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ABSTRACT 

The requ i rements  f o r  heavy water a n a l y s e s  i n  Canadian power r e a c t o r s  
h a v e  been compared t o  the  c a p a b i l i t i e s  of commercia l ly  a v a i l a b l e  d e n s i t y  
and  r e f r a c t i v e  index moni to r s .  It h a s  been concluded t h a t  a l t h o u g h  t h e s e  
i n s t r u m e n t s  do n o t  have s u f f i c i e n t  s e n s i t i v i t y  f o r  l e a k  d e t e c t i o n  o r  
p r o c e s s  c o n t r o l  a p p l i c a t i o n s  a t  t h e  extremes of t h e  c o n c e n t r a t i o n  r a n g e ,  
t h e y  cou ld  be c o n s i d e r e d  f o r  l e s s  demanding a p p l i c a t i o n s  i n  the  i n t e r -  
m e d i a t e  range (1-95 w t %  D20). The Agar (Model F ~ 8 0 0 )  v i b r a t i o n a l  
d e n s i t o m e t e r  was c o n s i d e r e d  t o  be the  most s u i t a b l e  of t h e  39 d i f f e r e n t  
i n s t r u m e n t s  t h a t  were reviewed and l a b o r a t o r y  tests have confirmed t h a t  i t s  
performance matches t h a t  p r e d i c t e d  from t h e  m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s .  

1 . INTRODUCTION 

Heavy water i s  a  major  component of t h e  c a p i t a l  c o s t  of CANDU n u c l e a r  
r e a c t o r s ,  and i f  leaked o r  downgraded, can  add s i g n i f i c a n t l y  t o  the  c o s t  of  
e l e c t r i c  power. Leaks have been mimimized so t h a t  heavy water upkeep now 
a c c o u n t s  f o r  o n l y  abou t  5% o f  t h e  t o t a l  u n i t  energy  c o s t  [ l ] .  This  r e s u l t s  
i n  p a r t  from e x t e n s i v e  moni to r ing  programs and the  record  would undoubtedly  
s l i p  i f  t h e  e s t a b l i s h e d  moni to r ing  procedures  were r e l a x e d .  

Accurate  methods a r e  r e q u i r e d  f o r  de te rmin ing  t h e  i s o t o p i c  concen t ra -  
t i o n  of water samples over  the  e n t i r e  range  of D20 c o n o n c e n t r a t i o n s .  
These a n a l y t i c a l  measurements can  be d i v i d e d  i n t o  two major c a t e g o r i e s  ; 
o n - l i n e  moni to r ing  of p rocess  s t r e a m s  and chemical  l a b o r a t o r y  a n a l y s e s  of 
g r a b  samples.  

On-line i s o t o p i c  a n a l y z e r s  o f f e r  many a d v a n t a g e s  over  manual sampl ing,  
i n c l u d i n g  : 

- t i m e l y  p r o t e c t i o n  a g a i n s t  heavy water l e a k s  t o  the  environment ,  
- con t inuous  d a t a  f o r  p rocess  c o n t r o l ,  
- a c c u r a t e  account ing  f o r  heavy water i n v e n t o r y ,  
- r e d u c t i o n  i n  r o u t i n e  s t a f f  work-loads,  
- r e d u c t i o n  of pe rsonne l  r a d i a t i o n  e x p o s u r e s ,  and 
- o p e r a t i o n a l  convenience.  

*This  p r o j e c t  was funded by t h e  Canadian E l e c t r i c a l  A s s o c i a t i o n  under 
c o n t r a c t  000 G 145 
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To d a t e ,  t h e  o n l y  i n s t r u m e n t s  which have proven r e l i a b l e  i n  the  f i e l d  a r e  
t h e  i n f r a r e d  s p e c t r o m e t e r s  manufactured by B a r r i n g e r  Research L imi ted .  
These i n s t r u m e n t s  a r e  based on developments by Atomic Energy of Canada 
Limited (AECL)  over  the  p a s t  20 y e a r s  [ 2 ] .  However, p l a n t  environmental  
c o n d i t i o n s ,  and the  s t r i n g e n t  requ i rements  f o r  sample c o n d i t i o n i n g  to  
a c h i e v e  the  r e s o l u t i o n  of 0.0001% D20 have pushed t h e  b a s i c  ins t rument  
c o s t  t o  approx imate ly  $50,000. In a d d i t i o n ,  t h e  c u r r e n t l y  a v a i l a b l e  
i n s t r u m e n t s  a r e  l i m i t e d  t o  measurements a t  t h e  ex t remes  of the  D20 
c o n c e n t r a t i o n  range.  

Manual sampling remains  t h e  s t a t u s  quo f o r  t h o s e  p rocess  s t reams  f o r  
which: 

- no s u i t a b l e  o n - l i n e  ins t rument  has  been q u a l i f i e d  (e .g .  the  
i n t e r m e d i a t e  r a n g e ) ,  o r  

- t h e  high p r e c i s i o n  i n f r a r e d  m o n i t o r s  a r e  n o t  c o s t  e f f e c t i v e .  

These s t r e a m s  a r e  c o n s i d e r e d  t o  be of secondary  importance i n  the  o v e r a l l  
o p e r a t i o n  of the  r e a c t o r .  Thus, t h e  c o s t  of  d e v e l o p i n g  spec ia l -purpose  
heavy water  moni to r s  f o r  t h e s e  a p p l i c a t i o n s  h a s  n o t  been j u s t i f i e d .  

The dl t e r n a t i v e  of a p p l y i n g  g e n e r a l  purpose a n a l y t i c a l  equipment which 
i s  commercia l ly  a v a i l a b l e  has  been g iven  s e r i o u s  c o n s i d e r a t i o n .  Of t h e  
p h y s i c a l  p r o p e r t i e s  t h a t  d i s t i n g u i s h  l i g h t  from heavy water and t h a t  a r e  
amenable t o  measurement f o r  a n a l y t i c a l  purposes ,  d e n s i t y  and r e f r a c t i v e  
i n d e x  have been used i n  t h e  l a b o r a t o r i e s  f o r  wide range  a p p l i c a t i o n s .  
S i n c e  on- l ine  d e n s i t y  and r e f r a c t i v e  index m o n i t o r s  a r e  commercia l ly  
a v a i l a b l e ,  a n  in-depth s u r v e y  was under taken t o  a s s e s s  t h e  s u i t a b i l i t y  of 
t h e s e  i n s t r u m e n t s  t o  moni to r ing  heavy water c o n c e n t r a t i o n s  i n  p rocess  
s t r e a m s  of CANDU power r e a c t o r s .  

A s  a  f i r s t  s t e p ,  i n  t h i s  r ev iew,  i t  was n e c e s s a r y  t o  e s t a b l i s h  t h e  
d e t a i l e d  a n a l y t i c a l  r e q u i r e m e n t s  f o r  comparison w i t h  t h e  ins t rument  spec i -  
f i c a t i o n s .  Thus, a l l  heavy water  c o n c e n t r a t i o n  measurements which a r e  made 
a t  Canadian n u c l e a r  g e n e r a t i n g  s t a t i o n s  o r  t h a t  a r e  t o  be made i n  s t a t i o n s  
now under c o n s t r u c t i o n  were t a b u l a t e d ,  and t h o s e  sys tems f o r  which on- l ine  
m o n i t o r i n g  i s  d e s i r a b l e  = r e  i d e n t i f i e d .  

T h i s  documented comparison of the  quoted i n s t r u m e n t  s p e c i f i c a t i o n s  
w i t h  the  d e t a i l e d  moni to r ing  requ i rements  i d e n t i f i e d  one v i b r a t i o n a l  dens i -  
tomete r  t h a t  was s u i t a b l e  f o r  f u r t h e r  review. The s e l e c t e d  ins t rument  was 
procured and s u b j e c t e d  t o  an i n t e n s i v e  l a b o r a t o r y  e v a l u a t i o n  to  a s s e s s  i t s  
a p p l i c a b i l i t y  t o  t h i s  unique a p p l i c a t i o n .  

T h i s  paper summarizes t h e  rev iew,  p r e s e n t s  t h e  e x p e r i m e n t a l  d a t a  from 
t h e  l a b o r a t o r y  e v a l u a t i o n  and draws g e n e r a l  c o n c l u s i o n s  about  t h e  a n a l y s i s  
o f  heavy water b o t h  i n  t h e  l a b o r a t o r y  and i n  p r o c e s s  s t r e a m s ,  

2. HEAVY WATER CONCENTRATION MEASUREMENTS I N  CANDU REACTORS 

An impor tan t  a s p e c t  of t h i s  ins t rument  assessment  program was t o  
assemble  i n f o r m a t i o n  on c u r r e n t  p r a c t i c e s  f o r  heavy water a n a l y s i s  i n  
Canadian n u c l e a r  g e n e r a t i n g  s t a t i o n s .  T h i s  d a t a  was r e q u i r e d  t o  i d e n t i f y  
t h o s e  systems f o r  which o n - l i n e  moni tor ing is  e i t h e r  needed o r  d e s i r a b l e  
and t o  q u a n t i f y  the  d e t a i l e d  a n a l y t i c a l  s p e c i f i c a t i o n s  f o r  an a p p r o p r i a t e  
moni to r ing  sys tern. 



