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This paper shows that the factors de te rmining  the magn i tude  of the 

reverse  flow of moisture,  which compensates  the moisture  transfer due 

to the t empera tu re  gradient ,  have  a decis ive  inf luence on the final 

form of the  mois tu re -con ten t  profile in horizontal ,  closed, disperse, 

nonisothermal  systems. 

The predic t ion  of the effect of t empe ra tu r e  d i s t r i -  
but ion on the d i s t r ibu t ion  of m o i s t u r e  content  in a 
porous medium by means  of the rapid ly  developing 
theory of in te rconnec ted  heat  and m a s s  t r a n s f e r  [1, 2] 
is difficult  owing to the inadequate development  of 
methods of de t e rmin ing  the functional  re la t ionsh ips  
between D I and DT of the vapor and liquid phase, on 
one hand, and the factors  affecting them, on the other .  
In c u r r e n t  theor ies  of t r a n s f e r  the h y s t e r e s i s  of the 
r e l a t ionsh ips  | and D l (O) is ignored.  

At the p re sen t  s tate  of the theory of non i so the rma l  
m o i s t u r e  t r a n s f e r  in porous m a t e r i a l s  the col lect ion 
and ana lys i s  of exper imenta l  data cha rac t e r i z ing  the 
mos t  impor tan t  f ea tu res  of m o i s t u r e  t he rmo t r ans fe r*  
in porous  media  will faci l i ta te  the e s t ab l i shmen t  of 
r e l a t ionsh ips  between the genera l ly  accepted c h a r a c -  
t e r i s t i c s  of porous m a t e r i a l s  and the i r  behavior  in a 
t e m p e r a t u r e  field, and will also a s s i s t  the development  
of appropr ia te  c lass i f i ca t ions .  

As far  as we know, no such c lass i f i ca t ions  exis t  at 
present ,  s ince it  is not quite c lea r  what p roper t i e s  
or c h a r a c t e r i s t i c s  of a porous m a t e r i a l  favor the r e -  
d i s t r ibu t ion  of the moi s tu re  content  due to a t e m p e r a -  
tu re  gradient ,  and what fac tors  oppose such a r e -  
d i s t r ibu t ion .  The main  r ea son  for this s i tuat ion is the 
d ive r s i ty  of m e c h a n i s m s  of m o i s t u r e  t r a n s f e r  in u n s a t -  
u ra ted  porous media  or, to be more  prec ise ,  the 
ex is tence  of vapor and l iquid i so the rma l  and the rmal  
t r a n s f e r  of moi s tu re .  Effective vapor  and liquid t r a n s -  
fer  of mo i s tu r e  is promoted by var ious  (often opposing) 
p r o p e r t i e s  of the porous  m a t e r i a l  and, hence,  an i n -  
adequate knowledge of the phase composi t ion of the 

*For  b r e v i ~  this t e r m  will  hencefor th  be used to 
mean m o i s t u r e  t r a n s f e r  due to a t e m p e r a t u r e  gradient .  

m o i s t u r e  flux in  non i so the rma l  m o i s t u r e  t r a n s f e r  p r e -  
vents  the a s s e s s m e n t  of a porous  m a t e r i a l  as r e g a r d s  
m o i s t u r e  t h e r m o t r a n s f e r  a p r ior i ,  on the ba s i s  of its 
p roper t i e s .  

We t r i ed  to c lass i fy  va r ious  porous m a t e r i a l s  as 
r ega rds  m o i s t u r e  t h e r m o t r a n s f e r  by inves t iga t ing  the 
phase composi t ion  of the m o i s t u r e  flux by d i r ec t  me th-  
ods and by compar ing  some c h a r a c t e r i s t i c s  of the 
porous m a t e r i a l  with the r e d i s t r i b u t i o n  of m o i s t u r e  in 
it due to a t e m p e r a t u r e  gradient .  

EXPERIMENTAL 

The invest igated m a t e r i a l s ,  which differed app re -  
c iably f rom one another  in the p rope r t i e s  which s i g -  
n i f icant ly  affect vapor and l iquid t r a n s f e r  of moi s tu re ,  
and some of the i r  c h a r a c t e r i s t i c s  a re  l i s ted  in Table 1. 

