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Expe r imen ta l  r e su l t s  a r e  p resen ted  on the e l e c t r o o s m o s i s  coeff icient  as a function of e l ec -  
t r i c  field s t rength  and mean  pore  s ize  for  quartz sand.  

E l e c t r o o s m o s i s  is widely used to consol idate  and d ry  soi ls ,  to acce l e ra t e  impregnat ion  of finely d i -  
vided s y s t e m s ,  and so on, but some  sys t ema t i c  s tudies  a re  requi red  to es tab l i sh  the re la t ionsh ips .  

The bas ic  e l ec t roosmot i c  cha r ac t e r i s t i c  for  a porous  m a t e r i a l  is the e l e c t r o o s m o s i s  coefficient  ke, 
which is defined as follows [1]: 

ke = ~a • (1) 
4aq • 

It is found [1] that k e is dependent on many fac tors ,  pa r t i cu la r ly  the concentra t ion  of the equi l ibr ium 
pore  solution and the mean  pore  s ize .  Although (1) does not show any explici t  dependence of k e on pore  
size, such a re la t ionship  exis ts  and makes  i t se l f  felt  v ia  the dependence of ~p/~<s on the s t ruc tu ra l  c h a r -  
a c t e r i s t i c s  [2]. 

The published evidence on this coefficient  as a function of g ra in  s ize  is conflicting; for  instance,  it 
has  been repor ted  [3] that the gra in  s ize  of a soil  has  lit t le effect  on the e l ec t roosmot i e  behavior ,  and it 
has  a lso  been c la imed [4] that ke is not dependent on the pore  s ize  at all .  

In con t ras t  to this, other  worke r s  have c la imed that the e l ec t roosmot i c  behavior  is re la ted  to the 
s t r u c t u r a l  c h a r a c t e r i s t i c s ;  there  a re  a few papers  on the ef fec ts  of porous  s t r u c t u r e s  in soi ls  on e l e c t r o -  
osmosis. 

Lomize  used the method of d imensions  to calcula te  k e as a function of the porous  s t ruc tu re ,  for  
which purpose  he used c h a r a c t e r i s t i c s  such as the poros i ty ,  the hydraul ic  radius ,  and the cha r ac t e r i s t i c  
hydraul ic  length [5]. The resu l t  was checked by exper imen t  on quartz sand of var ious  g ra in  s i zes .  The 
curve  fo r  k e = f(dav) had a peak  for  pa r t i c l e s  of mean  s ize  70 ~m. 

It has  been found [6] that k e i n c r e a s e s  as the gra in  s ize  is reduced for  f rac t ions  between 500 and 
100 #m.  

The published evidence thus indicates a need for  sy s t ema t i c  and thorough studies of the c h a r a c t e r i s -  
t ics  as r ega rd s  the e l e e t r o o s m o s i s  coeff icient .  

The mean  par t i c le  d i a m e t e r  was used to c h a r a c t e r i z e  the porous s t ruc tu re  in the above studies,  
whereas  we cons ider  that the mean  pore  s ize  should be used for  this purpose .  The poros i ty  of such a 
med ium is not dependent on the par t ic le  s ize  and is solely governed by the mode of packing [7], conse-  
quently, the pore  s ize  in such a s y s t e m  is dependent on the mean  par t i c le  d i a m e t e r  and on the packing 
densi ty  and is an unambiguous c h a r a c t e r i s t i c  of the s t ruc tu r e .  
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Fig. 1. E lec t roosmos is  coefficient k e �9 10 B (m2/V �9 sec) as a function of: a) field E �9 10 -2 (V/m) for  pore 
s izes  (pro) of: 1) 3, 2) 1.4; 3) 4; 4) 1.0; 5) 9.1; 6) 12; b) field E "10 -2 (V/m)  for strengths (M) of KCI 
solution: 1) 10-4; 2) 5" 10-4; 3) 10-3; 4) 5 �9 10-3; c) average pore size day (~m) for strengths (M) of KC1 
solution: 1) 10-~; 2) 5-10-4;  3) 5 .10  -3. 

We determine the mean pore size f rom the e lec t r ica l  res is tance  and the gravitat ional  infiltration rate 
as measured  by the method descr ibed  in [2]. 

The mate r ia l s  were purified finely divided quar tz-sand powders, with mean part icle  s izes  f rom 4 to 
80 #m. 

The f i l ters  were made up f rom this mate r ia l  using a 40~ suspension of the powder, which was al-  
lowed to sediment spontaneously with continuous vibrat ion for 60 rain. This provided the c losest  par t ic le  
packing, and the result ing hydrodynamic res i s tance  was adequate, while the s t ruc ture  did not change during 
the e lec t roosmot ic  measu remen t s .  

