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K I N E T I C S  O F  T H E  R E M O V A L  O F  L I Q U I D  F R O M  

P O R O U S  B O D I E S  IN  A F L U I D I Z E  D B E D  U N D E R  

N O N I S O T H E R M A L  C O N D I T I O N S  

E .  N .  P r o z o r o v  

C A P I L L A R Y -  

UDC 66.015.23.936.8 

A theory  of m a s s  t r a n s f e r  in c a p i l l a r y - p o r o u s  bodies  is p roposed  which al lows for t h e r m o g r a d i -  
ent t r a n s f e r  of a bound subs tance  in liquid form.  The r e su l t s  obtained a r e  used to calcula te  the 
p r o c e s s  of dry ing  of c e r a m i c  a r t i c l e s  in a fluidized bed. 

Exis t ing methods of calculat ing p r o c e s s e s  of drying of c a p i l l a r y - p o r o u s  bodies  under i so the rmal  and non- 
i s o t h e r m a l  conditions a r e  based mainly  on analyt ica l  solutions of the s y s t e m  of d i f ferent ia l  equations of heat 
and m a s s  t r a n s f e r  known f r o m  the phenomenological  theory  of i r r e v e r s i b l e  p r o c e s s e s  [1, 2]. The main obstacle  
to the wide use  of these  equations is the cons iderab le  nonl inear i ty  of the p r o b l e m - t h e  dependence of the kinetic 
coeff ic ients  appea r ing  in them on the concentra t ion  of the bound substance  and the t e m p e r a t u r e  [3-5]. Under 
i s o t h e r m a l  dry ing  conditions (in the case  of bodies  of smal l  s ize) ,  ca lcula t ions  with al lowance for the dependence 
a m = f(5, t) a r e  made by zonal methods [4]. In the p re sence  of a t e m p e r a t u r e  gradient  within the ma te r i a l  being 
dr ied,  the number  of c r i t e r i a  de te rmin ing  the kinet ics  of the p roce s s  grows cons iderab ly  [6], and it becomes  
imposs ib le  to use  the zonal method of calculat ion.  In such cases  one a r t i f i c ia l ly  s e p a r a t e s  t h e h e a t -  and m a s s -  
exchange p r o c e s s e s  and al lows for the influence of the t e m p e r a t u r e  field on the kinet ics  of the m a s s  t r a n s f e r  
using functions obtained f r o m  e x p e m m e n t  for  the re la t ion  between the v o l u m e t r i c - m e a n  concentra t ion and t e m -  
p e r a t u r e  [7], which a r e  subsequent ly  used in calculat ions of t r a n s f e r  p r o c e s s e s  in s y s t e m s  having a solid phase 
under  q u a s i - i s o t h e r m a l  condit ions.  However ,  numerous  expe r imen ta l  data give evidence of t e m p e r a t u r e  g rad i -  
ents which e x e r t  cons iderab le  influence on the kinet ics  of the drying p r o c e s s  [8-10]. 

Moreove r ,  i t  should be noted that  a phenomenological  examinat ion  of the s ta ted p rob lem does not allow 
one to c h a r a c t e r i z e  the fluxes of the bound subs tance  in a porous body. 

Moscow Inst i tute  of Chemica l  Mechanical  Engineer ing.  T rans l a t ed  f r o m  Inzhenerno-F iz iehesk i i  Zhurnal ,  
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Fig. 1. Model of c a p i l l a r y -  
porous  body and ca leu !a t ingd ia -  
g r a m  for  f i r s t  s tage  of the p ro-  
c e s s .  

In con t r a s t  to the wel l -known r e p o r t s  [1, 2], we will s eek  solut ions on the bas i s  of an invest igat ion of the 
flow of a bound subs tance  in the f o r m  of a liquid in the po res  of a model  c a p i l l a r y - p o r o u s  s y s t e m  with al lowance 
for  f i lm t r a n s f e r .  In doing this we will  be confined to cons idera t ion  of the case  when t r a n s f e r  in the vapor  phase 
can be neglected.  Such conditions occur ,  for  example ,  in the l o w - t e m p e r a t u r e  heat  t r e a t m e n t  of c e r a m i c  a r t i -  
c l e s  [11], when the binding is paraff in .  