In the exper iments ,  which were  desc r ibed  in [3, 12], 
the s ame  the rma l  r e g i m e  with a l inear ,  s t eady- s t a t e  
t e m p e r a t u r e  d i s t r ibu t ion  was c rea ted  s imul t aneous ly  
in s eve ra l  (up to 12) columns conta in ing the i n v e s t i -  
gated ma t e r i a l .  F r o m  m o i s t u r e - c o o r d i n a t e  plots for 
expe r imen t s  of d i f ferent  dura t ion  we were  able to 
inves t iga te  the k ine t ics  of the m o i s t u r e  d i s t r ibu t ion  in 
the sys tem,  to de t e r mi ne  the onset  of a q u a s i - s t a t i o n a r y  
m o i s t u r e  d is t r ibut ion ,  and to ca lcula te  q, AUcb , and 
II as functions of Ui, T, a, and other  exper imenta l  con-  
di t ions .  

EXPERIMENTAL RESULTS AND THEIR DISCUSSION 

One method of inves t iga t ing  the m e c h a n i s m s  of 
m o i s t u r e  t h e r m o t r a n s f e r  is to de t e rmine  the ra t e  
(flux density) of this p rocess  and to compare  it with 
the flux r a t e s  of known t r ans f e r  mechan i sms ,  such as 
the ra te  of vapor diffusion. The change in moi s tu re  
d i s t r ibu t ion  in porous m a t e r i a l  depends on the i n t e r -  
act ion of fluxes due to the mo i s tu r e  g rad ien t  and the 
t e m p e r a t u r e  g rad ien t  [1]. In s t eady- s t a t e  condit ions 
in a hor izonta l  c losed sys t em which in i t ia l ly  had a 
uni form moi s tu r e  content  these fluxes a re  in oppos i -  
tion. Hence, the t rue  ra te  of mo i s tu re  t h e r m o t r a n s f e r  

Cha rac t e r i s t i c s  of Invest igated Porous  Mater ia l s  

Material 
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Fig.  1. Indices  of e f f ec t i venes s  of m o i s t u r e  t h e r m o t r a n s f e r  a) q; b) AUcb; e) II 

as funct ions of Ui; 1) Heavy loam, 7 = 1.22 g �9 cm-a;  2) the same ,  T = 1.05 g .  e m  -3 �9 
3) c rushed  PKM f i r ec l ay ;  4) porous  c lay  f i l t e r ;  5) quar tz  sand; 6) c h e r n o z e m .  

(specif ic  flux density) can only be d e t e r m i n e d  app rox i -  

m a t e l y  in ce r t a in  spec i f i c  condit ions.  
We wil l  d i s cus s  one of the methods  of d e t e r m i n i n g  

the r a t e  of m o i s t u r e  t h e r m o t r a n s f e r  by cons ide r ing  

the case  of the k ine t ics  of the m o i s t u r e  d i s t r ibu t ion  
in s e v e r a l  co lumns  loaded with quar tz  sand with Ui 
much g r e a t e r  than the m a x i m u m  hygroscop ic  m o i s -  
tu re  content.  In the f i r s t  10-20  hr  a f t e r  the e s t a b l i s h -  
men t  of a constant  t e m p e r a t u r e  d i s t r ibu t ion  (which 

takes  1 .5 -2 .5  hr) the m o i s t u r e  g rad ien t  in the middle  
sec t ion  of the column is negl ig ib ly  smal l ,  and all the 

o the r  f ac to r s  a re  p r ac t i c a l l y  constant .  During this  
per iod  the r e v e r s e  t r a n s f e r  of m o i s t u r e  due to the 
m o i s t u r e  g rad ien t  can be neglected,  andthe  r a t e  of 

m o i s t u r e  t h e r m o t r a n s f e r  can be r e g a r d e d  as constant  

in a f i r s t  approximat ion .  This  r a t e  can be de t e rm ined  
by ca lcula t ing  the flux through the cons ide red  sect ion 
f rom the graphs in Fig .  l a .  It is 3.33 g "  cm-2 . sec-1 

for Ui = 1% (by weight}, d T / d x  = 1 d e g / c m ,  T a r  = 22~ 

and a = 0.42. The ra te  of m o i s t u r e  t h e r m o t r a n s f e r  in 
this sand fo r  U i = 3% and a = 0.39 in the s a m e  t e m p e r a -  
t u re  condit ions is 4.81 �9 g" cm -2. sec -1. The s a m e  m e t h -  

od is used to d e t e r m i n e  the r a t e s  of m o i s t u r e  t h e r m o -  
t r a n s f e r  in the o ther  inves t iga ted  m a t e r i a l s  with va lues  
of Ui c o r r e s p o n d i n g  to the region s i tuated immed ia t e ly  

on the left  of the m a x i m a  of the c u r v e s  shown in Fig.  

