
COEFFICIENTS OF CAPILLARY MASS TRANSFER 

OF POROUS SOLIDS BASED ON CURVES OF 

PORE DISTRIBUTION 

P. P. Lutsik, Yu. P. Lutsik, 
and D. P. Litevchuk 

UDC 532.72 

The coefficients of capil lary conductivity, capil lary diffusion, and thermal  diffusion of a 
liquid a re  determined for porous ceramic  and quartz  sand using differentiaI curves  of pore 
distr ibution obtained experimental ly.  

The mechanism of t r ans f e r  of an absorbed liquid in a porous solid and the t r ans fe r  coefficients r e -  
flecting the mechanism depend on the geometry  of the porous space of the solid and degree  of filling of the 
pores  with liquid. 

There  a re  severa l  works devoted to the study of the mass  t ransfer  coefficients of porous solids tak- 
ing into account the proper t ies  of their  porous s t ructure .  

Express ions  for the capi l lary t rans fe r  coefficients of a liquid were obtained theoret ical ly by A. V. 
Lykov [1, 2] for a model solid whose porous space is formed by a sys tem of cylindrical  capil laries of dif- 
ferent  radii  not interconnected: 
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The fil tration sizes of the pores,  which determine the res i s t ance  to the flow of a viscous liquid in a 
porous solid through its separa te  continuous capi l lar ies ,  and the differentia[ s ize  distribution function of 
the f i l t rat ion pores  play the main role in Eqs. (1)-(3). The equations for the coefficients of internal mass  
t r ans fe r  obtained by A. V. Lykov based on the model of a porous body which he developed a re  applicable 
for calculating the corresponding coefficients of real  solids with mass  contents higher than the hygroscopic  
state of the absorbed liquid. The limit of applicability of Eqs. (1)-(3) is approached upon the removal  of 
the liquid f rom the finest continuous capi l lary passing through the specimen studied. 

Analytical expressions for the coefficients of isothermal  mass  t rans fe r  of a model solid composed of 
spher ical  nonporous par t ic les  of the same diameter  were obtained by N. V. Churaev [3]. In this repor t  
the total porosi ty  of the sys tem,  determined through the d iameter  of the part icles  and their mode of pack- 
ing, is considered.  The equations obtained by N. V. Churaev are  suitable for the calculation of mass  
t r ans fe r  coefficients in the case of the predominance of the diffusional and film mechanism of liquid t r ans -  
fer,  i .e . ,  when the mass  contents of the sys tem are  not high. 
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Fig. 1. Porous ceramic: 1) 
experimental dependence of 
excess air pressure P (N/m 2) 
on moisture content u (%); 2) 
differential curve f(r) (m -i) of 
pore distribution with respect 
to radius r (m); 3) dependence 
of coefficient of capillary dif- 
fusion of water a~rn (m2/sec) on 
pore radius. 

In v iew of the  a b s e n c e  of e x p e r i m e n t a l  w o r k s  e m p l o y i n g  the  b a s i c  p a r a m e t e r s  of the  p o r o u s  s t r u c t u r e  
of a s o l i d  (pore  s i z e s ,  t o t a l  p o r o s i t y ,  s i z e  d i s t r i b u t i o n  of p o r e s ,  and o t h e r s ) ,  in o r d e r  to d e t e r m i n e  the 
m a s s  t r a n s f e r  c o e f f i c i e n t s  i t  is  n e c e s s a r y  f i r s t  of a l l  to d e t e r m i n e  the  c oe f f i c i e n t s  of c a p i l l a r y  conduc t i -  
v i ty ,  c a p i l l a r y  d i f fus ion ,  and t h e r m a l  d i f fu s ion  of a l iquid  fo r  r e a l  p o r o u s  bod i e s  b a s e d  on Eqs .  (1)-(3) of 
A.  V. Lykov.  In t h e s e  equa t ions  the  p r o p e r t i e s  of the  p o r o u s  s t r u c t u r e  of the  s o l i d  a r e  t aken  into accoun t  
by the  d i f f e r e n t i a l  funct ion  of p o r e  d i s t r i b u t i o n  and by the  p o r e  s i z e s .  T h e r e f o r e  the  s econd  a s p e c t  of the  
p r o b l e m  c o m e s  down to the  d e v e l o p m e n t  of a me thod  of d e t e r m i n i n g  the  d i f f e r e n t i a l  p o r e  d i s t r i b u t i o n  func-  
t ion  f r o m  the e f f ec t ive  r a d i i  wi th  an a c c u r a c y  su f f i c i e n t  fo r  the  u s e  of the  funct ion  in qua n t i t a t i ve  c a l c u l a -  
t ions  of the  c o e f f i c i e n t s  u n d e r  c o n s i d e r a t i o n .  

