
D R Y I N G  M E C H A N I S M  OF C A P I L L A R Y - P O R O U S  B O D I E S  

R .  T o e [  a n d  M. O k a z a k i  UDC 66.047 

A new model is proposed for  the drying p roce s s  in cap i l l a ry -po rous  solids during the per iod 
of falling drying ra te .  Good agreement  is obtained between the theore t ica l  calculat ions and 
the exper imenta l  resu l t s .  

I N T R O D U C T I O N  

During recen t  y e a r s  there  have been many investigations of the drying r a t e s  of var ious  ma te r i a l s .  
Luikov [3] and e o - w o r k e r s h a v e  provided a theoret ical  bas i s  for  a phenomeaological  hypothesis  of combined 
heat  and mass  t r an s f e r  in cap i l l a ry -po rous  bodies and have proposed a number  of exper imenta l  re la t ions  
for  drying p r o c e s s e s .  K r i s e h e r  and Mahler [2] have invest igated the m o i s t u r e - t r a n s f e r  coeff icient  K during 
the per iod of constant  drying ra t e  without, however,  concerning themse lves  with the per iod of falling d ry -  
ing ra te .  

According to the genera l ly  accepted theory, during the per iod of constant  drying ra te  the cap i l l a ry  
p rope r t i e s  cause  the mois tu re  to move toward the sur face ,  where it evapora tes .  This per iod continues as ~ 
long as the su r face  is wetted by mois tu re .  At the end of this per iod the drying ra te  begins to dec r ea se  and 
at this point the su r face  dr ies  up a lmos t  complete ly .  The cor responding  mean moi s tu re  content of the 
solid is cal led the "cr i t ica l  mo i s tu re  content"  and is de te rmined  by the d r y - a i r  flow conditions and the 
m a s s - t r a n s f e r  coefficient .  Apparently,  before  the per iod of fall ing drying ra t e  begins,  there  is a lmos t  no 
internal  evaporat ion of mois tu re .  However,  during the l a t t e r  per iod vapor  t r anspor t  is as important  as 
mois tu re  t r anspor t  in the solid.  Below, we p resen t  the resu l t s  of an exper imenta l  investigation of the d r y -  
[ng p roces s  in cap i l l a ry -po rous  bodies and propose  a new s imple  mathemat ica l  model descr ib ing  the d ry -  
ing mechan i sm.  As the model m a t e r i a l  we employed an unglazed a lumina-based  ce r amic  with sufficiently 
high the rma l  conductivity.  
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Fig. I. Pore- (capillary) size distribution curve [r is 

the pore radius in p; the ordinates represent the ratio 

of the cumulative volume of the pores (of the same size) 

to the total pore volume; e T = 0.302; ~-I = 4.0 kcal/h 

�9 m-~ Ps = 3.93 g/cm3; unglazed alumina-based ce- 
ramic]. 
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Fig. 2. Equivalent (a) and measur ing (b) c i r -  
cuit d iagrams.  
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M A T E R I A L S  AND M E T H O D  

Hot air  at constant humidity and temperature  was blown through a wooden experimental  air channel 
120 mm wide and 70 mm high. Two premoistened specimens in the form of p r i sms  of unglazed ceramic  
measur ing 30 • 44 mm in c ross  section and 100 mm in height were placed in sockets in the bottom of the 
channel and dried f rom the top. One specimen was used for measur ing moisture fields, the other for mea-  
suring temperature  fields; the measurements  were made at frequent intervals.  The poros i ty  distribution 
curve of a specimen investigated with a m e r c u r y  poros imete r  and the physical charac te r i s t i cs  of the ma-  
terial  are given in Fig. 1. 

D e t e r m i n a t i o n  o f  L o c a l  M o i s t u r e  C o n t e n t  

For  measur ing the local mois ture  content of the specimen we employed the capacitive method proposed 
in [2] using high-frequency alternating current .  This method is based on the fact that the true dielectric 
constant of a porous material  is a function of the moisture  content. The electr ical  conductivity of water in- 
c reases  sharply even at low impurity levels, whereas the dielectr ic constant is almost unaffected. 

