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INFLUENCE OF INHOMOGENEOUS ELECTRIC
AND MAGNETIC FIELDS ON INTERNAL MASS
TRANSFER IN CAPILLARY-POROUS BODIES

A. L. Panasyuk, M. 8, Panchenko, UDC 536,423:537,523.3
V. M, Starov, and N. V. Churaev

Equations are derived for mass transfer in inhomogeneous electric and magnetic fields, Ex-
perimental results are given in support of the theoretical conclusions.

It has been shown experimentally {1, 2] that inhomogeneous electric and magnetic fields have an appre-
ciable influence on internal mass~transfer processes in porous bodies, We wish to examine some possible
physical mechanisms of this phenomenon,

It is generally known that dipolar molecules in an inhomogeneous electric field with gradient VE are
acted upon by a force

f = p.vE, dyn. ey

Under the action of this force dipolar molecules acquire a velocity component in the direction of increasing
values of VE with a magnitude

U = Df/RT, em/sec. 2)

To the diffusion flux q, of vapor molecules in this case is added a convective flux e =UC. The total
flux is then

dc p.CyE
== e = — D l e . 3
9= td dx [ +kT(—dC/dx)] @)
It is evident from this equation that for VE > 0 the vapor transfer rate increases. The influence of the
field is particularly appreciable for small vapor-pressure gradients, such that q.>qy, and for molecules with
a large dipole moment.

An inhomogeneous field also affects a liquid dielectric, pulling it into the zone of greater field inhomo-
geneity. The force acting on unit volume of the dielectric is
e—1
8
Under the action of the force per unit volume, Pg, viscous flowis analogous to flow at a constant hydrostatic
pressure gradient VP. For example, in the case of a cylindrical capillary of radius r the mass flux can be
written in the form

P, = v (E?), dyn/cm®, 4)

pr? (e—1Dv(EY
=q+q = |ypEZDVIED
9=q 4 8n [V + 8n } . (5)

Here the first term expresses the mass flux under the influence of the hydrostatic pressure gradient VP, and
the second term under the influence of the field gradient VE,
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For V(E%) > 0 the inhomogeneous field reinforces mass transfer, especially in the case of polar liquids
with a high dielectric constant such as water, glycerin, and alcohols. The relative influence of the field is
stronger the weaker the contribution of the flux due to the pressure gradient,

As the foregoing discussion indicates, an inhomogeneous electric field can, depending on the sign of VE,
either accelerate or retard mass transfer. Under certain conditions, however, as when absorption equilibrium
is established, the process is always strictly accelerated by an inhomogeneous field of either sign. This re-
sult is attributable to the fact that the direction of the convective flux is immaterial for the attainment of equi-
librium, much in the same way that, for example, the forcing of a wet gas through a porous body always ac-
celerates the attainment of adsorption equilibrium irrespective of the direction in which it is forced.

Analogous effects take place in inhomogeneous magnetic fields, Tnstead of Eq. (1) we now have for the
force f the equation

. f=pmV‘B’ dY“- (6)

in which VB is the gradient of the magnetic field. Accordingly, the force acting on unit volume of the magnetic
material is

Py = ”8:;1,1 v (B%), dyn/cms. (7)

Note that (#—1) > 0 for paramagnets, and (#=—1)< 0 for diamagnets. The latter, unlike paramagnets and di-
electrics, are thrust out of the zone of maximum values of the field strength,

Inasmuch as the form of the force equations is identical, from now on we obtain solutions only for the
electric field, They can always be adjusted for; inhomogeneous magnetic fields by appropriate substitution.