la .  
We will  ment ion another  method which we have used 

to e s t ima te  the r a t e  of m o i s t u r e  t h e r m o t r a n s f e r  in 
porous  m a t e r i a l s  with mode ra t e  ini t ia l  m o i s t u r e  con-  

tent. Th ree  columns of m a t e r i a l  with the s a m e  Ui, 

apprec iab ly  g r e a t e r  than the m a x i m u m  hygroscop ic  

m o i s t u r e  content, a r e  subjec ted  to the act ion of a 
tcmpe. ra turc  g rad ien t  for  a t ime  which is sma l l  in 

compa r i son  with that  r equ i r ed  for the e s t ab l i shmen t  
of the s t e ady - s t a t e  m o i s t u r e  d is t r ibut ion .  We then 

d e t e r m i n e  the changes in U and the m o i s t u r e  t r a n s f e r  

through the middle  sec t ion  of the f i r s t  column A. 
Column B is r emoved  from the apparatus  at thc same  

t ime  :is A an(l, a f t e r  the t e m p e r a t u r e s  have l eve led  out 
(in 1 - 2  hr), is subjec ted  for the same  t ime  as be fo re  

to the action of a t e m p e r a t u r e  g rad ien t  of the s a m e  

magni tude  as be fore  but act ing in the opposi te  d i r e c -  

tion. The third column C is r e m o v e d  f rom the a l )pnra-  

tus at the s a m e  tim(, as A, is kept  in i so the rma l  con-  
dit ions,  and is m~alyzed for m o i s t u r e  content  at the 

sam('  tim~, as B. 

In co lumn A the mean  r a t e  of t h e r m o t r a n s f e r  ~A 
is l e s s  than the actual  r a t e  VT owing to the e f fec t  of 
the r e v e r s e  flux which is due to the m o i s t u r e  g rad ien t  

and has a m e a n  r a t e  VI. In column B the mean  r a t e  
of t h e r m o t r a n s f e r  V B is g r e a t e r  for the s a m e  r ea son  

than the actual  r a t e  ~T owing to the s u p e r i m p o s e d  
r a t e  of flow due to the m o i s t u r e  gradient ,  the r a t e  of 

which ~I is the s a m e  in the f i r s t  app rox ima t ion  as in A~ 
In column B dur ing the per iod  spent  in the i s o t h e r m a l  
s ta te  the m o i s t u r e  content  l e v e l s  out at a mean r a t e  

~}, which is  a lso app rox ima te ly  equal to v I. 
On the ba s i s  of this we have 

~-T - (7., + ~B) 2, (1) 

v I = (~o B - -  T, 0 2. (2) 

In such an e x p e r i m e n t  for loam with U i = 9.8% in the 
t e m p e r a t u r e  condit ions given above we obtained the 

fol lowing va lues  for  the dens i t i e s  of the d i f fe ren t  fluxes: 
v A- -  5.02 x 10 -7 g . c m  - 2 . s e e  -1. v B = 6.34 x 10 -7 ' v T = 

= 5.68 x 10 - l ,  vI = 0.66 x 10 -7 ' v ,  I = 0.70 x 10- 7. 

The r a t e  of vapor  diffusion due to a t e m p e r a t u r e  

g rad ien t  was d e t e r m i n e d  f r o m  the t r a n s f e r  of m o i s t u r e  
through l a y e r s  of the same  m a t e r i a l s  made  hydrophobic  

by t r e a t m e n t  with s i l i cone  p repa ra t i ons  [3]. In our  

e x p e r i m e n t s  with a t e m p e r a t u r e  g rad ien t  of 1.0 d e g / c m  

and a mean  t e m p e r a t u r e  of 22 ~ C vVT was 0 . 9 - 1 . 4 .  
�9 10-7 g �9 cm -~" see  -1, which was 110-130~ of the 

values  ca lcu la ted  for the expe r im en t a l  condi t ions  f rom 

the equat ion for  vapor  diffusion in porous media  [4]. 