The equivalent circuit  d iagram is shown in Fig. 2a. In this diagram the moist  porous specimen is 
simulated by a parallel  c i rcui t  consist ing of a capacitance C x and a res is tance  R x in conformity with the 
electr ical  conductivity of the porous solid. As may be seen f rom Fig. 2a, the impedances between a and 
c and between a and b are given by 

1 R~ 
2~176 = 1 i = - 1 - j ~ o c ~ x  (1) 

2~ x +--~-c. 
and 

2ab = 2a~ + Z b : -  Rx 
1 - -  i,,)CxR~ 

respectively.  

The total cur rent  flowing through the specimen will be 

i -  Vo 
2ab 

Then the potential difference between c and b is given by 

? =  i 2vo  = 

and, consequently, 

1 
. (2) 

jo)CF 

7"be. Vo = 1 - -  j toCxRx 
Zab l - -  j~Rx (Cp + C~) 

v =  V { P * + ~ ( ~ + t ) } * + ~  ~ 
[~* + (c~ + I)* Vo, 

(3) 

(4) 

(5) 
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= ; (~) 

Cr 

1 
- ( 7 )  

O)CF R~ 
Knowing V at two frequencies w 1 and r we can de ter -  

mine C x and R x f rom Eq. (5). The frequencies w 1 and w 2 were  
5 and 10 mHz. The measur ing circui t  is shown in Fig. 2b. 
Eighteen brass  plates 44 mm wide, 5 mm high, and 0.5 mm 
thick were mounted one above the other on one side of the spec-  
imen. On the other side there was a single plate 44 mm wide 
and 99 mm high. These plates were attached with an epoxy 
adhesive and served as electrodes.  The capacitance C F was 
much grea te r  than Cx, so that it could be assumed that the 
electr ic  lines of force  passing through the specimen were  p a r -  
allel. Consequently, the method is accurate enough for de- 
termining the local mois ture  content. A graph of ~ as a func- 
lion of (p for one electrode obtained as a resul t  of this exper i -  
ment is shown in Fig. 3. On the basis of the v~ ~ q~ relation 
for each electrode,  it is possible to measure  the local moisture  
content of the specimen continuously. This method is also ap- 
plicable to layers of granulated and powdered mater ia ls .  

R E S U L T S  AND D I S C U S S I O N  

o 4 8 x 

Fig. 4. Moisture content distribution 
through depth of specimen (moisture 
field) (x, cm; ~ is nondimensional). 

P e r i o d  o f  C o n s t a n t  D r y i n g  R a t e  

On the basis of the mois ture  distribution curves (Fig. 4) 
we obtained the charac te r i s t ic  drying rate curves (Fig. 5). 

The mo i s tu re - t r ans f e r  coefficient K is determined f rom 
the following expression 

G = - -  PwerK dcp (8) 
dx 

Assuming that during the period of constant drying rate moisture  is evaporated only f rom the surface 
of the specimen, we write the following differential equation 

a m=ao axa (Ka*) (9) 
Integrating Eq. (9) f rom x 1 to L, we obtain 

L L 

o l L I 
S ( ) d" = l" = [1( =-K k 
x t x l  

Hence 
L 

K.- ~ fox 
xt 

The values of K, calculated f rom Eq. (11) using the experimental  data, are  presented in Fig. 6. As 
may be seen f rom the figure, the values of K fall by more than 200% as the moisture  content decreases  
f rom 0.95 to 0.85. Then they remain approximately at the same level for  moisture contents f rom 0.7 to 
0.4, falling sharply at lower mois ture  contents. It is interesting to note that the results  obtained by Kr i s -  
cher  [1], who used his own model for calculating K, gave a s imi la r  picture.  
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Fig. 5. Charac te r i s t i c  drying curve  [w is nondimen- 
sional; ordinates :  ( l e f t )d ry ing  ra te ,  k g w a t e r / m 2 - h ;  
(right) ma te r i a l  t empera tu re ,  ~ veloci ty  of drying 
agent (air) 10.5 m/see;  t e m p e r a t u r e  4.16~ humidity 
0.0182 kg w a t e r / k g  d ry  air]:  1) drying ra t e  curve; 2) 
spec imen  sur face  t e m p e r a t u r e  curve;  3) t empera tu re  
curve  at bot tom of spec imen.  
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Fig. 6. M o i s t u r e - t r a n s f e r  coeff i -  
cient  K as a function of moi s tu re  
content (experimental  data) (~ is 
nondimensional;  Ke T is the m o i s -  
t u r e - t r a n s f e r  coefficient,  m2/h; a 
and b a r e v a l u e s  for  nonsteady and 
s t eady - s t a t e  drying): 1) AI203 un- 
glazed ce r amic  - our  data; 2) 
Eaton ' s  data  [2]; 3) Dachs iege l ' s  
data. 