Let us consider the absorption of vapor by a semiinfinite porous body in an inhomogeneous electric field.
In the one-dimensional problem the process is described by the familiar adsorption—desorption kinetic equa-
tion [4] with terms added to account for the convective transfer UC and surface flux j@) of adsorbed material:

Oz + o 9 D o —UC—j(a)|. (8)
ot ot ax Ox
the relationship between the local values of a (x, t) and C(x, t) is given by the adsorption isotherm
a = F(C). ©)

It is assumed that adsorption equilibrium between the vapor and adsorbate can be attained at every point of
the pore space,

When the pores are sufficiently wide, it is only meaningful to consider the flow of polymolecular films,
The surface transfer process associated with adsorption~film thicknesses equal to or less than monomolecular
thickness can be neglected here. On the basis of these assumptions we adopt the following simplified expres-
sion for the polymolecular adsorption isotherm [5]:

a=F(C)=0 fo C<Cy a=F()=K({C—-C,) for C>C,,
where K is a constant,

Let us suppose that the pores are vacant prior to the inception of adsorption (¢t =0), so that

C(0, x)=a(0, x)=0. (10)
At the outer boundary of the porous body (x=0) we maintain a constant vapor concentration
C(t, 0)=C, = const. (11)

We first examine the case in which C;<Cx and only vapor diffusion takes place in the pores. In place
of (8), for D=const we arrive at the equation

aC -D oC _vu ac ) (12)
ot 0x? Ox
For a semiinfinite porous body we have
C, x— Ut Ux x -+ Ut
= fcf ——| + € — Jerfc|{ —=1]. 13
clbn=- [m(ﬂ/Dt)T Xp(D ) (2VDt )] a9
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For U=0 (VE=0) this result goes over to the well-known solution for vapor diffusion [6]:

Cot, x) = Cyeric(x/2)/ Di). (14)
From Eqgs, (13) and (14) we obtain the respective mass fluxes
L _ 1o (UVT D exp— 2 (15)
j)=—D— | +UC= UCO[1~ - erfe (2—1/—5)] + G ]/T,e"? T @D
and
, ac D
_—_.———-D = —
i (O | C, ‘/ - (16)

As t—~= we have j¢) —UC, and jy () =0, As t—0 we have j) —jy¢). Consequently, the influence of the flux
associated with the inhomogeneous field (for U > 0) increases as the concentration gradient decays, i.e., with
increasing t. In the limit t == the ratio j)/iy &)= UvV7t/D tends to infinity.

For U<0, in which case the field exerts a retarding effect, the redistribution of mass can cease alto-
gether, resulting in a stationary state, for which jt)=0. Now in any cross section x of the porous body

0% _yc—o. a7
ox

From this result we infer that for U=const (VE =const)

C = Cyexp(—Ux/D). (18)
As this equation indicates, the vapor concentration decays exponentially, Despite the fact that the condition
C;> 0 is maintained in the surrounding medium, the vapor cannot fill up the entire porous body, C —0 as x~%=,
and it penetrates only the surface layers.

For U> 0, in which case the field reinforces the mass flux into the interior of the porous body, it is also
possible to arrive at a stationary state. The vapor concentration C in the x direction in this case grows ex-
ponentially:

C = Cyexp (Ux/D). (18"
Here C can become greater than C,. Then polymolecular adsorption 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 capillary condensation, which sets in as soon as C =Ci. From the Kelvin equation we find the
value of Cy:

Cy = C,exp(—20u,,/rRT); C = Mp,/RT, (19)

where Cg is the vapor concentration corresponding to the saturated vapor pressure pg of the liquid at a given
temperature,

In the stationary state the pores become filled in the zone x > xi with the capillary condensate, and in
the zone xp > x > 0 with vapor, the concentration of which decays exponentially from C =Cy at x=xp to C=C,
at x=0, The value of x is readily determined from Eq. (18"):

D C,

X, = —In
UG,

Thus, for a semiinfinite body or, equivalently, a body of finite dimensions but with dead-end pores, a
field inhomogeneous in the x direction can upset the equilibrium of the body with the surrounding medium,
preventing material from entering it or, conversely, promoting excess absorption of material by it. As will
be shown presently, an inhomogeneous field can also elicit vapor condensation {after a certain supersaturation)
in the pores, even when C,< Cy 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 simplest model of such a system is a capillary of length I, open at both ends. Let a vapor con~
centration Cy=const be maintained at the ends of the capillary x=0 and x=1. We first discuss the case Cy<Cx,
in which adsorption is disregarded. The corresponding solution of Eq. (12) has the form