The m e a s u r e d  r a t e s  of total  m o i s t u r e  t h e r m o t r a n s f e r  
exceeded  the e x p e r i m e n t a l l y  d e t e r m i n e d  vapor  diffusion 

r a t e s  by a f ac to r  of 3 - 8 .  
Like s e v e r a l  o ther  i nves t iga to r s ,  who have sug-  

ges ted  that the h igher  ra te  of moistu re  t h e r m o t r a n s f e r  
in c o m p a r i s o n  with vapor  diffusion is clue to t h e r m o -  

t r a n s f e r  of the liquid phage, we a t tempted  to de tec t  

the la t te r .  F o r  this purpose  we labeled the l iquid phase  
with the non' lbsorb 'd) le  r ad ioac t ive  t r a c e r  Na2S~O 4 or  
a Co ~~ chelate ,  t towever ,  in the case  of m o i s t u r e t h e r -  

m o t r a n s f e r  in pos i t ive  t e m p e r a t u r e  condit ions,  the 

r esu l t an t  t r a n s f e r  of file t r a c e r  was in "l d i rec t ion  op- 

pos i te  to the resu l tan t  m o i s t u r e  t r ans fe r .  In the case  

of t h e r m o t r a n s f e r  with f r e e z i n g  we obse rved  a t r a n s -  

f e r  of the t r a c e r  in the f r eez ing  front,  and this was 
g r e a t e r ,  the higimr the ini t ial  m o i s t u r e  content of the 
sys tem.  The t r a n s f e r  of the t r a c e r  to the " w a r m "  end 
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of the column, which was also observed  in this case,  
conf i rmed  the ex is tence  of two fluxes of the liquid 
phase in a f r eez ing  porous  sys tem:  towards the f r e e z -  
ing f ron t  and towards the warm boundary  owing to the 
c i rcu la t ion  of water  in the mel ted  region  [12]. 

/U 

160 r 

It ~ 
e - -  2 

120 f~ 

o /o 20 3o U~ vol. 

Fig. 2. Plot of mean  specif ic  mo i s -  
tu re  flux in che rnozem agains t  ini-  
t ia l  mo i s tu re  content  (70 by volume) 
for  aggregates  of d i ame te r  1 m m  

(1) and 0.5 mm (2). 

We will  deal m o r e  fully with the effect of the m e -  
chanical  composi t ion,  s t ruc tu re ,  specif ic  surface,  
bulk densi ty,  and total and free porosi ty  on mo i s tu r e  
t h e r m o t r a n s f e r  in c losed sy s t ems .  

In closed sys t ems  composed of mois t  porous m a -  
t e r i a l s  the c rea t ion  of t empe ra tu r e  gradients  does not 
n e c e s s a r i l y  give r i s e  to apprec iable  mo i s tu r e  grad ien ts .  
If the sys t em has suff ic ient ly  high cap i l l a ry  mo i s tu r e  
conduction the m o i s t u r e  c i rcu la t ion  [5], which is c lear ly  
revea led  by t r a c e r  exper imen t s ,  e n s u r e s  the rapid 
and total  r e t u r n  of the mo i s tu r e  t r a n s f e r r e d  by the 
t he rma l  flux to the cold boundary  of the sys tem.  Such 
m o i s t u r e  t h e r m o t r a n s f e r  without the appearance  of 
apprec iab le  mo i s tu r e  gradients  has no s ignif icant  effect 
on the ma in  thermophys ica l  and mechanica l  p roper t i es  
of the ma te r i a l ,  although it may a l te r  some proper t i e s  
of the sys tem,  such as the d i s t r ibu t ion  of soluble sub -  
s tances  in it  and the e l ec t r i ca l  conductivity.  

The mos t  i n t e re s t ing  from the eng ineer ing  v iew-  
point are  sys t ems  and eondit ions in which moi s tu re  
t h e r m o t r a n s f e r  leads to a change in the mo i s tu r e  d i s -  
t r ibut ion .  Such mo i s tu r e  t h e r m o t r a n s f e r  can be cal led 
effective.  

The effect iveness  of mo i s tu re  t he rmot rans fe r ,  which 
is d is t inguished by a change in the moi s tu re  d i s t r i -  
but ion due to the t empe ra tu r e  d is t r ibut ion ,  is usual ly  
a s s e s s e d  f rom the value of the the rmograd ien t  co-  
eff icient  6 [1], which is n u m e r i c a l l y  equal to the ra t io  
of the mo i s tu r e  di f ferent ia l  to the t empe ra tu r e  d i f -  
fe ren t ia l  in the sys t em with a s t eady- s t a t e  d i s t r i -  
bution of U and T. However, as exper imenta l  data 
show, a l i nea r  t e m p e r a t u r e  d is t r ibut ion  is genera l ly  
assoc ia ted  with a non l inea r  mo i s tu r e  d is t r ibut ion .  
Hence, 5 in pract ice  is an in tegra l  cha rac t e r i s t i c  of 
the sys t em which does not revea l  all  the features  of 
the behavior  of d i f ferent  cap i l l a ry -porous  m a t e r i a l s  
in a t empera tu re  field. 