C r i t i c a l  M o i s t u r e  C o n t e n t  

It follows f r o m  an examination of the moi s tu re  fields in 
F igs .  4 and 5 that the c r i t i ca l  mo i s tu re  content Wc is es tabl ished 
at O approximate ly  equal to 18 h. At that point the mois tu re  con-  
tent at the sur face  is approximate ly  0.21 and is denoted by  r 
Clear ly ,  it is reasonable  to assume that at ~ > r  it is poss ible  
to speak of the p r e s e n c e  of f i l ter ing moi s tu re  and that at r <- (Pc 
all the mois tu re  is in the trapped s tate .  Consequently,  the s u r -  
face mois tu re  content falls to ze ro  as soon as it r eaches  q~c, and 
this point ma rks  the beginning of the per iod of falling drying ra te .  

P e r i o d  o f  F a l l i n g  D r y i n g  R a t e  

As noted above, during the per iod of constant  drying ra te  
the moi s tu re  t r an s f e r  is de te rmined  by the flow of moi s tu re  along 
the cap i l l a r ies  of the porous body, while during the period of 
falling drying ra te  it is de termined by the flow of mois tu re  and 
vapor  or ,  in the las t  s tage,  by the flow of vapor  alone. 

As may be seen f r o m  Fig. 4 and 5, the increase  in the t em-  
pe r a tu r e  of the sur face  and the bot tom of the spec imen  was less  
than I~ while the di f ference between the su r f ace  and bot tom 
t e m p e r a t u r e s  is less  than 2~ a f te r  O = 40 h. Thus, it may be 
assumed  that in this exper iment  the drying p roce s s  was i so the r -  
mal  during the per iod of falling drying ra te .  

The fact  that the t e m p e r a t u r e  of the spec imen  is constant 
during the period of constant  drying ra te ,  while (Ps is approxi-  
ma te ly  equal to r  at We, provides a bas i s  for  the s implifying 
assumpt ion  that at ~ > q~c we get moi s tu re  t r a n s f e r  and at r <- q~c 
vapor  t r ans f e r  o r  internal  evaporat ion (Fig. 7). General ly  speak-  
ing, the falling drying ra te  is chiefly de te rmined  by the r e s i s t -  
ance to vapor  t r ans f e r  in the porous  body. A schemat ic  model of 
the proposed drying mechan i sm is shown in Fig. 7. The solid is 
divided into three  zones:  a d ry  zone, an internal  evaporat ion 
zone, and a mois tu re  t r a n s f e r  zone. 
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Fig. 7. T h r e e - z o n e  model 
(x, cm; go is nondimension-  
al; p a t m  abs):  1) d ryzone;  
2) internal  evaporat ion zone; 
3) mois tu re  t r ans f e r  zone. 
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Fig. 8. Schematic  model of the moi s tu l e  
dis tr ibut ion in the cap i l l a r ies  (period of 
failing drying rate) :  1) p r i m a r y  cap i l l a -  
r ies ;  2) secondary  cap i l l a r ies ;  3) f i l t e r -  
tng mois ture ;  4) t rapped mois ture .  

Dry  Zone (0 -< x < 6t). In this zone we get only vapor  
t r a n s f e r  descr ibed  by the following equation 

Opl D'~ O~pa (12) 
gT ~ = ~ ~t l OX 2 ' 

where  

D'v -- Dv~ = Dv-.-__.~- ~ (13) 
(:n - -  P)z~ (Pair)tr~ " 

The express ion  on the left of Eq. (12) is usually much 
less  than the express ion  on the right; accordingly,  it may 
be assumed approximate ly  equal to zero .  

