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ABSTRACT 

The c o n c e p t u a l l y  c o r r e c t  way of h a n d l i n g  t h e  r e a d i n g s  o f  f a i l e d  d e t e c t o r s  i n  
f l u x  mapping i s  t o  e x c l u d e  them from t h e  numer ica l  p r o c e d u r e .  

An automated way t o  e x c l u d e  such i r r a t i o n a l  r e a d i n g s  i s  implemented i n  t h e  
o f f - l i n e  v e r s i o n  of t h e  flux-mapping program. I ts  performance is i l l u s t r a t e d  
b y  means of tests w i t h  v a r i o u s  numbers of  i r r a t i o n a l  r e a d i n g s .  

R e s u l t s  demons t ra t e  t h a t  t h e  proposed method c a n  c r e d i b l y  r e p l a c e  t h e  e x i s t i n g  
approx imate  p r o c e d u r e  i n  t h e  on- l ine  program v e r s i o n  a s  w e l l ,  i f  a  modern-day 
computer  i s  used.  

INTRODUCTION 

Backqround 

F l u x  mapping i s  a well-known p rocedure  f o r  s y n t h e s i z i n g  a th ree -d imens iona l  
f l u x  d i s t r i b u t i o n  i n s i d e  t h e  r e a c t o r  c o r e  by expans ion  i n  a set of 
p r e d e t e r m i n e d  f l u x  shapes  ("modes") ,  u s i n g  t h e  r e a d i n g s  of  in-core  vanadium 
d e t e c t o r s  a s  d a t a .  The ampl i tudes  of t h e  v a r i o u s  modes used i n  t h e  expans ion  
a r e  de te rmined  by a l e a s t - s q u a r e s  f i t  of t h e  s y n t h e s i z e d  f l u x  t o  t h e  d e t e c t o r  
r e a d i n g s .  

P r e s e n t  Work 

The p r e s e n t  work e x t e n d s  t h e  c a p a b i l i t y  of  t h e  o f f - l i n e  flux-mapping program 
t o  c o r r e c t l y  e x c l u d e  t h e  r e a d i n g s  o f  f a i l e d  d e t e c t o r s  from t h e  numer ica l  
p r o c e d u r e ,  and compares r e s u l t s  o b t a i n e d  wi th  t h e  e x c l u s i o n  method from t h o s e  
o b t a i n e d  wi th  t h e  e x i s t i n g  approximate  s u b s t i t u t i o n  method. 

NUMERICAL BASIS OF FLUX MAPPING 

Modal Expansion 

Assume t h a t  t h e  t h e r m a l  f l u x  a t  any p o i n t  y* i n  t h e  c o r e ,  <b(r) , can  be  

e x p r e s s e d  a s  a l i n e a r  combinat ion  of p r e - c a l c u l a t e d  f l u x  modes qn(f) : 



where N is  t h e  t o t a l  number of modes used and A,, i s  t h e  ampli tude of t h e  n t h  
mode. 

The flux-mapping procedure  determines  t h e  mode ampl i tudes  from t h e  r ead ings  of 
in -core  d e t e c t o r s ,  and t hen  uses  Equation (1) t o  c a l c u l a t e  t h e  t h r ee -  - 
dimens iona l  f l u x  d i s t r i b u t i o n  i n  t h e  co r e .  The a l g o r i t h m  i s  d e s c r i b e d  below. 

Suppose t h e r e  a r e  D in-core  d e t e c t o r s  a t  p o s i t i o n s  l a b e l l e d  5 , d-1, ..., D. 

Wri t i ng  Equation (1) f o r  t h e  s p e c i a l  c a se  of t h e s e  d e t e c t o r s ,  

The v a l u e s  @(G , c a l c u l a t e d  from Equation ( 2 )  once t h e  mode ampli tudes  a r e  

known, a r e  c a l l e d  t h e  mapped d e t e c t o r  f l u x e s .  

