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NOTATION 

is the p r e s s u r e ,  Nm-2; 
are  the initial and a tmospher ic  p r e s s u r e s ,  Nm-2; 
is the concentra t ion,  kg/kg; 
is the poros i ty ;  
a re  the initial a i r  speed end speed re la t ive  to ma te r i a l ,  m/sec ;  
is the pipeline length; 
is the depth of bed in tube; 
a re  the coordinates ;  
is the t ime.  
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It is shown that an analytic descr ip t ion  can be given for  the el imination of a bound mate r i a l  f rom 
a porous body i m m e r s e d  in a fluidized bed composed of small  porous par t ic les ;  the equations for  
fluid t r anspo r t  in a porous space can be used. 

Here  we consider  the el imination of a bound fluid f rom a porous ce ramic  semffinished product  during 
p re l iminary  the rmal  p rocess ing  in a fluidized bed [1-3]. 

Pure -ox ide  ce ramics  are  produced mainly in semffinished fo rm by hot p ress ing  with a wax binding agent 
[4]. A major  step in manufacturing such components that p recedes  the final f i r ing is to el iminate the binding 
agent,  which may be pe r fo rmed  in a fluidized bed [5]. The p rocess  is opera ted  at  t empera tu re s  below the on-  
set  of evaporat ion of the binding agent. In that case ,  the vapor  t r anspor t  can be essent ia l ly  neglected,  so the 
internal  mass  t r a n s f e r  in the porous sys tem occurs  only in the liquid state. 

A difference of our  t r ea tmen t  f rom previous  ones [6, 7] is that we der ive solutions f rom the l iqu id- t rans-  
por t  equations for  fi lm motion [8, 9] in a model porous medium. The model  is a sys tem consist ing of capil-  
l a r i es  of radi i  R t and R 2 interconnected throughout the i r  length. This cor responds  to the actual porous s t ruc -  
ture  of numerous  ce r amic  ma te r i a l s ,  in pa r t i cu la r  in that it fits the bimodal p o re - s i z e  distr ibution [10, 11]. 
If the body is immer sed  in a fluidized bed at a t empera tu re  well  below the evaporat ion point of the liquid, the 
only cause of ex terna l  mass  t r anspor t  is liquid loss to the par t i c les  on collision with the surface  (Fig. 1). 

The capi l lary potential  of a porous par t ic le  Pp = 2~ cos 0/r is less  than the potential  of the liquid at the 
surface of the body P0(T), SO the liquid is drawn into the capi l lar ies  of the par t ic les  when the la t ter  a re  near  
the surface.  

The following is the equation for  the momentum change for  the liquid in a par t ic le  capi l lary:  
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Fig. 1. Interact ion of a body with porous par t ic les :  1) porous body; 
2) par t ic les .  

Fig. 2. Model for  a porous body and scheme for calculating the f i r s t  
stage. 

d(mV)_[2acosO_~x r P~ n r 2 - F f ( t ' V ) "  (1) 

The flow of the liquid in the capi l lary in the par t ic le  can be represented  via Poiseui l le ' s  law as 

n r  ~ AP q = -- ~rzV, 
8,"1 l 

(2) 

and therefore  the p r e s s u r e  difference over the length of the capi l lary is 

The fr ict ional  force is 

Then (4) conver ts  (1) to 

We get f rom (5) for  l ~ 0 that 

A P -  8nlv (3) 
,r2 

Ff = APar 2 = 8~IV. (4) 

( dl'~ =r~(pp_p0)_S~l dl pr2d ,I' d'c ] d--~" (5) 

az(o) ~ = Pp- Po 
/ p (6) 

As l(0) = 0, we have f rom (5) and (6) that 

[ ( l(~) 
( 4~1 32~ a 

We now define the conditions under  which exp [-(87/pr4)T] dif fers  noticeably f r o m  zero;  fo r  wax (p = 900 k g /  
m 3, ~ = 0.45 Poise)  and pa r t i c l e s  having capi l lar ies  of radii  r = 10 -6 cm We get that  this oeours  fo r  T << 
10 -12 see; however~ the t ime of contact  be tv~en the par t ic les  and the i m m e r s e d  body is [13] much greater~ 
and in that case  we get instead of (7) that 

~ flCPp-- Po) r2 (8)  

which cor responds  to the standard condition for quasis ta t ionary flow. 