Internal  Evaporat ion Zone (61 _< x < 5~). Assuming 
that vapor  t r an s f e r  is de te rmined  by the par t ia l  v a p o r - p r e s -  
su re  gradient ,  we can wr i te  the following equation 

~M Op2 D'oM 
RT ~ " 00 ~tRT ,~,, 

a~p2 OX 2 IA- [internal evaporation rate] (14) 

The internal  evaporat ion ra te  is calculated as follows. A schemat ic  model of a cap i l l a ry -po rous  solid 
is shown in Fig. 8. F i l te r ing  mois tu re  fills the p r i m a r y  cap i l la r ies  and t rapped moi s tu re  the secondary  
cap i l l a r i e s .  Whereas  the funicular  moi s tu re  can flow through the p r i m a r y  capi l la r ies ,  the pendular  m o i s -  
ture cannot and can be removed  only by evaporat ion (internal) and vapor  t r ans f e r  along the cap i l l a r i e s .  We 
now as sume  that the moi s tu re  content at which all the secondary  cap i l l a r ies  are  filled with mois ture ,  c o r -  
responds  to goc. At points where  the mois tu re  content is less  than goc we get only evaporat ion of moi s tu re  
and vapor  t r ans fe r ,  mois tu re  t r ans f e r  being a lmos t  nonexistent.  On the other  hand, at points where  the 
mois tu re  content is g r e a t e r  than goc mois tu re  t r an s f e r  p redomina tes .  

We as sume  that the dis tance l (see Fig. 8) is propor t iona l  to (goc - go2) and that the r e s i s t ance  to in-  
te rnal  evaporat ion in a secondary  cap i l l a ry  is propor t ional  to l. The internal  evaporat ion ra te  is then wr i t -  
ten as follows 

[internal evaporation rate] = 

Substituting express ion  (15) in Eq. (14), we obtain 

k ! 
(& - -  P2). (18)  

eM Op2 D'~M 02P~ § ~ (P~ - -  PO, (16) 
RT~, v O0 ~ttRTav Ox ~ @c - -  % 

0~2 k '  
- -  - -  ( p ~ - - p . ) .  (17) 

- -  ~rP~ O0 % ~ %  

In this case  the express ion  on the left  of Eq. (16) is much less  than the express ion  on the right and 
consequently can be neglected.  

Moisture  T r a n s f e r  Zone (5 2 <_ x <- L). In the initial s tage of the per iod of falling drying ra t e  we have 
mois tu re  t r an s f e r  in the spec imen,  where  goa ~ goc, and for  this zone we can wri te  the following equation 

O0 Ox ~ Ox ] 
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Fig.  9. C o m p a r i s o n  of theore t i ca l  (a) and e x p e r i m e n -  
tal (b) m o i s t u r e  field cu rves  (x, cm; ~0 is nond imen-  

s ional. 

The init ial  and boundary  condi t ions  for  Eqs.  (12)-(18) a r e  as fol lows.  

at 0 = 0  

Init ial  condit ions:  

q)3 = q)crit (X), 

81 = ~ = O. 

(8) and Fig .  6, if ~o s is taken equal to ~o c. ~0crit(x ) can be de te rmined  f r o m  Eq. 

Boundary  condi t ions :  

at x =  0 

(19) 

(20) 

D'vM OPl - -  kg (Pl - -  Pa), (21) 
bhRTao Or. 

q~l : 0; (22) 

at 'X ~-. ~)1 Pl = P2, (23) 

Opl _ Op, (24) 
Ox Ox 

% = 0. (25) 

D'vM Op2 _ ,, 0 %  (26) 
at X = 6 2  ]l'zRTav . ~ - -  e T t ~ g w ~  ' 

r = r = q~c, (27) 

P2 = P, = eonst; (28) 

at x = L  0q~s = 0. (29) 
Ox 

S o l u t i o n s  o f  P a r t i a l  D i f f e r e n t i a l  E q u a t i o n s  

The s y s t e m  of pa r t i a l  d i f ferent ia l  equat ions obtained above is solved n u m e r i c a l l y  with the fol lowing 

a s sumpt ions  : 

1) the left  s ides  of Eqs.  (12) and (16) a re  negl igibly smal l ;  

2) the m o i s t u r e - t r a n s f e r  coeff ic ient  K is a s sumed  constant ;  

3) the exp re s s ion  fo r  the in terna l  evapora t ion  ra te  can be app rox ima te ly  l i nea r i zed  by in t roducing  the 
cons tan ts  k" and c '  and can be wr i t t en  in the following f o r m  

k' 
~ _ _ ~  (P8 - -  P2) ~- k" (~% -]- c')  (p,  - -  p=); (30) 
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4) the boundary  condi t ions  of the th i rd  kind of Eq. (21) a re  approx imated  by condit ions of the f i r s t  
kind. 