In view of this, we introduce addit ional  c h a r a c t e r -  
i s t i cs  of mo i s tu re  t h e r m o t r a n s f c r  which in s tandard  

tes t  condit ions can se rve  as compara t ive  quant i ta t ive  
indices  of the effect iveness  of m o i s t u r e  t h e r m o t r a n s f e r .  
Such c h a r a c t e r i s t i c s  are  AUi, q, AUcb, and II. The 
posi t ion of the max imum of plots of these indices  
agains t  U i is f requently used as a cha rac t e r i s t i c  index 
(Fig. 1, a, b, c). 

F r o m  an ana lys i s  of exper imenta l  plots with due 
r ega rd  to the c ha r a c t e r i s t i c s  of the invest igated m a -  
t e r i a l s  we can draw some conclus ions  r ega rd ing  the 
factors  r e spons ib l e  for the effect iveness  of m o i s t u r e  
t h e r m o t r a n s f e r  in closed d i spe r se  sys t ems  s i m i l a r  to 
those invest igated (porous s i l ica te  ma te r i a l s ) .  

In spite of the opinion expressed  in the l i t e r a t u r e  
[8], ne i ther  the effect iveness  nor the ra te  of mo i s tu r e  
t h e r m o t r a n s f e r  depends d i rec t ly  on the cation exchange 
capacity or the cation composi t ion.  The ma x i mum ra tes  
of effective moi s tu re  t h e r m o t r a n s f c r  in closed sys t ems  
--of the o rder  of 10 -6 g " cm -2 �9 see -1 for a gradient  
of 1.0 d e g / c m - h a v e  been observed  in a porous c e r -  
amic  with a low exchange capacity and in chernozem 
with a high content  of exchangeable cations.  

The specific surface  in i t se l f  genera l ly  does not 
de te rmine  the effect iveness  of mo i s tu r e  t h e r m o t r a n s f e r  
(Fig. 1). An inc r ea se  in the specific sur face  of poly-  
d i spe r se  sys tems  lacking a m a c r o s t r u c t u r e  leads to 
a shift of the ini t ial  mois tu re  content  cor responding  
to the max imum effect iveness  of mo i s tu r e  t h e r m o -  
t r a n s f e r  into the region of l a r g e r  va lues  of U i. An 
explanation of this effect will be given below. 

F igure  1 (curves 1 and 2) shows the effect of T on 
the effect iveness  of mo i s tu r e  t h e r m o t r a n s f e r  in hea W 
loam. A reduct ion in -y leads to an inc rease  in the 
ef fec t iveness  of mo i s tu re  t h e r m o t r a n s f e r - - t o  an 
i n e r e a s e i n  q, AUeb, and II in the fo rmer  range  of U i, 
and this inc rease  is grea ter ,  the higher  Ui. In ad-  
dition, there  is an extens ion of the range  of effective 
mo i s tu r e  t h e r m o t r a n s f e r  towards higher U i. 

The effect of s t ruc tu re  on the effect iveness  of 
mo i s tu re  t h e r m o t r a n s f e r  in ehernozem aggregates  of 
d i ame te r  0.5 and 1.0 cm is c l ea r ly  revealed  by Fig. 
2 and by a compar i son  of the data on moi s tu re  t h e r m o -  
t r a n s f e r  in porous clay f i l ler  and a porous c e r amic  
(PKM) (curves 3, 4, Fig. 1). 

An ine rease  in the d i ame te r  of the ehernozem 
aggregates ,  which leads to a reduct ion in the effective 
speeif ie  surface,  i nc rea se s  the effect iveness  of m o i s -  
ture  t h e r n m t r a n s f e r  (Fig. 2}. These  two coarse ly  
d i spe r se  e e r a mi c  sys tems ,  which have s i m i l a r  p rop-  
c r t i e s  and in the exper iments  had s i m i l a r  values of 
T and total porosity,  differ in the s t ruc tu re  of the 
individual par t ic les ,  which a re  of the same  size.  In 
porous PI,:M ce ramic  the granules  have holes r ight  
through them, whereas  in porous clay f i l ler  the g r a n -  
ules have bl ind pores on the surface .  The data of Fig. 
1 show that the p resence  in porous clay f i l ler  of nu-  
merous  b l indpores ,  which can re ta in  mois ture ,  but do 
not pe rmi t  a through flux of liquid, e n su r e s  a higher  
ef fec t iveness  of mo i s tu re  t h e r m o t r a n s f e r .  