Equat ion ( 2 )  can be r e w r i t t e n  i n  t h e  form: 

where 

and Mh = 

I n  t u r n ,  Equation ( 3 )  can be w r i t t e n  i n  ma t r i x  form: 

+MA 

i s  t h e  N x l  v e c t o r  of ampli tudes ,  



i s  t h e  Dxl v e c t o r  o f  mapped d e t e c t o r  f l u x e s ,  and 

i s  t h e  DxN m a t r i x  of  mode v a l u e s  a t  t h e  d e t e c t o r  p o s i t i o n s .  

S o l v i n q  f o r  t h e  Mode Amplitudes 

The d e t e c t o r  f l u x e s  a t  some p a r t i c u l a r  t i m e  a r e  assumed known from s i t e  
measurements .  The measurements ( r e a d i n g s )  a r e  e s s e n t i a l l y  e l e c t r i c  c u r r e n t s  
g e n e r a t e d  by t h e  in -core  d e t e c t o r s ,  and depend on t h e  f l u x  a t  t h e  d e t e c t o r s  
a n d  on t h e  d e t e c t o r  s e n s i t i v i t y . .  The r e a d i n g s  a r e  c o n v e r t e d  t o  f l u x e s  by 
d i v i d i n g  by t h e  d e t e c t o r  s e n s i t i v i t y  f a c t o r s  :- 

ad 

i s  t h e  r e a d i n g  f o r  d e t e c t o r  d 

i s  t h e  i n v e r s e  s e n s i t i v i t y  of d 

where 

e t e c t  

a n d  i s  t h e  d e r i v e d  "measured f l u x "  ( a l s o  sometimes c a l l e d  t h e  
' c a l i b r a t e d  f l u x "  f o r  d e t e c t o r  d .  

The measured f l u x e s  a r e  d e n o t e d  c o l l e c t i v e l y  by t h e  D x l  v e c t o r :  

The aim of  f l u x  mapping is t o  de te rmine  t h e  a m p l i t u d e s  An t o  o b t a i n  t h e  b e s t  

f i t  o f  t h e  mapped f l u x e s  t o  t h e  measured f l u x e s  Fd. 

G e n e r a l l y ,  t h e r e  a r e  many more d e t e c t o r s  t h a n  modes, i - e . ,  D > N. For  
example,  i n  t h e  CANDU 6 t h e r e  a r e  102 in-core  d e t e c t o r s ,  i . e . ,  D=102, and  t h e  

* I n  f a c t ,  t h e  d e t e c t o r  l e a d  c a b l e  a l s o  c o n t r i b u t e s  t o  t h e  c u r r e n t ,  and  must 
be  t a k e n  i n t o  a c c o u n t .  T h i s  does  n o t  change t h e  p rocedure  d e s c r i b e d  h e r e  
i n  a m a t e r i a l  way. 



number of modes used in the flux-mapping expansion, N, ranges between 15 and 
28. 

Since it is impossible (in general) to obtain a perfect fit to D detector 
fluxes using a smaller number N of unknowns An, the flux-mapping method 

obtains a least-squares fit of the mapped fluxes 4, to the measured fluxes 

Define a weighted sum of squares of differences between the mapped and 
measured fluxes: 

where the w,, are selected weight values. 

Using Equation (3) for the mapped fluxes, the sum of squares is written as a 
function of the mode amplitudes: 

The sum of squares is minimized, i.e., a least-squares fit is achieved, by 
imposing the condition for an extremum, i-e., 

Using Equation (13), this condition can be written: 

which can again be rewritten 

Using the Dxl vector of weights 



and its 1xD transpose 

as well as the transpose tf of M, Equation (16) can be cast in matrix form: 

Inverting this equation, the amplitude vector is obtained as 

A = H-F ( 2 0 )  

where the NxD "pseudo-inverse" matrix H is given by: 

Once the modes-at-detectors matrix M has been computed and the weight vector 
ff has been chosen, the matrix H can be calculated by inversion (i-e., 
Equation (21)), and the amplitudes An can be determined by a simple matrix 
multiplication. Equation (20) . 

