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EXPERIMENTAL AND CALCULATED RESULTS FOR UOp AND 
U02 -Pu02  FUELED H20-MODERATED LOADINGS 

P .  L o i z z o ,  R .  M a r t i n e l l i ,  N. P a c i l i o ,  
L .  D .  W i l l i a m s ,  J .  B .  E d g a r  

ABSTRACT 

This report contains data collected during a series of 

experiments in the Plutonium Recycle Critical Facility (PRCF) 

using plutonium and uranium enriched fuel. The experiments 

were designed to provide a base for assessing the accuracy of 

calculational techniques used for designing plutonium enriched 

cores in Boiling Water Reactors with regard to predicting core 

reactivities, power distributions, and control system worths. 

Reactivity and power distribution measurements were made in 

both single region and multiregion loadings. Calorimetric tech- 

niques were used to intercalibrate the different fuel types 

for the multiregion loadings. The reactivity effect of various 

control blade materials was determined as a function of the 

prompt neutron decay rate (Rossi-Alpha). Theory-experimental 

comparisons are based primarily on CNEN developed theoretical 

models. 
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E X P E R I M E N T A L  A N D  C A L C U L A T E D  R E S U L T S  FOR U 0 2  AND 
U 0 2 - P u 0 2  F U E L E D  H 2 0 - M O D E R A T E D  L O A D I N G S  

P. L o i z z o ,  R.  M a r t i n e l l i ,  N.  P a c i l i o ,  
L .  D.  W i l l i a m s ,  J .  B .  E d g a r  

I N T R O D U C T I O N  

A cooperative program between USAEC and Italian Comitato 

Nazionale Per L'Energia Nucleare (CNEN) was conducted at Argonne 

National Laboratory (ANL) and at Pacific Northwest Laboratory 

(PNL) under the auspices of the Plutonium Utilization Program. 

The purpose of this program was to obtain experimental infor- 

mation on the neutronic characteristics of plutonium fuel in 

prototypical boiling water reactor (BWR) systems. The program 

consisted of two separate but related areas of effort. One 

was to obtain information on the neutronic characteristics of 

fuels irradiated in the Experimental Boiling Water Reactor 

(EBWR) at ANL during the joint ANL-PNL plutonium demonstration 

experiment. The results of these studies are reported 

elsewhere. ( 4 - 9 )  The other area of effort which is the essence 

of this report was to conduct critical experiments at Pacific 

Northwest Laboratory (PNL) in the Plutonium Recycle Critical 

Facility (PRCF) to obtain information on the neutronic char- 

acteristics of plutonium and uranium enriched fuels in various 

prototypical BWR loading schemes. These data provide a base 

for assessing the accuracy of calculational techniques used in 

reactor design in regard to predicting core reactivities, power 

distributions, and control system worth. 

The physical arrangement of fuel and control rods coupled 

with coolant voiding in a BWR lead to problems in predicting 

power distributions and control system worths. In this 

regard, the two main neutronic parameters investigated 

were the determination of local power peaking factors and 

the worth of reactor control systems. The calculation of 



r e a c t i v i t y  changes  due  t o  c o o l a n t  v o i d i n g  i s  a l s o  i m p o r t a n t ;  

t h i s  p a r a m e t e r  was measured i n  b o t h  t h e  p lu tonium and uranium 

e n r i c h e d  sys t ems .  

The exper imen t s  d e s c r i b e d  by t h i s  r e p o r t  were d e s i g n e d  

i n  such  a  way a s  t o  a c q u i r e  s o l u t i o n s  of  how b e s t  t o  d e s c r i b e  
ma themat i ca l  models f o r  t h e  BWR. During t h e  i n v e s t i g a t i o n  o f  

t h e  ma themat i ca l  models ,  t h e  f o l l o w i n g  q u e s t i o n s  were a sked :  

I s  a  s i m p l e  c e l l  c a l c u l a t i o n  a d e q u a t e ,  o r  i s  i t  nec -  

e s s a r y  t o  a l l o w  f o r  t h e  i n t e r a c t i o n  of s u r r o u n d i n g  

c e l l s ?  

What k i n d  of ene rgy  group s t r u c t u r e  shou ld  be  used  

i n  t h e  c a l c u l a t i o n ?  What i s  t h e  e f f e c t  of  t h e  s p e c t r a l  

v a r i a t i o n s  from e lement  t o  w a t e r  gap t o  a  d i f f e r e n t  

e l emen t?  

Are d i f f u s i o n  c a l c u l a t i o n s  f u l l y  adequa te  f o r  t h e s e  

c o n d i t i o n s ?  

What k i n d  of  model i s  t o  b e  used  f o r  a  f u e l  e l emen t  

t o  o b t a i n  t h e  r a d i a l  power shape  w i t h i n  t h e  f u e l  

bund le  when l a r g e  w a t e r  gaps s u r r o u n d  i t  and a d i f -  

f e r e n t  t y p e  of  f u e l  i s  coup led  w i t h  t h e  one b e i n g  

i n v e s t i g a t e d ?  

What model s h o u l d  b e  used  t o  c a l c u l a t e  t h e  t r a n s -  

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

g i e s ?  I s  t h e  model a d e q u a t e  f o r  b o t h  uranium and 

p lu ton ium s y s  tems? 

Answers t o  t h e s e  q u e s t i o n s  r e q u i r e  e x p e r i m e n t a l  i n f o r m a t i o n  

o f  t h e  t y p e s  r e p o r t e d  h e r e .  



SUMMARY 

The general experimental program was as follows: 

Single region U02 and U02-PuO 2 uniform lattice criticals 

and power distribution measurements in varying degrees 

of loading nonuniformity; i.e., water holes, water 

slabs, water crosses, etc. 

Multiregion criticals and power distribution measure- 

ments with typical fuel element arrangements surrounded 

by U02 and U02-Pu02 driver regions. 

Control blade-measurements using a variety of absorbing 

materials in single region U02 and U02-Pu02 loadings. 

The following items were emphasized during the experiments: 

Power distributions in single and multiregion loadings. 

(Five different types of fuels were investigated.) 

Control rod deformation of power shapes in U02 and 

U02-Pu02 loadings. 

Direct correlation between prompt neutron decay rate 

(Rossi alpha)-and control rod worth. 

Power distributions were deduced from fission product 

gross gamma activity; different fuel types were intercalibrated. 

by calorimetric measurements. Rossi alpha measurements were 

made in critical and subcritical loadings using the endogenous 

pulsed source method. (10911) The calculations are based pri- 
marily on CNEN developed theoretical models. (12-15) The reli- 
ability of the various models and the validity of the approxi- 

mations were checked by comparison with experiments and with 

other more sophisticated calculational schemes. 

The theory-experiment comparisons demonstrated that the 

CNEN models can predict local power peaking within 1 to 2%. 

Development of the theoretical aspects of the Rossi alpha method 



r e v e a l e d  a  method o f  c a l c u l a t i n g  t h i s  p a r a m e t e r  a s  a n  e i g e n -  

v a l u e  o f  t h e  d i f f u s i o n  e q u a t i o n s  t h e r e b y  p e r m i t t i n g  a  d i r e c t  

compar i son  be tween  a l p h a  measurements  and  c a l c u l a t i o n s .  



DESCRIPTION O F  FACILITY 

The Plutonium Recycle Critical Facility (PRCF) is an HZO- 

moderated, low power reactor designed for the purpose of making 

critical measurements with various types of plutonium and 

uranium fuels. The reactor is contained in a right cylindrical 

tank 9 ft. high by 6  ft. in diameter. Since the fuel for this 

experiment was in the form of rods of different diameters and 

lengths, two aluminum templates and an aluminum support plate 

were used to position and support the fuel at the upper and 

lower ends. The larger dTameter,, shorter fuel rods were both 

positioned and supported by the two templates, while the smaller 

diameter, longer rods, equipped with spacers to center them in 

the upper template, were supported by the plate below the lower 

template. See Figure 1 for an elevation view of the reactor. 

The fuel rods were positioned on a 0 . 7 5  in. square lattice 

pitch. Cruciform slots enclose a central nine by nine (9 x 9) 

hole zone. The slots allowed for installation of typical BWR 
cruciform (cross-shaped) control blades. Additional holes 

between lattice positions in the central zone were provided 

for aluminum thimbles used in the void experiments. Oversized 

holes were also included at specific points in the lattice to 

accomodate thermally insulated fuel rods during calorimetric 

measurements. The lattice template details are shown in 

Figure 2. 

Shutdown and control of the reactor was maintained by two 

control rods and four reflector sheets. Each control rod con- 

sisted of a cluster of four Zircaloy-2 clad cadmium cylinders 

with interchangeable fuel elements (followers) attached to the 

bottom. The fuel followers were matched to the type of fuel 

in the reactor. Each of the rods in a control cluster occupied 
a lattice position as shown in Figure 2. The reflector sheets 

were each 8 1/4 in. wide and 1/4 in. thickmade entirely of Lexan 

except for the encased cadmium (7.5 x 36 x 0 . 0 3 0  in.). 



FIGURE 1. ELEVATION DRAWING 
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FIGURE 2. LATTICE TEMPLATE 



There were four sheet slots at the middle of each side of the 

template so that the sheet position could be changed depending 

upon the size of the fuel loading. The elevation of the con- 

trol devices relative to the fuel can be seen in Figure 1. 

Core reactivity was also adjusted by moderator height. 

The liquid level was remotely adjusted by means of a weir 

which has a range from 3 in. below the bottom of the fuel meat 

to 7 in. above the top of the fuel meat. The weir has a measured 

reproducibility of +0.01 in* Water was continually pumped 

over the weir maintaining a constant moderator level in the 

reactor tank during the experimental measurements. The reactor 

tank and a simplified view of the moderator system are shown 

in Figure 3. 

A typical plutonium fueledloading is shown in Figure 4. 

The control devices are shown in their least reactive positions. 

Figure 5 illustrates a typical uranium loading with the cruci- 

form control blade installed. 



FIGURE 3 .  S I M P L I F I E D  MODERATOR SYSTEM 
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FIGURE 4. TYPICAL U02-2 WT% Pu02 LOADING 





C R I T I C A L  E X P E R I M E N T S  

The measurements made du r ing  t h e  c r i t i c a l  experiments were 

aimed s p e c i f i c a l l y  a t  r e a c t i v i t y  de t e rmina t ions  and power d i s t r i -  

bu t ions  f o r  s i n g l e  and m u l t i r e g i o n  load ings .  The l oad ings  i nves -  

t i g a t e d  were d i r e c t e d  toward determining t h e  e f f e c t  of wate r  gaps ,  

v o i d s ,  c o n t r o l  b l a d e  m a t e r i a l s ,  and v a r i o u s  types  of f u e l s  on 

r e a c t i v i t y  and power shapes .  

The c r i t i c a l  experiments were d iv ided  i n t o  f o u r  p a r t s :  

s i n g l e  and m u l t i r e g i o n  load ings  u s ing  2.35 w t %  U02 and U02-2 w t %  

Pu02 ( 8 %  2 4 0 ~ ~ )  f u e l  rods .  Three o t h e r  types  of f u e l  were used 

dur ing  t h e  m u l t i r e g i o n  measurements; U02-4 w t %  Pu02, U02-0.9 w t %  

Pu02, and U02-2 w t %  Pu02 (24% 2 4 0 ~ ~ ) .  The s p e c i f i c a t i o n s  f o r  

t h e s e  f u e l s  can be found i n  Appendix A.  

Voids were produced i n  t h e  c e n t r a l  element zone by us ing  

aluminum (6061-T6) th imbles  extending over t h e  f u l l  l e n g t h  of t h e  

co re .  A t o t a l  of 64 th imbles  15/16 i n .  OD x  0.020 i n .  w a l l )  

were p laced  i n  t h e  h o l e s  shown i n  t h e  l a t t i c e  t empla te  i n  F igu re  2 

t o  s imu la t e  an  approximate 25% moderator vo id  i n  t h e  c e n t r a l  

element.  The a x i a l  p o s i t i o n  of t h e  th imbles  i s  i l l u s t r a t e d  i n  

F igure  1. 

R E A C T I V I T Y  M E A S U R E M E N T S  

The excess  r e a c t i v i t y  of t h e  i n v e s t i g a t e d  load ing  was d e t e r -  

mined by measurement of t h e  c r i t i c a l  moderator l e v e l  w i th  t he  

r e a c t o r  c o n t r o l  system i n  t h e  most r e a c t i v e  p o s i t i o n .  The worth 

of  t h e  moderator l e v e l  from t h e  c r i t i c a l  h e i g h t  t o  an  i n f i n i t e  

t o p  r e f l e c t o r  was t h e  excess  r e a c t i v i t y  f o r  t h e  l oad ings .  

The moderator l e v e l  worth was c a l i b r a t e d  d i f f e r e n t i a l l y  u s ing  

p o s i t i v e  g e r i o d  measurements from an i n f  i n i . t e  top  r e f l e c t o r  t o  

below t h e  t o p  of t h e  f u e l  meat.  The c a l i b r a t i o n  curve i s  shown 

i n  F igure  A - 1 .  

The f o l l o w e r s  on t h e  r e f l e c t o r  s h e e t s  complicated c l e a n  

r e a c t i v i t y  measurements. The presence  of t h e  f o l l o w e r s ,  i n  a l l  



c a s e s ,  i nc rea sed  t h e  c o r e  r e a c t i v i t y .  Th is  e f f e c t  was measured 

f o r  t h e  r egu la r*  U02-2 w t %  Pu02 f u e l  load ing  and t h e  bas ic** 

9 x  9 U02 load ing .  From t h e s e  measurements, t h e  e f f e c t  on t h e  

o t h e r  1 oadings was i n f e r r e d .  

POWER D I S T R I B U T I O N  M E A S U R E M E N T S  

Se lec t ed  f u e l  rods  were removed from each loading fo l lowing  

r e a c t o r  o p e r a t i o n  and gamma counted a t  t h e i r  a x i a l  mid-plane.  

This  gamma a c t i v i t y  r e f l e c t e d  t h e  r e l a t i v e  f u e l  rod power i n  

t h e  s i n g l e  r eg ion  load ings  and was r e l a t e d  t o  rod power i n  

mu l t i r eg ion  load ings  by a p p l i c a t i o n  of gamma t o  power convers ion 

r a t i o s  f o r  t h e  v a r i o u s  f u e l  t ypes .  The gamma a c t i v i t y  measured 

from each rod was au toma t i ca l l y  c o r r e c t e d  f o r  f i s s i o n  product  

- decay by us ing  a  d u a l  system p r e s e t  count t echnique .  The system 

employed two matched count ing systems--one measured t h e  rods  

of i n t e r e s t  ( c a l l e d  t h e  t r a v e r s e  sys tem) ,  and ano ther  provided 

a  means of c o r r e c t i n g  t h e  measurements f o r  r a d i o a c t i v e  decay 

dur ing  count ing ( c a l l e d  t h e  decay sys tem).  A f u e l  rod of s imi -  

l a r  exposure h i s t o r y  t o  t h o s e  being measured was p laced  i n  t h e  

decay system a t  t h e  s t a r t  of t h e  measurement and l e f t  t h e r e  f o r  

t h e  d u r a t i o n  of t h e  measurements. The decay system was e l e c t r o n -  

i c a l l y  arranged t o  s t o p  t h e  t r a v e r s e  system a f t e r  a  p r e s e t  

number of count has  been ob ta ined  from t h e  decay rod ,  thereby 

c o r r e c t i n g  f o r  decay. Both systems were matched according t o  . 