The  d e p e n d e n c e  of the  m a s s  con ten t  a t  d i f f e r e n t  c r o s s  s e c t i o n s  of a co lumn con ta in ing  the  e x p e r i -  
m e n t a l  s p e c i m e n  on the  c a p i l l a r y  p r e s s u r e  of the  a b s o r b e d  l iqu id  is  the  r e f e r e n c e  e x p e r i m e n t a l  d e p e n d e n c e  
fo r  ob ta in ing  the  d i f f e r e n t i a l  p o r e  d i s t r i b u t i o n  func t ion  in the  s o l i d .  The c a p i l l a r y  p r e s s u r e  of the  l iquid  
in the  so l id  was  m e a s u r e d  by m e a n s  of i t s  c o m p e n s a t i o n  by the  e x c e s s  a i r  p r e s s u r e .  Th i s  m a d e  i t  p o s -  
s i b l e  to  m e a s u r e  the  m a s s  con ten t  of t he  s o l i d  at  one c r o s s  s e c t i o n  of the  co lumn and to r e d u c e  the  he igh t  

of the  co lumn  to 10-20 m m .  

In the  c o u r s e  of the  e x p e r i m e n t  the  l iqu id  a b s o r b e d  by  the  s o l i d  was g r a d u a l l y  e x p e l l e d  f r o m  it by 
i n c r e a s i n g  the  e x c e s s  a i r  p r e s s u r e .  A c e r t a i n  v a l u e  of the  m a s s  con ten t  of t he  s o l i d  c o r r e s p o n d e d  to 
each  va lue  of the  e x c e s s  a i r  p r e s s u r e .  The  chang ing  m a s s  conten t  a t  a g iven  c r o s s  s e c t i o n  of the  s o l i d  in 
the  c o u r s e  of the  e x p e r i m e n t  was  m e a s u r e d  by the  me thod  of g a m m a s c o p y .  The  me thod  of conduc t ing  the 

e x p e r i m e n t s  i s  d e s c r i b e d  in d e t a i l  in [4]. 

F r o m  the  g iven  P(u) the  i n t e g r a l  d i s t r i b u t i o n  of p o r e s  in the  s o l i d  wi th  r e s p e c t  t o  t h e i r  e f f ec t ive  
r a d i i  is  c o n s t r u c t e d  as  t h e  r a t i o  of the  a r e a  of the  c a p i l l a r i e s  f i l l ed  wi th  l iquid  at  the  g iven  c r o s s  s e c t i o n  
of the  s o l i d  at  the  g iven  e x c e s s  a i r  p r e s s u r e  to  the  a r e a  of a l l  the  c a p i l l a r i e s  a t  the  s a m e  c r o s s  s e c t i o n  
which  a r e  f i l l ed  with l iquid  at  a t m o s p h e r i c  p r e s s u r e  (the m a x i m u m  m a s s  conten t  of the  so l i d ) :  

S (r) 
F (r). .  

Snl~x 

The  a r e a s  S(r) and Sma x a r e  e a s i l y  r e l a t e d  to the  s p e c i f i c  m a s s  con ten t  of the  so l id  

S (r) h,o 

aR~hPo 

f r o m  which  

2 •  S (r) = u n R  2 
,o 

Similarly, ~o Po 
Sm~x = UmaxnK" T -  ' 
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With allowance for the lat ter  two equations we finally find the integral  pore  distr ibution in the form 

F ( r )  =~ u (4) 
Uma~ 

The posi t ionof the c ross  section of the specimen at which the mass  content is measured  during the 
experiment does not affect the nature of the integral pore distribution. 