Equation (1) can then be used to calculate the full three-dimensional flux 
distribution in the core, and Equation (2) or (3) provides the mapped detector 
fluxes. 

An important by-product of the calculation is the zone-flux distribution. The 
reactor core is subdivided into a number of control zones (14 in the CANDU 6). 
The average values of mapped flux in the 14 zones are used by the regulating 
system to control the light-water fills in the zone-control compartments. It 
is therefore particularly important that the flux mapping reproduce zone 
fluxes accurately, i.e., to better than 0.5 to 1.0%, or about 1 MW (in round 
numbers) in equivalent power units. 

FLUX MAPPING WITH FAILED DETECTORS 

Occasionally, the in-core flux-mapping detectors fail or "go irrational". 
Detectors are deemed to have failed according to two distinct criteria: 

the measured readings are a priori identified as irrational - that is, 
they fall outside a reasonable range of values, or 

after the flux map has been calculated, the difference between the 
mapped and measured fluxes is found to be too large (typically, greater 
than 15% of the fundamental mode amplitude). 

When irrational detectors have been identified, the conceptually correct way 
of treating them is to consider them as unreliable data, and exclude them from 
the numerical procedure to calculate the amplitudes. 



E x i s t i n q  ( S u b s t i t u t i o n )  Procedure f o r  Handlinq F a i l e d  De t ec to r s  

The p r e sen t  v e r s i o n  of t h e  flux-mapping program i n s t e a d  handles  i r r a t i o n a l  
d e t e c t o r s  by s u b s t i t u t i n g  f o r  t h e  cor responding  f l u x e s  bes t -es t imate  v a l u e s .  
Th i s  s u b s t i t u t i o n  method a l lows  i r r a t i o n a l  d e t e c t o r s  t o  be kept  i n  t h e  l e a s t -  
s q u a r e s  sum of Equat ion (15) wi thout  i n v a l i d a t i n g  t h e  procedure .  The be s t -  
e s t i m a t e  d e t e c t o r  f l u x e s  can,  f o r  i n s t ance ,  be  computed a t  f i r s t  from t h e  
fundamental  mode used i n  t h e  mapping. Subsequent ly ,  once t h e  f i r s t  f l u x  map 
ha s  been ob ta ined ,  t h e  be s t - e s t ima t e  f l u x e s  can be  t aken  a s  t h e  mapped 
d e t e c t o r  f l u x e s .  

I n  t h e  framework of t h i s  s u b s t i t u t i o n  method, t h e  f l u x  mapping i s  r epea t ed  
i t e r a t i v e l y .  A t  each pa s s ,  i r r a t i o n a l  d e t e c t o r  r e ad ings  a r e  r ep l aced  a s  
exp l a ined  above, u n t i l  no new i r r a t i o n a l i t i e s  a r e  i d e n t i f i e d .  A weakness t h a t  
remains,  however, i s  t h a t  t h e r e  is  no check on t h e  convergence of t h e  mapped 
f l u x e s  be fo r e  t h e  i t e r a t i o n s  a r e  s topped.  Thus, t h e  p roce s s  can end wi th  non- 
converged mapped va lue s  of f l u x .  

N e w  (Exclusion)  Procedure  f o r  Handlinq F a i l e d  D e t e c t o r s  

While it is p ra  
approximat ion,  

c t i c a  
s u b s t  

t h e  s 
u t  i n g  

u b s t i t u t i o n  method d e s c r i b e d  above i s  
c a l c u l a t e d  va lue s  f o r  measured va lue s  

c l e a r l y  an 

A s  s t a t e d  e a r l i e r ,  once a d e t e c t o r  has  been e s t a b l i s h e d  a s  i r r a t i o n a l ,  i t  
should,  a s  a m a t t e r  of p r i n c i p l e ,  simply be  dropped from t h e  flux-mapping 
p roce s s .  That is ,  t h i s  d e t e c t o r  should  be t aken  o u t  of t h e  l e a s t - squa re s  sum. 
I n  t h i s  way, no "bes t -es t imate"  va lue  can skew t h e  r e s u l t s .  