Data on c u r r e n t  and proposed p r a c t i c e s  were o b t a i n e d  from the  appro- 
p r i a t e  t e c h n i c a l  s t a f f  i n  New Brunswick E l e c t r i c  Power Commission., Hydro 
Quebec and O n t a r i o  Hydro. To s i m p l i f y  t h e  a n a l y s i s  the  moni tor ing r e q u i r e -  
ments  were d i v i d e d  i n t o  t h r e e  i s o t o p i c  range c a t e g o r i e s  0-1 wt%, 1-95 w t %  
and 95-100 w t X  D20. It was g e n e r a l l y  found t h a t  the  accuracy  quoted 
by o p e r a t i n g  s t a t i o n s  i s  l e s s  s t r i n g e n t  than the  a c c u r a c y  demands of t h e  
s t a t i o n s  under c o n s t r u c t i o n .  For the  purposes  of t h i s  s t u d y ,  t h e  s p e c i f i e d  
a c c u r a c i e s  a r e  those  u s u a l l y  ach ieved  i n  o p e r a t i n g  reac  t o r s .  

The h igh  c o n c e n t r a t i o n  range  (>95 w t %  D20) i n c l u d e s  t h e  modera to r ,  
t h e  h e a t  t r a n s p o r t  system and the  heavy water s u p p l y  ( s e e  Tab le  l ( a ) )  . 
A n a l y s i s  i n  t h i s  range i s  r e q u i r e d  t o  an a c c u r a c y  of  +0.01 w t %  D20 f o r  
b o t h  f u e l  economy and i n v e n t o r y  c o n t r o l .  Except f o r  She  a n a l y s i s  of f r e s h  
drum s u p p l i e s ,  t h e s e  sys tems a r e  amenable t o  o n - l i n e  i s o t o p i c  moni to r ing .  
The c o n c e n t r a t i o n  of the  upgrader  product  and the  main hea t  t r a n s p o r t  system 
a r e  dynamica l ly  v a r i a b l e ,  and a r e  c a n d i d a t e s  f o r  on- l ine  moni tor ing i n  t h e  
t r a d i t i o n a l  sense .  T r a n s f e r  of water from t h e  c o l l e c t i o n  t anks  i s  a  b a t c h  
p r o c e s s ,  and t h e  r e a s o n s  f o r  c o n s i d e r i n g  on- l ine  moni to r ing  a r e  d i s c u s s e d  
l a t e r .  Labora to ry  i n f r a r e d  a n a l y s i s  i s  t h e  normal a n a l y t i c a l  t echn ique  
a p p l i e d  t o  t h i s  range w i t h  a n  on- l ine  i n f r a r e d  moni to r ing  system a v a i l a b l e  
f o r  t h e  upgrader  p roduc t .  It should be noted t h a t  on- l ine  i n f r a r e d  m o n i t o r s  
h a v e  been a p p l i e d  t o  the  h e a t  t r a n s p o r t  system i n  Douglas P o i n t  GS and t o  
t h e  modera to r  systems i n  NRU and WR-1. 

The vapour r e c o v e r y  and c leanup  sys tems ,  t h e  feed t o  the  upgrader ,  and 
t h e  d e u t e r a t i o n / d e d e u t e r a t i o n  u n i t s  f o r  the  i o n  exchange columns g e n e r a t e  
most of t h e  samples i n  t h e  range  1-95 w t %  D20 ( s e e  Tab le  l ( b ) )  . Of 
t h e s e ,  t h e  recovery  and c leanup  systems g e n e r a t e  the  m a j o r i t y  of samples .  
These mid-range samples a r e  d i f f i c u l t  t o  c a t e g o r i z e  because p r a c t i c e s  and 
sampling f requency  v a r y  wide ly  from s t a t i o n  t o  s t a t i o n .  Improved vapour 
r e c o v e r y  and c leanup  sys tems  f o r  t h e  l a t e r  r e a c t o r s  have c o n s i d e r a b l y  
reduced the  sampling requ i rements  compared w i t h  P i c k e r i n g  A. For opera- 
t i o n a l  purposes ,  a n a l y s i s  of t h e  m a j o r i t y  of t h e  samples from t h e s e  sys tems 
r e q u i r e s  an accuracy  of +0.5 w t %  D20. Improved a c c u r a c y  (+0.01 wt% D20) 
may be r e q u i r e d  on an i n f r e q u e n t  b a s i s  f o r  i n v e n t o r y  c o n t r o l  purposes .  
However, under normal o p e r a t i o n ,  p r e c i s e  i n v e n t o r y  management f o r  the  heavy 
w a t e r  r e c o v e r y  and c l e a n u p  system can be ach ieved  through a c c u r a t e  measure- 
ments  of t h e  c o n c e n t r a t i o n s  of t h e  bottom and t o p  ( t a i l s )  p roduc t  from the  
u p g r a d e r .  Labora to ry  a n a l y s i s  i s  g e n e r a l l y  done wi th  a  r e f  r a c  tomete r .  
However, t h e  deu te ra t ion /dedeu te ra t ion  s y s  tems use an on- l ine  d e n s i t y  
hydrometer  a s  a  gauge.  

The l i g h t  water range  (0-1 wt% D20) i n c l u d e s  a l l  the  s e r v i c e  water 
ys tems ,  t h e  main steam sys tem,  and l i q u i d  and vapour d i s c h a r g e s  from the  
t a t i o n  ( s e e  Table  1 ( c ) )  . Numerous o t h e r  l i g h t  water sys tems ,  such  a s  t h e  

l i q u i d  zone c o n t r o l l e r s ,  t h e  s h i e l d  c o o l i n g  and t h e  poison i n j e c t i o n  mixing 
t a n k s ,  were a l s o  inc luded  i n  the  review bu t  a r e  n o t  sampled f r e q u e n t l y  
enough ( i . e .  l e s s  than once per week) t o  war ran t  being included i n  the  
T a b l e .  The f requency of sampling the  v a r i o u s  l i g h t  water sys tems i s  
d i f f e r e n t  i n  the  d i f f e r e n t  s t a t i o n s .  Th i s  i s  p a r t i c u l a r l y  e v i d e n t  f o r  
s e r v i c e  water sys tems.  These i n c l u d e  c o o l e r s  and h e a t  exchangers ,  which i n  
some s t a t i o n s  a r e  sampled i n d i v i d u a l l y  w i t h  a  s e t  f requency  ( f rom once per 
s h i f t  t o  once per week). In  o t h e r s ,  o n l y  t h e  b u l k  s e r v i c e  water is sampled 
r e g u l a r l y  and the  i n d i v i d u a l  components a r e  sampled on ly  when a  l e a k  i s  
d e t e c t e d .  Except f o r  the  moderator  h e a t  e x c h a n g e r s ,  t h e  accuracy  r e q u i r e d  
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f o r  
e v e  
d a i  

heavy water l e a k  d e t e c t i o n  i s  +O.OOl wt% D20 ( i  .e. +10 ppm) . How- 
, f o r  the  moderator  h e a t  exchaKgers,  an  a c c u r a c y  of-+0.1 ppm i s  r e q u i r e d  

y  t o  provide p r o t e c t i o n  a g a i n s t  c h r o n i c  low l e v e l  l eakage .  Such p r e c i -  
s i o n  is  achieved by tritium a n a l y s i s  of g r a b  samples.  The s t a t i o n s  a r e  
c u r r e n t l y  des igned  f o r  on- l ine  a n a l y s i s  of t h e  main steam and s e r v i c e  wa te r  
s y s t e m s  f o r  d e t e c t i n g  heavy water l e a k s .  The on- l ine  i n f r a r e d  m o n i t o r s ,  w i t h  
a n  a c c u r a c y  of +10 ppm, p r o v i d e  con t inuous  p r o t e c t i o n  a g a i n s t  major l e a k s  from 
a l l  h e a t  exchangers .  They a l s o  moni to r  f o r  c h r o n i c  l e a k s  from a l l  h e a t  
e x c h a n g e r s  but  the  modera to r .  The o t h e r  l i q u i d  e f f l u e n t s  i . e .  t h e  a c t i v e  
d r a i n a g e  sumps and the  upgrader  t a i l s  have much lower d i s c h a r g e  r a t e s  and 
c o n s e q u e n t l y  o n l y  r e q u i r e  an a c c u r a c y  of + O . O l  w t %  D20. P r e s e n t  u p g r a d e r s  
have  p r o v i s i o n s  f o r  an on- l ine  i n f r a r e d  tails moni to r ing  system which i s  
p r i m a r i l y  used f o r  p r o c e s s  c o n t r o l .  

