
M E C H A N I S M  O F  T H E  P H E N O M E N O N  O F  V A P O R  

P E R M E A B I L I T Y  O F  P O R O U S  B O D I E S  

V .  M. S t a r o v  a n d  N.  V .  C h u r a e v  UDC 532.546 

It is shown that the t ranspor t  of film liquid and capil lary condensate makes an important  con- 
tribution to the coefficient of vapor permeabi l i ty  when the relat ive humidity in the surrounding 
medium is high. 

Methods [1-7] consist ing in the observat ion of the amount of water evaporated f rom a vesse l  covered by 
a film or  layer  of the test  mater ia l  into a i r  containing a determined constant humidity r are used for the 
character iza t ion of vapor  permeabi l i ty .  The vapor permeabil i ty  coefficient K is determined as the ratio of 
the amount of mois ture  evaporated in a steady p roces s  to the tinle ~ oV5ervation and the relative humidity 
gradient of the a i r .  In a number of repor ts  [1, 2, 5, 6] i t  has been discovered that with high r the evaporation 
rate  exceeds the rate of vapor diffusion through the pore space.  The increased  vapor  permeabi l i t ies  may be 
connected with surface t ranspor t  of adsorbed mater ia l  and with capi l lary condensation. 

Let us t race the effect of f i lm flow of liquid over  the pore  surface on the vapor  permeabi l i ty ,  represent ing 
the porous body as consisting of cylindrical  capi l lar ies  of radius r .  We solve the one-dimensional  i sothermal  
problem (Fig. 1) of the evaporation of liquid f rom the level x = - L  through the porous body, the lower and upper 
boundaries of which a re  x = 0 and x = l, respect ively.  Taking the distance L as small ,  we neglect  the effect of 
convection in the in ter layer  of gas between the liquid and the lower boundary of the porous body. Then in the 
steady state the mass  flux in the section - L -< x _< 0 is determined by the diffusion equation 

]=D 1 - - %  (i) 
L 

We allow for convection at the boundary between the porous body and the surrounding medium and we 
introduce a boundary layer  with an effective thickness x0, within the limits of which the value of r var ies  f rom 
r at the upper boundary of the porous body to r = const in the surrounding medium. The flux through the 
boundary layer  will equal 

j----D % - - %  (2) 
xo 

Comparing (1) and (2), we obtain 

% = % -}- (Xo/L). (1 - - % ) .  (3) 

Since as a rule r is close to unity and x 0 << L, for simplici ty one can take ~ -~ r i .e. ,  neglect  the 
res is tance  of the boundary layer.  Because of the l ineari ty of Eq. (3), however,  an exact solution can also be 
obtained, if necessa ry ,  when r 4 ~P0. This per ta ins  especially to cases  of small r when one can no longer 
take r -~ r 

For  steady conditions the solution of the problem of internal mass  exchange in a porous body is given 
by the equation 
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F i g .  1o D i s t r i b u t i o n  of ~p o v e r  t h i c k n e s s  of  m o d e l  
of p o r o u s  body:  1) in the p r e s e n c e  o f  t r a n s p o r t  in 
f i l m s ;  2) with m a s s  t r a n s p o r t  by v a p o r  d i f fus ion  on ly .  

] = - -  roD, @) (d~ldx) = const, (4) 

where D,(~0) is the effective diffusion coefficient, which allows for both the vapor flux and transport in the 
liquid phase. Let us find an e~pression for D,(~0) by considering, as earlier [8-10], the combined flow of film 
and vapor. For a cylindrical capillary of radius r the local flux equals 

axr2D~ dp § 2rcrph ~ dH r~r"~tD, (r dcp 
q . . . .  (5) 

R T  dx 3q dx R T  dx - - 

H e r e  the f i r s t  t e r m  c o r r e s p o n d s  to the v a p o r  d i f fus ion  f lux and the s e c o n d  to the v i s c o u s  f low in a s u r f a c e  
f i lm  o f  t h i c k n e s s  h on the a s s u m p t i o n  that  h << r .  A s s u m i n g  that  the c h e m i c a l  p o t e n t i a l s  of  the s u b s t a n c e  in the 
l iqu id  and g a s e o u s  p h a s e s  a r e  the s a m e  in each  s ec t i on ,  we f i n d  an equa t ion  connec t ing  p and II: 