As the model  pore  s t r u c t u r e  we use  a s y s t e m  consis t ing  of cap i l l a r i e s  of two different  radi i ;  R 1 and R2, 
joined over  the en t i r e  length (Fig. 1). Such a model  fully c o r r e s p o n d s  to a number  of c e r a m i c  m a t e r i a l s  for 
which a pore  s ize  d is t r ibut ion  of a b imodal  c h a r a c t e r  has  been es tab l i shed  expe r imen ta l ly  [12-14]. 

Before  the final f ir ing,  a r t i c l e s  made of c o m m e r c i a l  c e r a m i c  a r e  subjected to l o w - t e m p e r a t u r e  heat  
t r e a t m e n t  to r e m o v e  f r o m  them the organic  b inder ,  in the given case  paraff in .  The p r o c e s s  of r e m o v a l  of the 
binder  p roceeds  mos t  eff ic ient ly  in a med ium of d i s p e r s e  fluidized adso rben t  [15], when a c a p i l l a r y - p o r o u s  body 
is  s u b m e r g e d  in a fluidized bed at  a t e m p e r a t u r e  which excludes  the evapora t ion  of the liquid, ex te rna l  m a s s  
t r a n s f e r  t akes  place through the drawing up of liquid by porous  pa r t i c l e s  colliding with the su r face  of the solid 
body [16]. 

Let  us wr i te  the equations for the liquid fluxes in the model c a p i l l a r y - p o r o u s  sy s t em.  In na r row capi l -  
l a r i e s  one obse rve s  a v iscous  flow of liquid due to the d i f ference  between the p r e s s u r e s  at the menisc i  of the 
wide cap i l l a r i e s  and the su r face  of the porous  body, 

oR~ , AP, (1) 
]i =~ 811 (L - -  x0) 

where  5 P  = P0-2a(x0) /R1-  In wide cap i l l a r i e s  the liquid flows in the f o r m  of a f i lm under the act ion of the g ra -  
dient of the disjoining p r e s s u r e .  In con t r a s t  to i s o t h e r m a l  m a s s  t r a n s f e r  [16], however ,  flow a l so  occurs  in the 
f i lms under  the act ion of the t e m p e r a t u r e  gradient ,  which is s ignif icant  inside the solid body. Adopting the hy- 
pothes is  of addit ivi ty of these  f luxes,  we can wr i te  [17] 

2 - -  - -  
3~Rt Ox ~Ri OT Ox 

In (2), I] = P - a / R  1 is the disjoining p r e s s u r e .  

Le t  us examine  the liquid fluxes in Eq. (2) s epa ra t e ly .  Taking the i s o t h e r m y  of the disjoining p r e s s u r e  
for  nonpolar  liquids in the f o r m  [18] 

17 = A/h 3, 

a f t e r  d i f ferent ia t ion  of (3) and its subst i tut ion into the f i r s t  t e r m  of Eq. (2), we obtain 

2pA Oh ] x =  
~lR ih Ox 

We rewr i t e  (4) in the f o r m  

2oh 3 017 + ph 3 O(~ OT = i x + i l l .  (2) 

(3) 

(4) 

01nh = - - ] i  ~Rt ___--~, (5) 
Ox 2pA 
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Fig. 2. Dependence of surface ten- 
sion of paraffin G (dyn/cm) on tem-  
pera ture .  

where ~ is a constant  which does not depend on x. Integrat ion of (5) over h in the limits of h o- h(xo) and over x 
in the l imits of x o-  L, with allowance for  the relat ions 

