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Abstract 

A method to forecast behavior of electrodialyzers with long demineralization channels is suggested. It is based 
on the data obtained using a laboratory cell or an apparatus with short demineralization channels of similar 
construction. The results are presented as dimensionless parameters. 
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1. Introduction 2. Accepted assumptions 

The design of  electrodialysis equipment 
with cer ta in  proper t ies  and modes  o f  
operation is one of  the important problems 
for designers and researchers working in the 
field of  electromembrane technology. Until 
now, no rigid system has been developed for 
the creation of  new industrial equipment. 
Thus, much material and time is required. 
One of the difficulties is in the testing of  
large-overall  apparatuses. Forecasting the 
behavior of  an industrial electrodialyzer could 
easily be done using the data obtained for a 
laboratory cell or a small-overall apparatus 
due to lower expenditures for their assembly. 
There is the problem in test ing short 
electrodialysis  channels so that the data 
obtained may be used to calculate the 
operation of  the long channels. 

*Corresponding author. 

Imagine the long channel as several short 
channels arranged successively. It might be 
possible to calculate parameters of the long 
channels with the short channels'  concen- 
tration dependencies of  basic characteristics. 
The different channels tested must be kept 
under the same conditions, such as flow rate 
through channels and voltage drop across a 
pair cell (the cell containing a concentration 
channel, and a demineralization channel with 
one anion-  and one c a t i o n - e x c h a n g e  
membrane) .  To correct ly  carry out the 
experiment it is necessary: 
a) to fix the same acid-basic-salt form of ion- 

exchange  materials  conta ined in the 
systems before starting the experiment; 

b) to stabilize a quasi-steady state of  the 
system where its characteristics do not 
change with time; 

c) not to change the concentration of the 
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solution signif icant ly while apparatus 
testing at circulation hydraulic mode so 
that the system could be brought to an 
equilibrium with a solution of  a new 
concentration every time the concentration 
changes. 

Changing a channel with length 2L by two 
successively arranged channels of  L length, 
we take into account the presence of  several 
boundary effects: 
1) the difference of  the profile shape of  the 

velocity of  the liquid f lowing at the 
channel entrance and at the distance 
exceeding the length of its development; 

2) the irregularity of  the diffusion layer 
thickness distr ibution by the channel 
length; 

3) the irregularity of  local current density 
distr ibution due to the both above-  
mentioned boundary effects. 

In studies on the first boundary effect [1, 
2], it was shown that the length of  
concentration profile development  of  the 
liquid flowing is usually considerably less 
than the channel length. There are some 
models based on the convect ive diffusion 
theory [3, 4], where it is supposed that the 
surface of  ion-exchange  membranes  is 
equipotential, and the boundary effects of  
current line distortions at the beginning and at 
the end of  the channel may be neglected. 
Experimental  verif icat ion of  the models,  
conforming to empty  smooth  channels,  
demonstrated their high fitness. At the same 
time from the models  it results that the 
diffusion layer thickness t~ is the function of 
the longitudinal coordinate Y, for example, 
for empty smooth short channels: 

_y1/3 (1) 

But r each ing  the  channe l  l eng th  
approximately equal to Y = 0.004 va hZ/D [4] 
- the diffusion zone fills all the channel, 
- the concentration profile takes a stationary 

parabolic form, 
- the effective thickness of the diffusion layer 

(defined by crossing tangents to the con- 

centration profile on the border with the 
membrane and in the maximum point of  
the curve C(X)) reaches stationary value 
-0.37 h. Thus, the length of  diffusion layer 
development for a smooth empty channel 
with h = 8×10 -4 m and Va = 0.02 m/s is 
equal to 0.034 m. 
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Fig. 1. Sherwood numbers averaged over channel length 
(points) and local Sherwood numbers (curves) as a 
function of channel length for spacers "punch-stretch" 
OST 6-19-298-79 (a) and OST 17-46-82, item 22K (b) at 
different flow rates of  solution W (converted to a 
channel width of a = 1 m): (1) 0.Sx10 -6, (2) 6.3x10 -6, 
(3) 37.0x10 -6,  (4) 75.0x10 -6,  (5) 100.0xl0  -6,  (6) 
0.9x10 -6, (7) 9.0x10 -6, (8) 36.9x10-6, (9) 130.0x10-6, 
(10) 270.0x10 -6 m3/s. 

However, for channels containing a spacer 
and/or ion-exchange granules as a filler, the 
length of  the diffusion layer development (the 
length where the diffusion layer development 
occurs until it reaches ~st stationary value 
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without changing with further increase of  the 
channel length) is equal to 0.5-6.0 cm for a 
large number of spacers investigated [5]. The 
research,  carr ied out  by means of  the 
electrochemical ferro-ferricyanide technique 
showed that the Sherwood number in such 
channels is changed slightly at the beginning 
of the channel and it is constant after reaching 
the development length (Fig. la and b). The 
Sherwood number is determined as: 

Sh = (2) 
FDC i 

The investigations were carried out with a 
NaC1 model solution using a technique of 
working solution composi t ion 's  regulation 
for a laboratory cell [8] and by methods of 
testing electrodialyzers suggested in [9]. 