I g a i n  and energy d i s c r i m i n a t i o n .  An i n t e g r a l  count ing method 

I was used;  only  gammas wi th  e n e r g i e s  g r e a t e r  t han  0 . 5  MeV were 

I counted.  

I The f u e l  rods  were r o t a t e d  about t h e i r  l o n g i t u d i n a l  a x i s  
I i n  t h e  t r a v e r s e  system dur ing  t h e  count ing p e r i o d s . i n  o rde r  t o  
I average t h e  c i rcumferen t ia l  f u e l  rod a c t i v i t y .  The decay rod 
I 
I * Regular  load ing  - a  u n i f o r m  l o a d i n g .  

I .  * V a s i c  load ing  - a  f u e l  l o a d i n g  where columns o f  f u e l  r o d s  

I .  u e r e  removed t o  i s o l a t e  a  c e n t r a l  f u e l  rod a r r a y  b y  wa ter  
s l a b s  ( 7  x 7 and 9 x 9 f u e l  rod a r r a y s  were s t u d i e d  i n  

I t h i s  program. 



was n o t  r o t a t e d .  F i g u r e  6 shows t h e  t r a v e r s e  sys tem w i t h  a  U 0 2  

f u e l  r o d  i n  c o u n t i n g  p o s i t i o n .  A v a r i a b l e  speed  e l e c t r i c  d r i l l ,  

mounted t o  a  movable arm, was used  f o r  r o t a t i n g  t h e  f u e l  r o d s .  

I tems which had t o  b e  t a k e n  i n t o  c o n s i d e r a t i o n  d u r i n g  c o u n t -  

i n g  were e l e c t r o n i c  d r i f t ,  v a r i a t i o n  i n  t h e  backgrounds of t h e  

two s y s t e m s ,  c o u n t i n g  dead t i m e ,  and t h e  d i f f e r e n c e  i n  f u e l  rod 

i r r a d i a t i o n  h i s t o r i e s .  D i s s i m i l a r  g a i n  d r i f t  between sys t ems  

was t h e  p r imary  problem. The s e t t i n g  of t h e  ene rgy  c u t o f f  on 

t h e  s i n g l e  c h a n n e l  a n a l y z e r  was n o t  f e l t  t o  be a  problem. The 
2 2 

b a s e l i n e  was s e t  on t h e  Na 0 .511 MeV p o s i t r o n  a n n i h i l a t i o n  

peak u s i n g  a  c o i n c i d e n c e  c i r c u i t  i n  c o n j u n c t i o n  w i t h  a  mu1ti .-  

channe l  a n a l y z e r .  The sys tem e l e c t r o n i c  d r i f t  was obse rved  and 

c o r r e c t e d  f o r  by u s i n g  one r o d  a s  a  d r i f t  m o n i t o r ;  c o u n t i n g  it 

p e r i o d i c a l l y  i n  t h e  t r a v e r s e  sys tem th roughou t  t h e  gamma measure-  

ments .  I n  most c a s e s ,  t h e  i r r a d i a t i o n  t ime  of t h e  f u e l  and t h e  

decay  t ime  b e f o r e  c o u n t i n g  were  a d j u s t e d  t o  a v o i d  e x c e s s i v e  c o u n t -  

i n g  r a t e s  where dead t ime  c o r r e c t i o n s  would need t o  be  a p p l i e d .  

However, where a p p l i c a b l e ,  c o r r e c t i o n s  were made u s i n g  a n  e x p e r i -  

m e n t a l l y  measured dead t i m e .  

C o r r e c t i o n s  were a l s o  made f o r  d i f f e r e n c e s  i n  t h e  background 

a c t i v i t y  o f  t h e  f u e l  r o d s  used  i n  t h e  measurements .  I n  most  

c a s e s ,  t h e  background c o n t r i b u t i o n  was i n s i g n i f i c a n t  compared t o  

t h a t  f rom t h e  i r r a d i a t i o n .  However, t o  minimize  t h i s  e f f e c t ,  r o d s  

w i t h  s i m i l a r  i r r a d i a t i o n  h i s t o r i e s  were s e l e c t e d  f o r  t h e  measure-  

ment. For  v e r y  long c o u n t i n g  p e r i o d s  (up t o  5  h r ) ,  t h e  c o u n t i n g  

r a t e s  from t h e  f u e l  r o d s  sometimes dropped below 500  c o u n t s / s e c .  

When t h i s  o c c u r r e d ,  t h e  d i f f e r e n c e  i n  t h e  backgrounds of t h e  two 

sys t ems  became s i g n i f i c a n t .  Normal background c o u n t i n g  r a t e s  i n  

t h e  t r a v e r s e - s y s t e m  was 1 t o  2 c o u n t s / s e c  compared t o  6 t o  10 

c o u n t s / s e c  i n  t h e  decay  sys t em.  C o r r e c t i o n s  were a p p l i e d  t o  t h e  

d a t a  when a p p r o p r i a t e .  

A s  p r e v i o u s l y  men t ioned ,  i n  m u l t i r e g i o n  l o a d i n g ,  t h e  gamma 

a c t i v i t y  f o r  d i f f e r e n t  t y p e s  of f u e l  was c o n v e r t e d  t o  r e l a t i v e  





rod power by a p p l i c a t i o n  of a  gamma t o  powerfactor .  These f a c t o r s  

were expe r imen ta l l y  determined us ing  two t echn iques :  t h e  measure- 

ment of c l add ing  hea tup  r a t e  and l 4 ' ~ a  a c t i v i t y .  These measure- 

ments a r e  d i s c u s s e d  i n  d e t a i l  i n  Appendix C .  



CONTROL B L A D E  WORTH MEASUREMENTS 

Measurements of the worth of different materialsloaded in 

a test cruciform blade were made in U02-235% 2 3 5 ~  (Configuations 

A, B and C) and in U02-2 W t %  Pu02 (8% 2 4 0 ~ ~ )  (Configurations D, 

E, and F) cores. Details of these configurations are given in 

Figures 7 through 10, respectively. A total of ten loadings 

containing the test cruciform blade were investigated, covering 

a wide range of materials (boral, boron-carbide, hafnium metal 

and oxide, r a re -ea r th -pyroha fna te ) ,  thicknesses and shapes 

(cylindrical and flat tubes). 

Rod-worths were obtained by critical experiment and by 

measurement of the decay of the prompt-neutron-density follow- 

ing a spontaneous burst of fissions. A detailed discussion of 

the theory of these measurements is given in Appendix E, together 
with descriptions of the test blade and materials, and a des- 

cription of the electronic system used to measure the decay of 

the prompt neutron bursts. 

Typically in critical experiments, the focal point is the 

correlation between measurements and calculations. The pro- 

cedure is normally as follows: 
* 

A clean core is first loaded to critical. The nuclear 

constants in a calculation of that core are adjusted 

in order to give k = 1. 

After a control rod has been placed in the reactor, 

a new critical loading is reached by increasing the 
number of fuel elements. The nuclear constants of 

the former case are used in a calculation of the 

new core and only control rod constants are adjusted 

in order to obtain the desired k = 1. 

Although reliable, accurate, and widely used, this type of 

reactivity determination may suffer from serious systematic 

errors in the basic terms of the balance (Production = Absorption 

+ Leakage) equation, which cancel each other in the summation 



Configuration A 

235ju 
B a s i c  9x9,  U 0 2  - 2 . 3 5 %  

461 Elements 

Moderator Level 94.68" 

FIGURE 7 

1 8  



Configuration B and C 

235u 
Basic 9x9, U02 - 2.35% 
593 Elements 

Moderator Level 94.81" and 95.66" 

FIGURE 8 

1 9  
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TABLE B-7. Experimental-Calculational Power Distribution 
Comparisons - Basic 9 x 9, with Voids, U02-2 wt% 
Pu02 (8% 2 4 0 ~ u )  

C a s e  No. 3  C a s e  No. 3 3  C a s e  No.  34  
RIBOT, U n i f i l )  RIBOT,  on-Unif ('1 RIBOT,  on-~nif C2) 

E x ~ e r i m e n t a l  4G - 4M 4G - 4M 5G - 4M 
Rod S y m m e t r y  ~ b d  P o w e r ,  S e t  No. 1 6  S e t s  No. 1 7 - 1 9  S e t s  No. 1 7 - 1 9  

L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  P o w e r  6 ,  % P o w e r  6 ,  % P o w e r  -- 6 L 

G r o u p  A v e r a g e  6 ,  1 3  p o i n t s  ( - 0 . 3 9  i 1 . 8 5 ) %  ( - 1 . 1 2  2 1 . 8 5 ) %  ( - 1 . 5 4  + 2 . 0 7 ) %  
-- 

8  1 . 2 7 7  1 . 3 2 4  3 . 7  1 . 2 7 3  - 0 . 3  1 . 2 4 3  - 2 . 6  

11 1 . 1 7 0  1 . 2 2 9  5 . 0  1 . 1 6 0  - 0 . 8  1 . 1 3 6  - 2 . 9  

1 2  1 . 0 8 4  1 . 1 4 4  5 . 6  1 . 0 6 6  - 1 . 6  1 . 0 4 2  - 3 . 8  

1 4  1 . 0 3 5  1 . 1 3 3  9 . 5  1 . 0 4 7  1.1 1 . 0 0 0  - 3 . 3  

1 5  1 . 0 3 1  1 . 1 2 0  8 . 6  1 . 0 2 8  - 0 . 3  1 . 0 0 8  - 2 . 3  

1 6  0 . 9 9 0  1 . 1 2 0  1 1 3 . 2 1  1 . 0 2 6  [ 3 . 6 ]  1 . 0 0 6  1 1 . 7 1  

1 7  1 . 0 0 0  1 . 1 2 0  [ 1 2 . 0 1  1 . 0 2 3  [ 2 . 3 ]  1 . 0 0 5  1 0 . 5 1  

G r o u p  A v e r a g e  6 ,  5  p o i n t s  ( 6 . 4 8  i 2 . 4 7 ) %  ( - 0 . 3 8  i 0 . 9 8 ) %  ( - 2 . 9 8  + 0 . 5 9 ) %  

2  1 1 . 8 9 3  1 . 8 1 9  - 3 . 9  1 . 7 7 6  - 6 . 2  1 . 7 7 9  - 6  . O  
2 2 0 . 8 8 1  0 . 8 6 5  - 1 . 8  0  . 8 4 4  - 4 . 2  0 . 8 2 1  - 6 . S  
2  3  1 . 6 7 4  1 . 6 5 8  - 0 . 9  1 . 6 2 1  - 3 . 2  1 . 6 1 6  - 3 . 5  

2  4  1 . 1 2 1  1 . 1 0 4  - 1 . 5  1 . 0 7 7  - 3 . 9  1 . 0 5 3  - 6 . 1  

2  5  0 . 9 6 8  0 . 9 7 6  0 . 8  0 . 9 5 1  - 1 . 7  0 . 9 2 5  - 4 . 4  

2  1 . 2 4 4  1 . 2 8 4  3 . 3  1 . 2 5 3  
-- - - 

0 . 7  1 . 2 3 5  - 0 . 7  

L o a d i n g  
A v e r a g e  6 ,  2 4  p o i n t s  ( 0 . 9 7  i 3 . 5 4 ) %  ( - 1 . 4 6  + 2,04)% ( - 2 . 6 1  + 2 . 2 6 ) %  

6 (PmaX/PR, ,C)  ( -1 i 3 . 9 ) %  ( 1 . 5  i 2 . 4 ) %  ( 2 . 6  * 2 . 6 ) %  

6 F ( - 6 . 5  i 2 . 9 ) %  ( 0 . 4  + 1 . 8 )  ( 3  i 1 . 6 ) %  

K e  f f  1 . 0 0 0 1  1 . 0 0 7 3  1 . 0 0 5 5  1 . 0 0 6 1  

2 .  The w a t e r  d e n s i t y  u n i f o r m l y  d e c r e a s e d  by  t h e  t o t a l  v o i d  vo lume .  

2. The w a t e r  d e n s i t y  a d j u s t e d  n o n - u n i f o r m l y  s i m i l a r  t o  a c t u a l  c a s e  ( S e e  A p p e n d i x  G l  



235u REGULAR, U0,-2.35% 

Experimental Power Distribution: 

Position No. Relative Power 

Relative Accuracy of Experiment = 0 . 5 3 %  

FIGURE B-8 



TABLE B-8. Experimental-Calculational Power Distribution Comparisons, Regular, 
U0,-2.35% 2 3 5 ~  

L 
C a s e  No. 35 C a s e  No. 36 C a s e  No. 37 C a s e  No. 38 

S t .  RIBOT S t .  RIBOT HTH THERMOS - HRG 
E x ~ e r i m e n t a l  4G - 4M 5G - 4 M  4G - 4M 4G - 4M 

Rod Symmetry ~ b d  Power,  S e t  No. 3 S e t  No. 3 S e t  No. 31 S e t  No. 32 
L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  Power 6 ,  % Power 6 ,  % Power 6, % Power 6, % 

- 
L o a d i n g  
A v e r a g e  6 ,  28 p o i n t s  (0.34 i 0.73)% (0.32 i 1.11)% (0.45 i 1.12)% (-0.69 i 1.36)% 

6(P-/Pave) (-0.7 + 0.7)% (-0.7 i 1.1)% (-0.8 + 1.11% (0.3 i 1.4)% 

1.0032 0.9999 0.9990 0.9853 0.9956 
K e f f  



WATER HOLE, U02-2.35% 2 3 5 u  

Experimental Power Distribution: 

Position No. Relative Power 

Relative Accuracy of Experiment = 0 . 5 8 %  

FIGURE B-9 



TABLE B-9. Experimental-Calculation Power Distr'bution 
Comparisons, Water Hole, U02-2.358 2 3  5U 

Rod Symme t r y  
L o c a t i o n  P o i n t s  

2 1 

2 

3 

4 

E x p e r i m e n t a l  
Rod Power, 

A r b i t r a r y  Units 

(0.899) 

0.873 

0.874 

0.880 

0.793 

0.786 

0.796 

0.746 

0.749 

0.750 

0.714 

0.714 

Case No. 39 
S t .  R I B O T  
4G - 4M 

S e t  No. 3 
Power 6 .  % 

2 0.557 -1.6 

L o a d i n g  
Average  6 ,  35 p o i n t s  --- (-0.03 2 0.68)% 

6 (Pmax/Pave) (-0.3 i 0.8)% 

K e  f f  1.0025 0.9994 
- - - - - - - - 



WATER SLAB, U 0 2 - 2 . 3 5 %  235u 

Experimental Power Distribution: 

Position No. Relative Power 

Relative Accuracy of Exneriment = 0.37% 

FIGURE B-10 



TABLE B-10. Experimental-Calculation Power Distribution 
Comparisons, Water Slab, U02-2. 35% 2 3 5 ~  

C a s e  No. 40 C a s e  No. 4 1  
S t .  RIBOT S t .  RIBOT 

E x p e r i m e n t a l  4G - 4M 5G - 4M 
Rod S y m m e t r y  Rod P o w e r ,  - S e t  No. 3  S e t  No. 3  

L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  P o w e r  6 ,  % P o w e r  - -- 6 ,  % 

2  1 0 . 9 4 4  0 . 9 4 9  0 . 5  * 0 . 9 4 9  0 . 5  

G r o u p  
A v e r a g e  6 ,  20 p o i n t s  ( - 0 . 2 7  + 0 . 8 7 ) %  ( - 0 . 3 2  + 0 . 9 7 ) %  