A '/3 A t/a 2o(xo) 

h, ( RI(~(L))I/3; hx~ (Px~ ) " ~ (6) P c - - -  o ( x o )  ' / 3  ' p ' ~  R,  ' 
R, 

which follow f rom (3) gives, af ter  the neces sa ry  t rans format ions ,  

1 In P o  - -  (~ ( L ) / R ,  _ ~, ( L  - -  Xo). (7) 
3 ~ (Xo)/Ri 

Using (5), we obtain the equation for the flow in the film under the action of the p res su re  gradient in the form 

In / P~ - ~ (L) /a ,  / 2A 
h 

(8) 

In connection with the fact that the t empera tu re  in a porous body var ies  over the thickness,  the surface tension 
of the liquid also will be different in different c ro s s  sections.  The tempera tu re  dependence of G for c o m m e r -  
cial  paraffin of brand A, presented in Fig. 2, was establ ished exper imental ly  by the method of liquid r is ing in 
capi l lar ies .  

Thus, 

0o (9) = a (To) + AT = % - -  ~ ( 7 - -  To), 
OT 

where fi : -  8a/OT is the tangent of the slope angle of the experimental  s t ra ight  line. In accordance  with (9) we 
obtain the following express ions  for G at the surface of the body and for the meniscus levels of wide capi l lar ies ,  
re spective ly: 

~(L)  = ~0 - -  ~(7~ - -  To), (10) 

~(x0) = % - -  ~ iT (x0) - -  To]. (11) 

We will be confined to considerat ion of the solution for an unbounded plate. For this case the tempera ture  T(X0, 
T) can be wri t ten in the form [19] 

(12) 

After  a smal l  t ime interval  (Fo >- 0.45), the te rms  of the se r ies  higher than the f i rs t  can be neglected, as shown 
in [19], and one can use the simplified express ion  

T a - - T ( x o ,  F o ) _  2 cosp i -~  exp(--v~Fo)', (13) 
Ta - -  To ~t 

in which the f i rs t  root  of the charac te r i s t i c  equation is/z 1 = rr/2. Substituting Eqs. (10), (11), and (13) into (8) 
gives the final equation for calculating the flow of film mois ture  in wide capi l lar ies  under the action of the pres-  
sure  gradient .  The thermogradient  flow in films is writ ten as follows: 
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1 , , _  oh ~ O a  O T  = ph~ [~ OT(x, x) (14) 
~IR, r)T Ox ,IRt Ox 

Since JII does not depend on the coordinate ,  the r ight  side of (14) a l so  does not depend on x. Consequently,  the 
flow can be r e f e r r e d  to the su r face  of the porous  body (x = L). The f i lm th ickness  h L at  t he  sur face  of the body 
is  desc r ibed  on the bas i s  of (6). Using this  dependence,  for  the flux ]II, we will have 

p~A 2/z OT(L, x) (15) 
1" --= ~IR, (Po- -  a (L)/Ri) Ox 

The value of the der iva t ive  g r (L ,  T)/SX at  the su r face  follows f r o m  Eq. (13): 

OT(L, Fo) 2(Ta--T0) exp(  ~.~Z Fo'~. (16) 
Ox L 

The tota l  fluxes in the wide and na r row cap i l l a r i e s  of the s y s t e m  a re  wr i t ten  as 

= [ Po--o(L)/RI] p~A2/anl OT(L, ~) j~ Fi (1, -}- ]u) 2pAni In , (17) 
F 3,]Ri(L--Xo) ~ ~ ] RoI(Po--o(L)/R,) ~/~ Ox 

2n OR2 ~ {Po 2~(xo) 
J '  8n(L - -  :co) _ Ri } " (18) 

Since all  the liquid supplied to the su r face  of the body is drawn off by porous  pa r t i c l e s  colliding with it, the 
fluxes f r o m  Eqs .  (17) and (18) can be equated to the ex te rna l  mo i s tu re  flux, for  which an expres s ion  was ob- 
tained e a r l i e r  [16], 

iex---- rows (] - -  Wp'~V'Pp-- Po, (19) 

in which ~ is the coefficient of external mass exchange ; Ws, Wp, surface moisture of the body and of the par- 
ticles; Pp, capillary potential of the particles, Thus, we can write 