C(t, x)= Co{l— 2 Anexp[—( D’l‘:”Z 4 %) t] exp(zu—;‘)s'm (-"’l‘—x)} ) (20)
=1
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Fig. 1. Adsorption—desorption isotherms of water vapor
in KSS-4 silica gel at various temperatures: 1) 293°, 2)
308°K; a) without the field, b) in an inhomogeneous electric
field (VE=8.5-10% V/m?, ¢) in an inhomogeneous magnetic
field (VB=1,2-10%A/m?,

Here Ap=4[1+ (—1)® lexp(~amn))/ (1 +a?), where a=Ul/2mnD. In the absence of the field (U = 0)

Cv (t, JC) = Co{l_' 2 Bn exp(_ Dn;nZt )Sin ( n;lx )}' (21)

n=1

where By =2(1—cosn)/mn,

For large times t, Egs. (20) and (21) are simplified:

U . D2 U2
CzCo{l—-A,exp (2—;)sm (ilx—)exp [——(-—%— +—4—D—)t”: (22)
. 2Dt
C,~ {1 — B, sin (-Elf—)exp [—— nlz ]} . {23)

1t is evident from Eqs, (20)-(23) that C(x) —=C,as t—=,

Thus, the field does not affect the final state of the system. As t—= a pressure equal to the vapor pres-
sure in the surrounding medium is established in the capillary. The only difference is that without the field
the vapor in the capillary is motionless, whereas with the field present the vapor in the capillary moves with
the convective flow rate

jtwe = UC,. (24)

Let us compare the relaxation time to the final state of the system, using the values of the ratios y=
(C—Cy)/Cyand y,=(Cy—Cy)/Cyas t—= to characterize the degree of deviation of the existing from the final
state. From (22) and (23) we obtain

y A,  Ux ) U
= —exp|{ —lexp!{ ——— 1.
P p(w =)< 25)
Consequently, the final state of the system (equilibrium without the field, stationary with the field) is attained
more rapidly when the porous body is situated in an inhomogeneous field.

These results are in good agreement with the experimental data, Figure 1 gives as an example the ad-
sorption—desorption isotherms of water vapor in KSS-4 silica gel (with a mean pore radius of about 22 A), ob-
tained on the adsorption apparatus described in [7]. The silica gel, in the form of particles with diameters of
0.35 mm, was placed in the adsorption capsule on a cup with a diameter of 1.6°107? m. An inhomogeneous
electric field was created by electrodes, one of which was made in the form of a filament running along the
axis of support of the cup, while the second was a cylinder 30 mm in diameter encircling the cup with the
sample. A potential difference of up to 25 kV from a Pazryad-~I dc source was applied to the electrodes. In
this field configuration the gradient VE varies along the radius of the sample, We characterized the inhomo-
geneous field in the sample by the mean values of VE, which were calculated by the standard procedure [8].
The experiments were carried out for a series of values of VE, Figure 1 gives the experimental points for
the largest gradient value: VE=8.5°10% V/m? An inhomogeneous magnetic field was created by a special
arrangement of pole tips [9] near the cup containing the sample. The largest mean value of VB within the
limits of the sample in this case was VB=1,2-10% A/m?,
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Fig. 2, Percentage adsorption W versus time 7T (min) for
KSS-4 silica gel at T =293°K with and without inhomoge-
neous exter{)al electric and magnetic fields, 1) Without
any field; 2) in an inhomogeneous magnetic field VB =
1.2-108 A/m? 3, 4, 5) in inhomogeneous electric fields:
3) VE=0.76°10% V/m? 4) 2,03°10% 5) 8,5- 103 V/m?.
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Fig. 3. Adsorption rate dW/dr (%/min) of water vapor by
KSS-4 silica gel versus moisture content W (%), 1) With-
out any field; 2) in an inhomogeneous magnetic field; 3, 4,
5) in an inhomogeneous electric field: 3) VE=0,76°108
V/m? 4) 2.03-10%; 5) 8.5° 108 v/m?,

It is seen in Fig. 1 that neither the inhomogeneous electric field nor the inhomogeneous magnetic field
at the indicated strengths has an appreciable influence on the adsorption—desorption isotherms of samples
having finite dimensions and through pores. This result is attributable to the fact that the applied external
fields are much less than the internal fields acting in the adsorbate—adsorbent system and governing the
molecular bond energy.