1 3  0 . 7 7 1  0 . 7 7 2  0 . 1  0 . 7 5 3  - 2 . 3  

2  1 0 . 4 9 5  0 . 4 9 2  - 0 . 6  0 . 4 8 8  - 1 . 4  

G r o u p  
A v e r a g e  6 ,  5  p o i n t s  ( - 0 . 1 0  + 0 . 6 8 ) %  ( - 2 . 3 8  + 1 . 1 2 ) %  

L o a d i n g  
A v e r a g e  6 ,  2 5  p o i n t s  



000 
000 
nnn 

WATER CROSS, U02-2.35% 235u 

Experimental Power Distribution: 

Position No. Relative Power 

Relative Accuracy of Experiment = 0.40% 

FIGURE B-11 



TABLE B-11.  Experimental-Calculational Power Distribution 
Comparisons, Water Cross, U02-2.  3 5 %  2 3 5 ~  

Case No. 42 Case No. 43 
St. RIBOT St. RIBOT 

Exoerimental 4G - 4M 5G - 4M 
Rod Symmetry R& power, Set No. 3 Set No. 3 

6, .6 Power Location Points Arbitrary Units Power 6 , " a 

4 (0.869) (-2.5) (-3.5) 

Group 
Average 6, 23 points (-0.63 + 0.66)% (-1.99 + 1.16)% 

Loading 
Average 6, 30 points 



BASIC 7x7, U02-2.35% 235u 

~xperimental Power Distribution: 

Position No. Relative Power 

Relative Accuracy of Experiment = 0.47% 

FIGURE B-12 



TABLE B-12. Experimental-Calculational Power Di ribution 
Comparisons, Basic 7 x 7 U02-2. 39% lf 5U 

Case No. 4 4  
S t .  RIBOT 

Exner imenta l  4G - 4M 
Rod Symmetry R G ~  power, S e t  No. 3  

L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  Power 0 6 " 

Group 
Average 6 ,  1 3  p o i n t s  

6  1 0 . 7 7 6  0 . 7 9 4  2 . 4  

2  0 . 7 7 7  2 . 3  

3  0 . 7 8 6  1.1 

9  1 0 . 7 1 9  0 . 7 2 8  1 . 2  

2  0 . 7 2 0  1 . 0  

3  0 . 7 2 4  0 . 6  

1 0  1 0 . 7 1 1  0 . 7 2 2  1 . 5  

2  ( 0 . 6 9 9 )  ( 3 . 3 )  

3  0 . 7 1 5  0 . 9  

4 0 . 7 1 1  1 . 5  

11 0 . 7 0 1  0 . 7 1 6  2 . 1  

Group 
Average 6 ,  1 0  p o i n t s  ( 1 . 4 6  + 0 . 6 2 ) %  

1 8  1 0 . 3 6 3  0 . 3 6 6  0 . 8  

2  0 . 3 6 8  - 0 . 4  

3  0 . 3 6 4  0 . 7  

1 9  1 0 . 3 9 0  0 . 4 0 0  2 . 6  

2  0 . 3 8 9  3 . 1  

3  0 . 3 9 1  2 . 5  

Loading 
Average 6 ,  2 9  p o i n t s  ( 1 . 2 6  t 1 . 0 0 ) %  



BASIC 9x9, U02-2. 35.% 235u 

Experimental Power Distribution: 

Position No. Relative Power 

Relative Accuracy of Experiment = 0.46% 

FIGURE B-13 



TABLE B-13. Experimental Calculational Power Distribution 
Comparisons, Basic 9 x 9, U02-2,35% 2 3 5 ~  

Case No. 4 5  Case No. 4 6  Case No. 47  Case No. 4 8  
St. RIBOT St. RIBOT HTH THERMOS-HRG 

Experimental 4G - 4M 5G - 4M 4G - 4M 4G - 4M 
Rod Symmetry Rod Power, Set No. 3  Set No. 3  Set No. 3 1  Set No. 3 2  

Location Points Arbitrary Units Power 6, % Power 6, % 6 ,  % -- Power 6 ,  % Power - - - -  - - -  

Group 
Average 6, 1 7  points 

Group 
Average 6, 1 0  points ( 1 . 1 9  i 0 . 5 9 ) %  ( - 2 . 5 4  + 0 . 5 5 ) %  ( 5 . 6 3  i 0 . 6 1 ) %  ( 1 . 7 5  + 0 . 7 2 ) %  

Loading 
Average 6 ,  3 3  points ( 0 . 5 5  + 0 . 7 1 ) %  ( 1 . 8 2  + 1 . 3 2 ) %  ( 3 . 2 4  + 2 . 1 4 )  % ( 0 . 2 4  + 1 . 8 6 ) %  

6(pm2y~pslre) ( - 0 . 5  + 0 . 9 ) %  C1.9 + 1 . 4 ) %  ( - 3 . 3  + 2 . 1 ) %  ( - 0 . 2  i 2 . 0 ) %  



BASIC 9x9 WITH VOIDS, U02-2.35% 235u 

Experimental Power Dlstributlon: 

Position NO. Relative Power 

16 .921 
15 .917 
13 ,925 
10 1.007 

Relative Accuracy of Experiment = 0.40% 

F I G U R E  B-14 



TABLE B-14. Experimental-Calculational Power Distribution 
Comparisons, Basic 9 x 9 with Voids 

E x p e r i m e n t a l  
Rod Symmet ry  Rod P o w e r ,  

L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  -- 
2  1 1 . 5 1 0  

2  1 . 4 9 7  

3  1 . 5 1 7  

4  1 . 5 0 4  

1 1 . 3 0 9  

2  1 . 3 0 7  

3  1 . 3 1 0  

4  1 . 3 1 6  

4  1 1 . 2 7 0  

5  1 1 . 2 5 6  

2  1 . 2 6 1  

6  1 1 . 2 6 5  

2  1 . 2 5 9  

G r o u p  
A v e r a g e  6 ,  1 3  p o i n t s  

C a s e  No. 49  C a s e  No. 50 
RIBOT, u n i f  ( l )  RIBOT, u n i f  ( l )  

4G - 4M 5G - 4M 
S e t  No. 3 3  S e t  No. 3 3  

Power 6 ,  % Power 6 ,  % - - - -  
"1 .507  - 0 . 2  * 1 . 5 0 7  - 0 . 2  

0 . 7  0 . 7  

- 0 . 7  0 . 7  

0 . 2  0 . 2  

C a s e  No. 5 1  C a s e  No. 5 2  
RIBOT, n o n - u n i f  KIBOT, n o n - u n i f  

4G - 4M 5G - 4M 
S e t s  No. 3 5  - 37 S e t s  No. 35  - 37 
Power 6 ,  % Power  6 ,  % - -- 

G r o u p  
A v e r a g e  6 ,  1 0  p o i n t s  

1 7  

1 8  

1 9  

2  0  

2  1 

22 

2  3  

2 4 

2  5  

L o a d i n g  
A v e r a g e  6 ,  32 p o i n t s  ( 3 . 5  i 3 . 6 1 )  % ( 0 . 3 7  i 2 . 6 8 )  % ( 0 . 7 1  L 1 . 6 4 ) %  ( - 2 . 2 6  + 1 . 9 5 ) %  

1 .  The w a t e r  d e n s i t y  u n i f o r m l y  d e c r e a s e d  b y  t h e  t o t a l  v o i d  v o l u m e .  

2. The w a t e r  d e n s i t y  a d j u s t e d  n o n - u n i f o r m l y  s i m i l a r  t o  a c t u a l  c a s e  ( s e e  A p p e n d i x  G ) .  



nnn 

BASIC 9x9 WITH B O W  BLADE, U02-2 WTI PuOZ (8% 240~U) 

Experimental Power Distribution: 

Position No. 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2 0 
21 
2 5 
26 
2 7 
28 

Relative Power 

1.078 
.734 
.957 

1.974 
2.451 
1.560 
1.344 
1.327 
1.251 -- 
1.005 
.879 
.476 
.350 
.277 
.295 
.446 

2.042 
1.908 
1.328 
1.880 

Position No. 

2 9 

Relative Power 

1.839 
1.832 
1.881 
2.030 
1.737 
1.621 
1.533 
1.395 
1.121 
1.026 
.619 

1.222 
.957 
.640 
.455 
.333 
.384 
.403 
.500 
.697 

FIGURE B-15 



TABLE-B-15. Experimental-Calculational Power Distribution 
Comparison, Basic 9 x 9 with Boral Blade, 
U02-2 wt% Pu02 (8% 2 4 0 ~ ~ )  

Case No. 75 

Rod 
Location 

5 

Experimental 
Rod Power, 

Arbitrary Units 

1.078 

0.734 

0.457 

1.974 

2.451 

1.56 

1.344 

1.327 

1.251 

1.005 

[O. 8791 

0.476 

[0.35] 

0.277 

0.295 

0.446 

2.042 

1.908 

1.928 

1.880 

1.839 

1.832 

1.881 

2.030 

1.737 

1.621 

1.533 

1.395 

1.121 

[1.027] 

0.619 

(1.193) 

1.246 

0.957 

0.660 

0.621 

0.455 

0.313 

0.352 

0.384 

0.403 

0.500 

0.686 

0.708 

St RI T 
4 G  1M?P92) 
Cg = 0.205 

Power 

1 .  4 m e s h e s  w e r e  u s e d  n e a r  w a t e r  g a p s .  

2 .  Z e r o  d e r i v a t i v e  c o n d i t i o n  r e m o v e d ,  b l a d e  
t r e a t e d  a s  d i f f u s i v e  r e g i o n  f o r  e n e r g y  
Group I .  
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BASIC 9x9 WITH BORAL BLADE, U02-2.35% 2 3 5 ~  

Experimental Power Distribution: 

Position No. Relative Power 

.667 

.832 
1.080 
1.720 
1.989 
1.414 
1.287 
1.226 
1.141 
1.049 
.a86 
.666 
.346 
.zoo 
.295 
.316 
.287 

1.716 
1.614 
1.633 

Position No. 

2 8 
29 
30 
3 1 

Relative Power 

1.581 

FIGURE B-16 



TABLE 8-16. Experimental-Calculational Power Distribution 
Comparison,Basic 9 x 9 with Boral Blade, 
uo2-2. 35% 235u 

Rod 
Location 

Experimental 
Rod Bower, 

Arbntrary Wnlts 

6.67 

1.32 

ao. 80 
17.11 

19.89 

14.14 

12.87 

12-26 

11.41 

10.49 

S.16 

6.67 

3.46 

2.0o 

2.45 

4.16 

2.687 

17.26 

16.14 

16.33 

15.81 

15.46 

111.441 

15.27 

16.98 

14.71 

13.77 

12.36 

Case No. 71 
St. RIBOT 
4G - 1~(1) 

Cj = 0.205 
POwIp. 
6.49 -2.6 

8.11 -2.5 

10.70 -0.4 

16.34 -4.9 

18.73 -5.8 

24.27 0.9 

12.78 -0.7 

12.10 -1.3 

11.43 0.1 

*10.49 ... 

9.12 2.9 

7.15 7.4 

4.53 30.8 

1.48 -26.1 

2.19 -25.7 

2.46 -22.2 

2.35 -18.0 

16.58 -3.3 

15.93 -1.3 

15.67 -4.1 

15.44 -2.4 

15.14 -2.1 

14.85 ... 

14.93 -2.2 

16.30 -4.0 

14.10 -4.1 

13.12 -4.7 

12.29 -0.5 

Case No. 72 
St. RIBOT 
4G - lM(1) 

C3 = 0.25 
Power 
6.59 -1.2 

8.22 -1.1 

10.84 0.4 

16.55 -3.6 

18.95 -4.8 

14.41 1.9 

12.89 0.2 

12.18 -0.7 

11.48 0.5 
*10.49 . . - 
9.06 2.2 

7.01 5.3 

4.34 25.4 

1.30 -33.7 

1.97 -33.1 

2.22 -29.8 

2.11 -26.4 

16.77 -2.3 

16.09 -0.3 

15.82 -3.1 

15.58 -1.5 

15.26 -1.3 
14.96 ..- 

15.02 -1.6 

16.39 -3.0 

14.16 -3.7 

13.14 -4.5 

12.28 -0.7 

Case No. 73 
St. RIB0 
4G - iMT1) 
C3 = 0.3 

Power 6 ,  % - - 
6.67 0 

8.32 0 

10.96 1.5 

16.73 -2.6 

19.12 -3.9 

14.53 1.8 

Case No. 74 
St RIBOT 
4i - lM(1) 

C1 = 0.205 
Power 6 ,  % - - 
6.82 2.2 

8.50 2.3 

11.21 3.8 

17.09 -0.5 

19.49 -2.0 

14.78 4.5 

13.17 2.3 

12.38 1.0 

11.59 1.5 
"10.49 -. . 

8.95 1.0 

6.12 2.5 

4.10 18.4 

1 . 7 9  -10.1 

2.48 -15.8 

2.66 -16.1 

2.45 - 1 4 . 6  

17.22 0.4 

16.50 2.2 

16.20 -0.1 

15.92 0.7 

15.57 0.7 

15.23 --. 

15.25 -0.1 

16.71 -1.6 

14.39 -2.2 

13.31 -3.3 

12.39 0.2 

Keff 1.0018 1.0037 1.0027 1.0018 0.9994 

1.  4 meehes were used near water gaps .  