Jt -~- J, --= r (I - -  Wp)VPp --  Po- (20) 

The equation which we lack, for determining the pressure P0 at the surface, is obtained from the condition of 
lowering of the menisci of liquid in wide capillaries: 

dxo --cdVs (1 - -  Wp) V P ' p -  Po. (21) n,p d---~ = 

We will cons ider  the case  of a suff icient ly la rge  number  of  porous  pa r t i c l e s ,  which makes  it poss ible  to se tWp--  
0 in future ca lcula t ions .  The su r face  mo i s tu re  of the c a p i l l a r y - p o r o u s  s y s t e m  in the f i r s t  s tage of the p roces s  
is  wr i t ten  under  the a s sumpt ion  that  the f i lm th ickness  is sma l l  in the mouths of wide cap i l l a r i e s :  

2ho Ws -- nt ~ -t- n~ ~ n,,. (22) 

Substi tut ing the e x p r e s s i o n s  for  the fluxes into (20), a f t e r  the n e c e s s a r y  t r a n s f o r m a t i o n s  we obtain, with al low- 
ance for (22), the equation 

d x  o 

dx 

73 ( T a -  To) exp 

{2o/r - - ~  (dxo/dx) z 

.. 12~ - -  VZ (dxo/dx) z - -  o(L)/Rq - -  Y' In 
L - -  Xo 1 ~(Xo)/R~ ; 

__ 2~(x0)7-R4 L~ l} ~-]'aj -[ L --Ys x~ {2g/r - -  Y2 (dxo/dx) z - -  2a (Xo)/Ri}, (23) 

which e s t ab l i shes  the dependence between the amount  of liquid in the c a p i l l a r y - p o r o u s  s y s t e m  and the ra te  of 
fall  of the men i sc i  in the wide cap i l l a r i e s .  

The condition under  which fall ing of the menisc i  in the na r row cap i l l a r i e s  will  not yet  occur  has the fo rm 
P0-<P0e = 2~/R 2 o r x 0  < - X0e. At the init ial  t ime  the porous  body is comple te ly  filled with liquid and P0 = 0. Af ter  
a b r i e f  t ime  in terva l ,  however ,  a p r e s s u r e  P(0) = 2cr/R t is es tab l i shed  in the na r row  cap i l l a r i e s  [16]. The pos i -  
t ion of the men i sc i  in the la rge  cap i l l a r i e s  a t  which the men i sc i  in the sma l l  cap i l l a r i e s  s t a r t  to fall (the s t a r t  
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Fig. 3. Dependence of d imensionless  intensity of mass  t r ans fe r  on dimen- 
s ionless  coordinate of meniscus  in nar row capi l la r ies ;  1) nonisothermal ;  
2) i so thermal  conditions. 

Fig. 4. Compar ison of calculated and exper imental  values of intensity of 
liquid removal ;  1) i so thermal ;  2) nonisothermat  conditions; (dc~/dT), 1/ 
see. 

of the second stage of the process)  can be obtained f rom (23) by the substitution Poe = 2(r/R2- Equation (23) can 
be solved on a computer  using the Runge -Ku t t a  method [20]. For  this purpose it is more  convenient to r epre -  
sent it in d imensionless  form: 

__ dzo _ "?l" In{ 2 ( r / r -  7"2 (dz~176 - (r (L)/R t 
d% I ~ Z o ~ (Zo)/R, 

( ~2 a%%o'~ 
7;(Ta--To) exp 4 LZ ] 7: ~2~/r__7~ [ dzo ~2 

{2o/r - -  "r (dzo/dxo) z - -  cs (Zo)/R,} 2/3 + 1 - -  Z------T [ "  \--3-~-o ) 
The following notation is adopted in Eqs.  (23)-and (24): 

2~ (Zo) 
Ri "} " 

(24) 

2pA ( n ,o  i 2  2fiA~/3 Zo = xo 
. . . 