H -  R T  In p a 
Vm Ps r 

H e r e  I I p e r t a i n s  to a f la t  f i l m ,  whi le  c r / r  a l l o w s  for  i t s  c u r v a t u r e .  
we take  the d e p e n d e n c e  

II = A/h ~ 

(6) 

As the isotherm of the disjoining pressure 

(7) 

As i s  known, an equa t ion  of  th is  type ,  a l s o  c a l l e d  the F r e n k e l ' - H a l s e y - H i l l  equa t ion  [11], i s  o f ten  used  to 
d e s c r i b e  p o l y m o l e c u l a r  a d s o r p t i o n  f o r  va lue s  of ~0 c l o s e  to uni ty .  

Us ing  Eqs .  ( 6 ) a n d  (7), we ob t a in  in p l a c e  of (5) 

D,(q~) = D [1 § (c~{rqo). (ln t 
q~ 

(Z  -~-  
2 A R T  

3~Dp,G, R T  

(8) 

This  equa t ion  g i v e s  the dependence  of the e f f ec t ive  d i f fus ion  coe f f i c i en t  D.  on cp. The  v a l u e s  of the i s o -  
t h e r m  cons t an t  A, the t e m p e r a t u r e  T,  the c a p i l l a r y  r a d i u s  r ,  and the v i s c o s i t y  ~ of the l iquid  in  the f i l m  m u s t  
be known for  the c a l c u l a t i o n  of  D.(~o)~ 

Since D~(~0) > 0 f o r  high r  i t  fo l lows  f r o m  (4) that  the funct ion ~o(x) has  the fo l lowing  p r o p e r t i e s :  ~o'(x) 
< 0, r  (x) < 0o Consequen t ly ,  the v a l u e s  of ~o(x) wi th in  the p o r o u s  body v a r y  a c c o r d i n g  to the l aw shown by 
cu rve  1 in  F i g .  1o The  s e c o n d  t e r m  in Eq.  (8) a p p r o a c h e s  z e r o  as  r - -  ~ o r  in the a b s e n c e  of a s u r f a c e  f i l m  
(A = 0)~ In th i s  c a s e  the d i s t r i b u t i o n  ~o(x) i s  l i n e a r  ( s t r a igh t  l ine  2,  F i g .  1), wMch c o r r e s p o n d s  to the usua l  
so lu t ion  of  the v a p o r  d i f fus ion  p r o b l e m  when D = c o n s t  and m = c o n s t .  

Solving (4), with the f ac t  tha t  In  (l/q)) ~ (1-~o)/~o for  high cp a l so  be ing  u s e d ,  we ob t a in  f o r  ~o 1 the e x p r e s s i o n  

% =%+v(I--%) l+v4 }-'. (9) 
r [1 - -  % - -  (~%/r)] 

As seen  f r o m  th i s  equa t ion ,  the v a l u e s  of  ~01 d e c r e a s e  wi th  an i n c r e a s e  in the  c o n t r i b u t i o n  of f i l m  f low 
(an i n c r e a s e  in the c o n s t a n t  A c h a r a c t e r i z i n g  the f i lm  t h i c k n e s s ,  a d e c r e a s e  in the  c a p i l l a r y  r a d i u s ) .  
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Let  us  now p r o c e e d  to f ind the c o r r e s p o n d i n g  e x p r e s s i o n  for  the v a p o r  p e r m e a b i l i t y  coe f f i c i en t  K(qP0): 

i = K (q~o) ('h - -  S)/l. (1o) 

Using  (1), w e  ob ta in  f r o m  the l a t t e r  equa t ion  

K (r = Din? (1 - -  q~t)/(qo~ - -  %). (11) 

Subs t i tu t ing  (9) in to  (11), we  have  

K (~o) = Din{1  + (r162 [1 - -  9o - -  (~qoolr)l-'}- ( 1 2 )  