A P P E N D I X  C  

POWER C A L I B R A T I O N  O F  T H E  F U E L  RODS 

R.  M a r t i n e l l i  and L .  D. W i l l i a m s  



A P P E N D I X  C  

P O W E R  C A L I B R A T I O N  O F  T H E  F U E L  R O D S  

R. M a r t i n e l l i  a n d  L .  D. W i l l i a m s  

E X P E R I M E N T A L  T E C H N I Q U E S  

I n  m u l t i r e g i o n  l o a d i n g s ,  gamma a c t i v i t y  o r i g i n a t i n g  from 

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

rod  power.  I n  o r d e r  t o  r e l a t e  f i s s i o n  p r o d u c t  gamma a c t i v i t i e s  

from d i f f e r e n t  t y p e s  o f  f u e l  t o  r e l a t i v e  rod  p o w e r , a b s o l u t e  

i n t e r c a l i b r a t i o n  f a c t o r s  must be  d e t e r m i n e d .  I n  a c t u a l  p r a c -  

t i c e ,  t h e  problem r e d u c e s  t o  n o r m a l i z a t i o n  o f  gamma a c t i v i t y  

r a t i o s  f o r  d i f f e r e n t  f u e l  t y p e s  such  t h a t  o n l y  r e l a t i v e  power 

i n t e r c a l i b r a t i o n  f a c t o r s  a r e  needed.  R e l a t i v e  rod  powers were 

de te rmined  from gamma a c t i v i t i e s  by u t i l i z i n g  t h e  f a c t o r ,  

F ( t ) f u e l  i n  t h e  f o l l o w i n g  manner:  

f u e l  # 2  

Power ( f u e l  #1 )  - Y l  ( t )  
X Power ( f u e l  # 2 )  - F ( t ) f u e l  # I  

f u e l  # 2  
where Y ~ ,  2 a r e  t h e  f i s s i o n  p r o d u c t  gamma a c t i v i t i e s  ( > 0 . 5  MeV) 

measured from any rod  of  t h e  s p e c i f i e d  f u e l  i n  a  m u l t i r e g i o n  

c o r e  expe r imen t  a t  a  t ime  t f o l l o w i n g  shutdown. Two methods  

were used  t o  d e t e r m i n e  t h e  gamma t o  power f a c t o r s  t o  b e  

a p p l i e d  t o  t h e  f i v e  d i f f e r e n t  f u e l  t y p e s  used  i n  t h e s e  t e s t s ;  

t h e  former  was based  on t h e  measurement of  c l a d d i n g  h e a t u p  

r a t e s  ( c a l o r i m e t r i c  t e c h n i q u e ) ,  t h e  l a t t e r  on t h e  measurement 

of  lanthanum a c t i v i t i e s  (1401,a t e c h n i q u e ) .  The f u e l s  were  

compared two a t  a  t i m e ,  u s i n g  U02-2 w t %  Pu02 ( 8 %  2 4 0 ~ ~ )  a s  t h e  

n o r m a l i z i n g  f u e l .  The c o n v e r s i o n  f a c t o r  F ( t )  u sed  i n  Equa- 

t i o n  (1) i s  e x p r e s s e d  by t h e  f o l l o w i n g  r e l a t i o n s h i p s :  



CALORIMETRIC TECHNIQUE 

(dTC/d t )  1 r 2  
x - x 7f- ( t )  

/ (dTc/dt)  2 K 2  1 

Y1 ( l - S 2 )  r 2  X - X  
( 1 4 0 ~ a ) ,  Y 2  (1-s~r x 

( t ) :  
1 

where t h e  symbols d e n o t e :  

(dTc /d t )  l , 2  = measured c l a d d i n g  h e a t u p  r a t e s  a t  c o n s t a n t  power 
( t h e  t ime dependence o f  Tc i s  l i n e a r  i f  t h e  p r o c e s s  

i s  a d i a b a t i c )  

K 
1 9 2  

= c a l c u l a t e d  f a c t o r s ,  a l l o w i n g  f o r  geometry,  d e n s i t y  

and h e a t  c a p a c i t a n c e  o f  f u e l  and c l a d d i n g  

m a t e r i a l s  (*I 
( l 4 ' ~ a )  1 . 2  = measured 1 . 6  MeV gamma a c t i v i t y  o f  1 4 0 ~ a  from each  

f u e l  r o d  . ( a t  t h e  same t ime  f o l l o w i n g  shutdown) - 

= (weighted)  1 4 0 ~ a  (140La p r e c u r s o r )  f i s s i o n  y i e l d  

f o r  each  f u e l  t y p e  (""1 

( * )  The f o l l o w i n g  r e l a t i o n s h i p  was d e r i v e d  f o r  r e l a t i v e  rod  
powers from a  t h e r m a l  model  o f  a  f u e l  r o d  w i t h  c l a d d i n g ,  
where  t h e  c l a d d i n g  t e m p e r a t u r e  r a i s e s  a d i a b a t i c a l l y :  

where :  P = r o d  power; A = c r o s s  s e c t i o n a l  a r e a  ( a l l  t h e  
f u e l s  a r e  o f  t h e  same l e n g t h ) ;  C = s p e c i f i c  h e a t ;  p = den-  
s i t y .  S u b s c r i p t s  f  and c  d e n o t e  f u e l  and c l a d d i n g .  

( * * I  When more t h a n  one f i s s i l e  i s o t o p e  i s  p r e s e n t  i n  t h e  f u e l ,  
t h e  f i s s i o n  y i e l d s  mus t  b e  w e i g h t e d  b y  t h e  ( c a l c u l a t e d )  
e f f e c t i v e  m a c r o s c o p i c  f i s s i o n  c r o s s  s e c t i o n s  o f  t h e  d i f f e r e n t  
i s o t o p e s .  A d d i t i o n a l l y ,  t h e  v a r i a t i o n  i n  t h e  e n e r g y  
r e l e a s e  pe r  f i s s i o n  f o r  t h e  d i f f e r e n t  f i s s i l e  i s o t o p e s  mus t  
b e  a c c o u n t e d  f o r  i n  t h e  c o r r e c t i o n  f a c t o r .  



S 
1 9 2  

= 'ca'l 'cu'la'ted s e l f  a b s o r p t i o n  f a c t o r s  o f  r o d s  o f  each  

f u e l  t y p e  f o r  t h e  1 . 6  bfeV gamma o f  1 4 0 ~ a .  

r ( t )  = measured f i s s i o n  p r o d u c t  g r o s s  gamma a c t i v i t y  
1 9 2  

( > 0 . 5  MeV) from each  f u e l  r o d ,  a t  t h e  same t i m e  t 

f o l l o w i n g  shutdown o f  t h e  "hea tup"  i r r a d i a t i o n .  

The f u e l  r o d s  t o  b e  compared were p l a c e d  i n  t h e r m a l l y  i n s u -  

l a t e d  t h i m b l e s  which were i n s t a l l e d  a t  c o r e  p o s i t i o n s  of  equal  

f l u x  i n  a  s i n g l e  r e g i o n  G O 2 - 2  w t %  Pu02 ( 8 %  2 4 0 ~ u )  l o a d i n g .  

The c l a d d i n g  h e a t u p  r a t e s  were measured u s i n g  30 gage  i r o n -  

c o n s t a n t a n  thermocouples  a t t a c h e d  t o  t h e  c l a d d i n g  o f  t h e  f u e l  

rods  a t  t h e i r  v e r t i c a l  c e n t e r s .  The r e a c t o r  power was r a i s e d  

t o  a  nominal 7 kW on abou t  a  20 s e c  p e r i o d  and m a i n t a i n e d  a t  

a  s t e a d y  power l e v e l  d u r i n g  d a t a  c o l l e c t i o n .  The v o l t a g e  

o u t p u t  from t h e  two thermocouples  was r e a d  by means of a  

d i g i t a l  v o l t m e t e r  a l t e r n a t e l y  sampl ing  each  thermocouple  
e v e r y  6  s e c .  The e x p e r i m e n t a l  s e t u p  i s  shown i n  l i n e  form i n  

F i g u r e  C-1. Data c o l l e C t i o n  was t e r m i n a t e d  when t h e  c l a d d i n g  

h e a t u p  was no l o n g e r  l i n e a r .  T h i s  b r e a k t h r o u g h  was n o r m a l l y  

obse rved  60 t o  70 s e c  f o l l o w i n g  r e a c t o r  s t a b i l i z a t i o n  a t  7 kW. 

A l i n e a r  l e a s t  s q u a r e s  f i t  was a p p l i e d  t o  1 0  d a t a  p o i n t s  

o b t a i n e d  from each  f u e l  rod  h e a t u p .  A t y p i c a l  c a l o r i m e t r i c  

measurement i s  shown i n  F i g u r e  C-2.  F i g u r e  C - 3  i l l u s t r a t e s  t h e  

r e l a t i v e  c l a d d i n g  h e a t u p  of  t h e  f i v e  compared f u e l s .  Each f u e l  

combina t ion  measurement was r e p e a t e d  t h r e e  t i n e s  u s i n g  d i f -  

f e r e n t  r o d s .  

Fol lowing t h e  c a l o r i m e t r i c  measurements ,  t h e  two f u e l  r o d s  

were removed from t h e  t h i m b l e s  and t h e i r  gamma a c t i v i t y  

( > 0 . 5  MeV) c o u n t e d  a s  a  f u n c t i o n  o f  t ime  f o l l o w i n g  shutdown, 

u s i n g  t h e  same gamma s c a n n i n g  equipment and energy  d i s c r i m i n a -  

t i o n  employed d u r i n g  power d i s t r i b u t i o n  measurements .  The 

r e l a t i v e  gamma a c t i v i t i e s  were measured f o r  t h e  f u e l  r o d s  d u r i n g  

t h e  p e r i o d  4  t o  8  1 / 2  h r  f o l l o w i n g  shutdown. 



FIGURE C-1. EXPERIMENTAL ARRANGEMENT FOR CALORIMETRIC 
MEASUREMENTS 
(A&B ARE FUEL ELEMENTS BEING COMPARED) 
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FIGURE C-3. RELATIVE CLADDING HEATUP OF THE COMPAmD FUELS 
(ACTUAL NORMALIZED DATA) 



A f t e r  1 2  and up t o  30 days f o l l o w i n g  i r r a d i a t i o n ,  t h e  f u e l  

r o d s  used  f o r  c a l o r i m e t r i c  measurements were gamma a n a l y z e d  f o r  

t h e i r  140La a c t i v i t i e s  u s i n g  a  m u l t i c h a n n e l  a n a l y z e r .  The 

i n t e g r a l  c o u n t s  under  t h e  140La (1 .60  MeV) photopeak  a t  h a l f -  

maximum were compared f o r  each  f u e l  combina t ion .  The r o d s  used  

f o r  t h e s e  measurements were coun ted  p r i o r  t o  i r r a d i a t i o n  and 

found t o  have no d e t e c t a b l e  h i s t o r y  o f  1 4 0 ~ a  a c t i v i t y .  The 

measurement o f  c l a d d i n g  hea tup  r a t e s  and 1 4 0 ~ a  a c t i v i t i e s ,  

coup led  w i t h  t h e  c o r r e c t i o n  f a c t o r s  and t h e  gamma a c t i v i t y  

r a t i o s ,  gave two independen t  d e t e r m i n a t i o n s  o f  t h e  c o n v e r s i o n  

f a c t o r  F ( t )  f o r  each  f u e l  p a i r ,  a s  i n d i c a t e d  i n  E q u a t i o n s  ( 2 )  

and ( 3 ) .  

A C C U R A C Y  O F  E X P E R I M E N T A L  R E S U L T S  

The r e s u l t s  o f  t h e  i n t e r c a l i b r a t i o n  measurements o b t a i n e d  

by t h e  c a l o r i m e t r i c  method a r e  l i s t e d  i n  T a b l e  C - I .  The 

u n c e r t a i n t y  a s s o c i a t e d  w i t h  each  h e a t u p  r a t e  r a t i o  i s  p r a c t i -  

c a l l y  o n e - h a l f  o f  t h e  maximum d i s p e r s i o n  of  t h e  r e s u l t s  o b t a i n e d  

f o r  d i f f e r e n t  c o u p l e s  o f  r o d s  o f  t h e  same f u e l  p a i r  ( t h e  s t a n -  

d a r d  d e v i a t i o n s  o f  t h e  l i n e a r  f i t s  were used  a s  w e i g h t i n g  

f a c t o r s ) .  The same c r i t e r i o n  was adop ted  t o  d e f i n e  t h e  c o n f i -  

dence i n t e r v a l  o f  t h e  gamma r a t i o s .  The gamma r a t i o s  f o r  

U02-Pu02 f u e l s  were assumed t o  be c o n s t a n t  w i t h  t i m e ,  s i n c e  t h e  

r a t i o  v a r i e d  l e s s  t h a n  0 . 5 %  o v e r  t h e  t i m e s  i n t e r v a l  o f  i n t e r e s t . *  

The U02-Pu02/U02 gamma r a t i o s  were found t o  be  t i m e  dependent  

and was w e l l  r e p r e s e n t e d  by a  s t r a i g h t  l i n e ;  t h e  s l o p e s  were 

p r a c t i c a l l y  i d e n t i c a l  f o r  b o t h  f u e l  p a i r s  i n v o l v i n g  U02 ( s e e  

Tab le  C - I ) .  The accuracy  o f  t h i s  s e t  of  measurements l o o k s  

q u i t e  s a t i s f a c t o r y ;  a  c r o s s - c h e c k  was p o s s i b l e  f o r  Cases 1, 4 

and 5 of  T a b l e  C - I ,  and an  agreement  was found which was much 

b e t t e r  t h a n  e x p e c t e d  on t h e  b a s i s  o f  t h e  u n c e r t a i n t i e s  o f  t h e  

s i n g l e  measurements .  On t h e  o t h e r  hand,  t h e  r e s u l t s  o f  t h e  

* Gamma r a t i o s  were  sampled a b o u t  4 0  t i m e s  f o r  e a c h  p a i r  o f  
f u e l  r o d s  i n  t h e  t i m e  range  o f  measuremen t .  



TABLE C-I. Results of Intercalibration Measurements 
(calorimetric method) 

(dTc/dtl 1 
- 1 - 
2 

F(t)fuel 1 
Case Com~ared Fuels (dTc'dt) 2 2 F i i E r 2  

U02-2 wt% Pu02(8) 

U02- 2.35% 235, 1.410 + 0.020 1.26 1.443 i 0.005 (b) 1.231 + 0.021'~) 

U02-2 wt% Pu02(8) 

U0,-4 wt% PuO, 0.815 i 0.002 1.0l5 0.827 i 0.003 1.000 + 0.006 

a .  C o r r e c t i o n s  c o n s i d e r e d  t o  b e  a b s o l u t e .  The  s p e c i f i c  h e a t  
v a l u e s  u s e d  a r e :  Z i r c a l o y - 2 ,  0 .071  B t u / l b  O F ;  Aluminum 
6061,  0 . 22  B t u / l b  O F ;  U02 and U02-Pu02 f u e l s ,  0 .067 B t u /  
l b  O F .  

b .  J o r m a l i z e d  t o  306 min  f o l l o w i n g  shu tdown .  The t i m e  dependence  
o f  t h e s e  gamma r a t i o s  b e t w e e n  4  and 8  1 / 2  h o u r s  f o l l o w i n g  
shu tdown c a n  be  r e p r e s e n t e d  by  a  s t r a i g h t  l i n e .  The  r a t e  o f  
i n c r e a s e  o f  b o t h  r a t i o s  i s  ( 0 . 7 3  + 0 . 0 2 ) % / h r .  No a p p r e c i -  
a b l e  t i m e  dependence  was o b s e r v e d  f o r  t h e  o t h e r  gamma r a t i o s .  

c .  Norma l i z ed  t o  306 min  f o l l o w i n g  shu tdown .  

d .  ( 8 )  and ( 2 4 )  a r e  t h e  i s o t o p i c  c o n c e n t r a t i o n s  (%)  o f  2 4 0 ~ u  
i n  t h e  two  U02-2 w t %  Pu02 f u e l s  

e .  Only  two h e a t u p  r a t e  measuremen t s  were  a c c e p t e d  f o r  t h i s  
p a i r .  

f .  T h i s  a d d i t i o n a l  s e t  o f  measuremen t s  was made t o  p r o v i d e  a  
c r o s s  c h e c k  w i t h  Cases  1 and 4 .  

1 4 0 ~ a  measurements were  n o t  v e r y  s a t i s f a c t o r y .  Due t o  i n s t r u m e n -  

t a t i o n  p rob lems ,  t h e  u s e f u l  1 4 0 ~ a  a c t i v i t y  measurements were  made 

l a t e  where t h e  c o u n t i n g  r a t e  o r  " s i g n a l  t o  background" r a t i o  

was n o t  h i g h  enough t o  y i e l d  t h e  d e s i r e d  s t a t i s t i c a l  a c c u r a c y .  

The a c c u r a c y  o f  t h e s e  measurements was h a r d l y  b e t t e r  t h a n  3 % .  

T h e r e f o r e ,  t h e  i n t e r c a l i b r a t i o n  f a c t o r s  d e r i v e d  from t h e s e  

measurements were  n o t  a p p l i e d  f o r  r o d  power n o r m a l i z a t i o n .  