A n a l y s i s  of t h e  water vapour c o n t e n t  i n  the  s t a c k  e f f l u e n t  has  been in- 
c l u d e d  i n  Tab le  l ( c )  . These samples a r e  c o l l e c t e d  on s i l i c a  g e l  and /or  a  c o l d  
f i n g e r  t o  p rov ide  i n f o r m a t i o n  on i n t e g r a t e d  heavy water l o s s e s  and tritium 
r e l e a s e s .  Labora to ry  t r i t i u m  a n a l y s e s  a r e  p r e s e n t l y  r e q u i r e d  t o  a c h i e v e  t h e  
n e c e s s a r y  h i g h  p r e c i s i o n .  However, c o n s i d e r a b l e  b e n e f i t  w u l d  be r e a l i z e d  from 
a n  on- l ine  s t a c k - l o s s  moni to r  measuring heavy water  l o s s e s  d i r e c t l y  s i n c e :  

- e s t i m a t i n g  D20 l o s s e s  from t r i t i u m  r e l e a s e  d a t a  i s  not  s u f f i c i e n t l y  
a c c u r a t e ,  and 

- minimal p r o t e c t i o n  i s  o f f e r e d  by t r i t i u m  a n a l y s i s  i n  e a r l y  r e a c t o r  
l i f e .  

On reviewing t h i s  d a t a ,  i t  has  been concluded t h a t  f o r  heavy water l e a k  
d e t e c t i o n ,  no p r a c t i c a l  manual sampling program matches the  p r o t e c t i o n  o f f e r e d  
by a  c o n t i n o u s  moni to r .  Thus on- l ine  a n a l y s i s  i s  e s s e n t i a l  f o r  those  p r o c e s s  
streams c a p a b l e  of r e l e a s i n g  heavy water t o  t h e  environment ,  v i z .  

- t h e  s e r v i c e  water  sys tems ,  
- t h e  main steam system,  and 
- t h e  s t a c k  e x h a u s t .  

These s t reams  must be  moni tored w i t h  a n  a c c u r a c y  of +0.001 w t %  D20 o r  
b e t t e r .  For those  sys tems t h a t  r e q u i r e  heavy water  c o n c e n t r a t i o n  a n a l y s e s  f o r  
p r o c e s s  c o n t r o l  purposes ,  o n - l i n e  i n s t r u m e n t s  should  be used and g rab  samples  
s h o u l d  o n l y  be taken t o  moni to r  t h e  performance of t h e  on- l ine  i n s t r u m e n t  and 
n o t  t o  c o n t r o l  t h e  p r o c e s s .  Thus on- l ine  i n s t r u m e n t s  a r e  r e q u i r e d  f o r :  

- t h e  upgrader bottom p r o d u c t ,  
- t h e  upgrader t a i l s ,  and 
- t h e  d e u t e r a t i o n / d e d e u t e r a t i o n  u n i t s .  

The upgrader  a n a l y s e s  a r e  r e q u i r e d  w i t h  a n  accuracy  of - +0.01 w t %  D20 and 
t h e  d e u t e r a t i o n / d e d e u t e r a t i o n  u n i t s  r e q u i r e  +2 - w t X  D20. 

Thus,  s i x  sys tems have been i d e n t i f i e d  a s  d e f i n i t e l y  r e q u i r i n g  o n - l i n e  
m o n i t o r i n g .  

I n  a s s e s s i n g  the  remaining systems a g a i n s t  t h e  secondary a d v a n t a g e s ,  t h e  
f r e q u e n c y  of a n a l y s i s  d i c t a t e s  t h e  p o t e n t i a l  v a l u e  of on- l ine  i n s t r u m e n t s .  
However, s i n c e  the  sampling f requency  and p r a c t i c e s  v a r y  g r e a t l y ,  i n d i v i d u a l  
s t a t i o n  p r e f e r e n c e s  w i l l  d e t e r m i n e  whether on- l ine  a n a l y s i s  i s  d e s i r a b l e  f o r  



s p e c i f i c  systems. However, t h e  fo l lowing  g e n e r a l  c o n c l u s i o n s  can be drawn f o r  
t h o s e  systems of secondary  impor tance :  

( i )  I n  the  high c o n c e n t r a t i o n  r a n g e ,  the  p r e s e n t  3-7 samples per week from 
each  of the  moderator  o r  h e a t  t r a n s p o r t  sys tems does  not  j u s t i f y  on- l ine  
a n a l y s i s ,  

( i i )  The l a r g e  number of mid-range samples ( f rom t h e  c o l l e c t i o n  and c leanup  
o p e r a t i o n s )  a p p e a r s  t o  j u s t i f y  on- l ine  a n a l y s i s .  However, t h e y  o r i g i n a t e  
from many s o u r c e s  and t h e  a c c u r a c y  r e q u i r e m e n t s  a r e  modest so t h a t  on- l ine  
a n a l y s i s  i s  u n l i k e l y  t o  be p r a c t i c a l .  A s i m p l e  p o r t a b l e  i n s t r u m e n t  
c a l i b r a t e d  d i r e c t l y  i n  wt% D20 may be o p e r a t i o n a l l y  more conven ien t  
f o r  some of t h e s e  sys tems .  

( i i i )  I n  some s t a t i o n s  where. sampling f requency  i s  h i g h ,  b a t c h  p r o c e s s e s  such  
a s  t h e  vapour r e c o v e r y  and the  a c t i v e  d r a i n a g e  tanks  w i l l  b e n e f i t  from 
on- l ine  a n a l y s i s .  T h i s  would reduce r o u t i n e  work l o a d s  and a l l o w  l i q u i d  
t r a n s f e r s ,  wi thou t  l a b o r a t o r y  a n a l y s i s ,  a t  o p e r a t i o n a l l y  c o n v e n i e n t  
times. Such a  scheme has  proven v e r y  s u c c e s s f u l  on the  e v a p o r a t o r  d r a i n  
t a n k  on the  NRU r e a c t o r  [ 2 ] .  For t h e  power r e a c t o r  a p p l i c a t i o n ,  a l t h o u g h  
t h e  a b s o l u t e  a c c u r a c y  r e q u i r e m e n t s  a r e  modest ,  a  r e s o l u t i o n  of 0.05 w t %  
D20 would a l e r t  t h e  s t a f f  t o  sudden changes  i n  p rocess  c o n d i t i o n s .  

3 .  REVIEW OF DENSITY INSTRUMENTS 

I n  r e l a t i n g  the  d e n s i t y  of a  sample t o  the  i s o t o p i c  compos i t ion ,  i t  i s  
i m p o r t a n t  t o  note  t h a t  H20-D20 m i x t u r e s  form a p e r f e c t  s o l u t i o n  wi th  no 
measurab le  volume change on mixing [ 3 ] .  Thus, t h e  volume percen t  D20 i s  a  
l i n e a r  f u n c t i o n  of t h e  d e n s i t y ,  

However, i n  the  power r e a c t o r  program, e x c e p t  f o r  a n a l y s e s  c l o s e  t o  pure 
H20, t h e  D20 c o n c e n t r a t i o n  i s  c o n v e n t i o n a l l y  e x p r e s s e d  i n  terms of weight 
p e r c e n t .  Kirshenbaum [ 4 ]  h a s  d e r i v e d  the  f o l l o w i n g  e x p r e s s i o n  t o  r e l a t e  the  
sample d e n s i t y  t o  the  c o n c e n t r a t i o n  a t  25OC:- 

Weight p e r c e n t  D20 = 
1 0 2 7 . 9 1  A d 
Ad + 997.Q5 

where Ad i s  the  d i f f e r e n c e  between the  d e n s i t y  of t h e  mix ture  and t h a t  of pure 
H20 (997 - 0 5  kg/m3 a t  25OC). 

T h i s  n o n - l i n e a r i t y  between heavy water c o n c e n t r a t i o n  and t h e  d e n s i t y  of t h e  
H20/D20 m i x t u r e  amounts t o  an e r r o r  of -2.8 w t %  D20 f o r  a 50 w t %  D20 
sample  i f  a  l i n e a r  r e l a t i o n s h i p  i s  assumed. Thus, an  impor tan t  f e a t u r e  t h a t  has 
been inc luded  i n  the assessment  of d e n s i t y  i n s t r u m e n t s  i s  t h e i r  c a p a b i l i t y  t o  
compensate f o r  the  smal l  but s i g n i f i c a n t  n o n - l i n e a r i t y  so  t h a t  t h e  i n s t r u m e n t  
r e a d s  d i r e c t l y  i n  wt% D20. 