Systems which have a m a e r o s t r u e t u r e - - p o r o u s  
clay f i l le r  and PKM, despite the i r  smal l  specific 
surface,  which is close to that of quar tz  sand, a re  
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much s u p e r i o r  to the l a t t e r  as  r e g a r d s  e f f e c t i v e n e s s  of 
m o i s t u r e  t h e r m o t r a n s f e r .  The p r e d o m i n a n c e  of 
th rough  p o r e s  in PKM, which i n c r e a s e  the p e n e t r a b i l i t y  
for  the  l iquid flux, l e ads  to a p ronounced  r e d u c t i o n  
of the r a n g e  of U i whe re  m o i s t u r e  t r a n s f e r  is  ef-  
fec t ive .  

In view of the ef fec t  of T and s t r u c t u r e  on the e f -  
f e c t i v e n e s s  of m o i s t u r e  t r a n s f e r  i t  was of i n t e r e s t  to 
f ind out if t h e s e  f a c t o r s  have a d e c i s i v e  e i f ec t  on the 
magni tude  of the d i r e c t  t h e r m a l  flux of m o i s t u r e  DTVT 
or  on the r e v e r s e  flux DIVU due to the VU p r o d u c e d  
in the c l o s e d  s y s t e m .  F o r  th is  p u r p o s e  we i n v e s t i g a t e d  
the r e l a t i o n s h i p  be tween  VT and a (or 7) for  heavy  l o a m  
with the s a m e  in i t i a l  m o i s t u r e  content  by weight  and 
in d i f f e r en t  t e m p e r a t u r e  cond i t ions .  The ob ta ined  

r e l a t i o n s h i p  in the  r a n g e  a = 0 . 2 8 - 0 . 5 0  (~/= 0 . 9 5 -  
1.30 g .  cm 3) was  a p p r o x i m a t e d  s a t i s f a c t o r i l y  by the  

e q u a t i o n v  T = 1 . 5 7 .  10 - S a  4 g .  c m  - z .  s e c  -1. 
It is known that  the m o i s t u r e  conduct ion of an un -  

s a t u r a t e d  porous  m e d i u m  for  the l i q u i d p h a s e  d e c r e a s e s  
a p p r e c i a b l y  with r educ t ion  o f , /  [8]. The conduc t iv i ty  
for  the l iquid  t h e r m o c a p i l l a r y  flux is  p r o p o r t i o n a l  to h 
and the p e r i m e t e r  of the w a t e r  f i lms  p e r  unit  a r e a  of 
s e c t i o n  p e r p e n d i c u l a r  to the  flux [7]. The f i r s t  of t h e s e  
quan t i t i e s  in d i f f e ren t  co lumns  of the e x p e r i m e n t  was 
cons tant ,  whi le  the second  d e c r e a s e d  with  r e d u c t i o n  
of 7- Hence,  the  i n c r e a s e  in v T with  r educ t ion  of T 
cannot  be a t t r i bu t ed  to the i n c r e a s e  in the t h e r m o -  
c a p i l l a r y  f lux o r  t h e r m a l  d i f fus ion  of l iquid.  Thus, 
the  i n c r e a s e  in the e f f e c t i v e n e s s  of m o i s t u r e  t h e r m o -  
t r a n s f e r  with r educ t i on  in 7 cannot  be a t t r i b u t e d  to 
i n c r e a s e d  t r a n s I e r  of the l iquid  phase .  A c c o r d i n g  to 
t h e o r y  [4] and e x p e r i m e n t s  [14] DVT i n c r e a s e s  l i n -  
e a r l y  with a. 

Hence,  we can conclude  tha t  the p ronounced  i n -  
c r e a s e  in the  e f f e c t i v e n e s s  of m o i s t u r e  t h e r m o t r a n s f e r  
with r e d u c t i o n  of 7, p a r t i c u l a r l y  at  high Ui, is  due 
only in s m a l l  p a r t  to the i n c r e a s e  in vapor  t h e r m o -  
t r a n s f e r  and i s  due m a i n l y  to the r e t a r d a t i o n  of the 
r e v e r s e  flux of the  l iquid  phase  r e s u l t i n g  f rom the 
g r a d i e n t  of U in the s y s t e m .  The b e h a v i o r  of the r e -  
v e r s e  m o i s t u r e  f lux i s  a l so  r e s p o n s i b l e  for  the a b o v e -  
men t ioned  shif t  of  the va lue  of Ui for  m o s t  e f fec t ive  
m o i s t u r e  t h e r m o t r a n s f e r  t o w a r d s  h ighe r  va lues  with 
i n c r e a s e  in the  s p e c i f i c  s u r f a c e  of m i c r o s t r u c t u r e d  
p o l y d i s p e r s e  m a t e r i a l s  (Fig.  1). The g r e a t e r  the 
s p e c i f i c  s u r f a c e  of the  m a t e r i a l  the h ighe r  the we igh t  
m o i s t u r e  content  U, which e n s u r e s  a va lue  of h such  
that  the conduc t iv i ty  of the s y s t e m  for  the r e v e r s e  
l iquid  flux is  suf f ic ien t  to c o m p e n s a t e  the m o i s t u r e  f lux 
due to the t e m p e r a t u r e  g rad i en t .  