The e lec t r ica l  res is tance  was measured  in 0.1 M KC1 solution, which enabled us to neglect the s u r -  
face conductivity [2]. The measurements  were made at 10 kHz with an ac bridge to eliminate electrode 
polariz  ation effects .  

The gravitat ional  f i l trat ion rate was also measured  with 0.1 M KC1 solution with the instrument  used 
for  k e [8]. The instrument  had a thermosta t ic  jacket, so all measurements  were made under i so thermal  
conditions at 20~ Three  c o p p e r - e o n s t a n t a n t h e r m o c o u p l e s  monitored the tempera ture  within the spec i -  
men.  

An important  point in e lec t roosmot ie  measurement  is to choose the e lec t r ic  field strength;  par ts  a 
and b of Fig. 1 show our resul ts  on k e as a function of E. The curves  for  k e = f(E) have two par ts  (pla- 
teaux) with constant Ke, which are distinguished by the ver t ica l  broken lines in the f igure.  These plateaux 
are  explained as follows. The actual pore channels ar ise  f rom contact between near ly  spher ical  par t ic les ,  
and they are  therefore  complicated in shape and var iable  in c ross  section, with na r rower  and broader  
par ts .  The above mater ia ls  were therefore  heteroporous  not only in section but also in length. 

As a f i rs t  approximation, we represent  a real  pore as a sys tem of se r ies -connec ted  cylindrical  chan- 
nels with two different d iameters ,  and in that case it is readily sho~rn that the local variat ions in field 
s trength have an inverse quadratic relationship to the pores  radius.  

The liquid in the pores  has a limiting shear  s t r e s s  T 0 [9, 10], so the above shows that the smal l  local 
E m the wide par ts  will mean that the shear  s t r e s s  ~- set  up by the e lec t r ic  field will be insufficient to over -  
come To; consequently, the liquid in these wide par ts  will be immobile, but the mass  flow in the channels 
is continuous, so these par t s  will be excluded f rom the flow. They will be involved in the e lec t roosmot ic  
t ranspor t  as E is increased to the point where T >_ ~0. 

This effect should be the more  pronounced the g rea t e r  the variat ion in pore size within the body. If 
the body is homogeneous in s t ructure ,  no such effect should be observed.  These conclusions agree well 
with our resu l t s .  We measured  the po re - s i ze  distr ibutions for  all the specimens and found that the range 
in pore s izes  diminished as the par t ic les  became smal le r .  Specimens made up f rom the smal les t  par t ic les  
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were pract ica l ly  uniform in s ize.  The reason is that the finest  mater ia ls  were most  uniform in par t ic le  
size,  as was c lear  f rom sedimentat ion analysis .  

In that case,  there is a lmost  no increase  in k e with E (curves 2 and 4 of Fig. la}. Conversely,  a 
heterogeneous spec imen shows a considerable increase  in k e with E before plateau I is reached,  and the 
la t ter  becomes  less apparent as the pores  become more  uniform. Virtually all the pores  are involved in 
the e lec t roosmos i s  when the cr i t ical  value E e r  is reached, which corresponds  to the s ta r t  of plateau I, 
The liquid is at res t  only in the channels with the largest  d iamete r s .  E lec t roosmos i s  in the lat ter  begins 
at E corresponding to the end of plateau I. When s o m e  limiting value El i  is reached, which cor responds  
to the s t a r t  of plateau II, the effective pores  of all s izes  part ic ipate  in the t ranspor t .  

Figure  l a  shows that the length of plateau I increases  as the pore size is reduced. This is explained 
by the po re - s i ze  distribution. The proport ion of identical pore s izes  increases  as the mate r ia l  becomes 
more  uniform, while the numbers  of smal l  and large pores  decrease .  The resul t  is that the dependence of 
k e on E becomes less pronounced, as does the stepwise transi t ion f rom plateau I to plateau II. Plateau II 
occurs  because the largest  pores  become active.  The distr ibution curves  show that the proport ion of the 
la rges t  pores  is small ,  so they make only a smal l  contribution t o  the r i se  in k e. This contribution di- 
minishes  as the pores  become more  uniform, and it is vir tually absent for the essent ial ly  uni form-pore  
case .  

Here we may note ~that the e lec t roosmot ic  cur ren t  may bypass  the expansions; the pores  communicate  
one with another, and the bypass channels may  represen t  stagnant zones at E insufficient to overcome T 0. 
These zones will vanish as E increases ,  which causes k e to r i se .  

Also, an e lec t roosmot ic  p r e s su re  is set  up at the nar row points that can d'isplace liquid into the ex-  
pansions;  consequently, the stagnant zones may become activated as the field is increased on account of 
this e lec t roosmot ic  p res su re  acting in conjunction with the e lec t r ic  field. This p r e s su re  is inversely p ro -  
port ional  to the square of the pore radius under otherwise equal conditions, and this can be one of the r e a -  
sons why E c r  and Eli  shift to sma l l e r  values as the pores  become smal le r .  