The Laplace equation for capi l lary p r e s s u r e  is used together  with the experimental  dependence P(u) 
to determine  the effective radii  of the pores .  

The differential  pore  distr ibution function with respec t  to the effective radii  is found as the derivat ive 
of the integral distr ibution 

f (r) - d F  (r) (5) 
dr 

The equations of d iscre te  differentiation of [5, 6], which make it possible to find the derivative from 
tabular  values, a re  used for its determination.  

The e r r o r  in determining the function f(r) consists  of the e r r o r  in measur ing  the mass content of the 
solid and the e r r b r  in the d i scre te  differentiation. The methods of eaiculating each of the components of 
the total e r r o r  in f(r) a re  presented in [7] and [6], respect ively .  

Porous ce ramic  and quartz  sand, moistened with water,  a re  taken as the experimental  sys tems .  

The porous ce ramic  is used as a f i l ter  for the spinning solution in the production of chemical fi la- 
ments .  The ce ramic  has a rigid porous s t ruc ture  and the density of the dry  mater ia l  is 1480 kg /m 3. 

The quartz  sand, baked and washed with acids and distilled water,  was screened in the form of 
three fract ions with grain sizes of 0.063-0.16, 0.2-0.25, and 0.75-0.8 ram. These specimens simulate 
macroporous  solids whose porous s t ruc ture  contains only open continuous pores .  

In Fig. 1 the experimental  dependence of the excess air  p r e s su re  on the mois ture  content (curve 1) 
and the differential  poros i ty  distribution function calculated by the method indicated above (curve 2) a re  
shown for  porous ce ramic .  

It is seen f rom Fig. 1 that in the ce ramic  the effective radii of the fi l tering pores  encompassed by 
curve 2 lie in the interval f rom 10 to 40 #. The distr ibution of porosity- with respec t  to radius is compli-  
cated: two maxima are  observed on curve 2. This indicates the heterogeneity of the porous s t ruc ture  of 
the ce ramic  studied. The la rger  maximum of the f(r) curve occurs  for pores  of 31 # radius,  from which 
it follows that pores  of this s ize a re  encountered most  often in the ce ramic  (most probable radius).  

The differential curves of pore distribution in each of the three fractions of quartz  sand a re  ob- 
tained s imi lar ly .  The distr ibution curves smoothly cover the range of pores  with radii f rom 10 to 170 #. 
Within a single fract ion the pore distribution in sand is close to the normal  distribution from the nature 
of the curve.  

Thus, the subjects of the study represent  a group of capi l lary-porous  solids with a constant porous 
structure in a wide range of effective macropore radii. 

The amount of micropores in the solids studies is very small. Consequently, the amounts of ad- 

sorbed moisture are also small. This permits one to make no correction to the filtering sizes of the 
pores for the thickness of the adsorbed film. 

The distribution function f(r) obtained were used to calculate the coefficients of capillary transfer of 

water for the solids studied in accordance with ]~qs. (I)-(3). In the calculations it was assumed that cos 0 

,= 1 since the extraction of water from solids moistened to the maximum extent took place in the experi- 

ments. The experiments were conducted at a temperature of 20~ The approximate integration was car- 

ried out according to Simpson's equation transformed for the case of integration with a variable upper 
limit. 

The coefficients of capillary conductivity of water as functions of the moisture content of the solid 

are presented in Fig. 2a, for porous ceramic (curve i) and quartz sands of fractions 0.063-0.16 mm 
(curve 2), 0.2-0.25 mm (curve 3}, and 0.75-0.8 mm (curve 4). 
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Fig. 2. Dependence on moisture content u (%) of coefficients of 
capillary conductivity of water ks (kg- sec/m 3) (a), of capillary 
diffusion of water a ~  (m2/sec) (b), and of capi l la ry  t he rma l  dif- 
fusion of water  ar  (m2/ sec .deg)  (c): 1 )po rous  ce ramic ;  quar tz  

t 
sand of f rac t ion .  2).063-0.16 ram; 3) 0.2-0.25 ram;  4) 0.75- 0.8 
m m .  

