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Levenspiel and Smith (3) refined t h i s  txwatnaent t o  
show tht: 

De is a measure of the sharpness of the intepface and ve is the 
TIC v- 
number of bed void volumes that have passed thmugh the system. 
For the condition of no m%xfng De = 0 and ve = 1 the weight m 7 7  
f rac t ion  of displacing f lu id  f n  the e f f luent  wfll r i s e  abruptly 
t o  o t o  1, ~n general for anaa l~  values (61) of W ,  W, 

7 
w i l l  increaBe f ~ o m  $lightly less than 1 f o r  C = 0 t o  s l fght ly  
more than 1 fop C = 1, For small values of De and ve "1 

equation L Pedueets to: 
DL 7 

This can be ~ h o m  t o  be the equation for a Gaussian dfs t r tbutfon 
the vageiance of which 

A p lo t  of concentration of displacing fluid on the 
probabi l i ty  scale  against  t o t a l  weight (or volume) of f l u id  fed 
on the Pimar scale  of n o m 1  probabi l i ty  paper shou%d give a 
straight Pine. 
required t o  increase the ou t l e t  concentratton from 16s t o  84s. 
The void volume of the bed is the volume at which the out le t  
coneengmtion is 50$. Before De can be calculated %he value m 
o f r  obtained fmm the p lo t  mst be exprserssed as a fraction. of 
tkhe  void volme,  

Prom the p lo t  2e equals the volume of feed 

A f i r ther  consequence of equation (I) is that  fop 
given values of D and U, a 1  

f i  
An alternative! tmmt n t  due t o  Arks and Amnmndson ( 6 )  

eonaiderag a paaked bed t o  be a ser fes  of c a l l s  i n  each of which 
perfect mixing OCCUPEL This tmatment leads t o  the result  that 
%he concentration of" dfsplaaing f l u i d  i n  the e f f luent  ~houuld 
fol1sw the Po~ssn distzibut ion L a w .  As the number of calls 

L 

A 
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i n  se r ies  becomes large ( 100) the Posson d is t r ibu t ion  approaches 
the Gaussian d is t r ibu t ion  closely. Since the number of c e l l s  is  
equal t o  the bed length divided by the mean par t ic le  diameter, the 
number of c e l l s  is very large i n  a two foot bed of 100 mesh resin.  
This treatment leads t o  the same r e su l t  as the treatment of' Leven- 
spiel and Sanfth(3). 

the longitudinal dispersion coeff ic ient  t o  the s ize  of bed 
par t ie lea  and i n t e r s t i t i a l  velocity,  

brs 

i Several authors have presented correlat ions re la t ing  

Of these the equation 

due t o  Ebach and White (4)  appears t o  be the most readi ly  usable, 

It WfSl be shown fmm the results of t h i s  study that 
longitudinal dispersion coeff ic ients  determined by the method of 
Levenspiel and Smith agree with those calculated from the Ebach 
and White correlat ion a t  low displacing ve loc i t ies .  

PREVIOUS WORK 

Hart e t  a1 (7) and Frisch and Kunin (9) have reported on deuter- 
a t ion  of res ins  i n  small (4" i.d,) expeplmental columns, 
ehenouard (8) gives remltaj on routine deuteration of l a rger  
column~l (40" l e d . ) ,  

Bertache (1) reports  on two dedeutekatfon runs i n  a 
large (48" i .d . )  calm. 

The re su l t s  of this  study w i l l  be compared with those 
of the above authors with a view t o  indicating design features  
desirable i n  res in  columns t o  be deuterated and dedeuterated by 
the displacement method. 
EQWPMENT 

A.schsmtlc  diagram of the equipment fs shown i n  Figure 1, 

The Zeed p u p  w e d  wars a dual head diaphragm type 
posi t ive displacement pump made by the Kiltan Roy Company, 
salve8 used were thme way solenoid valves, 

The 

The NPD res in  column tested is shown i n  sections i n  
Figure l A ,  The c s l m  was designed t o  eliminate as fa r  as 
possible stagnant pockets i n  which f l u i d  could settle. 