Then the following changes  of va r i ab le s  a re  made  in Eqs .  (12)-(18) 

p =  P - - P a ,  @ =  q~ ~ x =  x ~ _  x - - 6  s 

Ps - -  Pa Vc 6~ L - -  6~. 

We in t roduce  the notat ion 

C I 

A =  , C = - - ,  O = F O .  
L ~ 

A = D'r D - -  KP~eT 
s " ' L W '  (Ps - -  Pa) ' IhRTa~L k ~e 

E = ~lR1"~PwerKq~e F ~ (Ps - -  Pa) 
D ~  (p, - -  Pa) ' erP~ 

As a r e su l t  we obtain the fol lowing s y s t e m  of equat ions 

(31) 

F o r  s impl ic i ty ,  
a ry  condi t ions  fo r  this s y s t e m :  

at 0 = 0  

(32) 

0sP~ 
0 ~ x  < l, 0~ = 0; (33) 

A 02P2 
0 ~ ~2 < 1, (A s - -  Ax)' 0g--T- -}- (1 - -  Pc) (@~ -}- C) = 0, (34) 

809 ~- 1 {(1--~2) - ~  --ff~-~ ~ - - ~ - - - d A 1  dA~ 1 0 ~  
0 o  A s - a ~  - -  + ~ s  - ~  , ~ = ( 1 - p ~ ) ( ~  + c ) ;  (3S) 

0 0 3  ~ -  1 dh~ o~93 D a2r (36) 
0 < ~ s < l ,  - - 5 - - -  

0 0  1 - -  as dO 0 ~  (1 - -  a~) s 0 ~  

in these  equat ions e is a s s u m e d  app rox ima te ly  equal to eT- We wr i t e  the init ial  and bound-  

at ~1-=-- 1, ~s = 0 
h i = h e = O; 

Pl = Pv 

69~ = O, 

1 OP 1 1 O P  z . 

al Oh A2 - -  A1 0 ~  

g~= 0 
-P2= 1, 

1 OP s E 0098 

Ao - -  A 1 0 ~  1 - -  h 2 0~8 

O@~ - -  O, 

q)2 = 0 3  = 1 ; 

O(D3 - O, 

P8 ~ 1. 

at ~e = 1, 

at ~ = 1 

(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

Equat ion (44) is the s u p p l e m e n t a r y  condit ion of smooth  d i sp l acemen t  of 62 . 

This  s y s t e m  of equat ions can be solved n u m e r i c a l l y  by the method of momen t s  p roposed  by  Yamada  
the e s s e n c e  of which cons i s t s  in the following. We wr i t e  the solut ion for  P and �9 ( respect ively)  in the [4], 

form of polynomials ~ with unknown coefficients that are functions of | and substitute these polynomials in 
the system of partial differential equations. The number of different integral moments for ~ is the same 

as the number of unknown coefficients and, accordingly, we obtain a new system of first-order ordinary 
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Fig. 10. Theoret ical  v a p o r - p r e s s u r e  curves (x, era; p is the wate r -  
vapor p ressu re  in the p r imary  capi l lar ies ,  atm abs). 

Fig. 11. Comparison of theoretical  (a) and experimental (b) values of 
the mean moisture  content (e, h; w is nondtmensional; w c = 0.366, 
nondimensional; O = 17.9 h). 

differential equations in the same unknown coefficients. Hence the problem reduces to soIvLng the lat ter  
sys tem of differential equations by some numerical  method. 

As the approximate solutions for P and r we selected second-orde r  polynomials ~. The calculated 
values of the moisture content ~ and the part ial  p re s su re  of water  vapor  in the specimen are presented in 
Figs.  9 and 10, respectively.  In the solution we employed the following numerical  values:  

c' -- 0.0473 (nondimen.); k" ---- 0,935 g/cm a" atm abs.h; 

Tao = 310 ~ K = 0,233 cmZ/h; 

~tt~ 4,5 (nondimen.); e T = 0,30 (nondimen.). 