In conc lus ion  we make  s o m e  deduc t ions  r e g a r d i n g  
the r e l a t i o n s h i p s  be tween  p a r t i c u l a r  c h a r a c t e r i s t i c s  
of po rous  m a t e r i a l s  and e f fec t ive  m o i s t u r e  t h e r m o -  
t r a n s f e r  in them.  

M e a s u r e m e n t s  of the r a t e  of m o i s t u r e  t h e r m o t r a n s f e r  
in c l o s e d  s y s t e m s  and an a n a l y s i s  of the f lux r a t e s  in 
c i r c u l a t i n g  s y s t e m s  without  a m o i s t u r e  g r a d i e n t  [9 -11]  
show that  the t rue  r a t e  of m o i s t u r e  t h e r m o t r a n s f e r  in 
d i f f e r en t  po rous  m a t e r i a l s  v a r i e s  in a c o m p a r a t i v e l y  
n a r r o w  r a n g e - - f r o m  about 1 �9 10 -7 to 1 �9 l O - ~ g  �9 

�9 cm -2"  s e c - i - - a n d  depends  ma in ly  on t h e i r  m o i s t u r e  
content .  

D i f f e r ences  in the s t r u c t u r e  of po rous  m a t e r i a l s  
and in the p r o p e r t i e s  of the so l id  phase  when t e m p e r -  
a t u r e  g r a d i e n t s  ac t  m a i n l y  af fec t  the e f f e c t i v e n e s s  of 
m o i s t u r e  t h e r m o t r a n s f e r ,  i . e . ,  the  r e s u l t s  of i n t e r -  
ac t ion  of  the d i r e c t  (due to the t e m p e r a t u r e  g rad ien t )  
and r e v e r s e  m o i s t u r e  f luxes .  A l t e r a t i o n  of the  bu lk  
de ns i t y  and s t r u c t u r e  of a po rous  m a t e r i a l  wi thout  
a l t e r i n g  i t s  s p e c i f i c  s u r f a c e  is  a good method  of 
r e g u l a t i n g  the e f f e c t i v e n e s s  of m o i s t u r e  t h e r m o -  
t r a n s f e r .  

The r a n g e  of U i in which e f fec t ive  m o i s t u r e  t h e r m o -  
t r a n s f e r  o c c u r s  is  n a r r o w e s t  in s t r u c t u r e l e s s  m o n o -  
d i s p e r s e  s y s t e m s .  In m i c r o s t r u c t u r e d  and p o l y d i s p e r s e  
p o r o u s  m a t e r i a l s  the  width of th i s  r a n g e  and the m o i s -  
t u r e  content  of the m o s t  e f fec t ive  m o i s t u r e  t r a n s f e r  
b e c o m e  g r e a t e r  with i n c r e a s e  in the s p e c i f i c  s u r f a c e .  

The h ighe s t  value  of AU i iS a t t a ined  in m a c r o -  
s t r u c t u r e d  s y s t e m s  w h e r e  AUi is  a f fec ted  m o s t  by  
the s i ze  and s t r u c t u r e  of the a g g r e g a t e s  o r  g r a n u l e s .  
With i n c r e a s e  in the n u m b e r  of b l i nd  p o r e s  o r  s p e c i f i c  
s u r f a c e  of the a g g r e g a t e  the  e f f e c t i v e n e s s  of m o i s t u r e  
t h e r m o t r a n s f e r  b e c o m e s  g r e a t e r .  

A r e d u c t i o n  of T of a p a r t i c u l a r  p o r o u s  m a t e r i a l w i t h  
a f ixed  m o i s t u r e  content  by  weight  l e a d s  to an i n c r e a s e  
in a l l  the i nd i ces  of e f f e c t i v e n e s s  of m o i s t u r e  t h e r m o -  
t r a n s f e r .  

