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Equations a r e  der ived for  m a s s  t r a n s f e r  in inhomogeneous e lec t r ic  and magnet ic  f ields.  Ex-  
pe r imenta l  r e su l t s  a r e  given in support  of the theore t ica l  conclusions.  

It has been  shown exper imenta l ly  [1, 2] that  inhomogeneous e lec t r ic  and magnet ic  fields have an a p p r e -  
c iable  influence on internal  m a s s - t r a n s f e r  p r o c e s s e s  in porous  bodies .  We wish to examine some poss ib le  
physica l  m e c h a n i s m s  of this phenomenon. 

It is genera l ly  known that d ipolar  molecu les  in an inhomogeneous e lec t r ic  field with gradient  VE a r e  
acted upon by a fo rce  

f = p~vE, dyn. (1) 

Under  the act ion of this force  d ipolar  molecu les  acqui re  a veloci ty  component  in the d i rec t ion  of increas ing  
va!ues of VE with a magnitude 

U = Df/kT, cm/sec. (2) 

To the diffusion flux qv of vapor  molecules  in this case  is added a convect ive  flux qe =UC. The tota l  
flux is then 

q = % k qe = - -  D dC i l k  peCVE ] 
- dx kT (-- dC/dx) " (3) 

It is  evident f r o m  this equation that  for  VE > 0 the vapor  t r a n s f e r  r a t e  i n c r e a s e s .  The influence of the 
field is pa r t i cu l a r ly  apprec iab le  for  smal l  v a p o r - p r e s s u r e  gradients ,  such that qe>>qv, and fo r  molecu les  with 
a l a rge  dipole moment .  

An inhomogeneous field a lso  affects  a liquid d ie lec t r ic ,  pulling it into the zone of g r e a t e r  field inhomo-  
geneity.  The fo rce  acting on unit volume of the d ie lec t r ic  is 

Pe = e - - 1  v(E2), dyn/cmS. (4) 
8n 

Under the act ion of the fo rce  p e r  unit v o l u m e , P e , v i s c o u s f l o w i s  analogous to flow at  a constant  hydrosta t ic  
p r e s s u r e  gradient  VP. For  example ,  in the case  of a cyl indr ica l  cap i l l a ry  of radius  r the m a s s  flux can be 
wr i t t en  in the f o r m  

q = q , + q  -- Pr2 [ (e--1)v(E2) ] 
8n vP  -~ 8u " (5) 

Here  the f i r s t  t e r m  e x p r e s s e s  the m a s s  flux under  the influence of the hydrosta t ic  p r e s s u r e  gradient  VP, and 
the second t e r m  under  the influence of the field gradient  VE. 
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For  V(E 2) > 0 the inhomogeneous field r e in fo rces  m a s s  t r a n s f e r ,  espec ia l ly  in the case  of po la r  liquids 
with a high d ie lec t r ic  constant  such as  water ,  g lycer in ,  and a lcohols .  The re la t ive  influence of the field is 
s t r onge r  the w e a k e r  the contr ibut ion of the flux due to the p r e s s u r e  gradient .  

As the foregoing d i scuss ion  indicates ,  an inhomogeneous e lec t r ic  field can, depending on the sign of VE, 
e i ther  a c c e l e r a t e  or  r e t a rd  m a s s  t r a n s f e r .  Under ce r t a in  condit ions,  however,  as  when absorp t ion  equi l ibr ium 
is es tabl ished,  the p r o c e s s  is a lways s t r i c t ly  acce l e r a t ed  by an inhomogeneous field of e i ther  sign. This r e -  
sult  ts a t t r ibutable  to the fact  that  the d i rec t ion  of the convect ive  flux is i m m a t e r i a l  for  the a t ta inment  of equi- 
l ib r ium,  much in the s a m e  way that ,  fo r  example ,  the forc ing of a wet  gas  through a porous  body always a c -  
c e l e r a t e s  the a t ta inment  of adsorp t ion  equi l ibr ium i r r e s p e c t i v e  of the d i rec t ion  in which it is  forced.  

