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Ion exchange can be intensified by oscil lating the liquid in a long bed of mater ia l ,  which con- 
s iderably  inc reases  the t ime between two regenera t ions .  

The ra te  of ion exchange is de termined ei ther  by external  diffusion or by internal  diffusion [1]. In-  
te rna l  diffusion p roces se s  a re  the more  rapid; use of hydrodynamic fea tures  allows one to acce le ra te  the 
external  diffusion considerably and to bring the ra te  near  to that for  internal  diffusion [2]. 

Kinetic equations have been given [3] for  KU-2 cation exchange res in  in a short  bed with l iquidpulsat -  
ing, and it was shown that such motion provides  an efficient means of acce lera t ing  the ion exchange; an ap-  
p ropr ia te  pulsation veloci ty wA resul ted in an internal-diffusion s ta te .  

In industr ial  p rac t i ce ,  a given degree  of exchange is obtained by operating with a long bed; per iods 
of ion exchange a l te rna te  with ones of exchanger  regenera t ion ,  and the f i r s t  per iod ends when a cer ta in  level  
of breakthrough begins.  Completion of this per iod does not mean that the exchanger in the bed has been fully 
utilized; the degree  of uti l ization is re la ted  to the mode of exchange. This is maximal  if the diffusion is of 
internal  type,  and breakthrough will set in l a te r  than in external  diffusion. The ra t io  of exchange t imes  to 
breakdown cha rac t e r i zes  the re la t ive  increase  in the exchange duration a .  If, for  instance,  it is possible 
in some way to r a i s e  o~ to 2, this means that a bed of exchanger of given quality and given length will op- 
e ra te  twice as long before  breakthrough than when the other mode of operat ion is employed,  and the ex-  
change capacity will be much be t t e r  uti l ized. Pulsating motion corresponds  to this r equ i rement .  

It might s eem that solution to the prob lem consists  in increasing the speed of the liquid and thus t r an s -  
f e r r i ng  the p roces s  to the internal-diffusion range; but this method is somet imes  inapplicable, because  it 
leads to a considerable  reduct ion in the dimensionless  length o~*: 

0). = ~H (D,c + FDa,~) (1) 
u R  2 m 

and hence to t rans format ion  of the bed into a short  one, which offers  l i t t le protec t ion .  The method of osc i l -  
lating the liquid is be t te r  a lso in that it enables one to increase  the Biot number without a l ter ing the dimen-  
s ionless  length of the l aye r .  

Rosen [4, 5] has considered mass t r ans fe r  in the motion of a liquid through a layer  of spher ica l  p a r -  
t i c les ,  while par t i c les  of other  shapes have been cons idered  in [6]. Apazt f r o m  exact solutions,  which a re  
t roublesome for  d i rect  use,  approximate  solutions have also been der ived that enable one to de te rmine  the 
re la t ive  liquid concentrat ion A = Cl/C o at the exit f rom the layer  with a set degree  of accuracy .  

We use the approximate  solutions of [4-6] to find a :  

V 4 err -1 (2A-- 1) 1 + 15o)* 

1 +  V 4 30)* ( B ~ *  + 1 )  e r f - l ( 2 A - 1 )  
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F ig . l ,  Relative increase in duration of ion exchange a against Bi* 
for various ~*. 
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Fig. 2. Apparatus with long layer of cation-exchange 
material: 1) column; 2) layer; 3) grid; 4) piezometric 
tube; 5) pressure  tank; 6) thermostat; 7) intermediate 
tank; 8) electric cell; 9) pH-meter;  10) funnel; 11) mem- 
brane; 12) rod; 13) directing plug; 14) connecting rod;  15 I 
eccentric; 16) electric drive; 17) tap. 

Bi* = 
Dz~ + FDI~ 

We see from (2) that for certain values of Bi* and ~* the denominator becomes 0, and ~ --*~; 
layer with a given ~0" we can determine the Bi~nin for which a -*~o: 

(3) 

for a 
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A = C1/C ~ 
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F i g .  3. Output kinet ic  c u r v e s :  1) wA = 0; 
2) wA = 1.12 c m / s e c ;  t,  h .  

.. 5 
B l  ~ i ~  = ( 4 )  

15 1 
- - ( t }  ~ - - I  

4 (erf-~) 2 (1--.2A) 

E x p r e s s i o n  (4) shows that  one cannot  u se  (2) to c a l -  
cu la te  a f o r  an a r b i t r a r y  co* when Bi* i~ c lo se  to Bi~nin; 
as  indus t r i a l  i on -exchange  so rp t ion  is often ope ra t ed  at low 
f i l t r a t ion  r a t e s  [1], w h e r e  Bi*  is s m a l l ,  we have  only r e -  
s t r i c t e d  use  for  (2). 

The  mos t  sui table  solut ion fo r  p r a c t i c a l  p u r p o s e s  is 
the gene ra l  one fo r  m a s s  t r a n s f e r  be tween a s t a t i ona ry  bed 

and in inf i l t ra t ing  l iquid [7]; in our  s y m b o l s ,  that  so lu t ion  takes  the f o r m  

A = exp (--  ~o* B 1 V~) [exp (--  ~ ~) I o ( 2 ~  V ~ )  + ~1 ,t" exp (--  ~ 0) I o (2I*~ ] / ' ~ -  B, z )d0], 
0 

(5) 

w h e r e  

1 6Bi *~ 
tg ~1 Si* - -  1 ~tz; 81 = /~ ( ~t~ + Bi*3-- Bi*) ' 

�9 = ~ ' - - ( 1 - - B 1 ) ( o * ;  z = D * t / R ~ ;  . c ' = D * t ' / R  ~ 

See [8] f o r  va lues  of gl, B1 = f lBi*) .  

