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DIFFUSION IN A POROUS SYSTEM IN CROSSED 

ELECTRIC AND MAGNETIC FIELDS 

G. A. Vitkov and T. N. Zabelina UDC 532.72:(537.27+538.6) 

Diffusion in crossed electric and magnetic fields is considered; measurements are reported on 
accelerated diffusion in the extraction of low-molecular-weight fractions (hemiceUuloses) from 
cellulose and of copper salts from viscose fiber. 

Extraction from capillary systems into surrounding liquids is an important general process in mass 
transfer; examples are elimination of copper salts from viscose fiber by washing the fiber with sulfuric acid 
[1] and extraction of low-molecular-weight fractions (hemicelluloses) from cellulose with caustic soda during 
mercerizing [2, 3]. 

Consider:able interest attaches to the use of various fields, including electromagnetic ones, in liquids to 
accelerate diffusion in such systems; in particular, crossed electric and magnetic fields may be employed. 
Here we consider the rates Of diffusion processes under such conditions and present some measurements. 

The external-diffusion rate is controlled by the hydrodynamic conditions around the dispersed phase, and 
that rate may be increased by efficient mixing [4, 5], as well as by mechanical oscillation (ultrasound, vibra- 
tion, etc.) [6], and by magnetic [7] or electric [8-10] fields. 

It has been shown [8-10] that an electric field in a conducting liquid produces a flow of the liquid near a 
local solid, liquid, or gaseous inclusion because the magnetic field arising from the current interacts with the 
liquid. More vigorous flows arise near such particles in crossed electric and magnetic fields [11-14]. Also, 
flows arise in a very narrow range within the boundary and ordinary diffusion layers because the electric double 
layer at the interface interacts with the crossed fields [15]. One naturally expects that all these various flows 
will substantially accelerate mass transfer, and as a result one will obtain conditions close to ideal mixing in 
the external-diffusion region. 

The current density in the liquid, and the distribution between and within the particles, may be dependent 
on the effective conductivities of both media. Methods of estimating effective conductivity for porous systems 
have been surveyed [16], and it has been shown that the value is dependent on the conductivity of the skeleton 
in a particle and on that of the liquid within the porous structure, as well as on the structure of the skeleton. 
The case where ~ef for the particles is related to o~ for the liquid by (07 - ~ef) is of only theoretical interest, 
since the converse applies in nearly all practical cases. As a result, the current density within the particles 
is nearly always substantially less than that in the liquid (j/>> jp). If the system is in a uniform external mag- 
netic field, the density of the electromagnetic forces f acting on the liquid phase outside aparticle is substantially 
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Fig. 1. The appara tus :  1) separa t ing  
equipment  within solenoid; 2) device for  
t r anspo r t i ng  a bundle of v i scose  f ibe r s ;  
3) c o m p r e s s i o n  device ;  4) tank contain-  
ing softened w a t e r  for  r emoving  acid 
f r o m  f iber ;  5) acid dra in  tank; 6) acid 
p r e s s u r e - h e a d  tank; 7) r o l l e r s  fo r  t r a n s -  
por t ing  f i b e r  bundle; 8) f i be r  bundle; 9) acid. 

greater than the same fp, within a particle (f >> fp), and the additional pressure in the surrounding liquid Pt due 
to these forces foUows the law 

P~ = fy, 

where  y is the c u r r e n t  coordinate  along the d i rec t ion  of the e l ec t romagne t i c  fo rces .  The p r e s s u r e  in the liquid 
within the pa r t i c l e  is 

P2 = ~pY" 
Then a layer at a distance Ay from the surface experiences the pressure gradient 

aP --- (f -- fp) Ay. (1) 

This causes the liquid to move through the particle structure; the direction of motion is dependent on the 
direction of the pore or capillary, while the mean direction is against the direction of the electromagnetic 
forces. 

The general motion of the liquid under the pressure gradient combines with molecular diffusion to pro- 
duce a diffusion-flux density in a particle in this case of [4, 5, 17] 

- -  D ac 
]--- I ax + v c "  (2) 

The speed v of the liquid in the s t r u c t u r e  can be e s t ima ted  [18-20] by consider ing the kinet ics  of the m a g -  
ne tohydrodynamic  f o r c e s  and the cap i l l a ry  s i ze ,  in conjunction with the g e o m e t r y ,  concentra t ion and rheo log i -  
cal  c h a r a c t e r i s t i c s  of the e l ec t ro ly t e ,  and the extent  of the e l ec t r i c  double l aye r .  