The p r e c i s e  d a t a  of K e l l  [ 5 ]  on the  d e n s i t i e s  of Hz0 and D20 a t  a  
s e r i e s  of t empera tu res  from 0 - 100°C was used t o  de te rmine  the  temperature  
c o e f f i c i e n t  of the  d e n s i t y  f o r  0 ,  50 and 100 w t %  D20 o v e r  the range  0  - 50°C. 
The maximum d e n s i t y  of o r d i n a r y  water o c c u r s  a t  4OC. This i s ,  t h e r e f o r e ,  a 
p o i n t  of zero  t empera tu re  c o e f f i c i e n t  ( s e e  F i g .  1 ) .  The cor responding  p o i n t  f o r  
D20 i s  a t  11.2°C. To minimize the e f f e c t  of sample t empera tu re  on the 
measured d e n s i t y  r e q u i r e s  e i t h e r :  



SAMPLE TEMPERATURE ( " C )  

FIGURE 1: Temperature C o e f f i c i e n t  o f  Uensi t y  as a F u n c t i o n  o f  
Sample Temperature f o r  L i g h t  and Heavy 'da ter  



- v e r y  p r e c i s e  t e m p e r a t u r e  c o n t r o l ,  o r  
- t empera tu re  compensat ion.  

( i )  Temperature C o n t r o l  

To reduce the e f f e c t  of sample t empera tu re  v a r i a t i o n s  the  d e n s i  tometer  
must o p e r a t e  a t  a t e m p e r a t u r e  which minimizes  t h e  t empera tu re  c o e f f i c i e n t ,  
A t  10°C t h e  t empera tu re  c o e f f i c i e n t  v a r i e s  from -0.05 kg.m-3.0~-l t o  
+0.07 kg.m-3.0~-1 a s  t h e  c o n c e n t r a t i o n  v a r i e s  from 0 t o  100 w t %  D20. 
Hence, n e a r  10°C t h e  magni tude of t h e  t e m p e r a t u r e  c o e f f i c i e n t  f o r  a l l  con- 
c e n t r a t i o n s  i s  l e s s  t h a n  0 . 1  wt% D ~ O  . ( ' c ) - ~ .  Consequent ly ,  t o  a c h i e v e  
a n a l y s i s  wi th  a r e s o l u t i o n  of 0.01 wt% D20, sample t empera tu re  c o n t r o l  
t o  w i t h i n  +O.l°C i s  r e q u i r e d .  T h i s  can be ach ieved  f o r  p rocess  system a p p l i -  
r a t i o n s ,  b> does  impose a d d i t i o n a l  complexi ty  on t h e  i n s t a l l a t i o n  d e s i g n .  

( i i )  Temperature Compensation 

S i n c e  t h e  magnitude of t h e  t empera tu re  c o e f f i c i e n t  depends b o t h  on 
sample c o n c e n t r a t i o n  and t e m p e r a t u r e ,  t e m p e r a t u r e  compensation is a l s o  
complex. P r e c i s e  v a l u e s  o f  t h e  d e n s i t y  of v a r i o u s  heavy w a t e r / l i g h t  water 
m i x t u r e s  over  a t empera tu re  range  from 5-50°C were c a l c u l a t e d  from t h e  
p u b l i s h e d  d a t a .  The r e s u l t s  a r e  summarized i n  T a b l e  2. Any compensation 
scheme must be c a p a b l e  of cop ing  w i t h  t h e  v a r i a t i o n s  d e p i c t e d  by t h i s  
Tab le .  

Because of t h e i r  s i g n i f i c a n c e  i n  heavy water i s o t o p i c  a n a l y s i s  t h e s e  
fundamental  p r i n c i p l e s  were t aken  i n t o  c o n s i d e r a t i o n  d u r i n g  the  commercial 
i n s t r u m e n t  review. 

Reques t s  f o r  l i t e r a t u r e  were s e n t  t o  123  p o t e n t i a l  s u p p l i e r s  of 
d e n s i t y  i n s t r u m e n t s  based on a l i s t  g e n e r a t e d  from t r a d e  l i t e r a t u r e  and 
d i r e c t o r i e s .  From t h e  l e t t e r s  of  e n q u i r y ,  53 r e s p o n s e s  were rece ived  
l e a d i n g  t o  25 d i f f e r e n t  p r o d u c t s .  

The i n s t r u m e n t s  d i v i d e  i n t o  s i x  c l a s s e s ,  e a c h  c h a r a c t e r i z e d  by t h e  
p r i n c i p l e  of t h e  measurement a s  d e s c r i b e d  below. 

( a )  D i r e c t  Weighing 

Weighing a sample of a known volume is  a s i m p l e  method f o r  d e n s i t y  o r  
s p e c i f i c  g r a v i t y  d e t e r m i n a t i o n s .  Although o f t e n  used f o r  l a b o r a t o r y  
s a m p l e s ,  i t  i s  seldom p r a c t i c a l  f o r  measuring the  d e n s i t y  of a flowing 
f l u i d .  However, p r o c e s s  i n s t r u m e n t s  f o r  t h e  con t inuous  weighing of a 
f lowing sample were o f f e r e d  f o r  t h i s  a p p l i c a t i o n  by two s u p p l i e r s .  

( b )  Buoyancy 

Buoyancy t r a n s m i t t e r s  based upon Archimedes' P r i n c i p l e  have been 
adapted t o  the  measurement of  l i q u i d  d e n s i t y  or  s p e c i f i c  g r a v i t y .  
For d e n s i t y  measurements ,  a c y l i n d r i c a l  d i s p l a c e r  i s  l o c a t e d  so a s  
t o  be f u l l y  submerged. The buoyant f o r c e  on t h e  d i s p l a c e r  changes 
o n l y  a s  a f u n c t i o n  o f  changing l i q u i d  d e n s i t y  and i s  independent  oE 
changing l i q u i d  l e v e l  i n  the  v e s s e l .  Three p r o c e s s  i n s t r u m e n t s  
based on t h i s  measurement p r i n c i p l e  were o f f e r e d .  





( c )  H y d r o s t a t i c  Head 

The d i f f e r e n c e  i n  p r e s s u r e  between any two e l e v a t i o n s  below t h e  su r -  
f a c e  of a  f l u i d  i s  e q u a l  to the  d i f f e r e n c e  i n  l i q u i d  head ,  and i s  
i ndependen t  of v a r i a t i o n s  i n  the  l i q u i d  l e v e l ,  The d imensional  
d i f f e r e n c e  between t h e  two e l e v a t i o n s  m u l t i p l i e d  by t h e  s p e c i f i c  
g r a v i t y  of  t h e  l i q u i d  g i v e s  t h e  d i f f e r e n c e  i n  head and is u s u a l l y  
e x p r e s s e d  i n  i n c h e s  o r  m e t r e s  of  w a t e r ,  t h e  s t a n d a r d  u n i t s  f o r  t h e  
c a l i b r a t i o n  of s u c h  i n s t r u m e n t s ,  D e n s i t y  measurement sys tems based on 
Ap c e l l s  were o f f e r e d  by t h r e e  s u p p l i e r s ,  

( d )  V i b r a t i o n  

The damping of a  v i b r a t i n g  o b j e c t  i n  c o n t a c t  w i t h  the  p rocess  f l u i d  
i n c r e a s e s  a s  t h e  d e n s i t y  of t h e  f l u i d  i n c r e a s e s .  Th i s  p r i n c i p l e  has  
been a p p l i e d  t o  i n d u s t r i a l  d e n s i t y  measurement i n  s e v e r a l  ways, In  
g e n e r a l ,  t h e  o b j e c t  which v i b r a t e s  i s  e x t e r n a l l y  s t i m u l a t e d  and is  
e i t h e r :  

- an immersed reed  o r  p l a t e ,  o r  
- a tube  o r  c y l i n d e r  which conduc t s  o r  which i s  f i l l e d  w i t h  t h e  

p r o c e s s  f l u i d .  

The a c t u a l  f l u i d  d e n s i t y  can  be i n f e r r e d  from one of  two 
measurements : 

- changes  i n  the  n a t u r a l  f r equency  of  v i b r a t i o n  when the  s t i m u l u s  i s  
a p p l i e d  c o n s t a n t l y ,  o r  

- changes  i n  the  a m p l i t u d e  of v i b r a t i o n  when t h e  o b j e c t  i s  "rung" 
p e r i o d i c a l l y  i n  t h e  b e l l  mode. 

S ince  f requency i s  a  b a s i c  p h y s i c a l  parameter  which can  be measured 
v e r y  p r e c i s e l y ,  t h i s  approach i s  used i n  f i v e  i n s t r u m e n t s  t h a t  were 
proposed f o r  t h i s  a p p l i c a t i o n .  

( e )  R a d i a t i o n  

The i n t e n s i t y  of  t h e  gamma-rays t r a n s m i t t e d  th rough  a  f i x e d  t h i c k n e s s  
o f  sample i s  e x p o n e n t i a l l y  dependent  on t h e  d e n s i t y  of the  f l u i d .  The 
a p p l i c a t i o n  of t h i s  p r i n c i p l e  to  t h e  measurement of the  d e n s i t y  of 
H ~ O / D ~ O  m i x t u r e s  was o f f e r e d  by e i g h t  s u p p l i e r s .  

( f )  O t h e r s  

I n  a d d i t i o n  to  t h e  twenty-one d e n s i t y  i n s t r u m e n t s  a l r e a d y  d e s c r i b e d ,  
f o u r  o t h e r  d e v i c e s  which could  be a p p l i e d  t o  heavy water  a n a l y s i s  were 
a l s o  o f f e r e d .  