Excluding f a i l e d  d e t e c t o r s  from t h e  l e a s t - squa re  sum, however, has  s o  f a r  been 
imposs ib le  i n  t h e  on- l ine  ve r s i on  of t h e  flux-mapping program. The reason f o r  
t h i s  i s  t h a t  t h e  on- l ine  program uses  a p r e c a l c u l a t e d  "pseudo-inverse" 
m a t r i x  H t o  produce t h e  l e a s t - squa re s  f i t .  The dimensions of t h i s  ma t r i x  a r e  
p r e s e t  and cannot be  changed t o  accommodate va ry ing  numbers of d e t e c t o r s .  

The r e s t r i c t i o n s  i n d i c a t e d  i n  t h e  p rev ious  paragraph do no t ,  however, app ly  t o  
t h e  o f f - l i n e  v e r s i o n  of t h e  flux-mapping program. I n  t h e  p r e sen t  work, t h i s  
has  been used t o  advantage t o  re-program t h e  p r o c e s s .  I n  t h e  ve r s i on  
developed here ,  f a i l e d  d e t e c t o r s  a r e  excluded from t h e  mapping, and t h e  
ma t r i c e s  a r e  reduced t o  a dimension equa l  t o  t h e  number of "good1' (non- 
i r r a t i o n a l )  d e t e c t o r s .  

The s p e c i a l  handl ing  of f a i l e d  d e t e c t o r s  i s  comple te ly  automated s o  t h a t  t h e  
program u s e r  need no t  i n t e r v e n e  by "manually" removing read ings  of t h e  f a i l e d  
d e t e c t o r s  from t h e  d a t a  set .  De t ec to r s  a r e  re -ordered  i n t e r n a l l y  s o  t h a t  t h e  
v a l i d  d e t e c t o r  r e ad ings  form a cont iguous set, p e r m i t t i n g  an e f f i c i e n t  way of 
c a l c u l a t i n g  t h e  new npseudo-inverse" ma t r i x  H f o r  t h e  reduced set .  The 
d e t e c t o r  re-order ing i s  t hen  "unfolded".  The mapped f l u x e s  a t  t h e  i r r a t i o n a l  
d e t e c t o r s  a r e  s t i l l  gene ra t ed  f o r  in format ion  purposes ,  a l though t h e y  do no t  
e n t e r  i n t o  t h e  l e a s t - squa re s  p rocess .  

With t h i s  exc lu s ion  method, i t e r a t i v e  pa s se s  a r e  a g a i n  performed whenever t h e  
f l u x  mapping uncovers new i r r a t i o n a l  d e t e c t o r s  ( th rough  l a r g e  d i f f e r e n c e s  
between mapped and measured f l u x e s ) .  However, when new i r r a t i o n a l i t i e s  a r e  no 
l onge r  p r e sen t ,  t h e  mapped f l u x e s  a r e  a u t o m a t i c a l l y  converged, i n  c o n t r a s t  t o  
t h e  s u b s t i t u t i o n  method. 

RESULTS 

A t y p i c a l  CANDU-6 flux-mapping c a l c u l a t i o n  i s  i n v e s t i g a t e d .  A s  mentioned 



e a r l i e r ,  i n  t h e  CANDU 6 r e a c t o r  t h e r e  a r e  102 f lux-mapping d e t e c t o r s .  I n  
normal  o p e r a t i o n ,  w i t h  r e a c t i v i t y  d e v i c e s  i n  t h e i r  nominal  p o s i t i o n  ( i . e . ,  
a d j u s t e r s  i n  c o r e ,  mechan ica l  c o n t r o l  a b s o r b e r s  o u t  o f  c o r e ) ,  a  set o f  1 5  
f lux-mapping modes, l i s t e d  i n  Tab le  1, i s  used .  

