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The m a s s  t r a n s f e r  coeff icients  a r e  calculated for  a model  porous  body composed  of identical 
spher ica l  pa r t i c l e s ,  The  resu l t s  apply to low fluid leve ls  in the threshold space .  

The gis t  of the calcula t ion is to de te rmine  the re la t ion  P (U), which c h a r a c t e r i z e s  the s ta te  of a fluid 
in a s y s t e m  composed  of spher ica l  pa r t i c l e s ,  and then to de te rmine  the m a s s  t r an s f e r  coefficients for  this 
model  body. The f i r s t  p a r t  of the p rob lem is solved ra the r  eas i ly ,  because  cor responding  express ions  
have a l r eady  been der ived  for a bulk of cap i l l a ry  liquid condensing at  contact  su r faces  between pa r t i c l e s  
[1-7]. A compar i son  shows that ,  within the volume of liquid held by cap i l l a ry  act ion [4, 6], the r igorous  
solutions [2, 4, 5] do not differ  much f rom the approx imate  solutions [1, 3, 6] where  a complex  meniscus  
prof i le  has been  rep laced  by a c i r c u l a r  a r c .  We will ,  t he re fo re ,  use the appropr i a t e  solution in [1] for 
the volume of liquid a t  a s ingle contact  su r face  v under a cap i l l a ry  p r e s s u r e  with comple te  wetting: 

- -  1-- - - ~  tgq~ ; (1) 
v = 4 cos ~p 

p =  2__~_~ . (2 cos q9 - -  cos qD sin q~) (2) 
d (1 - -  cos qg) (cos r + sin q~-- 1) 

We will cons ider  a porous  body composed  of pa r t i c l e s  having all  the s a m e  d i ame te r  d (Fig. 1). The 
number  of contacts  between each par t i c le  and adjacent  ones (coordination number  N) depends on the i r  pack -  
ing pa t te rn .  For  a r egu la r  packing this number  v a r i e s  f rom N = 4 to N = 12, which co r re sponds  to a v a r i a -  
tion in the s y s t e m  poros i ty  f rom n = 0.66 to n = 0.26 [8]. For  a random packing the value N is a s ta t i s t ica l  
one,  cor responding  to an  a v e r a g e  number  of contacts  pe r  pa r t i c le .  A volume e lement  of the porous  medium 
is contained within the dashed contour line in Fig. i. Assuming  that all  contacts  a r e  solid,  one can exp res s  
the poros i ty  in t e r m s  of the coordinat ion number  approx imate ly  as follows: 

The liquid content in the s y s t e m  cor responding  to a specif ic  magnitude of the contact  angle ~0 and, 
consequently,  to a specif ic  cap i l l a ry  p r e s s u r e  level  P is 

U =  6vNp -5 6hp_C_C (3) 
~d3p0 [1-5 (N/2)l po d 

Here  the f i r s t  t e r m  r e p r e s e n t s  the quantity of cap i l l a ry  condensate  and the second t e r m  r e p r e s e n t s  the 
quantity of film moi s tu re .  Coefficient  C = 1--N(1--ces~o)/2 accounts  for the incomplete  coverage  of a 
pa r t i c l e  su r f ace  with f i lm,  namely  a t  a r e a s  f ree  of cap i l la ry  mo i s tu r e  only, Jus t  as  in [7], the f i lm th ick-  
ness  h will be calcula ted he re  with the aid of the b r e a k d o w n - p r e s s u r e  i so the rm for  a plane fi lm [91: 

h = (AIH)I/3 . (4) 

Consider ing now only the case  of l a rge  p a r t i c l e s ,  we may  d i s r ega rd  the effect  of thei r  su r face  c u r v a -  
ture  on the liquid fi lm thickness  and the p r e s s u r e  in it. During equi l ibr ium II = - P .  
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Fig. 1. Section through a model 
porous body composed of spher i -  
cal par t ic les  with the same di-  
ame te r  d. 