Th& dist%ibutors w e ~ e  shaped t o  f i t  the column ends. 
The res in  bed was suppo&ed between d is t r ibu tors  t o  reduce the 
tendency f o r  channePPing thmugh the bed t o  occur, 

Dished ends were used to make the t rans i t ion  from 
f lu id  veloci ty  i n  the pipe t o  velocity In  the column more 
gradual than would occur with an abrupt change i n  seetion, 

cps 



FIGURE I. 

SCHEMATIC LAYOUT OF APPARATUS 
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The column was weighed a8 received, f i l l ed  wfth water 
thmugh the bottom i n l e t  wfth vacuum applied t o  the ou t l e t ,  and 
weighed again e 

The difference in weights was used as a measurn of' the 
void v o 1 m  of the colu&noz. 

with the column f i l l ed  w i t h  l igh t  water and the Eight 
watep $sed Pine disconnected, heavy water was pumped i n  a t  the 
desi~ed mte through the bottom i n l e t .  Samples of the eff luent  
weme taken by s p i n g e  thmugh the gum rubber section of the ou t l e t  
l ine  a t  5 I&, in te rva ls  over the mnge 160 - 250 l b ,  
fngected immediately into pzwviously dried sample bot t le& f ' f t tdd 
with mbbep diaphragm caps. 

Samples were 

The deuterated column was allowed t o  atand ovsmfght 
and then dadeuterated, 

The dedeuteration procedure wag waa leollows. With the 
heavy w a t s ~  feed Pine discomiected, l ight  water was fed a t  the- 
d@sslsnoed, rate tlwough the-top in le t  and the heavy water dfrspIaced 
thmugh the bottom. Samples of the eff luent  were taken a t  s t  
up, after 50 lb, and at--5 l b  intemrala over the range 160 - -0 Bb, 

Duping deuteration the first 160 lb of eff luent  
dl%ss&a~ged t o  the dmin.  
D28 rwm5.ver and the remainder i n  the highgrade recefvenrP, 

Dunefng dedeutercrtion the first 180 l b  we= collected in 
the hfghgmde receiver, the next 50 l b  i n  the low grade meeivex?, 
and the remainder sent , to the drain, 

70 l b  w e r e  collected i n  the downgraded8 

RESULTS 

Weight of' coluaFm + water = 352 lb 

Weight of water i n  coluunrn = =%E Weight of column alone 

The data obtained &re shown a8 plo ts  of' w t  D 0 i n  
%he eiFPuamt vs t o t a l  weight of displacing f l u i d  fed in 8 igwes 
2 -6. 

l%?om these plot8 dispersion coefficients we= saPsula$ed. 
The amunt  sf D20 downg~oaded will be a mfnfnrmm when De is a m 
m f a a m ,  Figure 7 shows a p lo t  of D VI. W, 

, 
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P Run No. 

4 
3 

12 

11 

8 

7 
+ 10 

9 
0 

5 
6 

Table 1 

Linear Velaolty 
Through Bed 

ft/sea 

18.7 x 10-5 
16.0 10-5 
14.9 x 10-5 
14.3 10-5 
9.9 x 10-5 
9.3 x 10-5 

6.0 x 10-5 
3.9 10-5 
3.7 x 10-5 

6.6 x 10-5 

Cost of DpO Re-enricmnt 

D20 In 
Exchange Band 

l b  

22.2 

32.5 
19.1 
29.8 
12.6 

26.7 
19.0 
26.2 
28.9 
16.7 

Cost Of* 
Rsoovery 

4 

120 gll 
110 7gl 
100 

100 TBI 

P Ocl4 numbered runs a m  Ueuteratlon runs 
Even numbemd mrns are dedeuteration rtzns 

Coat per 

Dedeuteration 
Cyole 

Deuteration - 

$ 

&$i The costs of ncovexy were obtained Prom the average 
D20 concentration In the exohange band and the coat 
data given In Figure 11. 

211 

189 

153 

178 

171 



D2 0 IN EFFLUENT wt,O/o 
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FIGURE 2 .  