F r o m  (8) we get the flow time for  the case t = dp, which shows that a porous par t ic le  is not completely 
impregnated with liquid during the contact with the body; the re fo re ,  the r of (8) is taken in the subsequent ca l -  
culations as the t ime of contact r c between the part icle  and the surface.  The amount of liquid taken up by one 
par t ic le  during the time of contact  is:  

M = ~tr~plNSr (P~). (9) 
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Here c0 (P0) is the probability that dry parts of t~e surface of the particle will contact capillaries in the porous 
body filled with liquid; we assume that the surface and volume fluid contents of the particle are equal to get that 

r ( P o )  = npnlVs ( I  - -  ~ ' p ) ,  ( l O )  

in which W s is the surface fluid content of the body and Wp is the mean fluid content of the particles. 

With account taken of (10), the final expression for isothermal flow of fluid, taken up by particles 
of the fluidized bed, will then be 

i = M . ,  = nr2NSnl~IF p ( l  - -  Wp)(vc/811) ~ VPp - -  P0 P~', �9 ( 1 1 )  

= p S n ~  nn( l  - -  fo) (~c /8T i )  ~  r, 

in which ~ and ~c define the hydrodynamic  conditions in the fluidized be d close to the b0dies i m m e r s e d  in it  [12, 13]. 

We now wri te  the express ion  for  the liquid flow in the capi l la r ies ,  r e s t r i c t ing  considerat ion to the case 
where  the di f ference in capi l lary  p r e s s u r e s  at the menisc i  of the small  and large capi l lar ies  is sufficient to 
take up an amount of liquid such that the menisc i  in the narrow capi l lar ies  do not a l te r  in position (Fig. 2). 
T h e r e f o r e ,  the liquid is r emoved  by the porous par t i c les  only f rom the sur faces  of small  capi l lar ies .  We 
neglect  the loss  of liquid f r o m  the f i lm formed  at  the mouths of the large  capi l lar ies .  We also assume that 
the capi l lary  walls  a re  completely wetted by the liquid, while the flow through the smal l  capi l lar ies  can [14] 
be put as 

pR~ ae. (12) 
i~ = 8n (L - xo) 

The potential P0 at the surface of the porous body varies from P0i = 0 to that determined by the curvature of 
the meniscus in a narrow capillary, P0f = 2aARt- 

The fluid flows in the wide capillaries as a film in response to the pressure difference II [9]: 

2ph s d17 
]i = 3TIR I dX (13) 

We assume that  this wedging p r e s s u r e  has the following relat ionship to thickness [15] fo r  nonpolar liquids: 

17 = A/h s, (14) 

and we express  the p r e s s u r e  in the liquid f i lm in t e r m s  of this  p r e s s u r e  and the surface  curvature  as follows: 

+17(h)= a + A 
P = R-[ R1 h-;-" (15) 

From (15) with P = PC-Q, P0 = P(0), and PI = 2aARi = P(L) 

A l/a ( 1 6 )  
h = [p (X)-- ~IR,P '~" 

Substitution of (16) into (13) and appropr ia te  t rans format ion  give us the liquid flow ra te  in the wide capi l lar ies  

as 
2pA / PoP, _ I) 

]t 3~IRI(L--Xo) I n / "  ~ " (17) 

The total  flows in the capi l la r ies  of radi i  R i and R2 a re  put, r e spec t ive ly ,  as 

2pAF1 In ( PoR, I), (18) 
./i = 3TIR, (L-- Xo) 

= pR2 2 F., (P0-- 2~ 
J~ 8,1 (L-- Xo) ~ ) " (19) 