The concent ra t ions  of the diffusing subs tances  within a pa r t i c le  a r e  [3, 4, 16] given by 

0c 0( c) +_2_0  (3) 
at Ox Ox \ ~ Ox } 

The solutions to (3) for  va r ious  ca se s  of diffusion have p rev ious ly  been cons idered  [21]; one can usual ly  
a s s u m e  that  the concentra t ion in the liquid around a pa r t i c l e  is negligible in compar i son  with that  within a p a r t i -  
c le ,  while ideal  mixing occu r s  in the  ex te rna l  medium;  thus, one can e s t ima te  the r a t e  of ex t rac t ion  f r o m  a porous  
s y s t e m  in the p r e s e n c e  of in ternal  convection by using the solution to (3) der ived  for  the p lanar  case  in [22]. At 
the s ta r t ,  al l  the m a t e r i a l  is  located within a p l ana r  f i lm (plate), while the coordinate  axis is  d i rec ted  f r o m  the 
su r f ace  of the f i lm inward,  whereupon the ini t ial  and boundary conditions take the fo l lowingform:  x > 0 and c = 
c0(x) fo r  t = 0; c = 0 f o r  x = 0 ( sur face  of f i lm).  
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TABLE 1. Relative Residual Copper Content in Viscose 
Fiber  

~rossed fields, f = Extraction time, 
]5" l0 t N/rn 3 3 e c  
I 

2,8 0,07 
5,6 0,01 

Control experiments 

tmualeondkions with transverse 
flows 

I 
0,.96 [ 0,13 
0,05 Ir 0,04 

TABLE 2. Distribution of Magnetic Induction, Current  Den- 
si ty,  and E l e c t r o m a g n e t i c - F o r c e  Density over  the Diameter  
of a Cylinder 

Distance from Field induction, Current density in Electromagnetic- 
center R. rn T liquid. 104A/m z ~q/m ~Lf~ demitv . . . .  10 a �9 

0,02 
0,04 
0,06 

0,215 I 0,93 
0,235 0,47 
0,260 I 0,31 

0,20 
0,11 
0,08 

The concentrat ion within a film of thickness 26 should [22] be proport ional  to exp (25v), whereas  the r e l a -  
tionship is exp [-S(Dt/~2)] for  ordinary  molecular  diffusion [4, 5, 17], i .e. ,  the internal flow in the s t ructure  in 
c rossed  fields should cause the p r o c e s s e s  to be much more  rapid than those for  ordinary  molecular  diffusion. 

The measu remen t s  on extract ing copper f rom v iscose  fiber with sulfuric acid were  pe r fo rmed  with the 
apparatus  shown in Fig. 1, which consis ts  of severa l  major  sect ions;  the solenoids,  t r anspor t  device,  sys tem 
of tanks,  and power supply. A working vesse l  is placed within each of the solenoids ( treatment bath), and this 
contains fiat lead e lect rodes .  A bunch of the v i scose  f ibers  is passed success ively  to the f i r s t  and second par ts  
of the equipment,  where  the copper salts  are  extracted.  

The nonunfformity of the bunch along the length and ac ross  the c ros s  section cannot be Controlled strictly,  
and so it was minimized by select ing an appropriate  observat ion range along the length for which the dispers ion 
of the measured  quantity was homogeneous.  This range was taken as 20-30 m. Then a constant speed of 0.68 
m/sec  required  10-15 analysis  samples  for such a range. The method of selecting finished f iber  for  analysis  
for copper by the iodine method involves taking samples  at intervals  of 1.6 m, each sample being of length 
0.4 m. 

The acid concentrat ion c was always 300 g/l i ter ,  while the t ime of contact with the acid was 2.8 sec (one 
section) or  5.6 sec (two sections). The field induction B (approximately 0.25 T) and the cur rent  density in the 
liquid (j approximately 2.103 A/m 2) were  kept constant ,  i .e . ,  the e lec t romagne t i c - fo rce  density in the liquid f 
was constant at approximately 5.102 N/m 3. 

Two se r i e s  of checks were  per formed.  In the f i r s t  case ,  the f iber bundle moved in a working vesse l  
at 0.68 m/sec ,  while in the second the speed was the same,  but additional t r ansve r se  jets  were  present .  The 
t empera tu re  of the acid in all cases  was constant at 45~ 

Table 1 gives mean copper contents for the v iscose  fiber f rom 25-30 analyses  for  the t rea tments  in 
c ro s s ed  fields and in the control  tes ts .  

Little is known about this sys tem,  so one can only say that there is a qualitative difference between the 
diffusion in the c rossed  fields and that in the control  case. Table 1 shows that the c rossed  fields with f of 
approximately 5" 102 N/m 3 acce lera ted  the extract ion of copper salts f rom the f iber  by compar ison with the 
control  exper iments ,  as would be expected. 