Values of k T, and then k" and c f, were calculated f rom Fig. 4 and Eqs. (16), (17) as 

o: / 
}xz~Ta v Oxe. (q~c - -  % ) ~  �9 (48) 

In Fig. 11 the analytic and experimental  relations between the mean moisture  content and drying time 
are compared for the period of falling drying rate.  In Fig. 9 it is possible to detect cer tain discrepancies  
between the calculated and experimental values. This can be attributed to the fact that we employed con- 
stants K and k', and then k" and c', that represent values corresponding to the middle of the period of failing 
drying rate. At lesser values of the moisture content it is also possible s detect moisture adsorption ef- 
fects. 

Despite the rather rough assumptions mentioned above, the calculated values are in good agreement 
with the experimental data. In this connection, the model and mathematical apparatus proposed for inves- 
tigating the drying mechanism and hence the moisture and vapor transport mechanism in a capillary-por- 
ous solid may be regarded as acceptable. 

N O T A T I O N  

c '  is the constant in Eq. (30), nor, dimensional; 
C x is the specimen capacitance, pF; 
CF is a standard capacitance, pF; 
D v is the coefficient of diffusion of water  vapor into air, cm2/h; 
I is current ,  A; 
k '  is the internal evaporation coefficient, g/cm ~ �9 a im.  h; 
k" is the constant in Eq. (30), g / cm3-a tm .h ;  
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kg is 
l is 
L is 
M is 
p is 
Pa is 
Ps is 
R is 
R x is e l ec t r i ca l  r e s i s t ance ,  ohm; 
r i s s  cap i l l a ry  radius ,  #; 
t is t empera tu re ,  ~ 
T is absolute t empe ra tu r e ,  ~ 
V is voltage,  V; 

the m a s s - t r a n s f e r  coefficient,  g /cm 3- a t m .  h; 
the length of the diffusion zone in a secondary  capi l lary ,  cm; 
the spec imen  depth, cm; 
the molecu la r  weight of water ,  g/mole;  
the w a t e r - v a p o r  p r e s s u r e ,  a im abs; 
the w a t e r - v a p o r  p r e s s u r e  in the drying agent, a im abs; 
the sa tura ted  vapor  p r e s s u r e ,  a im ads; 
the gas constant,  cm 3 �9 a tm/mole  �9 ~ 

w is the mean mix ture  content, c m  3 w a t e r / c m  3 cap i l l a ry  volume; 
w c is the c r i t i ca l  mo i s tu re  content, cm 3 w a t e r / c m  3 cap i l l a ry  volume; 
x is the dis tance f r o m  the su r face  (of the specimen) ,  cm; 
Z is impedance,  ohm; 
5 is the dis tance f r o m  the su r face  to the moving interface,  cm; 
e is poros i ty ,  nondimensional;  
eT is the total poros i ty ,  nondimensional;  
0 is t ime,  h; 
K is the m o i s t u r e - t r a n s f e r  coefficient ,  m2/h, cm2/h; 
t~l is the path fac tor  for  vapor  diffusion through capi l la r ies  [1] (Pl = #/diff /eT) ,  nondimensional;  
v is the total p r e s s u r e ,  a tm abs; 
k l is the the rma l  conductivity of the solid, k c a l / h ,  m .  ~ 
Ps is the t rue density,  g/cm3; 
Pw is the densi ty  of water ,  g/cm3; 
q~ is the local mois tu re  content, the re la t ive  volume ra t io  of mois tu re  to total cap i l l a ry  volume,  c m  3 

w a t e r / c m  3 cap i l l a ry  volume; 
% is the local mois tu re  content at Wc, em 3 w a t e r / c m  3 cap i l l a ry  volume; 
~cr i t  is the local c r i t i ca l  m o i s t u r e  content, c m  3 w a t e r / c m  3 cap i l l a ry  volume; 
(Ps is the local  moi s tu re  content at the sur face ,  cm 3 w a t e r / c m  3 cap i l l a ry  volume; 
a; is f requency,  1/sec.  

1. 
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