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On the bas i s  of e x p e r i m e n t a l  data,  the appl icabi l i ty  of exis t ing  fo rmulas  for predic t ing the de-  
pendence of the flow ra te  through powder -mix tu re  d i aphragms  on the m i x t u r e - c o m p o n e n t r a t i o  
is analyzed.  

As is known, applying a constant  e l ec t r i c  field to a c a p i l l a r y - p o r o u s  body sa tu ra ted  by e l ec t ro ly te s  leads 
to the appea rance  of a flow known as  the e lec t rok ine t ic  (or e l ec t roosmot i c )  flow. The laws of e l e c t ro o smo s i a  
and of flows produced by the act ion of other  fo rces ,  for  example  f i l t ra t ion,  a r e  qual i ta t ively different .  Since 
e lec t rok ine t ic  flow is an e x t r e m e l y  specif ic  phenomenon,  it is of undoubted scient i f ic  in te res t ,  and offers  the 
poss ib i l i ty  of fundamental ly  new solutions to applied p rob l ems .  

The p resen t  work  fo rms  par t  of a s e r i e s  of inves t iga t ions  into the laws of e lec t rokine t ic  flow through a 
porous  body with a pore  space  consis t ing of sec t ions  with di f ferent  f i l t ra t ion coeff ic ients ,  d i f ferent  sur face  
types ,  and di f ferent  solution concent ra t ions  (below, these  sec t ions  will be r e f e r r e d  to as layers )  [1-4]. 

The speci f ic  p rob l em  here  is the invest igat ion of flow through a d iaphragm formed f rom mechanica l  pow- 
der  mix tu re s .  This  is the l imit ing ve r s ion  of the cons ide red  s y s t e m s ,  where  the layer  has microex tens ion  
(such s y s t e m s  will be cal led m i c r o h e t e r o p o r o u s  bodies  below). Note that,  in pr inciple ,  it makes  no di f ference  
to the conclusions  given in the p re sen t  work  whether  the d i aphragm is fo rmed  of individual pa r t i c l e s  or cons is t s  
of r ig id ly  connected sec t ions .  

The laws of flow in m i c rohe t e ropo rous  s y s t e m s  a r e  pa r t i cu l a r ly  complex .  The c l a s s i ca l  fo rmulas  (Helm- 
h o l t z - S m o l u k h o v s k i i  fo rmulas ,  with or without a co r r ec t i on  for su r face  conductivity [5]) a r e  inapplicable;  they 
a r e  der ived  for s y s t e m s  with constant  p a r a m e t e r  va lues .  It  is pe rhaps  psss ib le  to note only two fo rmulas  given 
in [1, 6] which may  be brought  to bea r  in our p rob lem.  In [6], a formula  was proposed on the bas i s  of a de r iva -  
t ion f r o m  qual i ta t ive cons ide ra t ions .  For  the formula  for  e l e c t r o o s m o s i s  in mul t i l ayer  d iaphragms  {hencefor- 
ward  r e f e r r e d  to as  the m u l t i l a y e r - e l e c t r o o s m o s i s  formula)  [1], the p rob lem was solved under  se r ious ly  con- 
s t ra ined  conditions: pure ly  sequent ia l  a r r a n g e m e n t  of the l aye r s ,  each layer  of suff icient ly g rea t  extent,  al l  
p a r a m e t e r s  unchanged by the cu r r en t .  Note that  the s t ruc tu r a l  re la t ions  between sect ions  in a m i c r o h e t e r o -  
porous  d i aphragms  do not co r re spond ,  s t r i c t ly  speaking,  to the s t r u c t u r a l  d i f fe rences  on which the der ivat ion 
of the given formula  r e s t s :  the l aye r s  in such a d i aphragm a re  d is t r ibuted not only sequential ly,  but a lso  in 
para l le l .  

What is mean t  by "suff ic ient  extent" is that  no change in the layer  boundar ies  has any effect  on the flow 
as  a whole. The r ig idi ty  of the condition depends s ignif icant ly on the type of boundary effect  [7-11]. Thus,  in 
the case  of " inact ive"  d i a p h r a g m s *  end effects  a r e  re la ted  to change in the veloci ty  cu rves  in the boundary 
l aye r s  because  of mechanica l  in te rac t ion  of the f luxes.  F r o m  genera l  cons idera t ions ,  it is improbable  that the 
region with the t rans i t iona l  cuvve extends over  more  than hundreds of thousands of m ic rons .  However ,  this a s -  
sumption is based  on app rox ima te  calcula t ions  re la t ing  only to a single cyl inder  of r egu la r  fo rm [1, 7]. 