As is seen from Fig. 2a, the coefficients of capillary conductivity of water increase monotonically 
for all the specimens with an increase in their moisture content. This dependence is explained by a de- 
crease in the hydraulic resistance to the flow of water through the capillaries since an increase in mois- 
ture content of the solids under consideration means the filling of pores of increasing radii with water. 
This dependence is displayed especially sharply with a stepwise change in pore radii from one specimen 
to another at a fixed moisture content. The greater the pore radii in the solid, the more sharply the co- 
efficient k~ increases with an increase in moisture content. 

Thus, the coefficient of capillary conductivity of porous solids depends strongly on the porosity of 
the solid and its moisture content. 

The dependence of the coefficient of capillary diffusion of moisture on the moisture content for 
porous ceramic and quartz sand of different particle fractions is shown in Fig. 2b (curve 1: ceramic; 2: 
quartz sand of fraction 0.063-0.16mm; 3: 0.2-0.25mm; 4:0.75-0.8 ram). 

The dependences a~m(u) presented in Fig. 2b have a complicated nature reflecting the specifics of the 
porous structure of the solid and the state of the absorbed moisture in the pores. 

The coefficients of capillary diffusion of quartz sands of different particle sizes increase with an in- 
crease in moisture content. For the ceramic and for the sand of large fractions (0.2-0.25 and 0.75-0.8 
ram) aCre(u) passes through a maximum at a moisture content of 3-4.5% (curves 1, 3, and 4 of Fig. 2b), 
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whi le  m i n i m a  a r e  o b s e r v e d  on t h e s e  c u r v e s  when a m o i s t u r e  con ten t  of 5.5-7% is  r e a c h e d .  F u r t h e r  s a t u r a -  
t ion  of the  s o l i d  wi th  w a t e r  l e a d s  to  a s h a r p  i n c r e a s e  in t he  c o e f f i c i e n t  of c a p i l l a r y  d i f fus ion .  

The  i n d i c a t e d  r a n g e s  of m o i s t u r e  content  fo r  q u a r t z  sand  of l a r g e  p a r t i c l e s  a r e  c r i t i c a l  f r o m  the 
po in t  of v iew of the f o r m s  of a s s o c i a t i o n  and the  s t a t e s  of the  m o i s t u r e  in the  c a p i l l a r i e s  of the  s o l i d .  T h e  
m e n i s c u s  ( junction) s t a t e  of m o i s t u r e  in the  p o r e s  of q u a r t z  s and  with  p a r t i c l e  s i z e s  of 0 .5 -0 .75  m m  c o r -  
r e s p o n d s  to a m o i s t u r e  content  of 2.5% [8], whi le  fo r  p a r t i c l e s  of 0 .5 -1 .0  m m  it c o r r e s p o n d s  to  3.67% [9]. 
The  f i l m - m e n i s c u s  s t a t e  of m o i s t u r e  in q u a r t z  sand  (0 .5-0 .75 ram) s t a r t s  a t  a m o i s t u r e  conten t  of 6.4% [8]. 

Thus ,  the  e x t r e m a l  n a t u r e  of the  func t ion  aCre(u) c a l c u l a t e d  f r o m  Eq.  (2) fo r  the  m a c r o p o r o u s  q u a r t z  
s a n d - - w a t e r  s y s t e m  is o b s e r v e d  only wi th  low m o i s t u r e  con ten t s  when the  w a t e r  f o r m s  s e p a r a t e  m e n i s c i  
in  the  sand  a r o u n d  the  p a r t i c l e  junc t ions  (max imum)  and when it  j o ins  the  m e n i s c i  wi th  l iquid  f i l m s  o v e r  
t he  s u r f a c e  of the  p a r t i c l e s  (min imum) .  A f u r t h e r  i n c r e a s e  in the  m o i s t u r e  con ten t  c o n v e r t s  the  m o i s t u r e  
to  the  ca lS i l l a ry  s t a t e  ( f i l l ing of the  s p a c e  be tw e e n  the  p a r t i c l e s ) ,  f r o m  which  the m o b i l i t y  of the  w a t e r  and 
the  r a t e  of c a p i l l a r y  d i f fu s ion  i n c r e a s e  s h a r p l y .  The  s h a r p e s t  i n c r e a s e  in a ~ ( u )  is  o b s e r v e d  in a l l  the  
s o l i d s  when the  w a t e r  f i l l s  the  p o r e s  of m o s t  p r o b a b l e  r a d i u s  (in the  c e r a m i c  r p  = 31 p and the  c o r r e s p o n -  
ding u = 14.5%; in q u a r t z  s and  of 0 .20-0 .25  m m  r p  = 39 p and u = 10%). We no te  tha t  on the  c u r v e  of the  
d e p e n d e n c e  of the  c o e f f i c i e n t  a~  m on the  p o r e  r a d i u s  (curve  3 of F ig .  1 for  the  c e r a m i c )  no s h a r p  i n c r e a s e  
in the  c o e f f i c i e n t  is o b s e r v e d  n e a r  r = r p .  