Analogous effects  take p lace  in inhomogeneous magnet ic  f ields.  Instead of Eq. (1) we now have for  the 
fo rce  f the equation 

f = PmV B, dyn, (6) 

in which VB is the gradient  of the magnet ic  field. Accordingly,  the fo rce  acting on unit volume of the magnet ic  
m a t e r i a l  is 

8 n ~  V (B2), dyn/cmS. (7) 

Note that  ( p - l ) >  0 fo r  p a r a m a g n e t s ,  and ( # - 1 ) <  0 fo r  d iamagnets .  The la t te r ,  unlike p a r a m a g n e t s  and di-  
e l ec t r i c s ,  a r e  th rus t  out of the zone of m a x i m u m  values of the field s t rength.  

Inasmuch as  the f o r m  of the fo r ce  equations is  identical,  f r o m  now on we obtain solutions only fo r  the 
e lec t r ic  field. They can a lways be adjusted fo r  inhomogeneous magnet ic  f ields by app rop r i a t e  substi tution.  

Let  us cons ider  the absorp t ion  of vapor  by a semiinf in i te  porous  body in an inhomogeneous e lec t r ic  field. 
In the one-d imens iona l  p rob l em  the p r o c e s s  is descr ibed  by the f a m i l i a r  adso rp t ion - -deso rp t ion  kinetic equa-  
t ion [4] with t e r m s  added to account for  the convect ive  t r a n s f e r  UC and sur face  flux j (a) of adsorbed  m a t e r i a l :  

Oa ac __O [ D OC__ ] 
0---7- + a---i-- = ax ax - - u c -  i (a) . (8) 

the re la t ionship between the local  values  of a (x, t) and C (x, t) is given by the adsorp t ion  i so the rm  

a = F (C). (9) 

It is a s s u m e d  that adsorp t ion  equi l ibr ium between the vapor  and adsorba te  can be at tained at every  point of 
the po re  space .  

When the po re s  a r e  sufficiently wide, it is only meaningful to cons ide r  the flow of po lymolecu la r  f i lms.  
The su r f ace  t r a n s f e r  p r o c e s s  a s soc ia t ed  with adsorp t ion - f i lm  th icknesses  equal to o r  l ess  than monomolecu la r  
thickness  can  be neglected here .  On the bas i s  of these  assumpt ions  we adopt the following s impl i f ied e x p r e s -  
sion for  the po lymolecu l a r  adsorp t ion  i s o t h e r m  [5]: 

a = F ( C ) = 0  for C < C . ;  a = F ( C ) = K ( C - - C , )  for C > C , ,  

where  K is a constant .  

Let  us suppose that  the p o r e s  a r e  vacant  p r i o r  to the inception of adsorp t ion  (t = 0), so that  

c(o, x)=a(0, x)=0. (lo) 

At the outer  boundary of the porous  body (x = 0) we mainta in  a constant  vapor  concentra t ion  

C(t, 0) = C 0 = const (11) 

We f i r s t  examine the ca se  in which C 0 < C .  and only vapor  diffusion takes  p lace  in the po res .  In p lace  
of (8), for  D = c o n s t  we a r r i v e  at  the equation 

OC D o2C --  U ac (12) 
at ax z ax 

For  a semiinf int te  porous  body we have 

1 
J 
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For  U = 0 (VE = 0) this result  goes over  to the well-known solution for vapor diffusion [6]: 

C~ (t, x) -- C o erfc (x/2V'bT). 

From Eqs. (13) and (14) we obtain the respect ive  mass  fluxes 

Ox -k UCO = UCO 1-- 1 erfc { U]/ ' t ' /  D x=0 - 2  k ~ ]  -k Co ~ exp \ 4D ] 

and 

(14) 

(15) 

Ox x=o-- CO ~t 

As t - - ~  we have j~) - -UC 0 and j r ( t ) - - 0 .  As t - - 0  we have j ( t ) - - jv( t  ). Consequently, the influence of the flux 
associa ted with the inhomogeneous field (for U �9 0) increases  as the concentrat ion gradient  decays,  i.e., with 
increas ing t .  In the limit t -~oo the ratio j (t)/jv(t)ffi U ~ T D t e n d s  to infinity. 

For  U < 0, in which case  the field exerts  a re tarding effect, the redistr ibution of mass  can cease  al to-  
gether,  result ing in a s tat ionary state, for which j (t) = 0. Now in any c ross  sect ion x of the porous body 

- - D  OC _ U C = O .  (17) 
Ox 

From this result  we infer that for U =coas t  (VE =coast) 

C -= C o exp (--  Ux/D). (18) 

As this equation indicates,  the vapor  concentrat ion decays exponentially. Despite the fact  that the condition 
C o > 0 is maintained in the surrounding medium, the vapor cannot fill up the entire porous body, C - - 0  as x -~o, 
and it penetra tes  only the surface  layers .  