R E L I A B I L I T Y  O F  I N T E R C A L I B R A T I O N  F A C T O R S  

The u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  F ( t ) ' s  i n  T a b l e  C - I  

were o b t a i n e d  by p r o p a g a t i n g  t h e  e x p e r i m e n t a l  e r r o r s  d e f i n e d  

f o r  h e a t u p  r a t e  and gamma a c t i v i t y  r a t i o s ,  s i n c e  h e a t  c a p a c i -  

t a n c e  c o r r e c t i o n s  were assumed t o  be  a b s o l u t e .  The p r e s e n c e  o f  

s y s t e m a t i c  e r r o r s  i n  t h e  K1/K2  c o r r e c t i o n  f a c t . o r s  c a n n o t  be  

exc luded  i n  p r i n c i p l e ,  b u t ,  i n  p r a c t i c e ,  i t  i s  v e r y  u n l i k e l y  

t h a t  such  e r r o r s  exceed  some t e n t h s  o f  p e r c e n t .  The o v e r a l l  

c o n f i d e n c e  i n t e r v a l s  r e l a t i v e  t o  t h e  i n t e r c a l i b r a t i o n  f a c t o r s  

were s e t t l e d  around + 2 % ;  t h i s  v a l u e  compares f a v o r a b l y  w i t h  t h e  

c o n f i d e n c e  on t h e  homogenei ty of f u e l  w i t h i n  t h e  rods  which was 

de te rmined  by a x i a l l y  gamma s c a n n i n g  i r r a d i a t e d  f u e l  r o d s .  

The measured F ( t )  f o r  t h e  U02-0 .9 w t %  Pu02 f u e l  i s  abou t  

5% lower t h a n  e x p e c t e d ,  however,  t h e r e  was e v i d e n c e  t o  s u g g e s t  

t h a t  t h i s  v a l u e  i s  i n c o r r e c t . "  The r e a s o n  f o r  t h i s  anomaly was 

i d e n t i f i e d  w i t h  nonhomogeneity o f  t h e  UO - 0 . 9  w t %  Pu02 f u e l  2 
was found t o  be  h i g h  r e l a t i v e  t o  t h e  o t h e r  f u e l  t y p e s  d u r i n g  

t h e  y - s c a n n i n g  measurements .  The normal i zed  powers of  U02-0.9 

w t %  Pu02 r o d s ,  o b t a i n e d  by u s i n g  t h e  measured i n t e r c a l i b r a t i o n  

f a c t o r  (0 .950)  s h o u l d  be looked  a t  w i t h  s u s p i c i o n  i n  t h e  a n a l y s i s  

of  t h e o r y - e x p e r i m e n t  comparison on m u l t i r e g i o n  l o a d i n g s .  

* The l a c k  o f  a n  a p p r e c i a b l e  t i m e  d e p e n d e n c e  o f  t h e  r 1 / r 2  r a t i o  
i n  t h e  4 t o  8 1 / 2  h o u r  d e c a y  r a n g e  i s  i n c o n s i s t e n t  w i t h  a  
gamma t o  power c o n v e r s i o n  r a t i o  n o t  e q u a l  o r  v e r y  c l o s e  t o  
u n i t y .  The  c a l c u l a t e d  f i s s i o n  c r o s s  s e c t i o n s ,  w h i c h  a r e  
c o n s i d e r  a c c u r a t e ,  i n d i c a t e  t h a t  t h e  power s h a r i n g  
b e t w e e n  '"U and 2 3 9 ~ ~  s h o u l d  be  s i m i l a r  t o  o t h e r  U02-Pu02 
f u e l  t y p e s .  
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APPENDIX D 

MULTIREGION P O W E R  DISTRIBUTION MEASUREMENTS A N D  CALCULATIONS 

P .  Lo izzo ,  R .  M a r t i n e l l i  and L .  D .  Wil l iams 

The gamma a c t i v i t y  c o u n t i n g  p r o c e d u r e  f o r  t h e  m u t i r e g i o n  

l o a d i n g s  was s l i g h t l y  d i f f e r e n t  t h a n  t h a t  f o r  t h e  s i n g l e  r e g i o n  

l o a d i n g s .  Using o n l y  one t y p e  of  f u e l ,  a s  i n  t h e  s i n g l e  r e g i o n  

e x p e r i m e n t s ,  a  s i n g l e  mon i to r  c o u l d  be  p l a c e d  i n  t h e  decay s y s -  

tem and u t i l i z e d  f o r  decay c o r r e c t i o n  o v e r  t h e  e n t i r e  c o u n t i n g  

t i m e .  I n  t h e  m u l t i r e g i o n  l o a d i n g s , t h i s  method was n o t  p r a c t i c a l  

due t o  t h e  d i f f e r e n t  t ime  dependent  decay c h a r a c t e r i s t i c s  o f  

t h e  v a r i o u s  t y p e s  o f  f u e l .  The d i f f e r e n t  t y p e s  of  f u e l  r o d s  

were  coun ted  i n i t i a l l y  by themse lves  u s i n g  a  decay  m o n i t o r  of  

t h e i r  own t y p e  o f  f u e l .  Fol lowing t h e  gamma c o u n t i n g  o f  t h e  

i n d i v i d u a l  f u e l  t y p e s ,  s e l e c t e d  r o d s  o f  each  t y p e  were  coun ted  

r e l a t i v e  t o  each  o t h e r  u s i n g ,  i n  most c a s e s ,  a  U02-2 w t %  Pu02 

( 8 %  2 4 0 ~ ~ )  r o d  a s  a  n o r m a l i z i n g  f u e l .  The r e l a t i v e  gamma 

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

same t i m e  f o l l o w i n g  shutdown u s i n g  t h e  n o r m a l i z i n g  r e s u l t s .  

A t  t h i s  p o i n t ,  gamma a c t i v i t y  t o  r o d  power c o n v e r s i o n  f a c t o r s ,  

a s  d e t e r m i n e d  by t h e  methods o u t l i n e d  i n  Appendix C ,  were 

a p p l i e d  t o  t h e  r e s u l t s .  The power n o r m a l i z a t i o n  f a c t o r s  

de te rmined  by t h e  c a l o r i m e t r i c  method were used  f o r  t h e  gamma 

a c t i v i t y  t o  r o d  power c o n v e r s i o n .  

The e x p e r i m e n t a l  u n c e r t a i n t i e s  o f  t h e  measurements i n  t h e  

m u l t i r e g i o n  l o a d i n g s  a r e  n o t  p r o v i d e d  f o r  each  c a s e  a s  was 

done i n  t h e  s i n g l e  r e g i o n  l o a d i n g s .  I t  was de te rmined  t h a t  

t h e  r e l a t i v e  accuracy  o f  t h e  expe r imen t  (RAE) f o r  t h e s e  l o a d i n g s  

was g e n e r a l l y  t h e  same a s  f o r  s i n g l e  r e g i o n  c o r e s .  The 

u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  power n o r m a l i z a t i o n  f a c t o r s  i s  

n o t  i n c l u d e d  i n  t h e  RAE. The RAE i s ,  i n  f a c t ,  e x p e r i m e n t a l  

c o n f i d e n c e  f o r  t h e  r o d  gamma a c t i v i t i e s  and n o t  t h e  r o d  power.  



U n c e r t a i n t i e s  a s s o c i a t e d  w i t h  rod  powers f o l l o w i n g  t h e  a p p l i c a -  

t i o n  o f  t h e  power n o r m a l i z a t i o n  f a c t o r s  canno t  be g e n e r a l l y  

r e l a t e d  t o  t h e  e n t i r e  l o a d i n g .  The c o n f i d e n c e  i n t e r v a l s  f o r  

each t y p e  o f  f u e l  can  o n l y  b e  i n d i v i d u a l l y  a p p l i e d  u s i n g  t h e  

u n c e r t a i n t y  f o r  t h e  power c o n v e r s i o n s  l i s t e d  i n  T a b l e  C-I  and 

t h e  u n c e r t a i n t y  d e r i v e d  from t h e  d i s p e r s i o n  o f  t h e  gamma 

a c t i v i t i e s  obse rved  i n  rod  symmetry checks .  

The l o a d i n g  maps and r e l a t i v e  rod  power f o r  a l l  t h e  m u l t i -  

r e g i o n  l o a d i n g s  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n  i n  F i g u r e s  D-1 

through D - 1 1 .  The t y p e s  of  f u e l  i n  t h e  v a r i o u s  r e g i o n s  a r e  

l a b e l e d  on t h e  l o a d i n g  maps. The a b b r e v i a t e d  d e s i g n a t i o n s  

s h o u l d  b e  obvious  f o r  a l l  f u e l  excep t  t h e  1:02-2 w t %  PuOZ Where 

n o t  s p e c i f i c a l l y  deno ted  a s  24% 2 4 0 ~ ~ ,  t h e  2 w t %  d e s i g n a t e s  t h e  

8 %  2 4 0 ~ ~  f u e l .  A s  f o r  t h e  s i n g l e  r e g i o n  l o a d i n g ,  t h e  r o d  powers 

shown on t h e  l o a d i n g  maps a r e  t h e  a v e r a g e  power o f  symmetr ic  

r o d s .  The i n d i v i d u a l  rod  powers f o r  s i x  of  t h e  e l e v e n  measured 

c o n f i g u r a t i o n s  a r e  g i v e n  i n  Tab les  D-I th rough  D-VI, where t h e y  

a r e  compared w i t h  r o d  powers c a l c u l a t e d  u s i n g  v a r i o u s  t h e o r e t i -  

c a l  models .  Again ,  t h e  numbers s e e n  on t h e  l o a d i n g  maps and i n  

t h e  t a b l e s  a r e  on ly  l o c a t i o n  index  numbers used  d u r i n g  t h e  c a l c u -  

l a t i o n s  and have no o t h e r  s i g n i f i c a n c e .  The c a s e  numbers 

l i s t e d  i n  t h e  t a b l e s  f o r  each  model a r e  r e l a t e d  t o  c o r r e s p o n d i n g  

numbers used  i n  T a b l e  X V I  t h rough  X I X  and i n  t h e  t e x t .  

The d i s c r e p a n c i e s  between e x p e r i m e n t a l  and t h e o r e t i c a l  rod  

powers a r e  d e f i n e d  i n  t h e  same manner i n  t h i s  s e c t i o n  a s  f o r  

t h e  s i n g l e  r e g i o n  c o n f i g u r a t i o n s .  





TABLE D-I. Experimental - Calculational Power Distribution 
Comparisons, Basic 9 x 9 - U02-2.35% 2 3 5 ~  
Element in U02-2 wt% Pu02 (8% 2 4 0 ~ u )  

Rod 
L o c a t i o n  

4  

Symmetry 
P o i n t s  

1 

Case No. 6 6  
S t .  RIBOT 

4G - 4M 
E x ~ e r i m e n t a l  S e t s  No. I 

~ b d  power,  a i d  3  
A r b i t r a r y  U n i t s  Power 6 ,  % 

Case No. 6 7  
S t .  RIBOT 

S e t s  No. 1 
and 3  

6 ,  Power , % 

Case No. 6 8  
THERMOS - HRG 

4G - 4M 
S e t s  No. 1 4  

and 3 4  
Power 6 ,  % - - 

3  1 . 3 3 3  + 1 . 6  - 2  . 0  + 0 . 1  

Group Average 6 ,  2 8  p o i n t s  ( 1 . 2 2  + 0 . 9 2 ) %  ( - 1 . 0 7  ? 0 . 7 9 ) %  ( 0 . 7 2  + 0 . 7 2 ) %  

3  0 . 9 2 7  + 8 . 4  + 4 . 7  + l .  7  

Group Average 6 ,  11 p o i n t s  ( 4 . 7 4  + 2 . 8 5 ) %  ( 1 . 5 2  i 2 . 0 8 ) %  ( 0 . 3 2  + 2 . 1 6 ) %  

Loading Average 6 ,  3 9  p o i n t s  ( 2 . 2 2  + 2 3 0 ) %  ( - 0 . 3 4  + 1 . 7 2 ) %  ( 0 . 6 1  + 1 . 2 8 ) %  --- 
K e f f  

1 . 0 0 6 8  1 . 0 0 9 8  1 . 0 1 0 4  1 . 0 0 4 7  -- 



BASIC 7x7, "02-2 WT% Pu02 (24% 2 4 0 ~ u )  ELEMENT IN 
U02-2 WT% Pu02 (8% 240pu) 

Experimental Power Distribution: 

Position No. 

34% 2 4 0 p ~  R o d s -  

10 
9 
8 
7 

11 
12 
4 
5 
6 

8% 2 4 0 ~ u  R o d s  

14 
15 
16 
17 

Relative Power 

FIGURE D-2 



TABLE D-11. Experimental - Calculational Power Distribution 
Comparisons, Basic 7 x 7,U02-2 wt% Pu02 (24% 
2 4 0 ~ ~ )  Element in U02-2 wt% Pu02 (8% 2 4 0 ~ ~ )  

Case No. 6 5  
S t .  R I B O T  

4 G  - 4M 
E x p e r i m e n t a l  S e t s  No. 1 

Rod Symmetry Rod Power ,  and  6 
L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  Power -- 6 ,  % 

4 1 1 . 1 8 4  * 1 . 1 8 8  + 0 . 3  

2  1 . 1 8 8  0 

3  1 . 1 9 2  - 0 . 3  

Group Average  6 ,  11 p o i n t s  ( + 0 . 7 4  t 0 . 8 2 ) %  

8  1 0 . 6 8 7  0 . 7 0 2  + 2 . 1  

1 2  1 0 . 7 5 4  0 . 7 5 1  - 0 . 6  

2  0 . 7 4 9  + 0 . 3  

3  ( 0 . 7 3 5 )  ( + 2  . 2 )  

Group Average 6 ,  1 2  p o i n t s  ( 2 . 3 9  t 1 . 4 9 ) %  

1 4  1 ( 1 . 1 9 3 )  1 . 1 8 5  ( - 0 . 7 )  

2  1 . 2 2 0  - 2 . 9  

3  0 . 5 8 8  + 1 . 2  

Group Average 6 ,  1 0  p o i n t s  ( 0 . 6 1  2 1 . 8 5 ) %  

Load ing  Average 5 ,  3 3  p o i n t s  ( 1 . 3  t 1 . 6 2 1 %  



BASIC 9x9, COMPOSITE ELEMENT #1 IN 
U02-2 WT% Pu02 (8% 2 4 0 ~ ~ )  

Experimental Power Distribution: 

Position No. Relative Power 

0.9 WT% Pu02 Rods 

4 \BT% Pu02 Rods 

2 WT% Pu02 Rods 
--- - 

FIGURE D-3 



. Experimental - Calculational Power Distribution 
Comparisons, Basic 9 x 9, Composite Element 
No. 1 in U02-2 wt% Pu02 (8% 240~1.1) 

Rod Symmetry 
L o c a t i o n  P o i n t s  -- 

2  1 

Experimental 
Rod Power,  

A r b i t r a r y  U n l t s  

1 . 0 7 7  

1 . 0 7 1  

1 . 0 6 8  

1 . 0 8 5  

0 . 8 8 2  

0 . 8 7 3  

0 .892  

( 0 . 9 5 1 )  

0 . 8 9 3  

(0 .858)  

Case N O .  69  
S t .  RIBOT 

4G - 4M 
S e t s  No. 1,  

4 ,  and  5  
Power 6 ,  % 

1 . 0 1 8  - 6 . 0  

- 5 . 4  

- 5 . 1  

- 6 . 6  

0 .815  - 8 . 2  

- 7 . 1  

- 9 . 1  

( - 1 4 . 7 )  

- 9 . 2  

( - 5 . 7 )  

Case No. 70 
THERMOS - HRG 

4G - 4M 
S e t s  No. 1 4 ,  

4 1 ,  and  5 1  
Power 6 ,  % 

1 . 0 3 7  - 4 . 8  

- 3 . 7  

- 3 . 4  

- 4 . 9  

0 . 8 3 5  - 5 . 9  

- 4 . 9  

- 6 . 9  

1 - 1 2 . 9 )  

