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An analytic description is given for the removal of bound liquidfrom a porous body 
immersed in a fluidized bed of porous particles, particularly during the period of 
decreasing drying rate. 

We consider here the second stage in the removal of liquid from a porous body by a sys- 
tem of fluidized porous particles; as in discussing the first stage [I], we use a model sys- 
tem composed of vertical capillaries of two different radii R2 and R2 connected throughout 
their length (Fig. i). The transition to the second stage is defined as the onset of with- 
drawal of the meniscus in the narrow capillary. This corresponds to a time Tc2 and a liquid 
content wc~ , which may be calculated from the equations for the first stage [i]. 

We consider a nonvolatile liquid, so the vapor flux in the capillaries can be neglected 
by comparison with the surface flow in the wetting films. The flow in the films occurs in 
response to the pressure gradient and is defined by the shape of the K(h) isotherms [2, 3]. 

Isotherms of H = A/h 3 type can be used for nonpolar liquids, where A is a constant; meth- 
ods have been given for calculating this quantity [4]. 

It has been shown [5] that the withdrawal of the meniscus in the narrow capillary starts 
only when the distance (L -- Xcx) (Fig. i) becomes such that the rate of internal liquid trans- 
port is less than the rate of external mass transport, since the internal rate is controlled 
by the viscous flow in the narrow capillaries and in the films in the broad capillaries. 

This causes the meniscus to sink in the narrow capillaries, and the distance (x2 --xx) 
between the menisci is determined by the equality between the viscous flow J3 in the narrow 
capillaries and the film flow over the surfaces of these capillaries in the range x2 < x < L, 
as well as by the equality of (J, + J2)/F to the external flow from the porous body to the 
particles. 

We now write the expressions for the liquid flow in the capillaries; the viscous flow 
Js in the narrow capillaries due to the difference of the capillary pressures in the narrow 
and wide capillaries is [5] 

'f~= 8rl(X2--xO Rz R~ " (I) 

The pressure in the liquid film can be expressed in terms of the pressure and the sur- 
face curvature of the capillary as follows: 

P---- ei q-17(h)= -~ ~--~-, (2) 

where i takes the values i and 2; (2) gives 
AII3 

h = (P ( x ) - - c r / R ~ )  1/3 " (3) 

As Rx > R2, it follows from (3) that the film thickness in the narrow capillaries is 
larger than that in the wide ones for the same pressure in the liquid. The flow rates J: and 
J= in the films are as follows on the basis of the surface curvatures: 

2pAF~ In(  p~ 1), (4) 
Ji = 3~1/~t (L -- xi) cr 
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Fig. I. Model for porous body and 
scheme for calculating the second 
stage. 
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Comparison of calculated and ob- 
served rates of removal of liquid in the 
second stage, dw/dT in sec-*. 

2oAF2 l n ( P ~  R ) 
J z =  3~Rz(L__~ ) _ z i . (5) 

In deriving (4) and (5) we have used the fact that H = o/R i for x = xi, while ,o/R i + E(h) = 
Po for x = L. Naturally, the second stage occurs only if the porous body is reasonably ex- 
tended, namely Xcl > 0. The total drying rate is found by adding J2 and J~; then the rate 
of removal of liquid from the porous body in the second stage is 

g= J , + J z  2pAn, l n (  P~ 1 ) +  2pAn~ ,in ( PoR__~2 _ 1 ) .  (6) 

F 3~R1 (L - -  x,) a 3~Rz (L - -  ~)~ a 

This shows t h a t  i i s  de te rmined  by the p r e s s u r e  a t  the o u t e r  su r f ace  of  the porous body, which 
i t s e l f  i s  dependent  on the e x t e r n a l  mass t r a n s f e r ;  the e x t e r n a l  f lux  i e i s  [1] 

(1 - % )  Vpp -P0 ,  (7) 
where Pp i s  the p r e s su re  in the  l i q u i d  in  the  smal l  pores  of the p a r t i c l e s .  In what fo l lows  
we n e g l e c t  the  accumula t ion  of l i q u i d  in the  porous p a r t i c l e s ~  i . e . ,  we put Wp ~ O, and then 
we have 

i e=aWs  KPp--P0"  (8) 

We have to calculate the surface content W s in order to calculate ie; the menisci lie 
within the porous body in the second stage, so the surface liquid is composed only of the 
film: 

W s -- 2hlnl + 2h~n2 (9) 
Ri Rz 

445 



Z 

Z Js xl -I 
/I 
, . ' /  

_I lh2 

-! - <q 
- 

'i 
7//; 

Fig. 3. Working scheme for the 
third stage. 

Then (3) with P = Po gives 
�9 2A1/an~ 2Al /anz  

~s  = Ri(Po_~/R1)i/a + ~(po_a/R2)t/a (i0) 

In this case we neglect the contribution to i e from the film of thickness h3 on the nonporous 
outer surface on the basis that this flow is much less than J2 on account of the high viscous 
resistance. 

Liquid is removed from the porous body only as a result of the withdrawal of the menisci, 
so we have 

d x %  " dx~ _~ 
n,p d~ n ~ ,  ~ = ]/'Pp - -  Po " (ii) 

As J2 = Js and i = ie, we have 

8~l(X z - x i )  R2 Rt 3~IR~(L--x2) In ~ c r  - -I  , 

2pAn,  In(  P~ I ) §  20Anz ln(P~ R ) 
3 ~ l R i ( L - - x , )  a 3~IR2(L--x~) _ 2 1 = ~zWs V'[bp--P~o . 