For  U > 0, in which case  the field re inforces  the mass  flux into the inter ior  of the porous body, it is also 
possible to a r r ive  at a s ta t ionary state.  The vapor concentrat ion C in the x direct ion in this case  grows ex- 
ponentially: 

C = C O exp (Ux/D). (18') 

Here C can become g rea t e r  than C . .  Then polymolecular  adsorpt ion begins, so that it is required to solve 
Eq. (8). For  simplification, however, we can neglect the influence of adsorption. Then the growth of C will 
be limited by capi l lary  condensation, which sets in as soon as C =Ck. F rom the Kelvin equation we find the 
value of Ck: 

Ct, = C, exp (--  2ovm/rRT); C = Mp,/RT, (19) 

where Cs is the vapor  concentrat ion corresponding to the saturated vapor p r e s s u r e  Ps of the liquid at a given 
tempe rature.  

In the s ta t ionary state the pores  become filled in the zone x > x k with the capi l lary  condensate, and in 
the zone x k �9 x > 0 with vapor,  the concentra t ion of which decays exponentially f rom C =Ck at x = x  k to C =C O 
at x=0 .  The value of Xk is readily determined f rom Eq. (18'): 

D C k 
x h = - -  In 

U C O 

Thus, for a semiinfinite body or, equivalently, a body of finite dimensions but with dead-end pores ,  a 
field inhomogeneous in the x direct ion can upset the equilibrium of the body with the surrounding medium, 
preventing mater ia l  f rom entering it or ,  conversely ,  promoting excess absorpt ion of mater ia l  by it. As will 
be shown present ly,  an inhomogeneous field can also elicit vapor condensation (after a ce r ta in  supersaturat ion)  
in the pores ,  even when Co< C k in the medium surrounding the body. 

The situation changes,  however, if the porous body has finite dimensions and the pores  run all the way 
through it. The s implest  model  of such a sys tem is a capi l lary of length l ,  open at both ends. Let a vapor con-  
centrat ion C O = coast  be maintained at the ends of the capi l lary x = 0 and x = l. We f i r s t  discuss the case  C O < C . ,  
in which adsorpt ion is d is regarded.  The corresponding solution of Eq. (12) has the form 
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Fig. 1. A d s o r p t i o n - d e s o r p t i o n  i so the rms  of wa te r  vapor  
in K88-4 s i l ica  gel a t  var ious  t e m p e r a t u r e s :  1) 293% 2) 
308wA; a) without the f ield,  b) in an inhomogeneous e lec t r ic  
field (VE =8.5 �9 108 V/m2) ,  c) in an inhomogeneous magnet ic  
field ~ B  = 1.2- 106 A/m2). 

Here  An = 4 [ 1 + (-- 1)n +lexp ( -o~n)] / (1  +a2), where  a = U//2TnD. In the absence  of the field (U = 0) 

~  

where  B n = 2 ( 1 - c o s  ~n)/Trn. 

For  l a rge  t imes  t, Eqs.  (20) and (21) a r e  s impl i f ied:  

C~"Co{1--A, exp (~D )sin (-~-)exp [-- "TDna -k 4 ~ )  t]} ; 

(21) 

(22) 

L 12 j j .  (23) 

It is evident f r o m  Eqs.  (20)-(23) that  C ( x ) ~ C  0 as  t -*~o. 

Thus,  the field does not affect  the final s ta te  of the sys t em.  As t - - ~  a p r e s s u r e  equal to the vapor  p r e s -  
sure  in the surrounding med ium is es tabl i shed in the capi l la ry .  The only di f ference  is that  without the field 
the vapor  in the cap i l l a ry  is mot ion less ,  whe reas  with the field p r e s e n t  the vapor  in the cap i l l a ry  moves  with 
the convect ive flow ra te  

jr-| = UCo. (24) 

Let us c o m p a r e  the re laxa t ion  t i m e  to the final s ta te  of the sys t em,  using the values of the ra t ios  y = 
(C-C0) /C 0 and Yv = (Cv-C0)/C0 as  t - - ~  to c h a r a c t e r i z e  the degree  of deviat ion of the exist ing f rom the final 
s ta te .  F r o m  (22) and (23) we obtain 

= AI exp exp (~ 1. (25) 
g. B-- T ~ ~ 4D 

Consequently,  the final s t a te  of the s y s t e m  (equilibrium without the field, s t a t ionary  with the field) is at tained 
m o r e  rapidly when the porous  body is s i tuated in an inhomogeneous field. 