In ac t ive  d i aphragms  the posi t ion is more  complex .  As well as s teady ("mechanical")  effects ,  unsteady 
ef fec ts  appea r  because  of the p r e s ence  of concen t ra t ion - red i s t r ibu t ion  sources  on the layer  boundar ies  [8-11]. 
The change in p a r a m e t e r s  may extent  over  a large par t  of the layer ,  and even be of cons iderable  extent  (centi- 
me t e r s ) .  In m ie rohe t e ropo rous  d i aphragms ,  these  sou rces  a r e  si ted at m ic rod i s t ances ;  in addition, pronounced 
po la r iza t ion  of the intr insic  pa r t i c le  field may in pr inciple  appea r  he re  [12]. 

*"Inact ive"  ("act ive")  d i aphragms  a re  such that  not one (at leas t  one) of the p a r a m e t e r s  changes under the ac -  
t ion of an e l ec t r i c  field. 
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TABLE 1. Charac te r i s t i c  P roper t i e s  of Individual Components Ap- 
pearing in Powder Pa i r s  Forming Mixed Diaphragms of Given Com- 
position 

No. 

1 

2 

3 

~Com-| Electrolyte 
Componentlponen ~ and solution 

_ _  INo. �9 ~H 

Quartz 1 KCt; 6,0 
Phosphorite 2 

Quartz 1 KCI 
AI~O3 2 

Quartz 1 HCI; 4,5 
A1203 2 

• i0 *, 
~-l.m-I 

7 

7 

0,16 

r~.l 0LV 

--51 
--22 

--82 
+83 

1,0 
1,0 
1,0 
1,0 
1,8 
2,45 

Kf. 10 9, 
N-L sec-i 

4,3 
2,5 
3,8 
1,5 
0,2 
0,01 

s (specific) 
I0-~, 

mVkg 
0,25* 
1 ,3*  

0,3* 
48* 
3~ 
2,7* 

10,5t 

* Determined f rom argon absorpt ion.  
tDetermined  by Deryagin method. 

The l i terature  includes no secure  es t imates  of the minimal layer th icknesses  limiting the applicabili ty of 
the mu l t i l aye r - e l ec t roosmos i s  formula;  this question may only be illuminated by experiment .  F rom general  
considerat ions ,  it is quite impossible  to expect that the formula will completely represen t  the features of the 
e lec t roosmot ic  behavior of any mixed diaphragms,  bu t i twi l l  very  probably be acceptable as a f i rs t  approxima-  
tion. 

Although the Reshetnikov formula and the mul t i l aye r - e l ec t roosmos i s  formula have a common form, they 
differ significantly in the physical  meaning of the constant charac te r iz ing  the dispers ion of the components.  
The common fo rm of the two equations is* 

ai ~2 ( l - - X ) / (  (1) X + ~, a2 
qmix = qi, x+(1--x)K 

where ql is the velocity through a homogeneous diaphragm of component 1, defined by the express ion ~I~1/ 
47rXoalV; K is a constant  whose physical  meaning differs in the Reshetnikov and mul t i l aye r -e lec t roosmos i s  
equations: K = $2/S 1 in the f i rs t  (hereafter  r e fe r r ed  to as K R) and g = Kfi/Kf2 in the second (herea~er  r e fe r red  
to as KM). 

The investigation centers  on three pairs  of powders.  The pa ramete r  values of layers  obtained in working 
with d iaphragms consist ing ent i re ly  of the given element are  given in Table 1.? The basic requi rement  is 
choosing the pairs  is a s t rong difference in the e lec t rosur face  cha rac te r i s t i c s  of the components.  ]:n the f i rs t  
pair,  the ~ potentials are  of the same sign and significantly different in s ize;  the diaphragms are inactive. In 
the two other pairs the ~ potentials are  of different sign; one pair  has inactive diaphragms and the other active 
diaphragms.  In the latter case , the  conditions were limitingly r igorous ;  as well as the activi ty of the " layers"  
and the difference in signs of the ~ potentials, those potentials were of large absolute magnitude (almost of the 
maximum known magnitude). Strong opposed (oppositely directed) flows around the surface of two neighbor-  
ing par t ic les  led to s t rong oppositely directed (opposed) flows in the volume of the s a m e  pore.  The distance at 
which ohange in direct ion of the l inear velocit ies occur red  was a few microns .  Obviously, oareful  attention 
must  be paid he re  to the flow laminar  oonditions. 