These expressions yield the specific mass capacity of a system c m = 0U/0P. In order to calculate 
the latter, we find the derivatives 0U/0q~ and 0P/0q~ from Eqs. (3) and (2) respectively, their ratio then 

being equal to Cm: 

39d(1--c~ { [ 
cm = 2poaCOs3q~(1 + N )  (1 --cosr sinq~ 

sin q~ ]-1 6pA1/3 

+ 0 co~qD ~ + poa 

cos ~ .2- -- ~ tg q~ L (cos ~ + sin ~ -- l)~" 

[ l - -  (l - -  cos ~) (N/2) 3sin~ ] .  
3p4/3 p~/3 (OP /Oe) 

(5) 

In Fig. 2a, b are shown P (U) and cm(U) curves calculated for various particle sizes. 

Henceforth we will consider aquartz--water system at T = 293~ with P0 = 2.7 g/cm 3, A = 5 �9 i0 -13 
erg [i0], n-- 0.5, and N = 6. The choice of N = 6 is based on its closeness to the average coordination 
number of actual contacts for random packed spherical particles [11]. 

It is evident, according to Fig. 2a, b, that these theoretical P(U) and cm(U ) relations approach the 
respective relations established experimentally for several porous media [12-15]. Sirotkin has recently 
found a similarly close agreement between the P(U) relations calculated according to Eqs. (1), (2) and the 
test data for quartz powders of various dispersivities [7]. 

It must be noted, however, that calculations according to Eqs. (1), (2) can be made only for moisture 
contents below a certain critical level Ucr, which corresponds to a merger of adjacent capillary interstices 
and a filling of voids between particles with liquid. As is well known [9], this moisture content corresponds 
to the critical level of potential Pcr. When N = 6, the condition U < Ucr corresponds to angles ~0 < 45 ~ 
For a quartz-water system Uer ~ 0.031 g/g. Thus our calculations apply to low moisture contents in the 

porous space. 

According to Fig. 2a, the capillary pressure rises as U drops and, at equal moisture contents, the 
absolute pressure P is higher in systems with smaller size particles. The presence of film moisture 
causes pressure P in the porous body to rise sharply as the specific surface enlarges. This can also be 
recognized on the graph of relation cm(U ) = dU/dP. The specific mass capacity becomes lower with 
smaller particle diameters. As in real porous bodies, Cm becomes lower at lower moisture contents. 

The second pa r t  of the problem,  namely determining the mass  t ransfer  coefficient  K for the same 
model ,  is more  difficult  to solve.  It requi res  that the mass  t ransfer  rate be calculated with the s imul tane-  
ously occurr ing  vapor diffusion and liquid film flow along the par t ic le  sur faces  taken into account. The 
total mois tu re  cur ren t  can be expressed  as  

pDvmn, pfh 2 - -  
q = Up - v P  = - KvP,  (6) 

R T  3,] 

with n, = n-p0U(1--n)(1/p) denoting the porosity which corresponds to the volume of air-filled pores and f 
denoting the section area covered with liquid film as a fraction of the total specimen section: 

6h C = ~ _ [ I _  N (1--  cos ~p) ] (7) 
f = d  Y- 
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Fig.  2. Capil lary p r e s s u r e  P (a), specific mass  capaci ty  c m 
(b), and liquid diffusivity a m (c) as functions Of the mois ture  
content U in the model sys tem:  d = 0.1 cm (1), 0.01 cm (2), 
0.001 cm (3), 0.0001 cm (4). 

Assuming that the vapor and the liquid in the porous body a re  in thermodynamic equilibrium, i.e., 
that P = (RT/v  m) In (P/Ps), we find expressions relat ing the mean gradients of vapor and liquid p r e s s u r e :  

VP = exp �9 (8) 

We will consider  here  that the local gradients of liquid p r e s s u r e  (analogous to the local t empera ture  
gradients in [161) may be higher than the mean gradients,  because the hydraulic drag  is much higher in the 
film regions than in the capi l lary  in ters t ices .  This is valid, to the f i r s t  approximation,*,  inasmuch as the 
rat io of mean to local gradient  is equal to the ratio of the shor tes t  distance between capi l lary inters t ices  l 
a t  a par t ic le  sur face  (Fig. 1) to the distance between adjacent par t ic le  contact points. Then, for N = 6 

vPIvP --- 1/[1 -= (4~/~)1. (9) 

With this cor rec t ion ,  we have 

( v  m )2exp(V,r,P ~ 2pA [1--  3 (l - -  cos (p)] (10) 
K = pDnp, --~-  I -R-T- ] ~lPd [1 - -  (4~/~)] 

This express ion follows f rom (6) af ter  f, h, Vp, and  VP have been replaced by their respect ive  values 
f rom (7), (4), (8), and (9). 