The speed,  V ,  a t  which sound t r a v e l s  th rough  a  l i q u i d  i s  an  i n h e r e n t  
p h y s i c a l  p r o p e r t y  of t h e  l i q u i d  and i s  dependent  on i t s  d e n s i t y ,  d ,  a s  
f o l l o w s :  V = ( k / d ) *  where k i s  t h e  b u l k  modulus. Thus, a  p r e c i s e  
measurement of t h e  v e l o c i t y  of  sound i n  a  water  sample can be used t o  
a n a l y z e  f o r  heavy water  c o n c e n t r a t i o n  [ 6 ] .  Ins t rumen t s  based on t h i s  
p r i n c i p l e  were o f f e r e d  by two s u p p l i e r s .  



An i n s t r u m e n t  based on n e u t r o n  moderat ion and a  f l u i d i c  d e v i c e  comple te  
t h e  l i s t  of m o n i t o r s  t h a t  were reviewed. 

I n  each c l a s s ,  t h e  i n s t r u m e n t s  were compared i n  d e t a i l  and t h e  one most 
a p p l i c a b l e  t o  heavy water  c o n c e n t r a t i o n  measurements was s e l e c t e d  f o r  
compar i son  wi th  i n s t r u m e n t s  from each  of t h e  o t h e r  c l a s s e s .  The r e s u l t s  of  
t h i s  comparison a r e  summarized i n  Tab le  3. 

For comparison purposes ,  i t  was assumed t h a t  t h e  i n s t r u m e n t s  would be 
r e q u i r e d  t o  o p e r a t e  over  t h e  e n t i r e  range  from 0-100 wt% D20 w i t h  
c o r r e s p o n d i n g  d e n s i t y  ex t remes  of 988.04 kg and 1105.99 kg .m-3. 
To accommodate those  a p p l i c a t i o n s  f o r  which a narrower  span is  a p p r o p r i a t e ,  
c o n s i d e r a t i o n  was g i v e n  t o  the  r e s o l u t i o n  and a c c u r a c y  s p e c i f i e d  f o r  a  
na r rower  span wherever p o s s i b l e .  Appproximate i n s t r u m e n t  c o s t s  have been 
i n c l u d e d  f o r  comparison.  

A s  can  be seen from Table  3 ,  t h e  r e s o l u t i o n  o f f e r e d  by t h e  i n s t r u m e n t s  
based  on v i b r a t i o n  f a r  exceed t h a t  of t h e  o t h e r  d e v i c e s .  However, t h e  p r i c e  
i s  a l s o  c o r r e s p o n d i n g l y  h i g h e r .  

4.  REVIEW OF REFRACTOMETERS 

The r e f r a c t i v e  index  of a  water  sample n o t  o n l y  depends on i t s  
i s o t o p i c  compos i t ion  but  a l s o  on t h e  sample t e m p e r a t u r e  and measurement 
wave leng th  [ 7 ] .  At t h e  sodium wavelength  of  589 nm and a t  a  sample 
t e m p e r a t u r e  of 30°C, t h e  r e f r a c t i v e  i n d i c e s  a r e  a s  f o l l o w s  [ 8 ] ;  

R e f r a c t i v e  index  of H20, n l  = 1.33194, and 
R e f r a c t i v e  index  of D20, n2 = 1.32752. 

For  t h e  c o n c e n t r a t i o n  dependence,  D j u r l e  [ 91 h a s  e s t a b l i s h e d  a  q u a d r a t i c  
r e l a t i o n s h i p  between the  r e f r a c t i v e  index of a n  H 2 0 / ~ * 0  m i x t u r e  and 
t h e  deu te r ium c o n t e n t .  However, t h e  q u a d r a t i c  term is  small and can be 
i g n o r e d  f o r  t h i s  a p p l i c a t i o n .  Consequent ly ,  t h e  r e f r a c t i v e  i n d e x ,  n ,  of  a  
sample  w i t h  deu te r ium a tomic  p e r c e n t a g e ,  p  i s  

Thus,  l i k e  t h e  d e n s i t y  dependence,  t h e  r e l a t i o n s h i p  between t h e  r e f r a c t i v e  
i n d e x  and t h e  c o n c e n t r a t i o n  of H20/D20 m i x t u r e s  i n  t h e  c o n v e n t i o n a l  
u n i t s  of wt% D20 i s  non- l inear  and s i m i l a r  c o n s i d e r a t i o n s  have to  be 
g i v e n  i n  the  s e l e c t i o n  of a  s u i t a b l e  i n s t r u m e n t .  

The wavelength dependence p r e s e n t s  no major i n s t r u m e n t a t i o n  problems 
s i n c e  most s o u r c e s ,  e i t h e r  whi te  l i g h t  o r  monochromatic,  a r e  s u f f i c i e n t l y  
s t a b l e  f o r  t h i s  measurement. However, i t  should be  noted t h a t  the  d i f -  
f e r e n c e  between the  r e f r a c t i v e  index of H z 0  and D20 i n c r e a s e s  wi th  
d e c r e a s i n g  wavelength  ( s e e  F i g .  2 ) .  Thus, improvements i n  r e s o l u t i o n  can  be 
a c h i e v e d  by o p e r a t i n g  a t  s h o r t e r  wavelengths .  

The t empera tu re  dependence of t h e  r e f r a c t i v e  index  of H20/D20 m i x t u r e s  
i s  v e r y  l a r g e  (-3 w t %  D ~ o . ( o c ) - ~ )  and e l i m i n a t e s  d i r e c t  r e f r a c t i v e  index 
measurements a s  a  p r a c t i c a l  a n a l y t i c a l  approach.  On the  o t h e r  hand, t h e  
d i f f e r e n t i a l  r e f r a c t i v e  index has a  t empera tu re  c o e f f i c i e n t  e q u i v a l e n t  
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F I G U R E  2 :  The D i f f e r e n t i a l  R e f r a c t i v e  Index ( n i  - n . )  as a Func t ion  o f  

Sample Temperature f o r  V a r i  ous Fleasurement I l ave l  engths . 



t o  0 .4  w t %  D~O.(~C)-~. T h i s  i s  v i r t u a l l y  independen t  of deuter ium 
c o n t e n t ,  sample t empera tu re  and o p e r a t i n g  wavelength .  There fore  d i f f e r e n -  
t i a l  r e f r a c t o m e t r y  i s  a  p r a c t i c a l  approach and t empera tu re  compensation o r  
sample temperature  c o n t r o l  can be used to  reduce the  e f f e c t s  t o  a c c e p t a b l e  
l i m i t s .  

Fif ty-two p o t e n t i a l  s u p p l i e r s  of r e f r a c t i v e  index measuring i n s t r u -  
ments - re  surveyed. 

From t h e s e  l e t t e r s  o f  e n q u i r y ,  2 1  r e s p o n s e s  were rece ived  l e a d i n g  t o  
1 4  d i f f e r e n t  p roduc t s .  

Although r e f r a c  t o m e t e r s  a r e  normal ly  d i v i d e d  i n t o  f o u r  s c i e n t i f i c  
c l a s s e s :  s p e c t r o m e t e r ,  i n t e r f e r o m e t e r ,  c r i t i c a l  a n g l e  and d i f f e r e n t i a l ;  
a l l  the  ins t ruments  o f f e r e d  f e l l  i n t o  the  l a t t e r  two c a t e g o r i e s .  Thus, f o r  
t h e  purposes  of t h i s  r ev iew,  t h e  i n s t r u m e n t s  t h a t  were o f f e r e d  were c l a s s i -  
f i e d  i n t o  the  f o u r  p r a c t i c a l  c a t e g o r i e s  d e s c r i b e d  below. Once a g a i n ,  a  
wide range  (0-100 wt% D20) a p p l i c a t i o n  was used f o r  comparison purposes  
and t h e  e f f e c t  of  r educ ing  t h e  span by a  f a c t o r  of  t e n  was c o n s i d e r e d .  

( a )  Abbe Ref r a c t o m e t e r  

The minimum a n g l e  of  i n c i d e n c e  whereby a  r a y  i s  t o t a l l y  i n t e r n a l l y  
r e f l e c t e d  is  t h e  parameter  measured i n  a  l a r g e  number of r e f r a c t i v e  
i n d e x  i n s t r u m e n t s .  Of t h e  c r i t i c a l - a n g l e  r e f r a c t o m e t e r s ,  t h e  Abbe 
type  is  by f a r  t h e  most common. Three d i f f e r e n t  manufac tu re r s  o f f e r e d  
this approach.  