To calculate theoretical characteristics of 20 
cm long DCs, it is necessary to determine the 
outlet concentration from the corresponding 
inlet concentration. A corresponding function 
obtained during testing of  an electrodialyzer 
with a 10 cm long DC in circulating hydraulic 
conditions is used (Fig. 2). Value C'ai is the 
DC outlet concentration normalized by the 
inlet one: 

The equivalent diameter is taken as 2h, as in 
[2]. 

It was also determined that the length of 
development is shorter for "better" spacer 
(having higher ability to turbulize the liquid 
flow). Therefore, for a majority of spacers it is 0,a 
possible to neglect  the inf luence of  the e'~, 
beg inning  part  of  the channel  upon  
characteristics of an apparatus, with channel o,s 
lengths of 10 cm and more. 

We can assume now that long electro- 
dialyzer's channels (L >20 cm), containing 0.4 
spacer and/or ion-exchange filler might be 
t rea ted  as some success ive ly  o rdered  
etectrodialyzers with a channel length of 10 0,2 
cm and thus realize the idea proposed above. 

3. Experimental 

Three different electrodialysis systems were 
studied: 
1) Laboratory cell containing a pair cell 10 

cm long, 
2) Laboratory apparatus with deminerali-  

zation channels (DC) 10 cm long, 
3) Pilot apparatus with DC 20 cm long. 

DCs of two different designs were studied. 
For the first one, the channels were composed 
of ion-exchange membranes with physically 
modified surfaces (type I) [6] and for the 
second they  con ta ined  a mix ture  o f  
granulated ion-exchange resins (type II) [7]. 

C'di = Cdi ] Ci (3) 

1 2 3 4 5 
C,, 10"3M 

Fig. 2. Outlet  solut ion concent ra t ion  normal ized  on the 
in le t  c o n c e n t r a t i o n  aga ins t  the  in le t  c o n c e n t r a t i o n  
obtained under  testing o f  the laboratory e lectrodialyzer  
(channel ' s  type I) in circulat ing hydraul ic  condit ions:  L 
= 0.1 m, a = 0.1 m, n = 10, U = 2.4 V, WDC = 8.7x10 - 6  
m3/s .  

Then considering the outlet concentration 
for the first part of  the 10 cm long channel as 
the inlet concentration for the second part of  
the channel with a length of  10 cm, the new 
outlet concentrat ion can be found on the 
same curve. This is the resulting outlet 
concentration for the 20 cm long channel. 
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Let us compare results obtained for the cell, 
small-overall and large-overall apparatuses. 
Fig. 3 a and b demonstrates that the results for 
the laboratory cell and the small-overall 
apparatus with the same channel length agree 
well (data 1, 2). The results calculated using 
the data of testing electrodialyzers of DC 10 
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cm length (data 3) and that obtained in testing 
apparatuses with length of  channels 20 cm 
(data 4) are in agreement, too. The value of 
average current through the apparatus is 
determined similarly from dependence of 
current density versus inlet concentration of 
small-overall apparatuses (Fig. 4). Fig. 5 a 
and b shows the current-voltage characteristics 
of short channels, the forecast of  these values 
for channels with length 20 cm and the data, 
obtained experimentally from these channels. 
The values are seen to correspond quite well 
also. 

Knowing these two basic dependencies,  
other important characteristics of electro- 
dialyzers can be calculated: salt output, degree 
of demineralization, mass transfer coefficient, 
current efficiency and energy consumption. 

Dependencies of Sherwood number (Fig. 6 
a and b) and current efficiency (Fig. 7 a and 
b) vs inlet concentration obtained after 
testing three electrodialysis systems are shown 
as examples.  Current  e f f ic iency  r/i for 
univalent ions, i, is connected with current 
value by the equation: 
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Fig. 3. Out le t  so lu t ion  concen t r a t ion  no rma l i zed  on the 
i n l e t  c o n c e n t r a t i o n  o f  d e m i n e r a l i z a t i o n  c h a n n e l s  
a g a i n s t  v o l t a g e  d r o p  a c r o s s  the  pa i r  ce l l  for  the  
channe l s  o f  type  I (a) and  type II (b), h = 8 x 1 0 - 4  m,  C = 
2x10  - 3  M: 1 - laboratory cell, L = 0.1 m,  a = 0.03 m,  n = 
1, W D C  = 2 . 1 x 1 0  - 7  m 3 / s ,  s t r a i t - f l o w  h y d r a u l i c  
condi t ions;  2 - labora tory  appara tus ,  L = 0.1 m,  a = 0.1 
m,  n = 10, W D C  = 8 .7x10  - 6  m3/s ,  c i rcu la t ing  hydrau l i c  
condi t ions;  3 - forecas t  o f  da ta  for  the  e lec t rodia lyzer  
wi th  L = 0.2  m,  a = 0 .2  m,  n = 25; 4 - p i lo t  
e lectrodialyzer ,  L = 0.2 m,  a = 0 .2  m,  n = 25, W D C =  
3 .3x10  - 5  m3/s ,  c i rcu la t ing  hydrau l i c  condi t ions .  