The s o l u t i o n s  o b t a i n e d  above  p e r t a i n  to the  r e g i o n  of v a l u e s  of qP c l o s e  to un i ty .  Th i s  i s  connec t ed  both 
wi th  the a s s u m p t i o n s  m a d e  and wi th  the f ac t  that  Eq.  (7) d e s c r i b e s  only the r e g i o n  o f  p o l y m o l e c u l a r  a d s o r p t i o n .  
F o r  the u s u a l  v a l u e s  of the c o n s t a n t  A ~ 10 -14 e r g  [12] the f i l m  t h i c k n e s s  h does  not  e x c e e d  one to t,~vo l a y e r s  
of m o l e c u l e s  when (p -< 0.95.  To p e r f o r m  c a l c u l a t i o n s  when ~0 < ~0 k = 0.95 we n e g l e c t  the e f fec t  of s u r f a c e  
d i f fus ion ,  which  i s  v a l i d  for  p o r e s  of  r a d i u s  r > 10 -6 c m ,  and we wi l l  only  a l low for  the v a p o r  d i f fus ion  f lux.  
We m u s t  then c o n s i d e r  that  in su f f i c i en t ly  f ine  p o r e s  c a p i l l a r y  c o n d e n s a t i o n  can  se t  in ( p r i m a r i l y  on  the s ide  
fac ing  the w a t e r  s u r f a c e ) .  The  cond i t i on  of  f i l l i ng  in of  a p o r e  i s  d e t e r m i n e d  by the Ke lv in  equa t ion  

1 - -  r = 2 e v ~ / r R T  = 6/r. 

It  should  be no ted  tha t  the v a l u e s  of K(cP0) a r e  u s u a l l y  m e a s u r e d  go ing  f r o m  high  v a l u e s  of ~00 to l o w e r  
v a l u e s .  I f  the m e a s u r e m e n t s  a r e  p e r f o r m e d  f r o m  low to h igh  v a l u e s ,  h o w e v e r ,  one can no l o n g e r  u s e  Eq.  (13), 
s i nce  the e f fec t  of  h y s t e r e s i s  of the f i l l i n g - i n  m a y  a p p e a r .  

If  the va lue  of q), which fo l lows  f r o m  (13) l i e s  b e t w e e n  ~Pl and ~o 0 then t h r e e  zones  shou ld  be d i s t i n g u i s h e d  
i n  the p o r o u s  body when % < ~0k: 

1) a " d r y  zone,"  w h e r e  ~0 < ~0 k,  wi th  the c o o r d i n a t e s  l 0 - x _ l ; 
2) a zone of  p o l y m o l e c u l a r  f i l m s ,  w h e r e  q~,> ~0 > qPk and l ,  ___ x _< /0; 
3) a zone of  v i s c o u s  f low in the c o m p l e t e l y  f i l l e d  p a r t  of the c a p i l l a r y  0 -< x _< l , .  

In zone  3 the t r a n s f e r  i s  a c c o m p l i s h e d  u n d e r  the e f f ec t  of  the c a p i l l a r y  p r e s s u r e  g r a d i e n t ,  equa l  to 

h P / l ,  ~ R T  (cp i - -  eh) /v  f l , .  

F r o m  th i s  we ob t a in  the fo l lowing e x p r e s s i o n  f o r  the m a s s  f lux:  

J = m R  Tr2 (~i - -  eh)/8Vm~ll*" (14) 

When the c a p i l l a r i e s  a r e  c o m p l e t e l y  f i l l e d  wi th  l iqu id ,  which o c c u r s  wi th  the  cond i t ion  q~0 -> ~0 , ,  the v a p o r  
p e r m e a b i l i t y  c o e f f i c i e n t  

K = mRT?/811v  m (15) 

c e a s e s  to depend  on  ~o 0 and  i s  d e t e r m i n e d  on ly  by the p o r e  r a d i u s .  I t  m u s t  be  kep t  in  mind ,  h o w e v e r ,  that  in 
th is  c a s e  the p o r e  r a d i u s  in a c c o r d a n c e  with  Eq.  (13) m u s t  not  e x c e e d  the v a l u e  1:. = 2O-Vm/RT(1- (o0). The  
v a p o r  p e r m e a b i l i t y  coe f f i c i en t  in Eq.  (15) i s  the m a x i m u m  v a l u e  of  K fo r  a f ixed  p o r e  r a d i u s .  F o r  e x a m p l e ,  
K = 0.67 fo r  r = 10 -5 c m  and K = 67 fo r  r = 10 -4 c m .  