The tes ts  on extract ing low-molecular -weight  hemicel lulose fract ions f rom cellulose were pe r fo rmed  with 
labora tory  equipment consis t ing of a solenoid of length 0.5 m and internal d iamete r  0.17 m, which contained 
a coaxial cyl inder ,  whose walls were  the e lec t rodes  (outside d iameter  0.15 m and inside d iameter  0.01 rn), while 
the bottom was made of an insulator.  The solenoid was placed within a steel body {st. 3 steel) to reduce the 
c i rcui t  reluctance.  

The extent of extract ion of the hemicel lulose was determined with the following as var iables :  working 
t ime,  weight propor t ions  of caustic soda and a i r -d r i ed  cellulose (bath modulus),  f ields,  and degree of com-  
press ion.  
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Fig. 2. Kinetics of extraction for low-molec- 

~1~-welght fractions from cel1~ose for re- 
du~ion in bun~e size by a factor of 3.44: i) in 
c r o s s e d  e l ec t r i c  and magne t ic  f ie lds;  2) in an 
e l ec t r i c  f ield with s t i r r ing ;  3) in an e l ec t r i c  
f ield without s t i r r ing ;  a-d) bath moduli ,  a) M = 
6; b) 8; c) 10; d) 15. 

50 ~ 

~0 

30 
i 

a 

/00 200 300 zIO0 

Q, 
b 

b 

x - " -  3 

fO0 200 300 t, s~c 

Fig. 3. Ext rac t ion  of l ow-molecu l a r -we igh t  f r ac t ions  f r o m  cel lulose 
with: a) 2.94 reduct ion fac tor ;  b) no squeezing;  1) in c ro s sed  e l ec t r i c  
and magne t ic  fields;  2) under  o rd ina ry  conditions with s t i r r ing;  3) un- 
de r  o rd ina ry  conditions without s t i r r ing;  a) M = 6; b) 8; c) 10; d) 15. 

A weighed amount  of the cel lulose  was  p laced  in the coaxial  cyl inder  and t r ea t ed  with the  appropr ia te  
amount  of solution as  defined by the bath modulus.  The cu r r en t  was  p a s s e d  in a magnet ic  f ield or  without the 
l a t t e r  (control  exper iments ) .  The swollen cel lulose was  sepa ra t ed  f r o m  the alkal i  at a ce r t a in  t ime by pouring 
the suspens ion  into a Buchner  funnel,  with the liquid run off into a v e s s e l  ove r  a per iod of 30 sec ,  a f te r  which 
the swollen cel lulose  was  squeezed and the ex t r ac t ed  solution was  mixed with the liquid that  had pa s sed  through 
the funnel,  o r  e l se  no squeezing was  employed.  Then the solution was  examined  for  hemiceUulose .  The m a s s  
ba lance  was  used to ca lcula te  the weight  % hemiceUulose  ex t rac ted  by diffusion and by squeezing. 

Th ree  s e r i e s  of control  t e s t s  w e r e  done. 

1. Ext rac t ion  with a given bath modulus ,  given t i m e ,  and specif ied initial  caust ic  soda solution t e m p e r a -  
t u r e .  These  runs  w e r e  done in a g lass  v e s s e l  by the above method at 52-55~ 

2. In addition to the above,  a l a b o r a t o r y  s t i r r e r  provided v igorous  flow in the sys t em.  The speed of the 
s t i r r e r  was  a lways  constant.  

3. E x p e r i m e n t s  in the coaxial  cyl inder  in an e l e c t r i c  f ield with or  without mixing.  

The t e m p e r a t u r e  in the coaxial  cyl inder  was  de t e rmined  at half  the dis tance between the wal ls .  Repea ted  
m e a s u r e m e n t s  a t  d i f ferent  t i m e s  fo r  a s teady c u r r e n t  of 20 A and a constant  volume of 3- 10 -4 m 3 for  the caus t ic  
soda solution showed that  the t e m p e r a t u r e s  we re  e x t r e m e l y  s i m i l a r  (difference not m o r e  than 2~ for  a given 
bath modulus  with the ex te rna l  magne t ic  f ie ld and without it. 

The caus t ic  soda concentra t ion  c (about 227 g/l i ter)  and the shape of the cel lulose pa r t i c l e s  ( rec tangular ,  
10 x 10 mm) were  kept constant  in all  c a s e s .  