The prepara t ion of the experimental  samples ,  the equipment and procedure  for velocity measurement ,  the 
procedure  of the electroktnet ic  exper iments ,  and the measurements  of the individual pa ramete r s  were the same 

The common form of the formulas  has been changed f rom that given in the original works.  The original Resh-  
etnikov formula has ~mix on the left, and ~2/[1 ra ther  than ~2al/~la2 on the left, all the ~ being quantities cal-  
culated by substituting the observed velocit ies into the Helmhol tz -Smolukhovski i  formula,  which requi res  co r -  
rect ion for the physical meaning of the actual [. They have been replaced here by pa ramete r s  equal in value 
but different in physical  meaning. In the mu l t i l aye r - e l ec t roosmos i s  formula, the layer- th ickness  rat io has 
been replaced by the rat io of their  volumes ; it is taken into account  that only the total volume of layers  of a 
given component is important .  

The specific sur faces  were measured,  at our request ,  at the Institute of Ref rac to ry  Materials ,  Academy of 
Sciences of the USSR, in the phys ico teehn ica l - resea rch  laboratory,  by the argon-absorpt ion  method and by the 
Deryagin method [16, 17]. The difference in the sur faces  obviously a r i ses  because the surface of aH the pores 
is determined in the f i rs t  ease and only that of the through pores  in the second. 
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Fig. 1. Dependence of relat ive velocity of e lectrokinet ic  flow on 
amount (vol. %) of component 1 (2) in mixed inactive (I) and active (II) 
d iaphragms.  The numbering of all the curves  (1, 2, 3) cor responds  
to the numbering of the sys tems  in Table 1. The continuous curves  
a re  calculated f rom the formulas ;  curves  numbered with the suffixM 
cor respond  to qrel  iM, and those with the suffix R to qrel  iR �9 The 
dashed curves  and the points cor respond to exper iment ;  curves  num- 
bered with the suffixes a and b cor respond to resul ts  obtained when 
working with an al ternat ing field and those with the suffixes c and d to 
constant--field resu l t s .  The two-f igure  numbers  on curves  3Mand 3R 
indicate the accu racy  of es t imat ing qre l  ~ using qrel  ~M and qrel  iR 
(as a percentage of the change in velocity observed in exper iments  
with an alternating).  

as those usually employed [13, 14]. Note, however, that e i ther  an al ternat ing e lec t r ic  field with a frequency of 
0.054 Hz or a constant  field, acting for no more  than 5 minutes,  was applied to the sys tem.  This was asso-  
ciated with an at tempt to reduce the role of unsteady effects [15]. However,  quantitative calculations of the re -  
solving t ime proved impossible .  After  5 minutes no change in velocity was observed but, in view of the small  
extent of the layers ,  it is not possible to a s s e r t  that the changes occur red  so rapidly that the t ransi t ion of the 
whole layer  f rom one state to another was simply impercept ible .  

The resul ts  are  shown in Fig. 1 in the form of dependences of the relat ive velocity on the composition of 
the diaphragm. The relat ive velocity q r e l i  is the rat io of veloci t ies  in the mixed diaphragm and a homogeneous 
d iaphragm formed of component 1. In Fig. 1, both exper imenta l  relat ive velocity values,* qrel  ie (with the use 
of both fields), and values calculated by the two formulas ,  qrel  iR and qre l  ~Vit are  shown. The plus (minus) 
sign means that the flow through the diaphragm is in the same direct ion as (opposite direct ion to) the flow 
through the d iaphragm of component 1. 