These  r e su l t s  a r e  in good a g r e e m e n t  with the exper imenta l  data. F igure  1 gives  as an example  the ad-  
sorp t ion- -desorp t ion  i s o t h e r m s  of wa t e r  vapo r  in KSS-4 s i l ica  gel (with a mean  p o r e  radius of about 22 .~), ob-  
tained on the adsorp t ion  appara tus  desc r ibed  in [7]. The s i l ica  gel, in the f o r m  of pa r t i c l e s  with d i ame te r s  of 
0.35 ram,  was placed in the adsorp t ion  capsule  on a cup with a d i a m e t e r  of 1.6" 10 -2 m.  An inhomogeneous 
e lec t r ic  field was c rea ted  by e lec t rodes ,  one of which was made  in the f o r m  of a f i lament  running along the 
axis  of support  of the cup, while the second was a cyl inder  30 m m  in d i a m e t e r  encirc l ing the cup with the 
sample .  A potential  d i f ference  of up to 25 kV f rom a P a z r y a d - I  dc source  was applied to the e l ec t rodes .  In 
this field configurat ion the gradient  VE va r i e s  along the radius of the sample .  We cha rac t e r i z ed  the inhomo- 
geneous field in the sample  by the mean  values of VE, which were  calculated by the s tandard p rocedu re  [8]. 
The expe r imen t s  we re  c a r r i e d  out for  a s e r i e s  of values of VE. Figure  1 gives the exper imenta l  points for  
the l a rge s t  gradient  value:  WE =8.5 �9 108 V / m  z. An inhomogeneous magnet ic  field was c rea ted  by a specia l  
a r r a n g e m e n t  of pole t ips [9] nea r  the cup containing the sample .  The l a rges t  mean  value of VB within the 
l imi t s  of the sample  in this ca se  was VB= 1.2.106 A / m  2. 
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Fig. 2. Pe rcen tage  adsorp t ion  W ve r sus  t ime  "1" (rain) for  
KSS-4 s i l ica  gel at  T = 293~ with and without inhomoge-  
neous externa l  e lec t r ic  and magnet ic  f ields.  1) Without 
any field; 2) in an lnhomogeneous magnet ic  field ~TB = 
1.2 �9 106 A/m2; 3, 4, 5) in inhomogeneous e lec t r ic  f ields:  
3) VE =0.76" 108 V/m2; 4) 2.03" 108; 5) 8.5.  108V/m 2. 
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Fig. 3. Adsorp t ion  ra te  dW/dT ~ / m i n )  of wa te r  vapor  by 
KSS-4 s i l ica  gel ve r sus  mo i s tu re  content W (~). 1) With- 
out any field; 2) in an inhomogeneous magnet ic  field; 3, 4, 
5) in an inhomogeneous e lec t r ic  field: 3) VE =0.76" 108 
V/m2; 4) 2.03" 108; 5) 8.5" 108 V/m2o 

It is seen  in Fig. 1 that  ne i ther  the inhomogeneous e lec t r ic  field nor  the [nhomogeneous magnet ic  field 
at  the indicated s t rengths  has an apprec iab le  influence on the a d s o r p t i o n - d e s o r p t i o n  i so the rms  of samples  
having finite d imensions  and through po re s .  This resu l t  is a t t r ibutable  to the fact  that  the applied external  
f ields a r e  much l e s s  than the internal  fields acting in the a d s o r b a t e - a d s o r b e n t  s y s t e m  and governing the 
m o l e c u l a r  bond energy.  