Although these fields did not alter the equilibrium of the adsorbate—adsorbent system, they were suffi-
cient to change the adsorption kinetics noticeably, Figure 2 gives results in support of this conclusion. The
time is plotted along the horizontal axis, and the mass variation of an initial dry sample of the same KSS-4
silica gel on the vertical, Vapor adsorption proceeded from the surrounding medium, where a relative vapor
pressure p/pg close to unity was maintained. The measurements were performed at T =293°K.

1t is clear from Fig. 2 that the application of an inhomogeneous magnetic field and an inhomogeneous
electric field accelerates the attainment of equilibrium through the intensification of internal mass transfer
in the sample, Here the final state of the system (i.e., the quantity of water adsorbed) does not depend on
VB or VE. Only the kinetics changes, whereupon the equilibrium relaxation time is shortened 23% relative
to the zero-field experiment when VE=8,5" 10° V/m2, According to Eq. (25) the equilibrium relaxation time
is smaller for larger values of VE,



It was also shown in the same experiments that, unlike water, an appreciable acceleration of adsorption
is not exhibited by nonpolar CCl,, for which pg=0 and € is much smaller than for water.

An analysis of the adsorption-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 @s is particularly 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 transfer (capillary with its
walls coated with a polymolecular liquid film) we obtain for the flow in the stationary state of the system as

t~—>o0
2h3 P

ji-bun == UCO + 31’]]’

, (26)

where hy is the film thickness at C=C, 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 term for flow in the liquid phase.

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

DpC, | phi(e,—1)
i = E
Jivw [ BT + Bany ] vE. 27

As this equation indicates, the flux ji ..« is proportional to VE, However, since the flux in the liquid phase
also depends on E, in fine pores and in the case of large h; the flux becomes strongly dependent now not only
on VE, 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

pes molecular dipole moment; py,, molecular magnetic moment; D, vapor diffusion coefficient, cm?/sec;
k, Boltzmann constant; T, temperature, °K; €, static dielectric constant; u, static permeability; C, concentra-
tion of vapor molecules per unit volume of pore space, g/cm? a, concentration of adsorbed molecules, g/em?;
p, density of liquid, g/em?; n, viscosity of liquid, P; VYm, polar volume of liquid, cm?®/mole; o, surface tension
of liquid, dyn/cm; R, gas constant, erg/mole * °K; M, molar mass of adsorbate, g/mole; W, moisture content of
sample, g/g.

LITERATURE CITED

1, M. S. Panchenko, V. P, Dushchenko, A, L. Panasyuk, A, S, Mosievich, and N, V, Zhenevskii, in: Heat

and Mass Transfer [in Russian], Vol. 6, Minsk (1972), p, 118,

M. 8. Panchenko, A. L. Panasyuk, I. N, Karpovich, et al,, Inzh.-Fiz. Zh., 25, No. 2 (1973).

N. N, Tunitskii, Diffusion and Stochastic Processes [in Russian], Nauka, Novosibirsk (1970).

D. P. Timofeev, Adsorption Kinetics [in Russian], Izd. Akad, Nauk SSSR, Moscow (1962),

P. P. Zolotarev, Z, M. Zorin, A, V. Novikova, A. K. Petrov, V. D. Sobolev, and N, V, Churaev, in: Heat

and Mass Transfer [in Russian], Vol. 6, Minsk (1972), p. 19.

6. R. M, Barrer, Diffusion in and through Solids, Cambridge University Press (1951).

7. M. S. Panchenko, V. P, Dushchenko, A, L. Panasyuk, O, Ya. Semko, and A, S, Mosievich, in: Electron-
Beam Treatment of Materials [in Russian], No. 3, Kishinev (1972), p. 56,

8. N. N. Mirolyubov, M. V, Kostenko, M, L. Levinshtein, and N. N, Tikhodeev, Methods for the Computation
of Electrostatic Fields [in Russian], Vysshaya Shkola, Moscow (1963).

9. V. L. Chechernikov, Magnetic Measurements [in Russian], 1zd, MGU, Mosccw (1963),

832