The r ise  in k e with E, and also the effect of the mean pore size, would indicate that there are many 
stagnant zones in a heteroporous  specimen at low E ; the number  of these dec reases  as E r i ses .  The 
larges t  stagnant zones are  activated only at El i  ' which corresponds  to the s ta r t  of plateau II. 

The concepts used in this paper  are  due in par t  to N. V. Churaev.  

Figure 2b provides some confirmation for this explanation, which shows ke = f(E) for one par t icu lar  
spec imen with var ious  concentrat ions for  the solution, tt is c lea r  that E c r  and Eli  shift to lower values as 
the electrolyte  concentrat ion increases ,  which is due to the increased shear  s t r e s s  on account of the higher  
density in the diffusion layer .  

The constant ke at E >_ Eli  indicates that all the liquid is involved in the e lec t roosmosis  within all the 
pores .  

Our resul ts  indicate that one can take as reliable and comparable  resul ts  f rom elec t roosmot ic  m e a -  
surements  obtained at field s trengths providing E - Eli.  

Fai lure  to meet  this condition may be one of the reasons  for  the existing conflict over  ke as obtained 
on identical mate r ia l s  [1, 11]. This may also explain why our values for k e for  the different fract ions of 
quartz sand are  higher than those given in the l i terature .  Previous  studies would appear to have been made 
without consider ing the k e = f(E) relat ionship.  Evidence for  this is that k e for a quar tz-sand f rac t ion of 
~100~m given in [11] coincides with our resul t  only for E << Eli .  

Figure l c  shows resul ts  for k e for quar tz-sand fract ions in relat ion to mean pore size for different 
sal t  concentrat ions .  There  is a peak at a mean pore size of 3 ~m, which cor responds  to a mean  part icle  
d iamete r  of 52/~m. The values of k e are  for  E _~ Eli .  

It has been found [12] that the electrokinetic potential calculated f rom the e lec t roosmot ic  t ranspor t  
dec reases  as the mean pore radius increases ;  this was explained in t e r m s  of the heteroporous  s t ruc ture .  

The effects of he te roporos i ty  were eliminated in our measurements ,  since we made sure  that all the 
capi l lar ies  were involved in the t ranspor t .  

Bondarenko [13] has shown by calculation-that the relationship of [12] is due to effects f rom the hydro-  
dynamic res i s tance  in the capi l lar ies .  We have calculated the e r r o r  ar is ing f rom this as regards  ke, and 
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it is about 157c for the coa r ses t  fract ion we used, which cannot balance out the fourfold  reduction in k e as 
the mean pore size increases .  This e r r o r  becomes considerable in a capil lary medium with low hydrody-  
namic res is tance,  as has been observed [12]. 

The resul ts  might also be influenced by the res is tance  of the meniscus,  so we did checks on k e with 
capi l lar ies  of var ious c ross  sect ions.  However, the dependence of k e on the mean pore size remained as 
shown in Fig. Ic. 

The fall in k e as the mean pore size increases appears to be due to the presence of currents of two 
types in a capillary filled with liquid, which arise from charge displacement in the bulk liquid and in the 
double electrical layer [14]. The ions produce a galvanic current in the central part of the pore, while the 
ions in the diffusion part of the double layer produce a surface or electroosmotic current. The two cur- 
rents coexist, but transport arises only from the second. This view is taken also in [15]. 

The contribution of the electroosmotic current to the total as recorded by the instruments decreases 
as the pore size rises; the result is that k e falls. This also fits in with the observation that calculations 
of k e via the available formulas are calculated in terms of the total current from both causes. 

The observed fall in k e for small pores (Fig. ic) is due to the fall in ~, which occurs for thin capil- 
laries, as has been pointed out [2, 16]. The complex structure of the pore channels leads us to suppose 
that the fall in k e in narrow pores is due to overlap between the diffuse ion layers at the narrow points. A 
theory has been given for this effect [17]. 

The experimental results therefore indicate that the electroosmosis coefficient is dependent on the 
structural and geometrical characteristics of the system. The results give the necessary information for 
choosing the optimal conditions for applying electroosmosis to intensify filtration processes. 

k e is the 
is the 
is the 

17 is the 
y~p is the 
u s is the 
day is the 
E is the 
Eli  is the 
E is the c r  
~" is the 
~-o is the 

NOTATION 

e lee t roosmos i s  coefficient;  
electrokinetic potential; 
d ie lectr ic  constant;  
v iscosi ty ;  
specific e lec t r ica l  conductivity of pore solution; 
specific e lec t r ica l  conductivity of equilibrium solution; 
mean d iameter  of par t ic les ;  
e lec t r ic  field; 
limiting field; 
cr i t ica l  field; 
shear  s t r e s s  due to e lec t r ic  field; 
limiting shear  s t r e s s .  
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