- 7 . 0  

( - 3 . 3 )  
7  0 . 8 6 3  - 6 . 0  - 3 . 7  

Group Average 6 ,  9  p o l n t s  ( - 6 . 9 7  t 1 . 5 4 ) %  ( - 4 . 9 7  t 1 . 3 6 ) P  

4  1 1 .360  "1 .368  + 0 . 6  " 1 . 3 6 8  + 0 . 6  

Group  Average 6 ,  1 L  p 6 1 n t s  ( - 0 . 9 9  t 0 . ¶ ) 1  ( - 0 . 6 6  F U . / 8 J %  

8  1 1 .196  1 . 2 3 2  r 3 . 0  1 . 2 0 5  + 0 . 8  

2  1 .199  t 2 . 7  +O. 5  

3  1 . 1 9 1  + 3 . 4  + 1 . 2  

9  1 1 .127  1 . 1 5 3  r 2 . 3  

2  1 . 1 1 9  r 3 . 1  

3  1 . 1 2 4  + 2 . 6  

10  1 ( 1 . 1 1 8 )  1 . 1 4 7  ( + 2 . 6 )  1 . 1 3 4  ( + 1 . 4 )  

2  1 .143  rO .3  - 0 . 8  

3 1 . 1 4 4  + 0 . 4  - 0 . 9  

1 3  1 1 . 0 0 7  1 . 0 2 6  1 1 . 0 2 6  + 1 . 8  

2  1 . 0 1 5  +1.1 t 1 . 0  

3  1 . 0 1 0  + 1 , 6  t 1 . 5  

14  1 ( 0 . 9 6 7 )  1 . 0 1 7  ( i 5 . 2 )  1 .019  ( t 5 . 4 )  

2  0 . 9 8 8  t 2 . 9  + 3 . 1  
3  1 . 0 0 1  + 1 . 6  + l . S  

1 5  1 ( 1 . 0 2 1 )  1 . 0 1 9  ( - 0 . 2 )  1 . 0 2 2  ( '0 .1)  

2  0 .990  + 3 . 0  + 3 . 3  

3  1 .006  + 1 . 3  + 1 . 6  

4  0 . 9 8 7  + 3 . 3  + 3 . 6  

1 6  1 1 . 0 1 3  1 . 0 2 2  + 0 . 9  1 .026  r 1 . 3  

Croup  Average  6 ,  I 7  p o i n t s  ( 2 . 0 8  i l.tT)% fl . 4 1  i 1. 9 ,  ( 1 4  
po ln t s_ l  

1 7  1 1 . 1 8 1  1 . 1 9 5  1 . 1  1 . 1 9 0  r 0 . 8  

2 1 .186  0 . 7  + 0 . 4  

3  1 .176  1 . 6  + 1 . 2  

1 8  1  0 .770  0 . 7 8 1  1 . 4  0 . 7 7 6  + 0 . 8  

2 0 . 7 7 5  0 . 8  + 0 . 2  

3 0 .774  0 . 9  +O. 3  

1 9  1 0 . 6 7 3  0 .682  1 . 3  0 .670  - 0 . 5  
2  0 .682  0  - 0 . 8  

3  0 . 6 7 1  1 . 6  - 0 . 2  

Group  A v e r a g e  6 ,  p o ~ n t s  ( 1 . 0 4  t 0 .511% ( 0 . 2 2  i 0 . 6 5 1 %  

m ~ n g  Avera- ( - 0 . 6 3  i 3 .493% ( - 0 . 8 4  t 2 . 5 7 1 8 ,  (44 
p o i n t s ]  

Load ing  Average  a , ( e x c l u d i n g  0 . 9 %  
Pu02 r o d s ) ,  38 p o i n t s  ( 0 . 8 7  1 , 5 9 ) P  ( - 0 . 3 9  2 1 .4014 ,  (35 

p o i n t s )  



B A S I C  9x9, U 0 2 - 2  WT% P U O 2 ( 8 %  2 4 0 ~ U )  E L E M E N T  I N  U 0 2 - 2 . 3 5 %  235U 

Experimental Power Distribution: 

Position NO. Relative Power 

F I G U R E  D-4 

D-9 



TABLE D-IV. Experimental - Calculational Power Distribution 
~ok~arisons, Basic 9 x 9, U02-2 wt% PuOz Element 
in U02-2.35% 23% 

Rod Symmetry 
L o c a t i o n  P o i n t s  -- 

2  1 

2  

3  

3  1 

E x p e r i m e n t a l  
Rod Power,  

A r b i t r a r y  U n i t s  

1 . 1 3 1  

1 . 1 2 7  

( 1 . 0 6 8 )  

0 . 9 0 6  

0 . 9 0 4  

0 . 9 0 5  

( 0 . 8 9 3 )  

0 . 8 9 7  

0 . 8 9 4  

0 . 8 8 4  

0 . 8 9 4  

0 . 8 9 8  

0 . 8 8 2  

0 . 8 9 2  

0 . 8 9 7  

0 . 8 8 2  

Case No. 5 3  
S t .  RIBOT 
4G - 4M 

S e t s  No. 1 
and 3  

Power 6 ,  % 

1 . 1 2 4  - 0 . 6  

- 0 . 3  

( + 5 . 2 )  

* 0 . 9 0 5  - 0 . 1  

+ o .  1 

0  

( + 1 . 3 )  

0 . 8 7 7  - 2 . 2  
- 1 . 8  

- 0 . 8  

0 . 8 8 4  - 1 . 2  

- 1 . 6  

+ 0 . 2  

0 . 8 8 9  - 0 . 4  

- 0 . 9  

+ 0 . 8  

Case  No. 5 4  
S t .  RIBOT 

5G - 4M 
S e t s  No. 1 

and  3  
Power 6 ,  % 

Case No. 5 5  
RIBOT, M.H. ( I )  

5G - 4M 
S e t s  No. 1 5  

and 3 4  
Power -- 

1 . 1 0 4  - 2 . 4  

- 2 . 0  

( + 3 . 4 )  

" 0 . 9 0 5  - 0 . 1  

+ 0 . 1  

0  

( 1 . 3 )  
0 . 8 7 7  - 2 . 2  

- 1 . 8  

- 0 . 8  

0 . 8 8 3  - 1 . 2  

- 1 . 7  

+ o .  1 

0 . 8 8 7  - 0 . 6  

- 1 . 1  

Case  No. 5 6  
THERMOS - HRG 

4G - 4M 
S e t s  No. 1 4  

and  3 2  
Power 6 ,  % -- 

1 . 1 1 4  - 1 . 5  

- 1 . 1  

Group Average 6 ,  1 4  p o i n t s  ( - 0 . 6 3  i 0 . 8 5 ) %  ( - 0 . 3 6  i 0 . 8 6 ) %  ( - 0 . 9 4  + 0 . 9 8 ) %  ( - 0 . 3 9  i 0 . 8 3 ) %  

Group Average 6 ,  1 0  p o i n t s  ( 1 . 6 6  i 1 . 0 1 ) %  ( 0 . 8 8  i 1 . 0 7 ) %  ( 3 . 5 0  + 0 . 8 8 ) %  ( 3 . 8 2  + 1 . 1 4 ) %  

Group Average 6 ,  1 2  p o i n t s  ( - 4 . 7 2  t 0 . 5 4 ) %  ( - 3 . 5 5  t 1 . 4 7 ) %  ( - 3 . 0 3  t 0 . 5 8 ) %  ( - 3 . 9 7  i 1 . 5 ) %  

Loading Average 6 ,  36  p o i n t 5  ( - 1 . 3 9  t 2 . 6 9 ) %  ( - 1 . 0 3  + 2 . 1 6 ) %  ( - 0 . 4 0  + 2 . 7 4 ) %  ( - 0 . 4 1  i 3 . 3 0 1 %  

I .  Homogenized moderator cross sections. see text 



11~11, U02-2 WT% PU02 (8% 240F'u) ELEMENT IN U02-2.35% 2 3 5u 

Experimental Power Distribution: 

Position No. Relative Power 

U02-2.35% - 2 3 5 ~  ~ o d s  

FIGURE D-5 

D - 1 1  



TABLE D-V. Experimental - Calculational Power Distribution 
Comparisons, 11 x 11, UO -2 wt% Pu02 (8% 240~u) 
Element in uo2-2. 35% 2358 

Case No. 5 7  Case  No. 58  Case  No. 59 Case No. 60 
S t .  R I B O T  S t .  R I B O T  R I B O T ,  !t.H. R I B O T ,  H . M . ( ~ )  

4G - 4M 5G - 4M 4G - 4M 5G - 4M 
E x p e r i m e n t a l  S e t s  No. 1 Sets No. 11 S e t s  No. 1 5  S e t s  No. 1 5  

R n d  Symmetry Rod Power, and  3  and 3 and  3 4  and 34 
L o c a t ~ o n  P o i n t s  A r b i t r a r y  U p i t s  Power 6 ,  % ~Pay&f-  ' a,, % -- Power 6 ,  % Power 6 ,  % 

Group Average 6 ,  1 5  p o i n t s  ( 3 . 4 0  + 1 . 4 0 ) %  ( 3 . 9 3  ? 1 . 4 4 ) %  ( 3 . 0 9  * 0 . 8 7 1 %  ( 3 . 2 1  ? 0 . 8 5 ) %  

G r o u p  Average 6 ,  1 4  points I0,PL k Q..563% (10.26 ? 0 . 6 1 ) %  ( 0 . 5 1  ? 0 . 8 6 ) %  ( 0 . 5 1  t 0 . 8 4 ) %  

L o a d ~ n ~  A v e r b g e  6 ,  29 p o i n t s  ((L.86 * 1.913% ( 2 . 0 1  ? 2 . 0 4 ) %  ( 1 . 8 4  + 1 . 5 7 ) %  ( 1 . 9 0  + 1 . 6 0 1 %  

I .  Homogenized  m o d e r a t o r  c r o s s  s e o t i o n s ,  s e e  t e x t .  



BASIC 9x9, COMPOSITE ELEMENT #2 IN U02-2.35% 2 3 5 ~  

Experimental Power Distribution: 

Position No. 

U02-2 WT% PuOZ Rods 

12 
11 
9 
13 
14 
15 

U02-2.35% 2 3 5 ~  Rods - 
4 
5 
6 
7 
8 

16 
17 
18 

Relative Power 

F I G U R E  D-6 

D - 1 3  



TABLE D-VI. Experimental - Calculational Power Distribution 
Comparisons, Basis 9 x 9, Composite Element 
No. 2 in U02-2.35% 23% 

Expe r imen ta l  
Rod Symmetry Rod Power, 

L o c a t i o n  P o i n t s  A r b i t r a r y  U n i t s  

4  1 1 . 2 2 2  

2  1 . 2 1 8  

3  1 . 2 3 1  

5 1 1 . 0 1 0  

2  ( 0 . 9 9 0 )  

3  1 . 0 2 2  

6  1 0 . 9 6 1  

2  0 . 9 7 0  

Case No. 6 2  
S t .  RIBOT 

4G - 4M 
S e t s  No. 1 

and 3  
Power 

* 1 . 2 2 4  + 0 . 2  

Case No. 6 3  
S t .  RIBOT 

5G - 4M 
S e t s  N o .  1 

and 3  
Power 

* 1 . 2 2 4  + 0 . 2  

Case No. 6 4  
THERMOS - HRG 

4G - 4M 
S e t s  No. 1 4  

and 3 2  
Power 6 ,  % -- 
" 1 . 2 2 4  + 0 . 2  

+ 0 . 5  

- 0 . 6  

1 . 0 2 7  + 1 . 7  

( ' 3 . 7 )  

+ 0 . 5  

0 . 9 7 9  t 1 . 9  

+ 0 . 9  
3  0 . 9 6 5  + 0 . 4  - 1 . 2  + 1 . 5  

7 1 0 . 9 6 5  0 . 9 6 6  + 0 . 1  0 . 9 5 0  - 1 . 7  0 . 9 8 0  + 1 . 5  

2  0 . 9 6 6  0  - 1 . 7  + 1 . 5  

8  1 0 . 9 6 7  0 . 9 6 8  + 0 . 1  0 . 9 5 3  - 1 . 5  0 . 9 8 3  + 1 . 7  

2  0 . 9 6 4  + 0 . 4  -1.1 + 2 . 0  

3  ( 1 . 0 0 0 )  ( - 3 . 2 )  ( - 4 . 7 )  ( - 1 . 7 )  

Group Average 6 ,  1 2  p o i n t s  ( 0 . 2 8  + 0 . 4 9 ) %  ( - 0 . 9 3  i 0 . 7 0 ) %  ( 1 . 1 1  i 0 . 8 0 ) %  

Group Average 6 ,  1 4  p o i n t s  ( 7 . 3 1  ? 1 . 5 9 ) %  ( 1 . 8 6  1 . 2 0 ) %  ( 4 . 8 9  2 1 . 3 2 ) %  

Group Average 6 ,  9 p o i n t s  ( 2 . 0 4  2 0 . 5 6 ) %  ( - 1 . 6 6  ? 1 . 8 4 ) %  ( 1 . 5 2  ? 1 . 0 2 ) %  

Loading Average 6 ,  3 5  p o i n t s  ( 3 . 6  r 3 . 3 6 ) 9  ( 0 . 0 8  ? 2 . 0 0 ) %  ( 2 . 7 6  t 2 . 1 3 1 %  
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B A S I C  7x7 ,  U02-2.35% 2 3 5 ~  ELEMENT IN IJO2-2 WT% Pu02 (8% 240~U) 

Experimental Power Distribution: 

losition No. 

U02-2.35% 2 3 5 ~  Rods - 
10 
9 
8 
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12 
4 
5 
6 

U02-2 WT8 Pu02 Rods - -. 

14 
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Relative Power 

FIGURE D-7 
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11x11, U02-2.35% 2 3 5 ~  ELEMENT I N  U02-2 WT% PuOl (8% 2 4 0 ~ ~ )  

Experimental Power Distribution: 

U02-2 WT% P u 0 2  Rods - 

Relative Power 

FIGURE D-8 

D - 1 6  



BASIC 9x9, COMPOSITE ELEMENT #2 IN U0,-2 WT% PuO, (8% 2 4 0 ~ u )  

Experimental Power Distribution: 

nos; tion No. 