( b )  D i ~ ~ i n e  R e f r a c t o m e t e r  

For  p rocess  a p p l i c a t i o n s ,  t h e  d i p p i n g  c r i t i c a l  a n g l e  re f  r a c  tometer  i s  
t h e  most p r a c t i c a l .  In t h i s  i n s t r u m e n t  a  s i n g l e m e a s u r e m e n t  prism 
which p e n e t r a t e s  t h e  p r o c e s s  pipe i s  normal ly  used.  A s  t h e  s t ream 
c o n c e n t r a t i o n  changes ,  t h e  c r i t i c a l  a n g l e  changes  and the  amount of 
l i g h t  r e f l e c t e d  changes  p r o p o r t i o n a l l y .  P r o c e s s  i n s t r u m e n t s  based on 

. t h i s  approach were o f f e r e d  by t h r e e  s u p p l i e r s .  

( c )  D i f f e r e n t i a l  R e f r a c t o m e t e r  

For  a p p l i c a t i o n s  i n  which changes i n  r e f r a c t i v e  i n d e x ,  r a t h e r  than the  
a b s o l u t e  v a l u e ,  a r e  of  prime impor tance ,  d i f f e r e n t i a l  r e f r a c  t o m e t e r s  
a r e  more p r a c t i c a l .  These i n s t r u m e n t s  measure the d i f f e r e n c e  between 
a n g l e s  of r e f r a c t i o n  i n  a  sample and a  r e f e r e n c e  s t a n d a r d .  S u i t a b l e  
i n s t r u m e n t s  employing t h i s  p r i n c i p l e  were o f f e r e d  by f i v e  s u p p l i e r s .  

( d )  Hand R e f r a c t o m e t e r s  

Three  hand r e f r a c t o m e t e r s  were o f f e r e d .  These p o r t a b l e  i n s t r u m e n t s ,  
which a r e  c r i t i c a l - a n g l e  r e f r a c t o m e t e r s  wi th  Abbe-type prism boxes,  
p r o v i d e  r e s o l u t i o n  which i s  comparable w i t h  t h e  more expensive  
l a b o r a t o r y  i n s t r u m e n t s .  - l l though t h e s e  would appear  to  be v e r y  
c o n v e n i e n t  p o r t a b l e  i n s t r u m e n t s ,  w i t h  a n  i n h e r e n t  r e s o l u t i o n  of 2 w t %  D20, 
t h e  e f f e c t  of i m p u r i t i e s  would l i k e l y  add a c o n s i d e r a b l e  e r r o r  t o  the  
r e a d i n g .  Moreover, unsea led  t r i t i a t e d  samples  could  p r e s e n t  a 
r a d i a t i o n  exposure  problem. 



The c a p a b i l i t i e s  of t h e s e  i n s t r u m e n t s  a r e  summarized i n  Tab le  4 .  Of 
t h e  r e f r a c t o m e t e r s  t h a t  were reviewed the d i f f e r e n t i a l  type a r e  o b v i o u s l y  
b e s t  s u i t e d  to  heavy water  a n a l y s i s .  However, t h e y  do not  have the  
p r e c i s i o n  of t h e  v i b r a t i o n a l  d e n s i t o m e t e r s .  

5 .  INSTRUMENT SELECTION 

On t h e  b a s i s  of t h e  comparison of  t h e  s p e c i f i c a t i o n s  of d e n s i t o m e t e r s  
and r e f r a c t o m e t e r s  summarized i n  T a b l e s  3 and 4 ,  t h e  Agar (Model 800)  
v i b r a t i o n a l  d e n s i t y  mete r  was s e l e c t e d  a s  t h e  most s u i t a b l e  i n s t r u m e n t  f o r  
o n - l i n e  heavy water a n a l y s i s  of p rocess  s t r e a m s  i n  CANDU n u c l e a r  r e a c t o r s .  

I n  a d d i t i o n  t o  s e n s i t i v i t y ,  two o t h e r  f a c t o r s  favour  the  use of 
d e n s i t y  measurements over  r e f  r a c  t i v e  index.  

- The tempera tu re  c o e f f i c i e n t  f o r  the  d e n s i t y  measurement i s  a  f a c t o r  
o f  f o u r  s m a l l e r  than f o r  r e f r a c t i v e  index.  

- Although t h e  e f f e c t s  of i m p u r i t i e s  a r e  v e r y  i m p o r t a n t  f o r  b o t h  
measurements,  l a b o r a t o r y  e x p e r i e n c e  shows t h a t  t h e y  a r e  l e s s  
s i g n i f i c a n t  f o r  d e n s i t y  t e c h n i q u e s .  

A s  a  r e s u l t  of  t h i s  s t u d y  an Agar d e n s i t o m e t e r  was procured and 
s u b j e c t e d  t o  l a b o r a t o r y  e v a l u a t i o n  a s  d i s c u s s e d  i n  S e c t i o n  6. 

I n  conduc t ing  t h i s  i n s t r u m e n t  rev iew,  two o t h e r  f a c t o r s  became 
a p p a r e n t .  F i r s t l y ,  s p e c i f i c a t i o n s  w r i t t e n  by m a n u f a c t u r e r s  wi th  one 
a p p l i c a t i o n  i n  mind cannot  a lways be i n t e r p r e t e d  l i t e r a l l y  f o r  .a d i f f e r e n t  
a p p l i c a t i o n .  Secondly,  f o r  i n s t r u m e n t s  of t h i s  type and complex i ty ,  t h e  
p r o c e s s  models a r e  a lmost  twice  t h e  c o s t  of comparable l a b o r a t o r y  models.  

S e v e r a l  of the  p r o d u c t s  o f f e r e d  were l a b o r a t o r y  i n s t r u m e n t s  and no t  
s u i t a b l e  f o r  p rocess  moni to r ing .  However, l a b o r a t o r y  a n a l y s e s  a r e  import- 
a n t  a t  power r e a c t o r s ,  so  t h e s e  i n s t r u m e n t s  e r e  inc luded  i n  the  review f o r  
c o m p l e t e n e s s .  

Because of t h e  i n h e r e n t  advan tages  of us ing  d e n s i t y  r a t h e r  than 
r e f r a c t i v e  index  measurements t o  de te rmine  D20 c o n c e n t r a t i o n ,  t h e  Anton 
P a a r  d e n s i t o m e t e r s  a r e  t h e  most s u i t a b l e  f o r  l a b o r a t o r y  a n a l y s e s  i n  the  
i n t e r m e d i a t e  c o n c e n t r a t i o n  range .  These a r e  v i b r a t i o n -  type d e n s i t y  m e t e r s  
[ l o ]  w i t h  one model (DM-60/601) having s i x - p l a c e  p r e c i s i o n  and a  quoted 
a c c u r a c y  of f0.0015 w t %  D20. However, t o  a c h i e v e  t h i s ,  a n  e x t e r n a l  
sample  t e m p e r a t u r e  c o n t r o l l e r  i s  r e q u i r e d  t o  m a i n t a i n  the  measurement c e l l  
t o  w i t h i n  - +O.Ol°C. For l e s s  demanding a p p l i c a t i o n s  o t h e r  models a r e  
a v a i l a b l e .  

It should be noted t h a t  t h e  accuracy  and r e s o l u t i o n  of l a b o r a t o r y  
i n s t r u m e n t s  a r e  normal ly  comparable ,  because  f r e q u e n t  c a l i b r a t i o n  i s  pos- 
s i b l e .  By comparison,  t h e  a c c u r a c y  of a  p r o c e s s  i n s t r u m e n t  i s  t y p i c a l l y  
t e n  t i m e s  poorer  than the  r e s o l u t i o n  due t o  env i ronmenta l  e f f e c t s ,  i n s t r u -  
ment d r i f t ,  and u n r e l i a b l e  sample q u a l i t y .  Th i s  i s  t h e  most impor tan t  
c o n s i d e r a t i o n  which p r e c l u d e s  t h e  p o s s i b i l i t y  of  modifying l a b o r a t o r y  
i n s t r u m e n t s  f o r  f i e l d  use .  
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It should a l s o  be noted t h a t  a  two column manometer-type D20 a n a l y z e r  
ha s  been developed a t  CRNL and i s  c u r r e n t l y  i n  use i n  the l a b o r a t o r i e s  a t  
s e v e r a l  r e a c t o r  s i t e s .  Although i t  i s  not  a  process  moni tor ,  i t  i s  inexpen- 
s i v e  and can be used whenever D20 a n a l y s i s  t o  - +1 w t %  D20 i s  r equ i r ed .  

6. RESULTS FROM THE LABORATORY EVALUATION 

The Agar dens i tometer  t h a t  was purchased cons i s t ed  of two major com- 
ponen t s ,  a Model FD881ABSTV d e n s i t y  t ransducer  and a  Model HC900 e l e c t r o n i c  
conve r s ion  u n i t .  These p a r t i c u l a r  u n i t s  = r e  s e l e c t e d  s i n c e  they o f f e r  key 
f e a t u r e s ,  as descr ibed  below, t h a t  make them p a r t i c u l a r l y  s u i t a b l e  f o r  heavy 
water a n a l y s i s .  