The  r e s u l t s  ob ta ined  fo r  the  coe f f i c i en t  of c a p i l l a r y  d i f fus ion  of m o i s t u r e  for  q u a r t z  sand  and c e r a m i c  
a g r e e  we l l  q u a l i t a t i v e l y  in n a t u r e  of the  a~m(~) c u r v e  with the  t h e o r e t i c a l  c a l c u l a t i o n s  and p h y s i c a l  i n t e r -  
p r e t a t i o n  of the  coe f f i c i en t  of m o i s t u r e  d i f fu s ion  c a r r i e d  out by N. V. C h u r a e v  fo r  the  q u a r t z - - w a t e r  m o d e l  
s y s t e m  [3]. C l e a r l y ,  q u a r t z  sand  with  a n a r r o w  f r a c t i o n  of p a r t i c l e  s i z e s  wel l  r e f l e c t s  both m o d e l s  of a 
p o r o u s  s o l i d  m e n t i o n e d  at  the  s t a r t  of the  a r t i c l e .  

On c u r v e  2 (Fig .  2b), ob ta ined  fo r  f i n e - g r a i n  q u a r t z  sand  (0 .063-0.16 mm) ,  no m i n i m u m  is  o b s e r v e d  
in the  d e p e n d e n c e  a ~ ( u ) .  The  a b s e n c e  of a m i n i m u m  is p r o b a b l y  exp l a ined  by the  c o m p a r a t i v e l y  r a p i d  
t r a n s i t i o n  of the  w a t e r  t h rough  the f i l m - m e n i s c u s  s t a t e  to the  e ~ p i l l a r y  s t a t e  owing to the  s m a l l  p o r e  s i z e s .  

In ~ddi t ion ,  fo r  th is  sand  the  coe f f i c i en t  a~  m is p r a c t i c a l l y  independen t  of the  m o i s t u r e  content  in the  
r a n g e  of m o i s t u r e  conten t  f r o m  4 to  14%. Th i s  is  exp l a ined  by the  fac t  ,that with the  e x i s t i n g  g r a n u l o m e t r i c  
c o m p o s i t i o n  of the  s and  p a r t i c l e s  the  p o r e  r a d i i  v a r y  i n s i g n i f i c a n t l y  in the  g iven  i n t e r v a l  and as  a c o n s e -  
quence  the  c o e f f i c i e n t  a ~  r e m a i n s  cons t an t .  

Thus ,  in d e t e r m i n i n g  the  c o e f f i c i e n t s  of i n t e r n a l  m a s s  t r a n s f e r  and s tudy ing  the  m e c h a n i s m  of t r a n s -  
f e r  of  a l iquid  in a p o r o u s  s o l i d  one m u s t  know both the  s t a t e s  snd f o r m s  of the  a s s o c i a t i o n  of the  m o i s t u r e  
wi th  the  s o l i d  and the  d i f f e r e n t i a l  s i z e  d i s t r i b u t i o n  of p o r e s  in the  s o l i d .  

In c a l c u l a t i n g  f r o m  t~q. (3) the  coe f f i c i en t  of c a p i l l a r y  t h e r m a l  d i f fus ion  of the  s o l i d s  s t ud i e d  i t  was 
a s s u m e d  tha t  the  d e r i v a t i v e  d ~ / d T  is cons t an t  and equal  to - -1 .68  �9 10 -4 N / m  .deg .  F o r  w a t e r  th i s  a s s u m p -  
t ion  is va l id  in the  t e m p e r a t u r e  r a n g e  f r o m  20 to 100~ [8]. 