Us ing  (1), in zone  1 we  o b t a i n  

m D  ( ~  - -  %)/( I  - -  lo) = D (1 7 -  eh)l L 

o r  �84 

(? - -  Yo) (I - -  ~ i )  - -  ~k - -  %" (16) 
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R e p l a c i n g  gol w i t h  go., go0 w i t h  gok, a n d  .y w i t h  To-'Y* in  (9) and  u s i n g  (1), we  o b t a i n  f o r  z o n e  2 

((p, - -  tpk) { 1 + (cz/r) [1 - -  % - -  (D%/r)]-~} : (1 - -  %) (% - -  ~/,). 

F o r  the  z o n e  of  v i s c o u s  f low,  u s i n g  (14) and  (1), we  f ind  

v .  (1 - -  %) = e (% - -  %) .  

H e r e  e = m R T r 2 / 8 V m r l D .  F r o m  (16)- (18)  we  o b t a i n  the  f o l l o w i n g  e q u a t i o n s :  

% = i - -  e ( 1 - - ( p , )  . 
( % + e )  

% : ? , - i -  A ( V , + e )  ," 
eD (1 - -  (p,) 

? - -  [(A + % - -  %)/(1 - -  sp,)] 
~ , ~  

1 + [(A + % - -  %)/0 - -  % )  el 

(17) 

a 8 )  

(19) 

(20) 

(2l)  

h e r e  

A = ((p, - -  %){1 + (a/r) [1 - -  % - -  ([~%/r)1-1}. 

The  l a t t e r  e q u a t i o n s  a l l o w  one  to c o n c l u d e  tha t  T > T0 > T , ,  1 > gol > ~ * .  
tha t  % = 0, i . e . ,  t he  z o n e  o f  c o m p l e t e  f i l l i n g  of  t he  c a p i l l a r i e s  d i s a p p e a r s .  

F r o m  (21) w e  f ind  tha t  T* > 0 w h e n  

? > (A + % - -  %)/(I  - -  % )  

W h e n  gol = go* i t  f o l l o w s  f r o m  (19) 

(22) 

and  the  z o n e  w i t h  v i s c o u s  f l o w  i s  p r e s e n t  up to go0 = gok + A - T  x (1 -go . ) .  But  i f  the  c o n d i t i o n  

7 > (A + %)/(1 - -  ~,)  (22') 

i s  s a t i s f i e d  then  th i s  z o n e  i s  p r e s e n t  f o r  any go0- W h e n  go0 < gok and  (22) i s  s a t i s f i e d  the  v a p o r  p e r m e a b i l i t y  c o -  
e f f i c i e n t  f r o m  (11) and  (19) i s  

K (%) : mTDs (1 - -  %)/[% (l - -  %) --  e (qo, - -  %)]. (23) 

U s i n g  (21) and  (23), o n e  can  s h o w  tha t  w h e n  the  c o n d i t i o n  

> A/((p, - -  (Pk) (24) 

i s  s a t i s f i e d ,  i . e . ,  w h e n  the  p e r m e a b i l i t y  of  the  f i l l e d  c a p i l l a r i e s  i s  g r e a t e r  than  the  m a x i m u m  v a p o r  p e r m e a b i l i t y  

of  the  v a p o r  and  f i l m ,  K(go0 ) i n c r e a s e s  w i t h  an  i n c r e a s e  in  t he  s i z e  of  the  t e s t  m o d e l ;  w h e n  (24) i s  no t  s a t i s f i e d  
i t  d e c r e a s e s .  A f i n i t e  l i m i t  (as  T - -  ~o) e x i s t s  in any  c a s e :  

lira K (%) = m D  [% + A - -  % + e (1 - -  q~,)]/(l - -  %). (25): 

The  v a l u e  e = 1 c o r r e s p o n d s  to r = 0 . 6 2 5 -  10 -5 c m .  