The Agar t r ansduce r ,  shown i n  the  photograph i n  F ig .  3 ,  ma in t a in s  a 
t h i n  walled s t a i n l e s s  s t e e l  tube i n  t r ansve r se  o s c i l l a t i o n  by an e l e c t r o -  
magnet ic  d r i v i n g  f i e l d .  The tube o s c i l l a t e s  a t  i t s  resonant  f requency,  
t h i s  being dependent on the d e n s i t y  of the f l u i d  flowing through the  tube .  
To coun te rba l ance  the o s c i l l a t i o n s ,  the  sample flows i n  s e r i e s  through two 
o t h e r  tubes  which a r e  mechanica l ly  mounted i n  p a r a l l e l  wi th  the  sens ing  
e lement  [ l l ] ,  a s  shown i n  Fig.  4. 

The l i q u i d  pa th  th rough  the  sensor  i s  a  clear passage conta in ing  no 
o b s t r u c t i o n s ,  and no removable o r  moving parts. The p re s su re  drop i s  
e q u i v a l e n t  t o  1 .4  m of 19 rnm diameter  smooth bore  pipe with  two 180' bends.  
The p o r t s  a r e  designed to  be s e l f  purging and o f f e r  cons ide rab l e  immunity 
t o  the  accummulation of d e p o s i t s .  

The sens ing  assembly i s  connected to the  suppor t ing  framework and t he  
coup l ing  f l a n g e s  by i s o l a t i n g  bellows thus  reducing the e f f e c t s  of v ibra -  
t i o n .  The e n t i r e  assembly i s  mounted i n s i d e  a  s ea l ed  c y l i n d r i c a l  case  
p rov id ing  p r o t e c t i o n  a g a i n s t  d u s t  and mois ture .  

The ins t rument  was suppl ied  w i th  a  three-wire  platinum r e s i s t a n c e  
thermometer (100 ) whose primary f u n c t i o n  was to  provide a  s i g n a l  f o r  
t r a n s d u c e r  temperature  compensation. However, t h i s  s i g n a l  i s  a l s o  used to  
c o n v e r t  the  measured d e n s i t y  t o  the  requi red  concen t r a t i on  u n i t s .  

The s tandard  t r ansduce r  has  been mechanica l ly  designed to  ope ra t e  w i th  
sample p r e s su re s  up t o  8000 kPa and sample tempera tures  i n  the  range from 
-30°C t o  +200°C. The u n i t  p rov ides  a  f requency modulated output  s i g n a l  
which can be r e l a t e d  t o  the f l u i d  d e n s i t y .  For t h i s  a p p l i c a t i o n ,  the  
s e n s i t i v i t y  i s  approximate ly  2.7  kg/m3 per  microsecond change i n  period- 
i c  t ime. 

The microprocessor  based e l e c t r o n i c  u n i t ,  shown i n  Fig.  5 ,  was 
des igned  and programmed t o  perform th r ee  major f u n c t i o n s ,  v i z :  

- t he  convers ion  of the period measured by the  t ransducer  to sample 
d e n s i t y  i n  the a p p r o p r i a t e  eng ineer ing  u n i t s  ( kg/m3) ; 

- t he  subsequent c a l c u l a t i o n  of the  heavy water concen t r a t i on  i n  
w t %  D20; and 

- ou tpu t  d i s p l a y s  and a la rms  f o r  the primary f u n c t i o n s .  



FIGURE 3 :  PHOTOGRAPH OF AGAR MODEL FD 881 ABSTV 
DENSITY TRANSMITTER 

HOUSING 

FIGURE 4: SCHELWTIC DIAGRAM OF AGAR DENSITY TRANSDUCER 



FIGURE 5: PHOTOGRAPH OF FRONT PANEL OF ELECTROI\:IC 
CONVERSION UNIT 



When operated i n  the narrow range requi red  f o r  heavy water a n a l y s i s  
(approximate ly  1000-1100 kg/m3), t he  t ransducer  e x h i b i t s  a  l a r g e  
v a r i a t i o n  of measured per iod with  sample temperature  ( s e e  Fig.  6 ) .  This  
v a r i a t i o n  i s  much l a r g e r  than the change i n  sample d e n s i t y  a s  shown by t he  
d a t a  p o i n t s  on the same f i g u r e ,  and confirms t h a t  t ransducer  temperature  
compensation i s  e s s e n t i a l .  The l a b o r a t o r y  t e s t s  confirmed t h a t  l i n e a r  
compensation f o r  the e f f e c t  of temperature  on t he  ins t ruments  accuracy  f o r  
d e n s i t y  de t e rmina t i ons  i s  adequate  . 

The e f f e c t  of sample p r e s s u r e  on the measured per iod was a l s o  de t e r -  
mined t o  be l i n e a r  f o r  p r e s s u r e s  above 35 kPa (gauge) .  However, t he  
measured pressure  c o e f f i c i e n t  i s  smal l .  Conse-quently, dynamic compensation 
f o r  sample p r e s su re  v a r i a t i o n s  i s  no t  cons idered  neces sa ry ,  thus  
e l i m i n a t i n g  the need f o r  an e l e c t r o n i c  p r e s su re  sensor  i n  r o u t i n e  
a p p l i c a t i o n s .  

For sample p r e s su re s  below 35 kPa (gauge)  , s l i g h t  non-linear behaviour 
was observed i n  some i n s t a n c e s  p a r t i c u l a r l y  a t  e l e v a t e d  temperatures .  This  
h a s  been a t t r i b u t e d  t o  sample e f f e rvescence  i n  the  v i c i n i t y  of t he  v i b r a t -  
i ng  element.  Consequently,  o p e r a t i o n  wi th  sample p r e s s u r e s  g r e a t e r  than  
70 kPa (gauge)  i s  recommended. 

The c a l c u l a t i o n a l  c a p a b i l i t i e s  of t he  e l e c t r o n i c  u n i t  a r e  used 
e f f e c t i v e l y  i n  conve r t i ng  t he  measured sample d e n s i t y  and temperature  to  
heavy water c o n c e n t r a t i o n  i n  the  requi red  engineer ing  u n i t s  (wt% D20). 
This i s  accomplished by t ak ing  i n t o  account bo th  t he  non - l i nea r i t y  d i s -  
cussed  i n  Sec t i on  3 and the f a c t  t h a t  the c o n c e n t r a t i o n  is  a  complex 
f u n c t i o n  of d e n s i t y  and tempera ture  a s  descr ibed  by Table 2. 

The manufacturer  conver ted  the t abu l a t ed  d e n s i t y  d a t a  of Table 2  t o  
t h e  format s u i t a b l e  f o r  s t o r a g e  i n  the microprocessor  memory, The 
e l e c t r o n i c  u n i t  was programmed to  perform l i n e a r  i n t e r p o l a t i o n s  between the 
t a b u l a t e d  parameters  f o r  d e n s i t y  and temperature  to determine the value of 
t h e  heavy water c o n c e n t r a t i o n .  

S ince  cons ide rab l e  c a r e  is  taken i n  de te rmin ing  a  p r ec i s e  va lue  of the  
a b s o l u t e  d e n s i t y ,  t he  use of a look-up t a b l e  i s  a  s a t i s f a c t o r y  approach t o  
de te rmin ing  the heavy water concen t r a t i on .  This  f e a t u r e  i s  unique i n  the  
i n s t rumen t s  t h a t  were reviewed and cons ide rab ly  s i m p l i f i e s  t he  a p p l i c a t i o n  
o f  d e n s i t y  measurements t o  heavy water a n a l y s i s  by e l i m i n a t i n g  the need f o r  
p r e c i s e  sample tempera ture  c o n t r o l .  

The performance of t he  ins t rument  was measured on a  l a b o r a t o r y  t e s t  
l oop  which was capable  of s imu la t i ng  a  wide range of ope ra t i ng  cond i t i ons .  
These t e s t s  were aimed a t  a s s e s s i n g  the fundamental l i m i t s  of t he  i n s t r u -  
ments performance when i t  i s  opera ted  i n  an i nd .u s t r i a1  environment. The 
r e s u l t s  a r e  descr ibed  under the  fol lowing headings.  

( )  Resolu t ion  

The inst rument  r e s o l u t i o n  was determined to be 0.02 w t %  D20 con- 
f i rming  the manufacturer '  s s p e c i f i c a t i o n s .  The f a c t o r  l i m i t i n g  the 
r e s o l u t i o n  was found to be the temperature  measuring c i r c u i t  . However, 
wi thout  corresponding improvements t o  the accuracy ,  f u r t h e r  irnprovernents to  
t he  r e s o l u t i o n  a r e  not  cons idered  necessary .  





( i i )  Accuracy 

The major l i m i t a t i o n  on the  accuracy  of t h e  i n s t r u m e n t  was the  a b i l i t y  
o f  t h e  c a l i b r a t i o n  a l g o r i t h m  t o  f i t  the e x p e r i m e n t a l  d a t a .  The t e s t  d a t a  
conf i rmed t h a t  a c c u r a c i e s  of 9.1 w t %  D20 a r e  a c h i e v a b l e .  However, t h e  
c a l i b r a t i o n  is  not  c o n s i d e r e d  amenable t o  f i e l d  a d j u s t m e n t  . 