Consider f i rs t  of all the resu l t s  obtained with inactive d iaphragms (Fig. 1, I). Comparison of qrel  le 
values obtained with constant  a l ternat ing fields indicates that they depend pract ical ly  on the charac te r  of the 
field. F r o m  a compar i son  of qrel  le ~ qrel  iR ~ qre l  1M, it follows that, where the .~potentials of the components 
a re  of the same sign, all the velocities corresponding to a single composit ion a re  pract ical ly  equal; but ,where  
the ~ potentials are  of different sign, qre l  ll=l differs  s trongly f rom qrel  :e, whereas  qrel  iM is pract ical ly  equal 

to qre l  le. 

According to theoret ical  conceptions regarding mult i layer  e l ec t roosmos i s ,  the relat ive flow velocity in 
mixed diaphragms should not depend on the form of diaphragm (which would be the case in working with the 
same number of components but not intermingled).  To verify this conclusion, exper iments  were conducted on 
a se r ies  of d iaphragms made of mixtures  of the same composit ion but with a change in shape of the diaphragm: 
1) cyl inder ;  2) t runcated cone (cross  sections differing by a factor  of 9); 3, 4} two- and th ree - l aye r  diaphragms 

*Obtained by d i rec t  substitution of the observed velocit ies when working with mixed and homogeneous diaphragms.  
~Obtained by substituting into the formula the component pa ramete r s  values shown in Table i and the variat ions X. 
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of a few c e n t i m e t e r s ,  a r r a n g e d  next to one another ,  with a change of 5 and 3 t imes  in the c r o s s  sect ion on pass -  
ing f r o m  l aye r  to layer .  The expe r imen ta l  r e su l t s  obtained en t i r e ly  conf i rmed the hypothes is .  

Concluding the d i scuss ion  of work  with inact ive d i aph ragms ,  it may  be deduced that,  if the different  layer  
sec t ions  a r e  no l a r g e r  than in the second of the s y s t e m s  inves t igated here ,  the m u l t i l a y e r - e l e c t r o o m o s i s  for -  
mula will c o r r e c t l y  p red ic t  the i r  e l e c t r o o s m o t i c  behavior .  The Reshetnikov formula  gives marked ly  worse  r e -  
su l t s .  

F r o m  the cu rves  shown in Fig. 1, II, cons t ruc ted  f r o m  expe r imen ta l  r e su l t s  with ac t ive  d iaphragms ,  it 
follows that  the expe r imen ta l  ve loc i t ies ,  genera l ly  speaking,  d i f fer  f rom those calcula ted by the two fo rmulas .  
However ,  the d i s c r epancy  is i ncomparab ly  less  when the m u l t i l a y e r - e l e c t r o o s m o s i s  formuIa  is used. Close to 
the individual sec t ions  of each calcula ted curve ,  f igures  a r e  shown indicating the re la t ion  between the value ca l -  
culated f r o m  the given formula  and the expe r imen ta l  value (in percent)  for a quantity m e a s u r e d  f rom qre l  le = 
1 to the obse rved  value when an a l t e rna t ing  field is used.* I t  s e e m s  logical to m e a s u r e  f r o m  qre l  le, s ince all  
the r e s u l t s  he re  c o r r e l a t e  p r e c i s e l y  with what would be the case  for a homogeneous d i aphragm of powder 1. It  
follows f r o m  these  f igures  that  the e r r o r  in predic t ing  qre l  i us ing calculat ions f r o m  the m u l t i l a y e r - e l e c t r o -  
o s m o s i s  fo rmula  is no more  than 10% (20%) for al l  d i aphragms  containing more  than 20% (10%) of finely dis-  
p e r s e  AI203 powder de te rmin ing  the d i rec t ion  of the total  t r a n s f e r .  The Reshetn ikov formula  gives veloci ty 
f r o m  the actual  va lues  (for the 10-20% fine f ract ion,  the e r r o r  r e aches  80-50%). 

F r o m  a p rac t i ca l  viewpoint,  the predic t ion of the flow d i rec t ion  is impor tan t  for prognos is .  Here  a lso ,  
m a t t e r s  a r e  incomparab ly  be t te r  when the fo rmula  for q re l  tM is used. 