C u r v e s  1-4 (Fig .  2c) r e p r e s e n t  the  d e p e n d e n c e  of the  coe f f i c i en t  of c a p i l l a r y  t h e r m a l  d i f fus ion  of 
w a t e r  on the  m o i s t u r e  content  fo r  p o r o u s  c e r a m i c  and fo r  q u a r t z  s a n d s  of p a r t i c l e  f r a c t i o n s  0 .063-0 .16 ,  
9 .2 -0 .25 ,  and 0 .65-0 .8  ram,  r e s p e c t i v e l y .  F o r  s m a l l  m o i s t u r e  con ten t s  the  coe f f i c i en t  a~ fo r  the  s o l i d s  
e x a m i n e d  is c l o s e  to ze ro ,  and then i t  i n c r e a s e s  m o n o t o n i c a l l y  with an  i n c r e a s e  in m o i s t u r e  conten t .  A 
t e n d e n c y  t o w a r d  a d e c r e a s e  in the  coe f f i c i en t  of c a p i l l a r y  t h e r m a l  d i f fus ion  is noted  in the  r e g i o n  of high 
s a t u r a t i o n s  of the  s and  with w a t e r .  

The  p o r o m e t r i c  me thod  c o n s i d e r e d  for  the  d e t e r m i n a t i o n  of the  coe f f i c i en t s  of m a s s  t r a n s f e r  for  
p o r o u s  s o l i d s  con ta ins  in i ts  b a s i s  the  a s s u m p t i o n  tha t  m a t e r i a l  is t r a n s p o r t e d  only in the  l iquid  f o r m ,  and 
e v a p o r a t i o n  of the  l iquid  wi th in  the  body is i g n o r e d .  

The  coe f f i c i en t  of c a p i l l a r y  d i f fus ion  of w a t e r  for  q u a r t z  sand  c a l c u l a t e d  f r o m  Eq. (2) is  much  l a r g e r  
than  the  coe f f i c i en t  of d i f fus ion  of m o i s t u r e  d e t e r m i n e d  for  q u a r t z  s and  in the  p r o c e s s  of d r y i n g  by the  
k i n e t i c  me thod  [10] and by o t h e r  m e t h o d s  e x a m i n e d  in the  m o n o g r a p h  [1]. The  r e a s o n  fo r  the  d i s a g r e e m e n t  
of t h e s e  r e s u l t s  p r o b a b l y  c o n s i s t s  in the  fac t  tha t  t~q. (2) p r o v i d e s  for  the  m o l a r  f i l t r a t i o n  flow of l iquid  
m o i s t u r e  t h rough  the  c a p i l l a r i e s  of the  s o l i d  w h e r e a s  the  d i f fu s iona l  t r a n s f e r  of m o i s t u r e  in the  l iquid  and 
v a p o r  f o r m  o c c u r s  in the  d r y i n g  p r o c e s s e s .  

The  to t a l  e r r o r  in d e t e r m i n i n g  the coe f f i c i e n t s  of c a p i l l a r y  m a s s  t r a n s f e r  for  the  s o l i d s  s t ud i ed  in 
t he  p r e s e n t  work  does  not  exceed  1670. 
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NOTATION 

are the coefficients of capillary conductivity, capillary diffusion, and thermal diffusion, 
respectively; 
is the effective radius of pores, varying from the minimum r 0 to rmax; 
is the most probable effective radius of pores; 
is the differential pore distribution function with respect to radius; 
are the surface tension and viscosity of liquid absorbed by solid; 
are the density of liquid and of absolutely dry solid; 
is the wetting angle; 
is the temperature of system; 
is the integral pore distribution function with respect to radius; 
is the mass content of solid; 
are the area of pores filled with liquid and total area of all pores in a cross section of 
the solid; 
is the cross-sectional radius of solid; 
is the height of solid; 
is the excess of air pressure above atmospheric pressure. 
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