The ra te  of removal  of liquid f rom the body in the f i r s t  stage is charac te r i zed  by the condition L >- X >- X e and 

is  ~ j , +  j ,  _ 2pAn, ,n (  PoR, ) P ~ ' ~  (p0 2~ 
F 3nR-~E-  x,)  ~ - J :  - ~ + an (L--  Xo) ~, - -  ---~-, ) " 

All the liquid brought up to the surface is removed by colliding porous particles, so the flows given by (ii) and 

(20) may be equated: 

282 



2pAna 1 ) _ _  pRgn~ .... ( p 
R1. (21) 

The  following is the re la t ionsh ip  between the r a t e  of descen t  of the men i s c i  in the broad  cap i l l a r i e s  and the s u r -  
face  potent ia l  P0: 

nap dX-~ = - -  ~z~s ( 1 - -  Wp) V Pp - -  Po. (22) 
dx 

The su r face  liquid content of the body in the f i r s t  s tage (neglecting the f i lms  in the b road  capi l la r ies )  may  be 
put as  

IV s = n 2h~ 1 Rl + n2 ~ r~. 

In what follows we a s s u m e  that  the number  of pa r t i c l e s  in the m a s s - t r a n s f e r  volume is l a r g e ,  which means  
that  the su r face  of the porous  body always r e c e i v e s  only d ry  p a r t i c l e s ;  i . e . ,  Wp = 0. In p r ac t i ce  this means  
that  the p a r t i c l e s  a r e  continuously e l imina ted  f r o m  the volume and rep laced  by d ry  pa r t i c l e s .  

Then (2) gives us the t r a n s p o r t  potent ia l  at  the su r face  as 

( dXo V 
Po=PP ng ~ \ aT ] " (23) 

We subst i tute  (23) into (21) to get an equation re la t ing  the amount  of liquid p r e s e n t  in the porous  s y s t e m  at  a 
given t ime and the r a t e  of descen t  of the men i sc i  in the wide cap i l l a r i e s :  

[ ] .. [ R2 2r R1 n~p2R1 1 �9 (24) 2A 2R, n~f~R, ( dX ~ )2 _ 1 + 4 R ~ i ~ / [ t x )  r 
L - -  X o 3TIR* (dXo./dT) In �9 -r n~ c~2a \ dT ] n~ct22c; \ d~ ] 

The following is the condition for  the men i sc i  in the na r row  cap i l l a r i e s  to r e m a i n  in posi t ion:  

2z Po< Poc =-~-~-; Xor 

At t ime  r = 0, the body is comple te ly  f i l led with liquid, so P0 = 0; however ,  within a v e r y  shor t  t ime ,  which is  
un impor tan t  to the kinet ics  of the p r o c e s s ,  the na r row cap i l l a r i e s  se t  up a p r e s s u r e  P0(T = 0) =2u/R1, and t h e r e -  
fore  we carl de te rmine  the posi t ion of the m en i s c i  in the la rge  cap i l l a r i e s  that  co r re sponds  to the onset  of d e s -  
cent of the men i s c i  in the na r row cap i l l a r i e s  f r o m  (24) by putting P0 = 2u/R2; we get 

L - - X o c = -  [2a( 1 p 1 0-n{23- , 2R1 I)+ Rga 
(25) 

When X 0 < X0c , the men i sc i  in the na r row cap i l l a r i e s  begin to r ecede  into the body, which co r r e sponds  to the 
second stage.  

We introduce the mean  liquid content ,  which co r r e sponds  to a degree  of fi l l ing of the pore  space  

X0 
w = n2 + na T ' (26)  

which allows us to conver t  f r o m  the i(X) re la t ion  to an i(w) equation. We p e r f o r m  this convers ion  in (24) to get 
the equat ion for  the ra te  of e l iminat ion of the liquid: 

w = w o -  3~1R1 L2 (d~v/d~) In --r aZn~ r \ dT ] 

* " .  , " . "  
(2 7) 4qR1L2(dw~dT) r ~Zn~ 2or \ d'r ] 

We can cohver t  to the liquid content in (27) by mult iplying both s ides  by the densi ty ra t io  for  the liquid and 
porous  body, p / ( -n  § 1)p M. 
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Fig. 3. Compar ison of theore t ica l  and 
observed  ra tes  of el imination of liquid; 
dw/dr .  10 -s, see -i. 