(12) 

(13) 

Equations (10)-(13) define xx(T), x2(r), and Pc(T) for the second stage of drying. In general, 
the potential Pc at the surface varies from 2~/R2 to some value Pc2 corresponding to the end 
of the second stage, namely when the menisci in the wide capillaries have reached the middle 
of the porous body. 

Approximate calculations from (12) and (13) with xl = 0 and x2 = Xuc show that the poten- 
tial Pc: at the surface of the porous body at the end of the second stage differs only slight- 
ly from Pc = 2~/R2, which corresponds to a low drying rate. An interesting point is that the 
liquid is removed mainly from the broad capillaries in the second stage. These equations give 
x2 and show that this differs only slightly from L. The very low flow in the narrow capil- 
laries is due to the small change in Pc, and we get the following estimates for Poc and X2c: 

Poe= l:05Po; / - - ~ c ~ 1 0  -3 m. (14) 
We then introduce the mean liquid content, which corresponds to thedegree of filling of the 
pores in the second stage: 

x~ x z (15) W : n  t ~ -q-n~ 'L " 

X1 w-----n t ~  q-nz. (16) 

From (14) we have 
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Joint graph for the three 
stages of drying. 

We differentiate (15) and substitute for x~ from (16) into (11)-(13) to get equations for 
i(x) and convert them to the i(w) form, by analogy with the first stage in the process. 

The solid line in Fig. 2 shows calculations for dw/dT as a function of (we -- w) from 
(11)-(13) with (16) for the second stage; it also shows measurements for steatite ceramic. 
The calculations were performed for the conditions given in [!]~ The agreement between the- 
ory and experiment is satisfactory in view of the approximate nature of the quantities used 
in the equations. 

The second stage terminates when the menisci in the large capillaries reach the point 
x, = 0; at that time, the menisci in the narrow capillaries are at x=. The third stage start~ 
at that time, namely the menisci in the narrow capillaries descend towards the center of the 
body, while the film in the wide capillaries becomes thinner. 

Figure 3 shows the working scheme for the third stage. 

As previously, the liquid flows in the film in response to the pressure gradient in the 
narrow capillaries at a rate 

2pAF~ l n ( P f  ~ 1). (17) 
= 3~R2 ( L - -  x~) 

Then (2) gives us the liquid flow in the wide pores arising from the reducing film thickness 
as 

2LpAl/aFi dP o, 
J~= 3RtfPo--~/Rt) . dT (18) 

The rate of removal of liquid from the porous body in the third stage is 

( ) 2L~A'/ani dP o i= ~ + J~ = 2pAn2 In PoR2 1 + (19) 
F 3~R2(L--x~) ~ 3Rt(Po--Z/RO 1/3 dz 

This shows that the drying rate is determined by Po. 

It can be sho~ that the contribution from the second term in (19) is appreciable only 
at the start of the stage [6], so it can often be neglected. The external liquid flow is 
written as (7), as previously. 

We need to know the surface liquid content in the third stage in order to determine ie, 
and this is expressed, as for the second stage, by (i0). 

As i = ie, we have 

2pA~ in (PoR__~2 1)=~W s V-Pp--Po. (20) 
3~R2 (L -- xz) 

In general, the potential at the surface of the porous body varies throughout the third stage 
from the potential corresponding to the end of the second stage down to some value Pc3. 

We can estimate Pc3 by putting Xc2 = 0 in (20); the result is 

Pc3 ~---I@I0 -s. (21) 
Pc2 
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We now introduce the mean liquid content corresponding to the pore filling in the third 
stage. We neglect the film to get 

W~n2 X--~_ z 
t (22)  

The pore system loses liquid only by descent of the menisci in the narrow capillarieS, 
so 

dz 2 
Vep-Po. (23) nzP d~ = 

We differentiate (22) with respect to T and substitute into (23) to get 

dw =les 
dT --  pL ':-fi-rrP--P~ (24) 

As the right side of (24) is independent of time, integration gives us an equation relating 
the liquid content of the porous body and the time spent in the third stage: 

w = w~--B(X--Xc2 ), (25) 

where Wc2 and Tc~ are the liquid contents at the end of the second stage and the time When 
that condition is reached. 

Figure 4 shows a combined graph for the three stages derived from the above equations, 
together with measurements. 

The drying rate drops suddenly at the start of the second stage; this is due to the 
marked alteration in the surface liquid content at the start of the second stage, which oc- 
curs because the menisci are descending in the narrow capillaries. 

In the general case, there is also a fourth stage, which starts when the menisci in the 
narrow pores reach the center (x2 = 0). The films in the narrow and wide capillaries become 
thinner from this time onwards. 

However, it is undesirable to discuss the fourth stage within the framework of the pres- 
ent approach; it has been shown [7] that the residual liquid content of w ~ 3-2.5% in ace ~ 
ramie is sufficient for rapid heating to be employed in the subsequent stage to temperatures 
considerably exceeding the onset of rapid evaporation without causing cracking or bursting. 
Therefore, the bonding agent is removed in the fourth stage mainly by evaporation, which re- 
quires separate consideration. 

NOTATION 

h, film thickness; F, total capillary cross section; q, 0, n, surface tension, density, 
and viscosity of liquid; Ws, surface liquid content of the porous body; Wp, liquid content 
of particles; n,, n2, porosities due to large and small capillaries; L, half of the charac ~ 
teristic dimension of the body; A, Hamacker constant; R,, R2, radii of wide and narrow capil- 
laries respectively; x,, x2, Xc,, xc2, meniscus coordinates in wide and narrow capiilaries~ 
in wide capillaries at the end of the first stage, and in narrow ones at the end of the second 
stage, respectively; T, drying time; w, Wc,, Wc2, liquid contents of the body in general and 
at the end of the first and second stages, respectively. 
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