U02-2.35% 2 3 5 ~  R o d s  - .- 

U02-2 WT% Pu02 R o d s  - 

Relative Power 

F I G U R E  D-9 
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BASIC 7x7, U02-2 WT% Pu02 (8% 240 ~ u )  ELEMENT IN U0,-2.35% 2 3 5 ~  

Experimental Power Distribution: 

Position No. Relative Power 

UO2-2 WT% PuOZ Rods - 

U02-2.35% 2 3 5 ~  Rods 

11 

F I G U R E  D-10 



BNWL- 1 3 7 9  

BASIC 9x9, COMF'OSITE ELEMENT $1 IN U02-2.35% 2 3 5 ~  

Experimental Power Distribution: 

Position No. Relative Power 

0.9 WT% PuOZ Rods 

2 .840 
3 .660 

2.0 WT% Pu02 Rods - 

4.0 WT% PuOZ Rods 

F I G U R E  D-11 
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CONTROL BLADE WORTH MEASUREMENTS AND CALCULATIONS 

P. L o i z z o  and N .  P a c i l i o  



A P P E N D I X  E  

C O N T R O L  B L A D E  W O R T H  \ l E A S U R E M E N T S  A N D  C A L C U L A T I O N S  

P .  L o i z z o  a n d  N .  P a c i l i o  

M A T H E M A T I C A L  F R A M E W O R K  - 

I n  o r d e r  t o  g i v e  an o p e r a t i v e  d e f i n i t i o n  t o  t h e  p a r a m e t e r  

a ,  we s t a r t  w i t h  t h e  c o n v e n t i o n a l  o n e - p o i n t  monoenerge t i c  

k i n e t i c  e q u a t i o n s  r e l a t e d  t o  a  fundamental  space-mode and a  

u n i f i e d  d e l a y e d  n e u t r o n  group,  

~ ( t )  = a c n ( t )  - h c ( t )  

where t h e  symbols i n d i c a t e  

n ( t >  n e u t r o n  d e n s i t y  a t  t ime  t 

c ( t >  d e l a y e d  n e u t r o n  p r e c u r s o r  d e n s i t y  a t  
t ime t 

a =  l k l  R o s s i - a l p h a  o r  p r o m p t - p e r i o d  r e c i p r o c a l  
R 

e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  

e f f e c t i v e  t o t a l  f r a c t i o n  of  d e l a y e d  
n e u t r o n s  

prompt n e u t r o n  l i f e t i m e  

- B a  - -  c  R c r i t i c a l  R o s s i - a l p h a  

d e l a y e d  n e u t r o n  p r e c u r s o r  t ime-decay  
c o n s t a n t .  

The g e n e r a l  s o l u t i o n  of  Equa t ion  (1 )  i s  g i v e n  by 

- w  t n ( t )  = Ae 1 + Be - w 2 t  

where t h e  two decay c o n s t a n t s  a r e  approx ima te ly  g i v e n  by 

A(a-ac)  
'-L 

w1 '-L 
and w 2  ; a  4a 

and a r e  t h e  s t a b l e  p e r i o d  and t h e  prompt p e r i o d  r e c i p r o c a l s .  

I f  t h e  p r e s e n c e  of  d e l a y e d  n e u t r o n s  i s  n e g l e c t e d ,  i . e . ,  i f  



A i s  s e t  e q u a l  t o  z e r o ,  Equa t ion  (1)  d e g e n e r a t e s  i n t o  a  f i r s t  

o r d e r  d i f f e r e n t i a l  e q u a t i o n ,  whose s o l u t i o n  i s  

n ( t )  = Ce - a t  
(2)  

I t  i n d i c a t e s  t h a t  f o r  A = 0, 
w e  

(namely a )  becomes t h e  funda-  

men ta l  e i g e n v a l u e .  T h i s  a l s o  means t h a t ,  i f  a  s u i t a b l e  t ime 

b a s i s  i s  chosen  such  t h a t  mos t ly  prompt n e u t r o n s  a r e  o b s e r v e d ,  

a  t ime b e h a v i o r  l i k e  Equa t ion  (2)  i s  e x p e c t e d  f o r  them. I n  

f a c t ,  p u l s e d  n e u t r o n s  and r e a c t o r  n o i s e  a n a l y s i s  expe r imen t s  

a r e  based  on t h e  assumpt ion  t h a t  a  fundamenta l  space-mode and 

e x p o n e n t i a l  t ime  decay e x i s t s  f o r  t h e  prompt n e u t r o n  f l u x  and i s  

c h a r a c t e r i z e d  by t h e  pa ramete r  a .  

I f  Equa t ions  (1)  and (2) a r e  g e n e r a l i z e d  t o  a  m u l t i g r o u p  

d i f f u s i o n  t h e o r y  model,  one o b t a i n s  

where i and j a r e  ene rgy-g roup  s u b s c r i p t s .  

The c o r r e s p o n d i n g  s t a t i c  e q u a t i o n s  o b t a i n e d  by s e t t i n g  E 0 

and r e p l a c i n g  t h e  t e rms  c o n t a i n i n g  c ,  a r e :  

The m u l t i p l i c a t i o n  f a c t o r  k and t h e  prompt m u l t i p l i c a t i o n  f a c t o r  

k a r e  t h e  r e q u i r e d  e i g e n v a l u e s  of  E q u a t i o n s  (1") and (2") ,  
P  

r e s p e c t i v e l y ,  and a r e  u s u a l l y  o b t a i n e d  v i a  i t e r a t i v e  methods 

o p e r a t i n g  i n  m u l t i g r o u p  code c a l c u l a t i o n s .  



The same p r o c e d u r e  used  t o  t r a n s f o r m  Equa t ion  ( 2 ' )  i n t o  

Equa t ion  (2")  can  b e  adop ted  t o  r e d u c e  t h e  prompt n e u t r o n  

t ime  b e h a v i o r  problem t o  a  s t a t i c  problem. I n  f a c t ,  i f  t h e  

c o n d i t i o n  4 = ami i s  imposed i n  E q u a t i o n  ( Z t ) ,  one o b t a i n s  

which h a s  t h e  same formal i sm o f  Equa t ion  ( Z t t ) ,  o n l y  w i t h  a  

mod i f i ed  a b s o r p t i o n  g i v e n  by 

and k  s e t  e q u a l  t o  u n i t y .  
P  

Thus,  t h e  s t a t i c  problem can  b e  s o l v e d  a s  u s u a l  and t h e  v a l u e  

o f  a  i s  d e r i v e d  a s  t h e  fundamenta l  e i g e n v a l u e  o f  E q u a t i o n  (3 )  . * 
A t y p i c a l  c a l c u l a t i o n  p r o c e d u r e  can  be  summarized a s  f o l l o w s :  

a )  The s t a t i c  problem ( d e t e r m i n a t i o n  of  k) i s  s o l v e d  and t h e  

converged  f l u x e s  a r e  s a v e d .  T h i s  i s  made f o r  c r i t i c a l  

and s u b c r i t i c a l  c o n f i g u r a t i o n s  o b t a i n e d  by i n s e r t i n g  r o d s  

o r  by i n c r e a s i n g  t h e  a x i a l  b u c k l i n g .  

b )  The m o d i f i e d  s t a t i c  problem ( d e t e r m i n a t i o n  o f  a )  i s  now 

s o l v e d  by u s i n g  t h e  converged  f l u x e s  of  Case (a)  a s  

s t a r t i n g  v a l u e s .  Few i t e r a t i o n s  a r e  needed f o r  converg ing  

t o  k  = 1 i n  c r i t i c a l  and s l i g h t l y  s u b c r i t i c a l  a s s e m b l i e s ;  
P  

a  g r e a t e r  number o f  i t e r a t i o n s  a r e  r e q u i r e d  f o r  more s u b -  

c r i t i c a l  s y s t e m s .  T h i s  i s  due t o  t h e  d i f f e r e n t  p h y s i c a l  

meaning o f  t h e  f l u x  d i s t r i b u t i o n  i n  t h e  c a l c u l a t i o n  o f  k  

and a .  T h i s  i s  a l s o  t h e  r e a s o n  why two d i f f e r e n t  symbols ,  

v i z .  m i  and ii have been adop ted  i n  Equa t ions  ( 2 " )  and 

(3)  r e s p e c t i v e l y .  

E q u a t i o n  ( 3 )  h a s  b e e n  o b t a i n e d  v i a  a  s i m p l i f i e d  h e u r i s t i c  
p r o c e d u r e .  However, t h e  same e q u a t i o n  c a n  b e  o b t a i n e d  v i a  
a  r i g o r o u s  t r e a t m e n t .  ( 2 5 )  



I n  t h e  f i r s t  problem t h e  f l u x  p r o f i l e  i s  e s s e n t i a l l y  t h e  d e l a y e d  

n e u t r o n  s p a c e  d i s t r i b u t i o n  w h i l e  i n  t h e  second problem t h e  

prompt n e u t r o n  d i s t r i b u t i o n  i s  o b t a i n e d .  The two p r o f i l e s ,  

r a t h e r  d i f f e r e n t l y  shaped  i f  t h e  r e a c t o r  i s  nonuni form,  t e n d  t o  

be a s  much d i f f e r e n t  a s  t h e  d e g r e e  of  s u b c r i t i c a l i t y  i n v o l v e d .  

The wide d i s c r e p a n c y  between t h e  two f l u x  s h a p e s  f u r t h e r  c l a r i -  

f i e s  t h e  approach  t o  t h e  problem of  c a l c u l a t i n g  a ,  s i n c e  i t  

o b v i o u s l y  e x c l u d e s  any p e r t u r b a t i o n - t h e o r y  i m p l i c a t i o n .  

R e s u l t s  of  c a l c u l a t i o n s  made f o r  w a t e r  r e f l e c t e d  and 

moderated r e g u l a r  e n r i c h e d  U02 and U02-Pu02 sys t ems  c l e a r l y  show 

t h a t  w h i l e  d e l a y e d  n e u t r o n s  ( i . e . ,  t h e  a c t u a l  power d i s t r i b u -  

t i o n )  have t h e  expec ted  f l u x  shape  w i t h  pronounced peaks i n  t h e  

c o r e  and l e s s  a c c e n t u a t e d  peaks i n  t h e  r e f l e c t o r ,  prompt n e u t r o n s  

have a  r a t h e r  damped d i s t r i b u t i o n  i n  t h e  c o r e  and an  ex t remely  

peaked p r o f i l e  i n  t h e  r e f l e c t o r .  

These phenomena a r e  p h y s i c a l l y  e x p l i c a b l e  l o o k i n g  a t  prompt 

and de layed  n e u t r o n  l i f e t i m e s  i n  t h e  d i f f e r e n t  zones ,  i n  f a c t ,  

w h i l e  de layed  n e u t r o n s  l i v e  l o n g e r  i n  t h e  c o r e  t h a n  t h e  

r e f l e c t o r ,  t h e  o p p o s i t e  o c c u r s  f o r  prompt n e u t r o n s ;  a  major  

f r a c t i o n  of t h e  d e l a y e d  n e u t r o n  p o p u l a t i o n  i s  i n  t h e  c o r e  and 

a  major  p a r t  of  prompt n e u t r o n  p o p u l a t i o n  i s  i n  t h e  r e f l e c t o r  

a t  any i n s t a n t  of  r e a c t o r  l i f e .  

A s  a  f i n a l  p o i n t ,  one might  i n q u i r e  abou t  t h e  s u b c r i t i c a l i t y  

l i m i t  beyond which a canno t  e i t h e r  be  c a l c u l a t e d  o r  obse rved .  

I t  must b e  r e c a l l e d  t h a t ,  f o r  r e f l e c t e d  sys t ems ,  a  t ime-decay  

e i g e n v a l u e  e x i s t s  which i s  r e l a t e d  t o  n e u t r o n s  spend ing  t h e i r  

e n t i r e  l i f e t i m e  i n  t h e  r e f l e c t o r .  I t s  v a l u e  i s  approx ima te ly  

g i v e n  ( h e r e  t h e  c o r e - r e f l e c t o r  r e a c t i v i t y  c o u p l i n g  e f f e c t  i s  

n e g l e c t e d  and t h e  dependence o f  t h e  r e f l e c t o r  e i g e n v a l u e  on 

r e a c t i v i t y  i s  r e g a r d e d  a s  secondary  e f f e c t  and n o t  d i s c u s s e d )  by 

y = (vth Cath) r e f l e c t o r  



For v e r y  s u b c r i t i c a l  c o n f i g u r a t i o n s ,  i t  may o c c u r  t h a t  a 

becomes l a r g e r  t h a n  y ,  i . e . ,  t h a t  L : ~  of E q u a t i o n  ( 4 )  g e t s  

n e g a t i v e  f o r  t h e  r e f l e c t o r .  S i n c e  t h e  immediate consequence  i s  

an e x t r e m e l y  h i g h  f l u x  p r o f i l e  ( second  e i g e n f u n c t i o n )  i n  t h e  

r e f l e c t o r ,  i t  comes o u t  t h a t  EXTEFOIINATOR-2 converges  t o  y 

i n s t e a d  o f  t o  a .  A d d i t i o n a l  a n a l y s i s  of  t h i s  problem i s  needed.  

C A L C U L A T I O N  M O D E L  

C a l c u l a t i o n s  o f  k ( s t a t i c  problem) and a (mod i f i ed  s t a t i c  

problem) were  e x e c u t e d  v i a  EXTERMINATOR-2. T h i s  code a l l o w s  

a t o  b e  c a l c u l a t e d  a s  a  p r o p o r t i o n a l i t y  f a c t o r  which m u l t i p l i e s  

t h e  p o i s o n  c r o s s  s e c t i o n s  l / v i  o f  each  ene rgy  g roup .  According  

t o  t h e  code nomenc la tu re ,  a i s  used  a s  ' d r i v e  f a c t o r '  o f  t h e  

e i g e n v a l u e  problem which y i e l d s  a  v a l u e  k = 1. 
P  

The p a r a m e t e r s  l / v  have been  c a l c u l a t e d  by a d o p t i n g  t h e  

same a v e r a g i n g  p r o c e d u r e  i (26 )  used  f o r  s:, i . e . ,  

v  i v  (6)  

i where E: and E 2  a r e  t h e  lower and upper  boundary o f  t h e  i t h  

e n e r g y  group.  I f  a  1 / E  ene rgy  d i s t r i b u t i o n  i s  assumed f o r  t h e  

f a s t  g roups ,  E q u a t i o n  (6)  becomes 

where Eo = 0.0253 eV, vo = 2200 m/sec and nui i s  t h e  l e t h a r g y  

of  t h e  group i .  For t h e  t h e r m a l  g r o u p s ,  < l / v i >  can  b e  c a l -  

c u l a t e d  a s  an a b s o r p t i o n  c r o s s  s e c t i o n  o f  a  l / v  p o i s o n ,  whose 

v a l u e  i s  n o r m a l i z e d  t o  l / v o  a t  t h e  c o n v e n t i o n a l  e n e r g y  E o .  

Thus,  we o b t a i n ;  



1 u n i t  
<-> = ( i )  
v  i v  

0 

S e v e r a l  checks o f  t h e  s e n s i t i v i t y  of  a on c o r e  and r e f l e c t o r  

p a r a m e t e r s  have been  made, w i t h  s p e c i a l  f o c u s  on t h e  v a l u e s  o f  

l / v i  These q u a n t i t i e s  have been a r b i t r a r i l y  changed f o r  some 

o r  a l l  t h e  energy  groups  o f  t h e  c o r e  and o f  t h e  r e f l e c t o r  and 

t h e  v a l u e s  of  a d e r i v e d .  R e s u l t s  a r e  g i v e n  i n  T a b l e s  E-I and 

E - 1 1 .  A major  i n f l u e n c e  o f  t h e  l / v i  o f  Groups 4  and 5 i n  b o t h  

c o r e  and r e f l e c t o r  i s  n o t i c e a b l e  i n  t h e  c o r r e s p o n d i n g  v a l u e s  

of  a .  The r e f e r e n c e  c o r e  i s  C o n f i g u r a t i o n  D ,  d e s c r i b e d  i n  

F i g u r e  9  on page 20. 