Although these  fields did not a l t e r  the equi l ibr ium of the a d s o r b a t e - a d s o r b e n t  sys t em,  they were  suffi-  
cient to change the adsorp t ion  kinet ics  noticeably.  Figure  2 gives r e su l t s  in support  of this conclusion.  The 
t ime  is plotted along the horizontal  axis ,  and the m a s s  var ia t ion  of an initial d ry  sample  of the s a m e  KSS-4 
s i l ica  gel on the ve r t i ca l .  Vapor  adsorp t ion  proceeded  f r o m  the surrounding medium,  where  a re la t ive  vapor  
p r e s s u r e  P/Ps c lose  to unity was maintained.  The m e a s u r e m e n t s  were  p e r f o r m e d  at  T =293~ 

It is c l e a r  f r o m  Fig. 2 that the appl icat ion of an inhomogeneous magnet ic  field and an inhomogeneous 
e lec t r ic  field a c c e l e r a t e s  the a t ta inment  of equi l ibr ium through the intensif icat ion of internal  m a s s  t r a n s f e r  
in the sample .  Here  the final s ta te  of the s y s t e m  (i.e., the quantity of wa t e r  adsorbed)  does not depend on 
XTB or  VE. Only the kinet ics  changes,  whereupon the equi l ibr ium re laxat ion  t ime  is shor tened 23v/0 re la t ive  
to the ze ro - f i e ld  exper imen t  when VE = 8.5 �9 t08 V / m  2. According to Eq. (25) the equi l ibr ium re laxat ion  t ime  
is s m a l l e r  for  l a r g e r  values  of VE. 
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It was also shown in the same experiments that, unlike water, an appreciable accelerat ion of adsorption 
is not exhibited by nonpolar CC14, for which Pe = 0 and e is much smaller  than for water. 

An analysis of the adsorpt ion-rate  curves (Fig. 3) indicates that in the initial stage, when the pressure  
gradient and adsorption rate are  large, the fields accelerate the process only slightly, corroborating the theo- 
retical calculations. The influence of the fields, as we see in Fig. 3, grows as the moisture absorption rate 
decreases .  

The experiments described here therefore  lend qualitative support to the developed theory. Quantitative 
calculations for porous bodies are  made difficult by the complex geometry of the pore space. To this end it is 
proposed that future model experiments be set up with individual capillaries.  

We note in conclusion that additional allowance (over and above the vapor flux) for  adsorption and sur-  
face flow (as is part icularly mandatory in the case of fine-pored bodies such as, for example, silica gels) does 
not change the substance of the foregoing conclusions. The exact solutions involve sizable mathematical diffi- 
culties here.  However, for a simpler system modeling the influence of surface t ransfer  (capillary with its 
walls coated with a polymolecular liquid film) we obtain for the flow in the stationary state of the system as 
t...oo 

J,-... = UCo + 2PhJ-e-P, 
3~lr (26) 

where h 0 is the film thickness at C =C 0 and P is the force acting on unit volume of the liquid with values given 
by Eq. (4) or  (7). Equation (26) differs from (24) by the presence of the second te rm for flow in the liquidphase. 

Substituting into Eq. (26) the values of U and P for an inhomogeneous electric field, we obtain 

[ Dp~Co Phoa(eo--1) E l 
J~'| = k ~  4- 6~l r V E. (27) 

As this equation indicates, the flux Jt-*~ is proportional to WE. However, since the flux in the liquid phase 
also depends on E, in fine pores and in the case of large h 0 the flux becomes strongly dependent now not only 
on WE, but on E as well. Analogous conclusions are obtained for an inhomogeneous magnetic field. 

The solutions obtained here, of course, do not exhaust the spectrum of potential problems in which it is 
required to take account of the influence of an inhomogeneous electric or magnetic field on mass transfer in 
porous bodies. They are aimed at explicating the physical mechanism of the phenomenon and exhibiting its 
fundamental laws. 

NOTATION 

Pe, molecular  dipole moment; Pm, molecular magnetic moment; D, vapor diffusion coefficient, cm2/sec; 
k, Boltzmann constant; T, temperature ,  ~ e, static dielectric constant; p, static permeability; C, concentra- 
tion of vapor molecules per  unit volume of pore space, g/cmS; a, concentration of adsorbed molecules, g/cm3; 
p, density of liquid, g/cm3; ~, viscosity of liquid, P; Vm, polar volume of liquid, cm3/mole; a, surface tension 
of liquid, dyn/cm; R, gas constant, e rg/mole  �9 ~ M, molar mass of adsorbate, g/mole; W, moisture content of 
sample, g/g. 
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