F i g u r e  1 shows ca lcu la ted  o~ as  de r ived  via  (5) fo r  A = 0.005 and A = 0.01; h e r e  a was  found as  the 
r a t i o  of the r ,  de r ived  fo r  i n t e rna l -d i f fu s ion  condi t ions  (Bi* = ,o) to the T, c o r r e s p o n d i n g  to the g iven Bi*.  

The  above  a r g u m e n t s  m a y  be appl ied  to our  e x p e r i m e n t s  with a long bed (F ig .2) .  We used  KU-2 ca t ion  
exchange  r e s in ,  and the ini t ial  so lu t ion  was  tap w a t e r ,  in which  ca l c ium is the dominant  ca t ion .  The  init ial  
c o n c e n t r a t i o n  in the solut ion was  c o = 7.12 �9 10 -3 g - e q / l i t e r ,  which c o r r e s p o n d s  to F = 2.1 �9 103 on the equi l ib-  
r i u m  cu rve  [3]. The  init ial  so lut ion p a s s e d  f r o m  the head tank 5 v ia  the t h e r m o s t a t  6 to the co lumn ! con -  
raining a long l a y e r  2 be tween the g r i d s  3; the pu l sa t ion  was  p r o d u c e d  by a m e m b r a n e  device  and the  d r ive  
of  p a r t s  11-16 .  The  outgoing so lu t ion  p a s s e d  th rough  the i n t e rmed ia t e  v e s s e l  11, the e l ec t rode  ce l l  8 to the 
funnel  10; the pH m e t e r  9 r e c o r d e d  the pH d i r ec t l y .  The  p r e s s u r e  tube 4 was  used  to m e a s u r e  the  ampl i tude  
of  the osc i l l a t i ons .  

F i g u r e  3 shows di lut ion c u r v e s ,  w h e r e  c u r v e  1 was  fo r  a un i fo rm  flow (coA = 0) with a flow speed  of 
0 . 1 5 3 . 1 0  -2 m / s e c ,  while F i g . 2  was  fo r  the s a m e  speed  but with pu lsa t ion  (wA = 1.12 c m / s e c ) ,  which  led to 
i n t e rna l -d i f fu s ion  condi t ions .  F i g u r e  3 shows that  the exchange in the pu lsa t ion  condi t ion for  A = 0.01 was  
1.75 t imes  g r e a t e r  than that  f o r  u n i f o r m  mot ion .  

We have to d e t e r m i n e  w* and Bi* in o r d e r  to c o m p a r e  t h e o r y  with expe r imen t  (Fig.  1). 

In a c c o r d a n c e  with [3], in the r eg ion  F >> 1, Die << Dla, while D a = D*; then 

~HD* F kR 
w* = ; B i * -  

u R  ~" FreD * 

The  quant i t ies  appea r ing  in co * and Bi* w e r e  d e t e r m i n e d  by exper imen t ;  fo r  ins tance ,  f o r  the above 
expe r imen t a l  condi t ions  (Fig. 3) ~ = 0.14, H = 0.26 m, D* = 0.75 �9 10 -1~ mZ/sec ,  m = 0.23, R = 0.406 �9 10 -3 m, 
w* = 2 3 .  

To  find k we can use  a g e n e r a l  g r a p h i c a l  r e l a t ionsh ip  [2] 

Nu =~ [(Re, Pr); 
(6) 

kd udp 
N u = - - ;  R e = ~ ;  P r =  ~ ,  

D z e~ pD l 

fo r  298~ p = 997 k g / m  3, tt = 0.8937 "10 -3 N . s e c / m  2, ~ = 0.4, D l = 0 . 6 7 6 . 1 0  -9 m2 / sec ,  Re = 3.47, P r  = 1325, 
Nu = 37.1, Bi*  = 0.35. 

F i g u r e  lb  shows co* and Bi* fo r  a = 1.8. 
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The pulsating motion therefore leads to considerable acceleration of the ion exchange, which is seen 
as an overall increase in the ion-excba,ge time for the same regeneration time. 

Bi* 
Nu 
Re 
Pr  
oj$ 
t ,  t '  
T, T t 

Die, Dta 
m 
D a = D , J m ;  

D* 
F 
R 
d =2B; 
k 
H 
u 
s 
ff 

c o 
Cl 
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# 

D l 
y = err-Ix 

;h 
Bt 
Ic 

N O T A T I O N  

is the Blot number; 
is the Nusselt number; 
is the Reynolds number; 
is the Prandtl number; 
is the dimensionless length of bed; 
are  the time calculated from the moment of Iiquld arr ival  at given point and beginning of process;  
a re  the dimensionless time; 
are  the mass conductivities in liquid and adsorption phases; 
is the porosity of exchanger; 

is the effective diffusivity; 
is the mean slope of equilibrium isotherm in the given concentration range; 
is  the radius of exchanger particle; 

is the mass- t ransfer  coefficient; 
m the height of bed; 
m the interstit ial  velocity; 
m the porosity of layer; 
zs the pore volume per unit layer volume; 
is the initial concentration of liquid; 
m the concentration of liquid flowing out of ionite layer; 
zs the fluctuation frequency; 
is the amplitude of pulsations; 
is the density of solution; 
is the dynamic viscosity of solution; 
is the diffusivity of Ca 2+ ions in solution; 
is the inverse function of x = erfy; 
is the first  root of characterist ic  equation; 
is the coefficient; 
is the modified Bessel  function of the f irs t  kind of the zeroth order .  
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