Now l e t  u s  c o n s i d e r  the  c a s e  o f  go. > cp0 > q~k; in th is  c a s e  z o n e  1, t he  d i f f u s i o n  of  v a p o r  on ly ,  w i l l  b e  
a b s e n t  and ,  u s i n g  e q u a t i o n s  a n a l o g o u s  to (15) - (16) ,  we  f ind  tha t  K(go0 ) i s  e x p r e s s e d  a s  b e f o r e  by E q .  (23), wh i l e  

V, = (? - -  e• + x). (26) 

Hence it  follows that T, > 0 with the condition 

7 > e •  (q )* - -%) .  { l _ l _ ( a / r ) [ l _ % _ ( ~ % / r ) ] - ~ }  Ao 
(1 - -  q).) 1 - -  q), 

(27) 
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Fig~ 2. V a p o r  p e r m e a b i l i t y  coe f f i c i en t  in the p r e s e n c e  of  t r a n s p o r t  
th rough  v a p o r ,  f i l m s ,  and  c a p i l l a r i e s  p a r t i a l l y  f i l l e d  wi th  a d s o r b e d  
l iquid ,  c a l c u l a t e d  f r o m  Eqs .  (25) and (28) wi th  0 < r < ~0k and (Pk 
< ~00 < r  (a), and v a p o r  p e r m e a b i l i t y  coe f f i c i en t  in  the p r e s e n c e  of 
t r a n s p o r t  t h rough  v a p o r  and f i l m s ,  c a l c u l a t e d  f r o m  Eqs .  (30) and (11) 
(b): 1) r = 0 . 9 . 1 0  - S c m ;  2) 3 " 1 0  - s c m ;  3) 6-  10 - S c m .  

It  fo l lows  f r o m  (27) tha t  ~ = 0 and 3/* = T when ~00 = cp., i . e . ,  the  e n t i r e  c a p i l l a r y  i s  f i l l e d  and (23 )changes  
in to  (15) - the  equa t ion  f o r  K in the  p r e s e n c e  of v i s c o u s  f low. In the c a s e  u n d e r  c o n s i d e r a t i o n  K(~P0) i n -  
c r e a s e s  wi th  an i n c r e a s e  in  the s i z e  of the m o d e l  when the condi t ion  

e ~ Ao/(% - -  %) .  

i s  s a t i s f i e d ;  o t h e r w i s e ,  K(~%) d e c r e a s e s  wi th  an i n c r e a s e  in s i ze ;  

lira K (%) --  Dm [A o -k e ( 1  - -  % ) 1 f ( 1  - -  %). (28) 

The d e p e n d e n c e  of the v a p o r  p e r m e a b i l i t y  coe f f i c i en t  on (P0 c a l c u l a t e d  f r o m  Eqs .  (25) and (28) i s  p r e s e n t e d  
in F i g .  2a .  We took T = 293~ ~? = 10 -2 p ,  cr = 72 d y n / c m ,  and m = 0.4 in the c a l c u l a t i o n .  As  was  shown in [12], 
in f ine c y l i n d r i c a l  c a p i l l a r i e s  one can  take  A = 8.6 �9 10 -14 e r g  f o r  w a t e r  on a q u a r t z  s u r f a c e .  The  r e s u l t s  of the 
c a l c u l a t i o n s  showed tha t  t he se  e q u a t i o n s  a r e  a p p l i c a b l e  when r >_ 0.9 �9 10 -5 e ra .  As seen  f r o m  F i g .  2a ,  the v a l u e s  
o f  K g r o w  With an i n c r e a s e  in Co,  b e c o m i n g  l a r g e r  than D u n d e r  c e r t a i n  cond i t i ons .  In th is  c a s e  b e c a u s e  of the 
t r a n s f e r  of l iqu id  th rough  the p a r t i a l l y  f i l l e d  c a p i l l a r i e s  and  f i l m s  the p o r o u s  body h a s  a h i g h e r  v a p o r  p e r m e a -  
b i l i t y  than a l a y e r  of  a i r  of  the s a m e  t h i c k n e s s .  In add i t ion ,  F i g .  2a shows that  f o r  m o d e l s  o f  su f f i c i en t  t h i c k -  
n e s s ,  i . e . ,  when the cond i t ions  (22) a r e  s a t i s f i e d ,  K(~p0) g r o w s  wi th  an i n c r e a s e  in the p o r e  r a d i u s ,  which i s  in 
a g r e e m e n t  with e x p e r i m e n t a l  s t u d i e s  [5]. 