The s t u d y  began w i t h  a  t y p i c a l  set of d e t e c t o r  r e a d i n g s ,  w i t h  no i r r a t i o n a l  
d e t e c t o r s .  The f l u x  mapping i n  t h i s  s i t u a t i o n  p r o v i d e d  a  good f i t  t o  t h e  
d e t e c t o r  f l u x e s  ( s t a n d a r d  d e v i a t i o n  of d i f f e r e n c e s  between mapped and  measured 
f l u x e s  = 2 . 8 1 % )  . 
To i n v e s t i g a t e  t h e  e f f e c t  o f  f a i l e d  d e t e c t o r s ,  a  p r o g r e s s i v e l y  g r e a t e r  number 
o f  d e t e c t o r  r e a d i n g s  w e r e  r e p l a c e d  a t  random by i r r a t i o n a l  ( t o o  h i g h  o r  t o o  
low) v a l u e s .  

R e s u l t s  o b t a i n e d  w i t h  t h e  e x i s t i n g  s u b s t i t u t i o n  method and t h e  e x c l u s i o n  
method a r e  compared i n  Tab le  2 .  R e s u l t s  shown i n c l u d e  t h e  s t a n d a r d  d e v i a t i o n  
o f  p e r c e n t  d i f f e r e n c e s  between mapped and measured ( c a l i b r a t e d )  f l u x e s ,  t h e  
l a r g e s t  v a l u e  of  t h e s e  i n d i v i d u a l  d i f f e r e n c e s ,  t h e  l a r g e s t  d i f f e r e n c e  i n  t h e  
zone-averaged f l u x e s  ( i n  e q u i v a l e n t  MW u n i t s )  and  t h e  number o f  zones f o r  
which t h e  d i f f e r e n c e  i s  g r e a t e r  t h a n  1 MW. 

It is  c l e a r  from t h e  r e s u l t s  i n  Tab le  2  t h a t  t h e  e x i s t i n g  s u b s t i t u t i o n  method 
is ,  i n  p r a c t i c e ,  a d e q u a t e  when o n l y  a  few ( < l o )  d e t e c t o r s  a r e  f a i l e d .  A s  t h e  
number o f  i r r a t i o n a l  r e a d i n g s  i n c r e a s e s  beyond 10, t h e  q u a l i t y  of  f i t  
d e t e r i o r a t e s  s i g n i f i c a n t l y :  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  d i f f e r e n c e s  between 
mapped and  c a l i b r a t e d  f l u x e s  i n c r e a s e s  beyond 3%,  a n d  t h e  l a r g e s t  i n d i v i d u a l  
d i f f e r e n c e  can  exceed  1 0 % .  Of even g r e a t e r  s i g n i f i c a n c e ,  t h e  zone-f lux  e r r o r  
( a s  r eckoned  from t h e  d i f f e r e n c e  w i t h  t h e  " c o r r e c t "  e x c l u s i o n  method zone 
f l u x )  i s  g r e a t e r  t h a n  1 MW f o r  s e v e r a l  ( t y p i c a l l y  5 t o  10)  zones .  

Fur the rmore ,  when 1 0  o r  more i r r a t i o n a l  d e t e c t o r s  a r e  p r e s e n t ,  t h e  e x i s t i n g  
s u b s t i t u t i o n  method o f t e n  l e a v e s  a  r e l a t i v e l y  l a r g e  number of mapped d e t e c t o r  
f l u x e s  (20 o r  more) wi th  a  convergence  l e v e l  p o o r e r  t h a n  0 . 5 % .  T h i s  can  
d e t r a c t  s i g n i f i c a n t l y  from t h e  q u a l i t y  of t h e  th ree -d imens iona l  mapped f l u x  
d i s t r i b u t i o n  i n  t h e  c o r e .  

From t h e  p e r s p e c t i v e  o f  b o t h  i n d i v i d u a l  d e t e c t o r  f l u x e s  and t h e  t h r e e -  
d i m e n s i o n a l  f l u x  d i s t r i b u t i o n  ( i n c l u d i n g  t h e  zone f l u x e s ) ,  t h e  e x i s t i n g  
s u b s t i t u t i o n  method i s  t h u s  s e e n  t o  b e  p o t e n t i a l l y  u n r e l i a b l e  when more t h a n  a 
few d e t e c t o r s  a r e  i r r a t i o n a l .  