Concluding the cons idera t ion  of r e su l t s  in working with ac t ive  d iaphragms ,  one fur ther  line of c o m p a r i -  
son of q re l  le and qre l  1M may  be examined.  I t  is evident f rom Fig. 1, II, that q re l  1M always lie above qre l  re. 
This  means  that  the role  of AI203 is g r e a t e r  than would be expected  f rom the addit ivi ty law. Taking into ac -  
count that  the ~ potent ia ls  of the components  have dif ferent  s igns ,  and a lso  that  At203-powder pa r t i c les  a r e  con- 
s ide rab ly  s m a l l e r  than the quar tz  pa r t i c l e s ,  this  s i tuat ion may be qual i ta t ively explained in that  the fine pa r -  
t i c les  coat  the su r face  of the quar tz ,  reducing the effect ive role  of the quar tz  in c rea t ing  the total  flux. This  
explanat ion a g r e e s  with data in [18] in connection with the superpos i t ion  of af fec ts  in mixed s y s t e m s .  

Thus,  although the complex  s y s t e m s  studied in the p resen t  work  differ  s ignif icant ly in the c h a r a c t e r  of 
the deviat ion of the i r  s t ruc tu re  f rom those for which the " m u l t i l a y e r - e l e c t r o o s m o s i s  fo rmula"  was der ived,  the 
r e su l t s  of ca lcula t ions  using this formula  a r e  in s a t i s f ac to ry  a g r e e m e n t ,  in quanti tat ive t e r m s ,  with the behavior  
of al l  the inves t iga ted  d i aphragms .  Taking into account  the ve ry  r igorous  condition on the choice of powder 
pa i r s  in the p r e se n t  work  (especia l ly  in the case  of ac t ive  sys t ems) ,  the a g r e e m e n t  obtained al lows the conclu- 
sion that  the m u l t i l a y e r - e l e c t r o o s m o s i s  fo rmula  may be used to predic t  e lec t rok ine t ic  behavior  to be extended 
to a ve ry  large number  of r ea l  complex  c a p i l l a r y - p o r o u s  bodies .  This may be taken to include a l l m i c r o h e t e r o -  
porous  s y s t e m s  cons is t ing  of sec t ions  extending over  a few mic rons ,  the p a r a m e t e r s  of which differ  no more  
s e v e r e l y  than those of the act ive  mixed d i aphragms  inves t igated here .  It  should a lso  be emphas ized  that the 
conclusion cannot,  in pr inciple ,  be ex t rapola ted  to s y s t e m s  with homogeneous sect ions  of s m a l l e r  extent (be- 
cause  of the imposs ib i l i ty  of e s t ima t ing  the boundary condition). 

N O T A T I O N  

I, c u r r e n t  s t rength ;  K, constant  in Eq. (1); KM, constant  in m u l t i l a y e r - e l e c t r o o s m o s i s  formula ;  KR,COn- 
stant  in Reshetnikov formula ;  Ke, constant  in Eq. (1) calcula ted f rom expe r imen ta l  data;  Kfi, f i l t ra t ion coeff i-  
cient;  ql, bulk veloci ty  through homogeneous d i aphragm of component  1; qmix,  (bulk) e l e c t r o o s m o s i s  veloci ty  
through mixed d iaphragm;  qre l  i, r a t io  of e l e c t r o o s m o s i s  ve loci t ies  through mixed d iaphragm and homogeneous 
d i aphragm of component  1 (qmix/ql) ;  q re l  1M, re la t ive  veloci ty  calculated f rom m u l t i l a y e r - e l e c t r o o s m o s i s  for -  
mula;  qre l  1R, re la t ive  veloci ty  calcula ted f rom Reshetn ikov formula ;  q re l  le, re la t ive  veloci ty  calculated f rom 
e x p e r i m e n t a l  data using Eq. (1); Si, speci f ic  su r face ;  X, r e l a t ive  quantity of component  1 (vol. % of total  quant- 
ity of both components) ;  ~i ,  e f f ic iency fac tor ;  s, d ie lec t r i c  pe rmi t t iv i ty  of liquid; ~), liquid v iscos i ty ;  ~t, 
e lec t rok ine t ic  potential;  x0, speci f ic  e lec t roconduct ion  of f ree  solution. Subscr ip ts :  1, 2, p a r a m e t e r s  for ho- 
mogeneous  d iaphragm of components  1 and 2, r e spec t ive ly ,  or s imply  for component  1 or 2. 
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