The c a s e  when the cond i t ion  (22) i s  not  s a t i s f i e d  r e m a i n s  to be e x a m i n e d .  In this  c a s e  only  zones  1 a n d  2 
e x i s t .  I t  i s  e a s y  to ob t a in  the  e :~press ion  fo r  the v a p o r  p e r m e a b i l i t y  coe f f i c i en t  in  th is  c a s e :  

w h e r e  

K(%) = mTD (I -- %) ~- B(I --  %) (29) 
(I--%)~+B(~ h-%) ' 

B = (~ /r )  [1 - -  % - -  (%13/r)1 -*.  
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When I' >> 1 but the condition (22) is still not satisfied the contribution of film flow continues to be appre-  
ciable even for low go0- The expression for  K(go0) takes the following form: 

a (1 - -  %) 1 (30) 
K ( % ) = m D  14- -r (l - -  %) [1--  % --  (%~/r)] ]" 

When gok = go0 this expression changes into Eq. (11) obtained ear l ie r .  

The dependence of K on go0 plotted f rom Eqs. (11) and (30) for  water  evaporating in air at a tmospheric  
p r e s su re  is shown in Fig. 2b. It is seen f rom Fig. 2b that in finely porous bodies and with go0 close to unity 
the values of K grow, becoming l a rge r  than D for high go0. For  example, for water  K becomes la rger  than D 
for r = 0 .5 .10  -5 cm when go0 -> 0.985. The phenomenon of anomalously high vapor  permeabi l i ty  (analogous to 
the phenomenon of surface "superconductivity" in the theory of electrokinetic effects [13]) is confirmed experi-  
mentally in a number of r epor t s  [1, 2, 5, 6]. 

The appearance within the porous body of a zone where there are  no wetting fi lms leads to a decrease  in 
the vapor  permeabi l i ty .  If a value of ~0 exists  such that T0(~0) = 0, then go1 < gok when go0 < ~0 and the value of 
K ceases  to depend on go0 and is determined by the vapor diffusion flux mD. But if the conditions (22) or  (22') 
are  satisfied, then go1 > gok = 0.95 and go1 depends weakly on go0 in the surrounding atmosphere .  If go0 is not 
close to unity, however,  then gol is a lmost  independent of go0. This phenomenon was discovered experimentally 
ear l ie r  but did not receive a p roper  explanation [7]. 

We note that the effect of the boundary layer  is very important  for small  go0. In the theory presented it is 
not hard to allow for  on the basis of (3) but all the equations become very  cumbersome.  Quantitatively the 
allowance for  the boundary layer  is equivalent to an increase  in the thickness of the porous body being tested. 

In conclusion, we note that the vapor  permeabi l i ty  coefficient, as follows f rom Eqs. (23) and (29), is a 
function not only of go0 but also of 7 ,  i.e~ of the size of the model. Therefore ,  the appropr ia teness  of the use 
of the limiting equations (25), (28), and (30) must  be evaluated f rom Eqs. (23) and (29) for each specific case.  

NOTATION 

K, vapor permeabi l i ty  coefficient; go = P/Ps; P, water  vapor p res su re ;  Ps, saturated vapor p res su re ;  T, 
temperature ;  j, flux; q, flow rate;  D, vapor  diffusion coefficient; m, porosity;  Vm, molar  volume of water;  p, (r, 
~?, density, surface tension, and viscosi ty  of water;  l'I, disjoining p ressu re ;  ~ = PVm; 7 = / / m L ;  70 = / 0 / m L ;  
7, = l . / m L o  
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