The va lue  of II is  g r e a t e s t  in weak ly  h y g r o s c o p i c  
m o n o d i s p e r s e  and s t r u c t u r e d  m a t e r i a l s  w h e r e  i t  
r e a c h e s  50% in the r eg ion  of s m a l l  U i. It  is  in th is  
r e g i o n  of m o i s t u r e  con ten t s  tha t  t he  change  in m o i s t u r e  
content  of a po rous  m a t e r i a l  m o s t  a f fec t s  i t s  t h e r m o -  
p h y s i c a l  c h a r a c t e r i s t i c s .  

The e f f e c t i v e n e s s  of t h e r m o t r a n s f e r  i n c r e a s e s  with 
i n c r e a s e  in t e m p e r a t u r e  g r a d i e n t  and mean  t e m p e r a -  
t u r e  (in the r eg ion  of pos i t i ve  t e m p e r a t u r e s ) .  

T h e s e  s t a t e m e n t s  apply  to h o r i z o n t a l  c l o s e d  s y s t e m s .  
F o r  m o i s t u r e  t r a n s f e r  in v e r t i c a l  d i s p e r s e  s y s t e m s  in 
the  r eg ion  of  pos i t i ve  t e m p e r a t u r e s  the  fo l lowing  c a s e s  
should  be  d i s t ingu i shed :  

1. In the r a n g e  m o i s t u r e  content  w h e r e  v a p o r  d i f -  
fusion and the combined  v a p o r - l i q u i d  m e c h a n i s m  of 
m o i s t u r e  t h e r m o t r a n s f e r  [2] p r e d o m i n a t e ,  the r e l -  
a t ive  d i r e c t i o n  of the  t h e r m a l  f lux and the f o r c e  of 
g r a v i t y  does  not  s ign i f i can t ly  af fec t  the e f f e c t i v e n e s s  
of m o i s t u r e  t h e r m o t r a n s f e r ,  p a r t i c u l a r l y  in m a c r o -  
s t r u c t u r e d  s y s t e m s .  

2. In m o i s t e r  s y s t e m s  where  the d i r e c t i o n  of the 
t h e r m a l  flux is  oppos i t e  tha t  of the f o r c e  of g r a v i t y  the 
r eg ion  of e f fec t ive  m o i s t u r e  t h e r m o t r a n s f e r  is  s i m i l a r  
to tha t  for  ho r i z on t a l  s y s t e m s .  

3. When the d i r e c t i o n s  of the f o r c e  of g r av i t y  and 
the t h e r m a l  flux a r e  the s a m e  the r e g i o n  of e f fec t ive  
m o i s t u r e  t h e r m o t r a n s f e r  is  ex tended  in the d i r e c t i o n  
of g r e a t e r  U i. 

As d i s t i n c t  f r om m o i s t u r e  t h e r m o t r a n s f e r  at  p o s i -  
t ive  t e m p e r a t u r e s ,  the  e f f e c t i v e n e s s  of m o i s t u r e  
t r a n s f e r  in a f r e e z i n g  m a t e r i a l  is  i n c r e a s e d  by a l l  
f a c t o r s  which  i n c r e a s e  the p e n e t r a b i l i t y  of the s y s t e m  
for  the l iquid  phase  [13, 14]. 
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U is the mo i s tu r e  content  of ma te r i a l ,  % by weight; 
AUcb is the di f ference of mo i s tu re  content at bound-  
a r i e s  of non i so the rmal  sys tem,  c~, by weight; AUi is the 
range of ini t ial  mois tu re  contents  within which moi s tu re  
the rmot r tmsfe r  is effective;  Ui is the ini t ial  mo i s tu r e  
content, % by weight; DV, DL are the coeff icients  of 
diffusion of vapor and cap i l l a ry  diffusion of liquid, 
respec t ive ly ;  T is the t e m p e r a t u r e ;  x is the coordinate ;  
q is the mean specif ic  mo i s tu re  flux, g.  em - 2 . s e e - l ;  II 
is the mois tu re  t r a n s f e r r e d  as a percentage of total 
m o i s t u r e  content of sy s t em;  T is the bulk density,  
g ' c m - ~ ;  a is the porosi ty  free from water as fract ion 
of total volume; h is the th ickness  of water  f i lms ;  e; 
is the }x)tential of mo i s tu re  t r a n s f e r  in i s o t h e r m a l \  
condit ions.  The subsc r ip t s  I nnd T denote i so thermal  
and thermal ,  respec t ive ly .  
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