --F; ,  Foco , co ~ 1,,, - - l - ' - e x p  - -  P 
Foup ~ F~ 

, F~ 

s,,,+~ exp O;~ ~- FOdo ) 

F o r  cool ing dur ing  d e s c e n t  

] +Tco ~("1 s[,~-~] 6.2exp ~t;~ 4- P ' ma ~ Foil-- p ~ k + l  s (31) 

co = ThS~ ~ [ P -' 
L -  / 

• - -  P~--Foup F~ Fo co + Too s (l)k+151s(~),~ exp - -  F~  

c o  - -  Th s~21 (~ p ~ ma s.,+l exp ,u;, 4- Foco 6. + Too ~c21 _(2) 6;) exp F ~ o )  P " . ~k+~ ( 3 3 )  

In Eqs .  (30)-(33), k = 1, 2, 3 . . . .  in the co f ac to r s  to Th; k = 0, 1, 2, 3 . . .  in the eo fae to r s  to Tco.  F o r  heat ing 
dur ing  a s c e n t  

[( ,l) [Th vl~"/ [ ~ ( l ) - - 1 4 - e x p  - -  FoupP--ta~;(mF~176176 j~l)ap= 

• 2 4 7  Too (81s~)--l)]s~, exp[-- (~-uoPup--D:)Fo~l ,  (34) 

FOdo 

F o r  heat ing dur ing  d e s c e n t  

[ ~, Foup ] 

= _ , ~ k + l  ~t;~ ~ p . j~2)do r h (6~s{m 2) 4- 6;) exp ~t~ 4- F--~do F~176 4- Te~ s(~2)62 exp Fo~ a-- (37) 

In Eqs .  (34)-(37) k = 0, 1, 2, 3 . . . .  

The quant i ty  J (i = 1 , 2 )  takes  on d i f f e r en t  values  in acco rdance  with (5) depending on in which per iod ,  
dur ing  the a scen t  of a pa r t i c l e  o r  its de scen t ,  the t e m p e r a t u r e  of the m a t e r i a l  is c a l cu l a t ed .  

Dur ing  the a scen t  of the pa r t i c l e  

[( 1 ~molOmP = 61 sO)m - -  t 4- exp F,~--2 P (m F~ F~ ; (38) 
/ 
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During the descent of the particles 

l ( l i d ~  'S~(l) l ;  l ( 2 ) d o _  ~ (2) ~mo = vl~,, - -  ~mo -- (o~,,, -1- 62) exp (-- p). 

The s e p a r a t e  quant i t ies  in (30)-(39) a r e  d e t e r m i n e d  as fol lows:  

( o )  
6~ = exp p;, P Foup-- exp ~tn 2 -  Fomo; 

Foup 

6,, = exp ( I-t: + Fo-~o) F~ exp ( P~, -i- -~OPdo) F~ 

(39) 

~  P " ~; = exp [ (~X § V~oPao)(m F~ F~176247 F~ [( ~;'-F~oao) (m F%~ Fo.0]; 

S~ 1 ) = 

1 - -  exp 

1 - -  exp 

1 - -  exp 
S~ 2) : 

1 

S(1) k-t--I 

1 - - e x p [ ( g 2 - - F ~ u p ) ( k - t - 1 ) F ~  

FOup, 

l - - e x p [ (  ~t,2~ + F ~ d o ) ( k + l ) F o c ]  
(21 
k-~t = 

1 - - e x p ( g ~ , - -  P ~ m F o  
s(l ) = Foup] mo. 

1 - - e x p ( ~ t ~ - - ~ P / F o  
Fo upJ mo 

S~ 2) ~ ' ; 

1- -exp  i~;~ ~ o d  ~ 

{2).  Srh+, = 

In Eqs .  (30)-(39) only the quant i t ies  m a r k e d  by p r i m e s  a re  v a r i a b l e s .  Thus,  by ass ign ing  the value of 
FO~p or  Fo~t o one can  ca lcu la te  the t e m p e r a t u r e  of the m a t e r i a l  as a funct ion of its posi t ion in the bed at  any 
m o m e n t  of the pe r iod  of a s c e n t  o r  d e s c e n t  of a pa r t i c l e  dur ing  its heat ing o r  cool ing.  The o r d e r  of ca lcu la t ion  
by Eq.  (24) with a l lowance f o r  (30)-(39) is  as  fol lows:  f o r  each  m one ca lcu la te s  all  n, and f o r  each  k one ca l -  
cu la tes  all m.  