Table  2 shows the f ie ld d is t r ibut ion and the cu r r en t  densi ty and e l ec t romagne t i c - f i e ld  density for  a liquid 
volume of 3- 10 -4 m 3 and c u r r e n t  of 20 A. 
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The e lec t romagnet ic  fo rces  in the cylinder were  directed along the wall ,  and this resu l t s  in rotation for 

bath moduli in excess  of 15, whereas  at moduli of 10 or  less  the cellulose swells and the e lec t romagnet ic  
fo rces  cause the liquid to c i rculate  between the par t ic les .  This circulat ion became less  v igorous  as the modu-  

lus was reduced. 

The t imes  used in extract ing the hemicel lulose  were  120, 240, and 360 sec ,  with the bath modulus vary ing  
in the range f rom 20 to 6, and the extent of the swelling (ratio of the weight after  squeezing to the weight of the 
dry residue) being 2.9-2.95 or  3.35-3.5; in addition, e~periments  were  pe r fo rmed  without squeezing. 

F igures  2 and 3 show the resu l t s  for hemicel lulose extract ion as kinetic curves  derived f rom 5 or  6 

analyses.  

The resu l t s  give the following conclusions, 

1. Hemicellulose is ext rac ted  appreciably more  rapidly in c rossed  e lec t r ic  and magnetic  fields than it 
is in an e lec t r ic  field with vigorous s t i r r ing  or  in an e lec t r ic  field alone, as well as in runs with ordinary  s t i r -  
r ing or without s t i r r ing.  

2. The rate  of extract ion in c rossed  fields is dependent on the bath modulus,  i .e. ,  on the degree of swel l -  
ing in the cel lulose.  

3. The extract ion in an e lec t r ic  field is somewhat more  rapid than that under ordinary conditions. 

NOTATION 

Jl is the cur ren t  density in liquid; 
jp is the cur ren t  density inside par t ic les ;  
c is the concentrat ion in liquid; 
c o is the concentrat ion in par t ic les ;  
t is the t ime;  
D 1 = mD is the mass-conduct ion  fac tor  [17]; 
D is the diffusion coefficient; 
m is the porosi ty ;  

D e = 
D(m/mv) is the concentrat ion-conduction fac tor  [17]; 
m v is the volumetr ic  porosi ty;  
x is the coordinate;  
s = 2.46 is the design fac tor  (for a film); 
5 is the film half- thickness.  
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RELATIVE DIFFUSION RESISTANCE IN DRYING WHEAT 

P. S. Kuts, A. I. Lyuboshits, 
L. V. Nikolaichik, and I. G. Korateev 

UDC 66.047.7 

An apparatus  is desc r ibed  for  examining var ious  methods of convective drying. 

Convective drying of mois t  grain under opt imal  conditions re ta ins  all  the technological  and other  fea tures ,  
and somet imes  can even improve them. 

P r o p e r  organizat ion of the drying r equ i r e s  o rd e r ed  movement  of the water  toward the surface  of the p a r -  
t ic les  without excess ive  depth of the evaporat ion zone and t empera tu re s  below the upper l imit  [1-3]. 

The diffusion ra te  within the grain is dependent on the fo rm of water  binding, the diffusion r e s i s t ance ,  
and the working conditions. 

The re la t ive  diffusion r e s i s t ance  can [4, 5] be de te rmined  for  any instant as the ra t io  of the drying ra te  
in the cons t an t - r a t e  per iod  (drying at  the surface)  to the drying ra te  in the second per iod when the outward 
diffusion ra te  is  l ess  than the sur face  evaporat ion ra te ,  i .e . ,  the d ry  l aye r  i nc reases  the res i s t ance .  

Drying is accompanied by molecu la r  diffusion and by molar  diffusion [6]; t he re fo re ,  by diffusion he re  we 
mean the overa l l  p rocess .  

A labora tory  equipment has been built  [7] that  enables one to p e r fo rm  tes t s  with the grain layer  in var ious  
s ta tes  and with the t empe ra tu r e  and speed of the drying agent adjustable over  wide ranges  (Fig. 1). 

If the drying curve is known (Fig. 2), then the re la t ive  diffusion re s i s t ance  R can be der ived f rom 

R =  tg~ NI (1) 
tg• �9 ( d W r  

This  R indicates the reduct ion fac tor  for  the diffusion ra te  in the mate r i a l  re la t ive  to the ra te  in a l aye r  
of a i r  at the same p r e s s u r e  and t empera tu re .  The drying curves  and drying ra te  (Fig. 2) give R as a function 
of wate r  content W c (Fig. 3), which can be approximated as a power law: 

A 
R - -  (W c _ llTe)~ ~ -  7 .  (2) 
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