- -0- DEUTERATION RUN # 3 u s  1 ~ 6 - 0 ~ 1 0 - ~  ft./sec 0 

X -  DEDEUTERATION RUN # 4 u = 18.7 x 1 0 - 5  f t . /sec 0 



D2 0 IN EFFLUENT wt. % 
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D 0 IN EFFLUENT wt.% 
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FIGURE 5 
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FIGURE 7 

DETERMINATION OF OPTIMUM 
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The cost 

Calculated longitudinal dfsper8ion coeff ic ients  (D) 

e r  cycle are plotted against displacing 
velocfty i n  Figure 8 . 
are  plot ted against 

IdPo:] i n  Figure 9. 

The dotted l i n e  shown was calculated from the  equation: 

D = 2.92 d U P [ui’ O8 

DISCUSSION 

The first part of t h i s  discussion i s  aimed a t  just i fying 

Both the diffusion model of Levenspiel and Smith anq 
There I s  however some 

the treatment of the data. 

the mixing c e l l  model of A r t s  and Amundson indicate that the 
l i n e s  i n  Figure 2-6 should be straight. 
cwvature e 

Because both na tura l  water and reac tor  grade D 2 0  
contain D 0 and H 0 respectively,  the f igures  used on the 
concentra z ion sca !? e should be: 

w t  $ D 2 0  i n  e f f luent  x 100 8 D 2 0  i n  D 2 0  used - w t  % D 2 0  i n  H20 used 

U s e  of these modified concentration figures has the 
e f f ec t  of f la t ten ing  the ends of the  curves. Straight  3.3nes 
do i n  f ac t  r e su l t  a t  the lower displacing ve loc i t ies .  Using 
the probabfli ty paper p lo ts  t o  de te rminer  and hence D i s  thus 
Jus t i f ied  for the  lowe$ rates, 
i s  unaffected by the concentration un i t s  used the ana ly t ica l  
data ra ther  than modified concentrations are plotted.  

Since the derived value of l 

The curvaturn found a t  the higher flowrates could be 
caused by a var ia t ion i n  diffusion coeff ic ient  w i t h  concentration. 
9f t h i s  were the case, however, the curvature of the deuteration 
and dedeuteration plots should be appreciably d i f fe ren t  on the 
p l o t s  shown. Since t h i s  $8 not the case the diffusion coeff ic ient  
probably does not vary appmciably with concentration. 

c 
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FIGURE 8 .  

COST OF DEUTERATION - DEDEUTERATION CYCLE 

0 5 - I O  15 20 
5 LINEAR VELOCITY ft./sec X IO 
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The mathematical model used t o  derive equation (1) 
assumes no retention of f lufd  by the bed par t ic les  themdLve9s. 
In. actual  f ac t  the ions of' the l igh t  and heavy water associated 
w i t h  the resin par t ic les  are chemically bound t o  the resin 
moPecuPes. 
those on the resin par t ic les  is slower than the mixing by eddy 
dfffusion ournature w i l l  result, The re la t ive  magnitude of 
theas e f f ec t s  should be indicated by the departure of the data 
of this inveetigatisn f ~ o m  the c o m l a t f o n  of Ebach and m i t e .  
It might be sxpeoted that agmement would be better a t  the 
lo we^ .flow m$ess. Figure 9 indfcatea that t h i s  is the ease. 

Smith is a a t i s f a c t o q  for calculating disperaion coeff ic ients  
fmm the concentration pmfiles obtained. 

the effects of varying the-pammeters of th i s  equation can be 
pmdieted. 

was the t o t a l  length from in le t  t o  outlet. 
22" wem packed w i t h  rersin. The fact  that the use of' the t o t a l  
length give8 good ag-ement with previous work indfoaterp that 
mixing i n  the end zones of the eolumtn is of the same dlegrme as 
that occu~~g~fng fn the packed section. SinceGFw 1 a reduction 

fn 
sections OF by locating the res in  bed supports c loser  t o  the 
ends of the coluarw. These modifications might r e su l t  fn a 
saving of" 15s i n  the cost of a deuteration - dedeutepation 
cycBe. Before such moCBfffcatforas are considered it would be 
advisable t o  estuday the effects of car t r idge end design. 

of D20 used can be mduced by deuterating i n  rper ie~~ 

If the exchange of ions of the displacing f l u i d  w i t h  

It may be concluded that the method of LevenspeiP and 

Since the data 3.8-adequately =presented by equation 1 

The length of cofum used i n  the calculation of D f r o m  De 
O f  this 34" only 

E can be obtained efther by peducfng the length of the end 

If 8 number of c o l m s  are t o  be deutex?ated the ampant 
E3inee~T-w B, 

SPOP similar CSI-S in a e r i e s r n  will v a m  with 1. BUQ the fl 6 d Varies w i t h  n r n ,  hence the amOuw$ of 
a f"unction of ,/Tio For a four c o B m  
ed fox? deutemtfon i n  serfess is half 
ion. separately. A sfneflas saving could 

d by dedeutematirig i n  se r ies .  