A s  i s  e v i d e n t  from Tab le  2 ,  t h e  q u a l i t y  of  f i t  w i t h  t h e  e x c l u s i o n  method 
r e m a i n s  e x c e l l e n t  ( 0 ~ 2 . 6 - 2 . 9 % ) ,  r e g a r d l e s s  of  t h e  number of  f a i l e d  d e t e c t o r s .  
The e x c l u s i o n  method, i n  a d d i t i o n ,  does  n o t  s u f f e r  from convergence 
d i f f i c u l t i e s ,  a s  e a r l i e r  e x p l a i n e d .  The method i s  t h e r e f o r e  g e n e r a l l y  more 
s t a b l e  t h a n  t h e  s u b s t i t u t i o n  method. 

The CPU t i m e  p e r  flux-map e x e c u t i o n  i n c l u d i n g  r e c a l c u l a t i o n  of t h e  pseudo- 
i n v e r s e  m a t r i x ,  i s  o n l y  abou t  0 . 4  s on a n  Apol lo  DN10000 computer, and  is n o t  
v e r y  dependen t  on t h e  number of f a i l e d  d e t e c t o r s .  The proposed e x c l u s i o n  
method c a n  t h e r e f o r e  c r e d i b l y  be  implemented i n  t h e  on- l ine  v e r s i o n  o f  t h e  
f lux-mapping code i f  a  modern computer w i t h  s u f f i c i e n t  c e n t r a l  memory and  
e x e c u t i o n  s p e e d  i s  used .  

SUMMARY 

An au tomated  method f o r  e x c l u d i n g  i r r a t i o n a l  d e t e c t o r  r e a d i n g s  from t h e  f l u x -  
mapping p r o c e d u r e  was s u c c e s s f u l l y  implemented i n  t h e  o f f - l i n e  v e r s i o n  of t h e  
f lux-mapping program. 



This  method h a s  t h e  advantage t h a t  i t  i s  c o n c e p t u a l l y  t h e  c o r r e c t  one t o  use  
whenever a d e t e c t o r  is  f a i l e d :  q u i t e  simply,  f a i l e d  d e t e c t o r s  should  n o t  be - 
r e t a i n e d  w i t h i n  t h e  flux-mapping scheme. 

Numerical advantages  of t h e  new a lgo r i t hm become more e v i d e n t  a s  t h e  number of - 
f a i l e d  d e t e c t o r s  i n c r e a s e s ,  e s p e c i a l l y  a s  t h e  number of f a i l u r e s  i n c r e a s e s  
beyond 1 0  . 1 

Although t h e  new procedure  r e q u i r e s  a r e c a l c u l a t i o n  of a new pseudo-inverse 
m a t r i x  whenever an a d d i t i o n a l  d e t e c t o r  f a i l u r e  is  encountered,  t h e  e x t r a  
computing i s  no t  s i g n i f i c a n t  f o r  present-day computers,  and i s  recommended f o r  

"1 
any o f f - l i n e  v e r s i o n  of t h e  flux-mapping code.  The execu t i on  t ime  on 
modern-day computers i s  s h o r t  enough (x0.5 s )  t o  a l l ow  implementation even on 
t h e  on- l ine  program v e r s i o n .  m 



Second azimuthal (B) 

Table 1 
15-Mode Set Used in Flux Mapping 

First azimuthal x first axial (A) 

First azimuthal x first axial (B) 

Mode 
Number 

1 

2 

3 

4 

5 

First radial x second axial (A) 

Descript ion of Flux Shape 

Time-average flux distribution 

First azimuthal (A) 

First azimuthal (B) 

First axial 

Second azimuthal (A)  

First radial x second axial (B) 

First azimuthal x second axial (A) 

I First azimuthal x second axial (B) 
- - 

13 

14 

15 

Third azimuthal (A) 

Third azimuthal (B) 

Second radial Bessel function 
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