7, = 3,tR~-~ ; 7~. = \--~n~ / 73 = LRQ1 ' --L- ' % = --%o ' 

2 n L 2 R~ ~. ~ ~'3 ~oo 

- = = - ; i f ;  = = 
- 7s ~ - ;  ~ ' : ~ 0 0 -  

In Fig. 3 we present  the resul ts  of calculations of the dimensionless  ra te  of fall of the menisci,  dz0/dT0, 
as a function of (Z0n-Z0) for steati te ce ramic .  The calculations were made for the following conditions: R~ = 
10 -5 m; R 2 = 0.5.10- 7 m; r = 10 -8 m; p = 820 kg/m3; A = 10 -i3 erg;  T a = 373~ o~ = 0.97.10 -6 k g / m .  sec �9 
N~ L = 5 " 1 0 -  3 m; f l=0.072.10 - 3 N / m  ~ % = 2 5 " 1 0  - 3 N / m ;  T00=120sec ;  ~ l = 3 0 0 W / m  2.~ X = 4 . 5 W /  
m .  ~ ,/ = 10- 2 N �9 s e c / m  2 with (straight line 1) and without (2) allowance for the nonisothermal  flux. As seen 
f rom Fig. 3, the presence  of a t empera tu re  gradient  considerably reduces  the intensity of the process  of re -  
moval of the bound substance.  

Introducing the average  moisture ,  cor responding  to the degree of filling of the pore space with llquEd, 

o = n2 + nl 'Zo,  (25) 

we can change f rom a dependence of the type of i(Z0) to equations of the formi(~,). The resul ts  of calculation of 
the m a s s - t r a n s f e r  intensity dc0/d~ as a function of the volumetr ic  mois ture  are  shown in Fig. 4. The experi-  
mental  data for steati.te ce ramic  (points) were obtained during the removal  of paraffin binder in a fluidized bed 
under nonisotbermal  and i so thermal  conditions. In the latter case the specimen,  in the form of a plate, was 
heated in the fluidized bed without mass  t r ans fe r .  The compar i son  of the exper imental  and calculated values of 
dw/d ' r  indicates their  sa t i s fac tory  agreement  with allowance for the tentative nature of the adopted values of the 
pa rame te r s  appearing in the express ion  for c~. 

If  the porous body has a large enough extent, then when x 0 = X0e the second stage of the process  s t a r t s -  
the absence of menisci  in the nar row capi l lar ies .  This stage should cor respond to a sharp decrease  in the in- 
tensi ty of liquid remova l  [21]. 
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n O T A T I O n  

t, T,  t e m p e r a t u r e ;  am,  coeff ic ient  of mo i s tu r e  conductivi ty;  p, ~?, a, densi ty,  v i scos i ty ,  and sur face  ten-  
sion of liquid; h, th ickness  of liquid f i lm;  II, disjoining p r e s s u r e ;  A, H a m a k e r  constant ;  ~, coeff icient  of ex-  
t e rna l  m a s s  exchange;  ~l ,  coeff ic ient  of heat  t r a n s f e r ;  ~, coeff ic ient  of t h e r m a l  conductivi ty;  Fo, Four i e r  
number ;  ~ ,  vo lume t r i c  m o i s t u r e  content  of porous  body; Ws, su r face  mo i s tu r e  content of body; n = n 1 +n2, 
poros i ty ;  r ,  pore  radius  in the p a r t i c l e s ;  F =  F I+  F 2, su r face  a r e a  of porous  body; R1, R2, radi i  of wide and 
n a r r o w  c a p i l l a r i e s ;  ~ ,  m o i s t u r e  content;  Xo, Xoe, coordina tes  of men i sc i  in wide cap i l l a r i e s  and a t  end of f i r s t  
s tage,  r e spec t ive ly ;  Po, Poe, p r e s s u r e s  a t  su r face  of body and a t  end of f i r s t  s tage ,  r e spec t ive ly .  
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