It is t o  be ed 'that the optimum displacing vefoefty 
of 10-4 $$/asc pxwlicted by Fi$um 7 fs fn  good agmsmwt w i t h  
the v s ~ o c i t y  @;%vine; the lowest cost  pep cycle shown i n  ~igurc? 8. 

c 

. 
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FIGURE 9 .  

LONGITUDINAL DI S PERSION COEFFI CI ENT / 
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FIGURE II, 
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Data i n  m?ference 7 was obtained i n  a 4" column with 
This data is i n  good agreement wfth the data of tapemd ends%, 

t h i s  investigation. The data of reference 9 w e r e  obtained w i t h  
a similar column. I f  the assumption is made €hat, because of 
rsimilafity of design between the columns of references 7 andog, 
the location of the point f r o m  reference 9 is due t o  velocity 
affects only it can be concluded that the deviation of the 

design features.  These points am taken f r o m  data on induatpial 
columns w i t h  sharp changes i n  c m s s  section at  the ends. In  the 
cme of the N R W  c o l m  the pesin cartridge is contained i n  a 
@oncerntrfc tank and leakage of D20 through the annulus occurs. 

points f ~ o m  the three remaining references i s  due t o  undesirable < 

The disagreement between these three points and the 
data of this investigation may be taken as an indication of 
stagnant pockets i n  the three columns. 

and the data fmm laboratory columns a s  w e l l  as data fmm 
other aryeotems (Ebach and White) 1s a good indication of the 
c o m c t n e s s  of the design used i n  t h i s  study. 

=sin of a d i f fe ren t  mean partiele psize, the longihkdlhnal 
dispersion could be detemined f r o m  Figure 10. 
length of the column, the void f ract ion of' t e retsrn bed and 
taking an optinma diarplaeing velocity of 10-8 ft/aec De-- 

could be caleulated. could then be calculated fmm the 
e quat ion : 

Agreement between the data of t h i s  investigation 

If for any reason it  should become,desir&ble t o  use 

Knowing the 

m 

Multiplication of t h i s  value of 
coltpaarm w i l l  give a value i n  volume uni t s .  
dmwn on probabili ty paper with the void volume located a t  50$ 
concentration and w i t h  shope corresponding t d  the calculated 
value of 
p ~ o f i $ e ,  
paPmeaatal curves f o r  efthear Betatemtion of dedeuteration, it 
w i % l  give the quantity of D20 downgraded per cycle. 

by the void volume of the 
A stmight l ine  

i n  volume units w i l l  give a theoret ical  displacement 
While t h i s  l i n e  w i l l  not agree perfectly w i t h  ex- 

CONCLUSIONS 

1. The optimum super f ic ia l  l i n e a r  velocity fo deuteration 
and dedeuteration of a res in  column is 10-5 ft/see 
(0.36 f t /hr) .  . 
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2. 

3. 

4. 

5. 

6. 

The cost of upgrading the heavy water downgraded i n  a 
deuteration - dedeuteration cycle for a single NPD-2 
c o l m  a t  the optimum velocity is $150. 

The cost can be mdueed t o  $75/cycle i f  4 colunmns are 
treated i n  ambers. 

A f4tgjlptheHp reduetfon of' approxfmatefy $2O/cycle could be 
achieved by modiffeation of the calstrPidge ends. 

The elfmination of stagnant pockets by sui table  design 
will reduce the quantity of D20 downgpaded i n  deuteration 
and dedeuteration opemtfons. 

The msultrra of thfs  study can be used t o  predlot the 
quantity of D20 dolwngmded In a deuteration - dedeuteration 
cycle i n  colurmns of other  geometriea and bed par t ic le  
chamctePfetica.  
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