Figure 3 shows results for dw/dr as a function of (w0-w) derived from (27) (solid line); for comparison, 
we give measurements for steatite ceramic. The calculations were performed with the following parameters: 
IR i = 10 -3 cm; R 2 = 0.5" 10 -5 cm; r = 10 -6 cm; ~ = 72 dyn/cm; p = 900 kg/mS; A = 10 -IS erg; T --- 333~ n = 0.5; 

n i = n 2 = 0.25; np= 0.4; 7/= 0.45 Poise; dp = 0.01 cm; L = 0.7 cm. 

The following conditions were used in calculating a. We assume that the surface roughness of the porous 

body is of order R i = 10 ~; further, dp = 100 ~ > Ri, so the area of contact of a particle with the surface is S 

(dp/2) 2. The number ~ of particles arriving in unit time at the area of the surface is proportional to the rms 

pulsation speed and the numerical particle concentration: 

~ =  3(I-- 8) 

As (11) contains f0, which characterizes the periodicity of the contact between the fluidized bed and the surface, 
we have to estimate f0 as in [12], for example. Numerical values have been estimated for the pulsation speed 
of the particles and the time of contact for small Reynolds numbers (Re < 1) in accordance with published re- 
commendations [13]. 

Substitution in the expression for cv then gives the value 2.28" 10 -z kg/m. sec .N ~ The agreement be- 
tween theory and experiment is satisfactory in view of the very approximate determination of some of the 
parameters. The calculations show (Fig. 3) that the rate of removal of the liquid is almost linearly related to 
the liquid content of the porous  body. Liquid r emova l  f rom a porous  sys tem by porous  pa r t i c l e s  does not show a 
cons tan t - ra te  per iod ,  in con t ras t  to  convect ive d ry ing .  The ra te  begins to fa l l  r ight f rom the s t a r t  on account 
of the increased  sur face  potential  of the porous  body. Note that these  calculat ions do not incorpora te  any 
p o s s ~ l e  var ia t ion  in the liquid content of the pa r t i c l e s .  

The second stage of the p roces s  s t a r t s  when X0= X0c, namely ,  the menisc i  in the narrow capi l lar ies  
s t a r t  to sink; the ra te  of the p roces s  should then be much less  than that in the f i r s t  s tage,  since the liquid is 
then removed  only f rom the thin f i lms on the surface .  Discussion of the second stage is thus an independent 
p rob lem,  which will  be deal t  with in P a r t  2. 
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NOTATION 

is the d iamete r  of porous  par t ic les ;  
a re  the density and surface  tension of liquid; 
is the viscosi ty;  
a re  the total c ros s - sec t iona l  a r eas  of large and small  capi l lar ies ;  
is the poros i ty  of body; 
is the poros i ty  of par t i c les ;  
is the wedging p r e s s u r e ;  
is the bulk liquid content; 
is the meniscus  coordinate;  
~s the cha rac t e r i s t i c  dimension; 
is the density of mate r ia l ;  
is the a rea  of contact  with body; 
xs the t ime;  
Is the f rac t ion of t ime of contact  with gas bubbles; 
is the void fract ion;  
Is the mean - squa re  veloci ty;  
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is the penetration depth; 
= d l / d  ~-: 

i s  the capillary radius; 
is the number of particles striking unit surface per unit time; 
is the Hamacker constant; 
is the film thickness; 
is the number of pores per unit surface of particles;  
is the mass of liquid in particle capillary; 
is the mass of liquid in a particle.  
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