Since to every value of y cor respond values of P and U, according to Eqs.  (2) and (3) respect ively ,  
hence from (10) one can easily calculate K as a function of the mois ture  content U in the sys tem.  It appears  
a lso feasible,  using expression (5) for the specific mass  capacity,  to obtain an expression for the diffusivity 

of liquid as  well:  

am = K/cmTo = K/c,#o(1 --n). (11) 

The diffusivity a m as a function of the mois ture  content and of the par t ic le  d iameter  is shown in Fig. 
2c for the model q u a r t z - w a t e r  sys tem.  As in rea l  porous bodies [17-19], the function am(U)has two ex-  
t r ema:  a minimum at  some value U 1 and a maximum at  U = U 2 < U 1. At U > U 1 both K and am increase  
fast.  This is due to the r is ing liquid level in the inters t ices  af ter  a merge r  of capi l lary channels,  which 
rapidly increases  the mobility of liquid in the system.  Thus,  the minimum value of a m should c o r r e -  
spond to the cr i t ical  mois ture  potential P e r ,  at  which the capi l lary mois ture  becomes in te rspersed  with 
film mois tu re  [9]. As has been mentioned ea r l i e r ,  Ucr  ~ 0.03 g / g ,  which agrees  closely with the values 

for U 1 in Fig. 2c. 

We note that in a random packing of par t ic les  (unlike in a regular  packing) the pores  will fill with 
liquid not under a very  definite p r e s s u r e  P c r  but within a range of p r e s su re s  P .  F i r s t  the nar rowes t  pores  
(regions of c loses t  packing), where the t ransi t ion occurs  ear l ie r ,  will fill up and then the wider pores .  
For  this reason,  the mass  conductivity K of real  mater ia ls  increases  monotonically as the porous space 
is filled with liquid, until it reaches  its maximum value equal to the fil tration coefficient. In o rder  to 

�9 We also do not consider  here  the deviation f rom a l inear  drop in vapor p re s su re .  In o rde r  to take this 
effect into account, it would be neces sa ry  to solve the two-dimensional  problem of vapor diffusion. 

1378 



extendthe calculation of c m and a m to this range of moisture contents, it becomes necessary (as in [12, 13]) 
to introduce the size distribution function of porous volumes. 

The peaking of the am(U ) curve within the range of low moisture contents has been noted in many ex- 
perimental studies [13, 17, 18, 20-22]. According to calculations, the physical cause of this trend is the 
weaker vapor diffusion current at lower moisture contents. This, in turn, is due to the reduced partial 
vapor pressure following a strengthened bond between the liquid and the solid phase. We will illustrate 
this on the am(U) relation for small values of U, with no meniscal vapor present and with a negligible effect 
of film transport. * In that case only the second term is retained in Eq. (2), which yields for a (4)-type 
isotherm: 

A ( 6,0 (12) 
P = - -  U-- T \ Pod 

U ~ ( po d ~3, (13) 
cm 3A = -6~--p / " 

3ApDp~n vm 2 6p 3 
- -  - -  exp . (14) 

The exponential factor in (14) characterizes the decrease in partial vapor pressure above the ad- 
sorbed moisture. As the moisture content decreases, am first increases with I/U 4 and then begins to de- 
crease because of the faster decreasing exponential factor. 

The moisture content U 2 corresponding to the maximum diffusivity will be found from the condition 

that dam/dU = 0: 

U2 = ~od ~ RT ] 

As the size of par t ic les  dec reases ,  according  to (15), the value of U 2 should shift toward higher 
mois ture  contents (Fig. 2c). Inser t ing the value of U S f rom (15) into (12), we obtain P2 = - 4 / ( R T / v m )  
and this yields P2/Ps = 0.263 for water .  At such a water  p re s su re ,  which cor responds  to a 0 ~ 1.3 fill 
in a monolayer  of water  molecules  on the quartz surface  [23], the diffusivity becomes maximum beyond 
the range where it depends on the par t ic le  size.  