The roots  Pn and v n have been ca lcu la ted  and tabulated [3, 5] fo r  bodies of r e g u l a r  shape ( sphere ,  cy l in -  
d e r ,  plate) .  In his nex t  publ ica t ion the a u t h o r  hopes  to ana lyze  the solut ion fo r  bodies of r e g u l a r  shape with an 
example  of the ca lcu la t ion  of the t empera tUre  field of a mo i s t  pa r t i c l e .  
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In solving the problem the law of motion of the part icles  in the fluidized bed or  at least  the average veloc- 
ity of thec i rcu la t ing  motion of the part icles was assumed to be known. In our opinion the opposite formulation 
is also possible: from the known law of var ia t ion of the temperature  of a particle one can es t imate  its move- 
ment in the fluidized bed. It seems to us that the measurement  of the particle temperature  is a s imple r  task 
than the study of its motion, it being sufficient to know the particle temperature  at any one point. In such a 
formulat ion the mos t  laborious operation is the calculation on a computer  on the basis of the equations ob- 
tained. However,  the inverse problem can be considerably simplified for this purpose.  

Bi = ~R/h 

Bi m = amR/k m 
Fo = a , / l ~  2 

Kim = Ym (r)R/amY(U0-- Ue) 
Ko = p (% - Ue)/Cma(t h -  O h) 
Ly = a/a m 
Pn 

T= , - ; x = ~ - ;  
t h - -  ~o tt .--Uo__U e 

0 

c~ 
Cp, Cma 

d 
F 
Fo~ na 

h , H  
L 
R 
t 
0-< r-< R; u, u 0, Ue 

r 
3' 

~'m 

x,x~ 

Pn 
T 

N O T A T I O N  

is the Blot number; 
is the mass -exchange  Biot number:  
is the Four i e r  number;  
is the mass -exchange  Kirpichev number;  
is the Kossovich number;  
is the Lykov number;  
is the Posnov number; 

czF 
p=~pL H; O-- ~z 

t h -  9 0 ' --fig--. 

is the coefficient of thelTnal diffusivity; 
is the coefficient of mois ture  diffusion; 
are  the heat capacit ies  of flutdizing agent and of particle mater ia l ,  respec-  
tively; 
is the particle d iameter ;  
is the particle surface per  unit bed height; 
is the dimensionless  time of pre l iminary  heating of material ;  
are  the cur ren t  and totalheights  of fluidized bed; 
is the flow rate of fluidizing agent per unit time; 
is the charac te r i s t i c  size of elements of bed (particles); 
is the tempera ture  of hea t - t r ans f e r  agent; 
a re  the cur rent ,  initial, and equilibrium moisture  contents of mater ia l ;  
is theaverage  velocity of particle motion; 
is the coefficient of heat exchange between fluidizing agent and part icles;  
is the particle shape factor;  
is the specific weight of par t ic le  mate r ia l ;  
is the mass  flux; 
are  the cur ren t  and initial particle tempera tures ,  respectively;  
a re  the coefficients of thermal  conductivity and mass conductivity, respect ively;  
is the phase- t rans i t ion  heat; 
is the t ime. 

I n d i c e s  

h 

CO 

up 
do 
C 

m o  

is the heating; 
is the cooling'; 
is the up; 
is the down; 
is the cycle;  
is the motion. 

1 ~  

2. 

3. 
4. 
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T H E O R Y  OF  T W O - P H A S E  T R A N S P I R A T I O N  

C O O L I N G  S Y S T E M S .  I I  

M. M. L e v i t a n ,  T .  L .  P e r e l ' m a n , *  
a n d  T .  I .  l ~ l ' p e r i n  

UDC 536.248.2 

A s ta t i s t ica l  mode of bubbl inginporous  solids is formulated.  The theory developed is used for  
closing the sys tem of t r anspor t  equations for a two-phase t ranspi ra t ion  cooling sys tem.  

We shall  cons ide r  here  the problem of hydrodynamics  and heat exchange in two-phase t ranspi ra t ion  cool-  
ing sys t ems .  In our previous paper  [1], we cons idered  the case of a porous solid consist ing of capi l lar ies  with 
equal or  variable c ross  sec t ions .  However ,  although this model is of pract ical  in te res t  [2], the more  often en-  
countered porous ma te r i a l s  with a highly complicated void s t ruc tu re  remain  outside the scope of applicability 
of the developed theory.  We shall consider  he re  the model of liquid bubbling in porous sys tems  of the f luidized-  
solid and use it  as aba s i s  for  wri t ing the macroscop ic  continuum equations which descr ibe  the hydrodynamics  and 
heat exchange in two-phase t ransp i ra t ion  cooling sys t ems .  

S t a t i s t i c a l  Model of Bubbl ing  in a P o r o u s  Sol id  

The bubblingof a liquid filtering through a porous material occurs in the following manner. A vapor bub- 
ble which has formed in a certain pore grows in volume, fills the entire pore, and then passes into the neighbor- 
ing pores along the links connecting this pore with the others. As a result, a vapor-filled cavity forms inside 

*Deceased. 
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