(C i - Cdi) F W D c  

/7i = n /  ( 4 )  
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Fig .  4. T o t a l  c u r r e n t  d e n s i t y  a g a i n s t  t he  i n l e t  
concen t r a t i on  ob ta ined  u n d e r  t es t ing  o f  the  labora tory  
e l e c t r o d i a l y z e r  ( c h a n n e l ' s  t y p e  I) in c i r c u l a t i n g  
hydraul ic  condi t ions:  L = 0.1 m ,  a = 0.1 m,  n = 10, U = 
2.4 V, W D C  = g . 7 x l 0  - 6  m3/s .  
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Fig. 5. Curren t -vol tage  character is t ics  of  the channels  
of  type I(a) and type 1I (b), h = 8x10 -4  m, C = 2x10 -3  
M: 1 - laboratory cell, L = 0.1 m, a = 0.03 m, n = 1, 
WDC = 2.1x10 -7 m3/s,  strait-flow hydraulic regime; 2 - 
laboratory apparatus, L = 0.1 m, a = 0.1 m, n = 10, WDC 
= 8 .7x10 -6  m3/s ,  c i rcula t ing  hydraul ic  reg ime;  3 - 
forecast  of  data for  electrodialyzer with L = 0.2 m, a = 
0.2 m, n = 25; 4 - pilot  electrodialyzer, L = 0.2 m, a = 
0.2 m, n = 25, W D C  = 3 . 3 x 1 0 - 5  m3/s ,  c i r cu l a t ing  
hydraul ic  condit ions.  
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Fig. 6. S he r wood  n u m b e r  vs the inlet solut ion 
concenlxation for  the channels  o f  type I (a) and type U 
(b), h = 8x10 - 4  m: 1 - laboratory cell, L = 0.1 m, a = 
0.03 m, n = 1, W D C  = 2 . 1 x 1 0 - 7  m3/s ,  s t r a i t - f l ow  
hydraulic condit ions;  2 - laboratory apparatus,  L = 0.1 
m, a = 0.1 m, n = 10, WDC = 8.7x10 --6 m3/s,  circulating 
hydraulic condit ions;  4 - pilot  electrodialyzer,  L = 0.2 
m, a = 0.2 m, n = 25, WDC = 3.3×10-5 m3/s,  circulating 
hydraulic  condit ions.  

Also, the figures show the results of 
calculation of the characteristics mentioned 
by means data obtained under testing 
electrodialyzers with channel length of 10 cm. 
Taking into account that testing of large- 
overall apparatuses is carried out with an error 
of approximately 10%, the results presented 
by Fig. 6 a and b and 7 a and b agree well 
enough. 

Thus, the experiments carried out by the 
cells and small-overall electrodialyzers enable 
the prediction of the behavior of industrial 

apparatuses, almost for any channel length 
and calculat ing their mass-exchange  
characteristics. It also enables considerable 
saving resources and time required for 
assembling and testing new designs of 
electrodialysis apparatuses. 

4. List of symbols 

a Width of a demineralization channel, m 
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Fig. 7. Current eff iciency vs the inlet solution 
concentration for the channels of type I (a) and type II 
(b), h = 8x10 -4  m: 1 - laboratory cell, L = 0.1 m, a = 
0.03 m, n = 1, WDC = 2.1xlO -7  m3/s, strait-flow 
hydraulic conditions; 2 - laboratory apparatus, L = 0.1 
m, a = 0.1 m, n = 10, WDC = 8.7x10-'6,3m/s, circulating 
hydraulic conditions; 4 - pilot electrodialyzer, L = 0.2 
m, a = 0.2 m, n = 25, WDC = 3.3x10 -5 m3/s, circulating 
hydraulic conditions. 

Ci Demineral izat ion channel inlet con- 
centration of i ions, M 

Cd~ Demineralization channel outlet con- 
centration of i ions, M 

C'~ DC outlet concentration of i ions, nor- 
malized on the inlet concentration; 

de Equivalent diameter, m 
D Salt diffusion coefficient, m2/s 
F Faraday constant, A s/mol 
h Height of  demineralization channel, m 
I Total current, A 
i Average current density, A/m 2 
ii Partial current density of i ions, Aim 2 

ji 

ki 
L 
n 

S 
Sh 
U 
Va 

Woc 

X 
Y 

Density of ions i flux through the mem- 
brane, mol/(m 2 s) 
Mass transfer coefficient, m/s 
Length of demineralization channel, m 
Number of demineralization channels 
in the electrodialyzer 
Working membrane area, m 2 
Sherwood number 
Voltage, V 
Average flow velocity, m/s 
Volume flow velocity through the de- 
mineralization channel, m3/s 
Normal coordinate, m 
Longitudinal coordinate, m 

Greek 
Thickness of the diffusion layer, m 

t/i Current efficiency 
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