These calculations a r e  approximate  (especially within the U-~  0 range) however,  inasmuch as the 
adsorpt ion of water  on the surface  of quartz par t ic les  cannot be descr ibed by a single i so therm (4). The 
applicabili ty of this i so therm is l imited to the range of relat ively thick films. At some p r e s s u r e  level II .  
or p .  the wetting film becomes instantly thinner and this indicates a t ransi t ion to a different kind of ad so rp -  
tion i so therm [9, 24]. For  water  on quartz,  therefore ,  one can use an isotherm of polymolecular  adso rp -  
tion accord ing  to Deryagin and Zorin [25, 26] within the p r e s s u r e  range P*/Ps  > 0.95 but i so therms of mono-  
molecular  adsorpt ion [23, 27] within the range of lower  p r e s s u r e s .  P r e l im ina ry  es t imates  indicate that, 
as U - -  0, am remains  constant  in the case  of a l inear Henry isotherm,  but increases  in the case of a bend- 
ing isotherm (e.g., a Langmuir  isotherm).  Only in the case of a bending Kiselev isotherm [27] accounting 
for the a d s o r b a t e - a d s o r b e n t  interact ion does am dec rease  when U ~ 0, as usually noted in pract ice .  The 
trend of the am(U) relat ion within the range of ve ry  low mois ture  contents is determined by the specific 

shape of the adsorpt ion i so therms.  

The proposed method yields analytical  expressions for the coefficients of i so thermal  mass  t rans fe r  
in sys tems  composed of identical spherical  par t ic les .  It may  be extended also to polydisperse  sys tems .  

Analogous calculations were  made ea r l i e r  by Lykov for a s impler  model of a porous body: noninter-  
sect ing cyl indrical  capi l lar ies  of diverse  radi i  [12, 13]. Those calculations were  mos t  successful ly  applied 
to the range of high liquid levels  in the threshold space.  Our solutions yield analytical  expressions for the 
t r ans fe r  coefficients for d i sperse  (granular) bodies with moderate  mois ture  contents.  They make it pos -  
sible to theoret ical ly  analyze the s t ruc tura l  charac te r i s t i c s  of a sys tem (size of par t i c les ,  mode of packing) 
as  well as the nature of interact ion between the liquid and the solid phase.  This again makes it feasible,  
in pr inciple ,  to predic t  the optimum s t ruc tura l  cha rac te r i s t i c s  and mass  t rans fe r  modes in var ious  tech-  

nological p r o c e s s e s .  

* An a lmos t  s ta t ionary  adsorpt ion film remains  on the par t ic le  sur faces .  
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NOTATION 

is the capillary pressure,  dyn/cm2; 
is the moisture content, g /g  solid phase; 
is the volume of contact interstice, cm3; 
is the diameter of particle, cm; 
is the diameter of an elementary volume in the porous body; 
is the surface tension of liquid, dyn/cm;  
is the angle between a line connecting the centers of two particles and a radius pointing toward the 
capillary contact between capillary moisture and surface film; 
is the density of liquid, g/cm3; 

the density of solid phase, g/cm'~; 
the film thickness, cm; 
the film breakdown pressure,  dyn/cm 2 ; 
the constant in the breakdown-pressure isotherm, erg; 
the moisture current,  g/cm2 .see; 
the vapor dfffusivity, cm2/sec;  
the vapour pressure, dyn/cm2; 
the gas constant, e rg /mole .~  
the absolute temperature; 
the kinematic viscosity of liquid, dyn. sec/cm2; 
the mass conductivity, sec; 
the molar volume of liquid, cm3/mole; 
the saturated-vapor pressure,  dya /cm 2; 
the specific mass capacity, cm2/dyn; 
the liquid diffusivity, cm2/sec;  
the mean gradient of liquid pressure,  dyn/cm3; 
the local gradient of liquid pressure,  dyn/cm3; 
the mass of solid phase per unit volume, g /cm 3. 
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