The i n s t r u m e n t  was programmed by t h e  m a n u f a c t u r e r  wi th  t h r e e  para- 
meters f o r  the  c a l i b r a t i o n  a l g o r i t h m .  The e l e c t r o n i c  u n i t  computes t h e  
d e n s i t y  from a n  a l g o r i t h m  which h a s  a p h y s i c a l  b a s i s  b u t  which i s  n o t  s u i t -  
a b l e  f o r  s imple  a d j u s t m e n t  by a n  o p e r a t o r .  

Each of t h e  pa ramete rs  a r e  i n t e r r e l a t e d  i n  such  a  way t h a t  e a c h  c a l i -  
b r a t i o n  produces an e n t i r e l y  new set of v a l u e s .  It would have been f a r  
s i m p l e r  t o  l i n e a r i z e  the  c a l i b r a t i o n  curve  and t h e n  p rov ide  the o p e r a t o r  
w i t h  s imple  ze ro  and span a d j u s t m e n t s  t o  s c a l e  t h e  o u t p u t  t o  the  d e s i r e d  
v a l u e s .  Th i s  would reduce  t h e  number of  c a l i b r a t i o n  samples r e q u i r e d  from 
f o u r  t o  two and p rov ide  s i m p l e  ad jus tments .  

( i i i )  D r i f t  

Opera t ing  the  i n s t r u m e n t  under s t a b l e  sample and env i ronmenta l  con- 
d i t i o n s ,  t h e  c a l i b r a t i o n  was moni tored c o n t i n u o u s l y  f o r  7 1  days.  During 
t h i s  pe r iod  the  c a l i b r a t i o n  d r i f t e d  by l e s s  than  0.01 w t %  D20 p e r  day. 
T h i s  i s  t o  be compared w i t h  t h e  m a n u f a c t u r e r ' s  quoted v a l u e  of 0.003 w t %  
D 2 0  pe r  day. Although h i g h e r  than expec ted ,  t h e  i n s t r u m e n t  i s  suf-  
f i c i e n t l y  s t a b l e ,  t h a t  d e t a i l e d  r e c a l i b r a t i o n  e v e r y  two months w i l l  be 
a d e q u a t e ,  w i t h  a  weekly s i n g l e  p o i n t  c a l i b r a t i o n  check  a l s o  being recom- 
mended. 

( i v )  Response Time 

With t h e  t e s t  l o o p  t h a t  was used,  i t  was n o t  p o s s i b l e  to a c c u r a t e l y  
measure  t h e  t r a n s d u c e r ' s  r e s p o n s e  time t o  s t e p  changes  i n  d e n s i t y .  The 
l i q u i d  hold-up volume and subsequen t  mixing of t h e  samples l i m i t e d  t h i s  
measurement t o  conf i rming  that t h e  response t i m e  i s  l e s s  t h a n  5 minu tes  
' i ndependen t  of d i r e c t i o n  o f  t h e  change.  S ince  t h e  measurement i s  based on 
a per iod  measurement, t h e r e  i s  no reason  t o  s u s p e c t  that t h e  m a n u f a c t u r e r ' s  
quoted response time of m i l l i s e c o n d s  cannot  be a c h i e v e d ,  

( v )  V a r i a t i o n  of O p e r a t i n g  Paramete rs  

The sample f low,  t e m p e r a t u r e  and p r e s s u r e  were each  v a r i e d  i n  t u r n  
w h i l e  t h e  o t h e r  two o p e r a t i n g  paramete rs  were he ld  c o n s t a n t .  The depend- 
ence  of t h e  i n s t r u m e n t  o u t p u t  on the  v a r i a t i o n  of  t h e s e  parameters  was 
de te rmined  t o  be s u f f i c i e n t l y  smal l  t o  permit  t h e  i n s t r u m e n t  t o  be used i n  
a  power r e a c t o r  environment wi thou t  s e r i o u s  r e s t r  i c  t i o n s  on the  t o l e r a n c e s  
r e q u i r e d  f o r  o p e r a t o r  a d j u s t m e n t s  ( s e e  Tab le  5 ) .  The s i n g l e  environmental  
parameter  f o r  which d e t a i l e d  performance measurements were made was ambient 
t e m p e r a t u r e .  The o u t p u t  dependency was determined t o  be +0.005 wt%D20 ( o c ) - ~ .  
T h i s  v e r y  low v a l u e  c o n f i r m s  t h e  adequacy of  t h e  t empera tu re  compensation 
and the  s u i t a b i l i t y  of t h e  i n s t r u m e n t  f o r  use i n  an i n d u s t r i a l  environment.  



TABLE 5 
VARIATION OF OPERATING PARAMETERS 

Parameter  Range Output C o e f f i c i e n t  

Sample Flow 0.5 ~ . r n i n - l  0.004% D 0.L-{min 2  

Sample Temperature 10-45°C -0.035% D ~ O . ( " C ) - ~  

Sample P re s su re  

( v i i )  E f f e c t s  of Sample P u r i t y  

Any impur i t y  i n  the water can cause a change i n  d e n s i t y  which w i l l  
r e g i s t e r  a s  a  change i n  D20 concen t r a t i on .  The d e n s i t y  change w i l l  
depend on the  d e n s i t y  of t h e  impur i t y  and i t s  c o n c e n t r a t i o n ,  and f o r  t h i s  
r e a s o n  can be r e a d i l y  p r e d i c t e d ,  

Although each a p p l i c a t i o n  must be cons idered  i n  d e t a i l ,  the  e f f e c t s  of 
sample p u r i t y  a r e  no t  cons idered  t o  be insurmountable .  Normal f i l t e r i n g  
and degass ing  procedures  w i l l  e l i m i n a t e  the  major problems to  be expected 
from p a r t i c u l a t e s .  Moreover, t h e  normal c o n c e n t r a t i o n s  of d i s so lved  s o l i d s  
used f o r  chemical c o n t r o l  of t h e  process  systems a r e  s u f f i c i e n t l y  low t h a t  
v a r i a t i o n s  i n  the  ou tpu t  w i l l  be l e s s  than 0.1 w t %  D20. This  i s  w e l l  
w i t h i n  t he  accuracy t o l e r a n c e  . 

On the  b a s i s  of t h i s  l a b o r a t o r y  t e s t  program i t  i s  t h e r e f o r e  concluded 
t h a t  t he  Agar dens i tometer  is  wel l  s u i t e d  to  moni tor ing those process  
s t r e a m s  t h a t  r e q u i r e  heavy water ana ly se s  wi th  an  accuracy  of - +0.5 w t %  D20. 

7. CONCLUSION 

The review of t he  heavy water a n a l y t i c a l  requ i rements  f o r  Canadian 
power r e a c t o r s  ha s  concluded t h a t  t he  processes  f o r  which on-l ine ana ly se s  
are  e s s e n t i a l  a r e  those capab l e  of heavy water l eakage  to  the  environment 
and those  whose c o n c e n t r a t i o n  a r e  used f o r  p rocess  c o n t r o l .  Al l  these  
sys tems  r e q u i r e  a n a l y s e s  t o  an accuracy b e t t e r  than +_0.01 w t %  D20 which 
exceeds  t h e  c a p a b i l i t i e s  o f  d e n s i t y  and r e f r a c t i v e  index monitors .  A l l  
o t h e r  p rocesses  a r e  of secondary importance and i n d i v i d u a l  s t a t i o n  
p r e f e r e n c e s  w i l l  de te rmine  whether on- l ine  a n a l y s i s  is  requi red  f o r  heavy 
wate r  management o r  o p e r a t i o n a l  reasons .  

The survey of commercial r e f r a c t i v e  index and d e n s i t y  ins t ruments  
r e s u l t e d  i n  39 d i f f e r e n t  p roduc ts  being reviewed i n  d e t a i l .  From t h e s e ,  
t h e  Agar (Model FD800) v i b r a t i o n a l  dens i tometer  was s e l e c t e d  a s  t h e  most 
s e n s i t i v e  ins t rument  f o r  wide range heavy water a n a l y s i s .  

The e v a l u a t i o n  test program e s t a b l i s h e d  t h a t  t he  unique computat ional  
c a p a b i l i t i e s  of t he  Agar dens i tometer  a l low i t  t o  be c a l i b r a t e d  i n  the  
r e q u i r e d  concen t r a t i on  u n i t s  wi th  a  r e s o l u t i o n  of 0.02 w t %  D20 and an 
accu racy  of +0.5 wt% D20 f o r  a  wide range of o p e r a t i n g  and sample con- 
d i t i o n s .  Consequently,  i t  i s  recommended t h a t  t h i s  ins t rument  be inc luded  
i n  the  l i s t  of p o t e n t i a l  moni tors  a v a i l a b l e  t o  system des igne r s  and p l a n t  
o p e r a t o r s .  
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