TABLE E- I .  S e n s i t i v i t y  of a  on l / v .  i n  a  5-Group Model Calcu- 
l a t i o n  ( v a r i a t i o n s  on lyv i  a r e  always equal  t o  
-10% and a r e  r e l a t e d  t o  tfie group quoted i n  t h e  
t a b l e .  ) 

G r o u ~ s  Var i ed  

Core l /v i  Re f l ec to r  l / v i  a  a / a  (S tandard )  

S t a n d a r d  S t a n d a r d  102 .5  1 .000  

1 ,273 S t a n d a r d  103.9  1 .014 

1 ,273  475 109.0 1 .063 

S t a n d a r d  1727374,5 109.2  1 .065  

TABLE E-11.  S e n s i t i v i t y  of a  on l / v  i n  a 4-Group Model Calcu- 
l a t i o n  ( v a r i a t i o n s  on l j v i  a r e  always equa l  t o  
-10% and r e l a t e d  t o  t h e  group quoted i n  t h e  t a b l e . )  

Groups V a r i e d  
Core l / v i  R e f l e c t o r  l / v i  a  a / a  (S t a n d a r d )  

S t a n d a r d  S t a n d a r d  1 0 4 . 1  1 .000 

S t a n d a r d  1 , 2 , 3 , 4  ( w a t e r  106.0 
gap on ly )  

S t a n d a r d  1 , 2 , 3 7 4  107 .3  

1 , 2 , 3 , 4  S t a n d a r d  1 1 0 . 1  1 .058  



P H Y S I C A L  M E A N I N G  A N D  R O L E  O F  T H E  R O S S I - A L P H A  

A comparison between Equations (2") and (3) leads to an 

immediate interpretation of the term a/v as the amount of i 
poison which must be subtracted from the reactor to make it 

prompt-critical. The poison is considered as uniformly dis- 

tributed in the whole system and is characterized by a l/v 

cross section. (27,281 

Since a uniform poisoning experiment cannot be realized 

in practice, the theory-experiment check-up is actually based 

on comparing the time-decay constant a measured via a dynamic 

method, e.g., pulsed- neutron or reactor-noise analysis tech- 

niques, with an absorption cross section a/vi computed via a 

modified static calculation. Obviously the final comparison is 

only possible if the value of l/vi is assumed as - a priori 

known. 

It is worthy to note that theory-experiment comparisons 

of this type are extendable to highly subcritical systems 

unlike all other reactivity-based procedures. 

Practically, the parameter a is at least as muck expres- 

sive as k only with the difference that k is unity for all kinds 
of critical reactors, while oc is not (but it expresses some 

reactor characteristics very well). On the other hand, a 

is experimentally observable, while k is not. A set of experi- 

ments based on a does not necessarily need a critical experi- 

ment, while one based on k consists only in a critical 

experiment. 

One of the most discussed subjects in this specific field 

is that of the a versus reactivity relationship. According 

to the definition of a in the one-point monoenergetic diffusion 

theory model, one obtains 



where R i s  t h e  r e a c t i v i t y ,  A t h e  g e n e r a t i o n  t i m e  and $ t h e  

r e a c t i v i t y  i n  d o l l a r  u n i t s .  The l i n e a r  a v e r s u s  $ b e h a v i o r  h a s  

been conf i rmed by a  number o f  e x p e r i m e n t s ,  b u t  e v i d e n c e  h a s  a l s o  

been  obse rved  o f  a  breakdown of  t h i s  r e l a t i o n s h i p ,  p r e v a l e n t  

f o r  s u b c r i t i c a l  expe r imen t s  i n  r e f l e c t e d  s y s t e m s .  

Although t h e  methods s u g g e s t e d  h e r e ,  i . e . ,  measur ing  a and 

i g n o r i n g  k ,  b y p a s s e s  t h e  q u e s t i o n  ( i n  f a c t  t h e  t roub lesome  con-  

c e p t  of  r e a c t i v i t y  h a s  n e v e r  been  i n t r o d u c e d ) ,  an  i n v e s t i g a t i o n  

on t h e  s u b j e c t  has  been  made by some s u b c r i t i c a l  c o n f i g u r a t i o n s  

and c a l c u l a t i n g  b o t h  a and k  f o r  each  o f  them. 

S u b c r i t i c a l i t y  h a s  been  o b t a i n e d  by d i f f e r e n t  ways, i . e . ,  

by i n c r e m e n t i n g  t h e  a x i a l  b u c k l i n g  o f  a  c r i t i c a l  r a d i a l  s i z e  

r e a c t o r  o r  by i n s e r t i n g  t h i c k e r  and t h i c k e r  r o d s .  The former  

approach  has  been  adop ted  f o r  c a l c u l a t i o n s  i n  U 0 2  c o r e s ;  (Con- 

f i g u r a t i o n  A h a s  been  chosen  a s  r e f e r e n c e  c o r e )  r e s u l t s  a r e  

shown i n  T a b l e  E-111.  

TABLE E-111. Values o f  a and k Calcu la ted  f o r  D i f f e r e n t  Sub- 
c r i t i c a l  Clean Cores (Conf igura t ion  A is  
r e f e r e n c e  ca se )  

B~ 
Axial, $ ,  Linearly Extrapolated Calculated Deviation, 
cm- 2 K Dollars a, sec-1 a, sec-1 - % 

The l i n e a r l y  e x t r a p o l a t e d  v a l u e  o f  a was o b t a i n e d  u s i n g  t h e  

r e a c t i v i t y  - a l p h a  r e l a t i o n s h i p ,  $ = (ac - a)/uc. The c a l c u l a t e d  

v a l u e  of  a i s  shown t o  d i v e r g e  from t h e  r e a c t i v i t y  r e l a t i o n s h i p  

a s  t h e  c o r e  i s  made more s u b c r i t i c a l .  



C O N T R O L - R O D  S T R U C T U R E  A N D  C H A R A C T E R I S T I C S  

The d e t a i l s  o f  t h e  b o r a l  b l a d e  ( w i t h  and w i t h o u t  wings )  

a r e  shown i n  F i g u r e  E-1 .  The t e s t  c r u c i f o r m  b l a d e *  was con-  

s t r u c t e d  o f  s t a i n l e s s  s t e e l  a s  were t h e  s p a c e r s  and t h e  w a l l s  

of  t h e  f l a t  and c y l i n d r i c a l  t u b e s .  The t e s t  b l a d e  ( n o t  t o  

s c a l e )  i s  shown i n  F i g u r e  E-2 and E - 3 .  The d i f f e r e n t  t y p e s  o f  

p o i s o n  t h a t  were loaded  i n t o  i t  a r e  s e e n  i n  F i g u r e  E-4 t o  E-6 .  

Each wing o f  t h e  b l a d e  i n  t h e  f i g u r e s  i s  t y p i c a l  o f  what  a l l  

f o u r  wings look  l i k e  when t h e  b l a d e  was l o a d e d  w i t h  t h a t  

p o i s o n  m a t e r i a l .  

The d imens ions  and s p e c i f i c a t i o n s  of  t h e  v a r i o u s  m a t e r i a l s  

u s e d  i n  t h e  t e s t  c r u c i f o r m  b l a d e  a r e  summarized below: 

Round t u b e s  - 0.188 i n .  o u t e r  d i a m e t e r  
35 .25  i n .  l o n g  
0.025 i n .  w a l l  t h i c k n e s s  
M a t e r i a l  - B q C  (16 g / t u b e )  

Hf02 (27 .3  g / t u b e )  
1 3  tubes /wing  

F l a t  t u b e s  - 0.185 i n .  t h i c k  
1 .203 i n .  wide 
35 .5  i n .  l o n g  
0.028 i n .  w a l l  t h i c k n e s s  
M a t e r i a l -  BqC (148.2 g / t u b e )  

H f O  (247.0 g / t u b e )  
~ ~ C 3 - H f 0 ~  m i x t u r e  (218.8  g / t u b e )  

54.7 g  B C f 1 6 4 . 1  g  H 02  

Thin  hafnium m e t a l  b a r s  - 0.090 i n .  t h i c k  
1 . 1 4 1  i n .  wide 
35.5 i n .  long  
767.7 g / b a r  a v e r a g e  
2 b a r s / w i n g  

Th ick  hafn ium m e t a l  b a r s  - 0.155 i n .  t h i c k  
1 .163  i n .  wide 
35.5 i n .  l ong  
1330.7  g / b a r  a v e r a g e  
2 ba r s /wing  

* The t e s t  c r u c i f o r m  b l a d e  and c o n t r o l  m a t e r i a l s  u e r e  p r o v i d e d  
by  t h e  N u c l e a r  Energy D i v i s i o n  o f  t h e  Genera l  E l e c t r i c  
Company, San J o s e ,  C a l i f o r n i a  



BORAL CONTROL BLADE W lTH Wl  NG EXTENDERS 

NOT€: 

A luminum wall thickness 
and BqC thickness same for 
Wing Extenders as for Blade. 

The Blade is 36" long and the 
Wing Extenders are 33" long 
and both are centered about the 
fuel when inserted. 

I 

FIGURE E-1 .  BORAL BLADE DETAIL 

E - 1 0  



F I G U R E  E-2. TEST CRUCIFORM BLADE DETAILS 

E - 1 1  





BNWL- 1 3 7 9  

"Thin1' Ha fn ium Ears 
0. 020" 

I Semic i rcu lar  Spacer 
0.025" Thick x 35.5" Lo.;g 

0.035 x 0.75 x 35.5" Spacer 
(Typical of Four)  

Hafn ium Meta l  Bars 
I b/ \ 1.141 x 0.090 x 35.5" 

Flat Tubes 
2.330" I @ 

Flat Tubes 
0.185 x 1.203 x 35.5" 
0.028" Wall Thickness 

8 .. , , -  

1 0 . 0 3 0  x 0.185 x 3 5 5  Sparers 

Jt----2.405"-4 0.125' 

Round  Cyl inders 

0.030 x 0. 185 x 35.5" Hafn ium Meta l  Bars 

v 
"Thick" Ha fn ium Bars 

0.025" Wal l  Thickness 
(13 Tubes per Wing) 

FIGURE E-4. TEST CRUCIFORM BLADE-LOADING DETAILS 

E - 1 3  



BNWL- 1379 

. :.. 
:-. '. 

Re Hf 0 * 
?T . .. : . . a . 

2 2 7 Tiles 

.-. -;a . - .  ..'. . ' . .. 6 . .  ..: .. 
::.i;: ,Tiles 0. 161 x 1. 180 x 2.350" .: . 
I<+' 

:*.: 
8. 

-t :.%. (30 per Wing) .... . * 
$. . ' 
*. .. . : . : .. . . .. . 
.. : / 0.030 x 0.185 x 35.5" Spacer 

* 
Rare Earth Pyrohaf nate 
See Text of Appendix E 
For Composition 

FIGURE E-5. TEST CRUCIFORM BLADE-LOADING DETAILS (CONTINUED) 
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0 TIES L 18. 

FIGURE E-6 .  TEST CRUCIFORM BLADE POISON MATERIAL 
PERSPECTIVE VIEW 



Rare e a r t h  p y r o h a f n a t e  t i l e s -  0 .161 i n .  t h i c k  
1 .180 i n .  wide 
2.350 i n .  l ong  
Mate r i a l -Re2Hf  207 

Re = 60% dyspros ium,  
20% helmium, 
20% erbium 

1682.1  g/30 t i l e s  a v e r a g e  
30 t i l e s / w i n g  

The s p e c i f i c a t i o n s  f o r  t h e  b o r a l  b l a d e  a r e  summarized below: 

D e t a i l s  o f  b l a d e  a r e  shown i n  F i g u r e  E-1  

Core m a t e r i a l ,  0.168 i n .  t h i c k ;  Aluminum s k i n ,  0 .041 i n .  

t h i c k  

Core m a t e r i a l  i s  B 4 C  g r i t  p a r t i c l e s  (20 t o  200 mesh) 

d i s p e r s e d  i n  1100 Aluminum 

The e f f e c t i v e  d e n s i t y  of  t h e  c o r e  m a t e r i a l  i s  2.484 

? 0.002 g/cm 3  

Core m a t e r i a l  i s  (34 .9  ? 0 . 2 )  w t %  B 4 C  and ( 6 5 . 1  2 0.2)  

w t %  Aluminum. 

E X P E R I M E N T A L  P R O C E D U R E ,  D A T A  R E D U C T I O N  A N D  M E A S U R I N G  A P P A R A T U S  

The c o u n t i n g  c h a i n  was of  t h e  o r d i n a r y  t y p e  o f t e n  used  f o r  

m o n i t o r i n g  and r o u t i n e  measurements i n  n u c l e a r  r e a c t o r s .  The 

o n l y  new e lemen t s  were t h e  l o c a t i o n  of  t h e  n e u t r o n  d e t e c t o r ,  

t h e  a d o p t i o n  of  a  p r e s e l e c t i n g  d e v i c e  f o r  s p o t t i n g  t h e  p r e s e n c e  

o f  spontaneous  b u r s t s  o f  a  d e s i r e d  minimum a m p l i t u d e  and t h e  

u s e  o f  a  m u l t i c h a n n e l  s c a l e r .  

Two t y p e s  o f  BF3 p r o p o r t i o n a l  c o u n t e r s  were  used :  t h e i r  

t he rma l  n e u t r o n  s e n s i t i v i t i e s  were 7 cps /nv  f o r  c r i t i c a l  and 

s l i g h t l y  s u b c r i t i c a l  sys tems and 45 cps /nv  f o r  more s u b c r i t i c a l  

a s s e m b l i e s .  They were always p l a c e d  i n  an e f f e c t i v e  l o c a t i o n ,  

i . e .  n e a r  t h e  peak o f  t h e  f l u x  p r o f i l e .  S i n c e  t h e  top -peak  

was i n  t h e  w a t e r  r e f l e c t o r  f o r  a l l  s y s t e m s ,  t h e  p r e f e r e n t i a l  

d e t e c t o r  p lacement  c o u l d  b e  a c h i e v e d  w i t h  no need  o f  s p e c i a l  



i n - c o r e  equipment .  A d i g i t a l  p r e s e l e c t o r  was a d o p t e d ;  a  

m o d i f i c a t i o n  o f  a  g a t e d - s c a l e r .  The o u t p u t  coming from t h e  

c o u n t i n g  c h a i n  was sampled d u r i n g  a d j u s t a b l e  t ime  i n c r e m e n t s  

( U s u a l l y  s m a l l e r  t h a n  o r  e q u a l  t o  t h e  m u l t i s c a l e r  c h a n n e l  

wid th )  and r e s e t  t o  z e r o  a t  t h e  end of  each  sampl ing .  S i n c e  

t h e  mean c o u n t i n g  r a t e  c o u l d  b e  s e p a r a t e l y  o b t a i n e d ,  t h e  p r e -  

s e l e c t o r  c o u l d  be s e t  a t  t h e  d e s i r e d  a m p l i t u d e  o f  p o s i t i v e  

f l u c t u a t i o n s  above t h e  mean l e v e l .  I t s  o p e r a t i o n  was t h a t  o f  

t r i g g e r i n g  t h e  m u l t i c h a n n e l  s c a l e r  when t h e  s e l e c t e d  number o f  

c o u n t s  was o b t a i n e d  d u r i n g  t h e  sampl ing  i n t e r v a l .  Upon 

t r i g g e r i n g  o f  t h e  m u l t i c h a n n e l  s c a l e r ,  d a t a  was c o l l e c t e d  i n  

t h e  i n d i v i d u a l  c h a n n e l s  from i n i t i a l  t r i g g e r i n g  t o  t h e  end o f  

t h e  sweep. The sweep d u r a t i o n  was p r e f i x e d  i n  t e rms  o f  a  

s e l e c t e d  number o f  c h a n n e l s .  The o p e r a t i o n  was r e p e a t e d  a  

t o t a l  of  N sweeps ( g e n e r a l l y  l o 4  t i m e s )  t o  improve t h e  measure-  

ment s t a t i s t i c a l  s i g n i f i c a n c e  and r e a c h  t h e  d e s i r e d  p r e c i s i o n .  

A d e l a y  l i n e  was used  b e f o r e  f e e d i n g  c o u n t s  i n t o  t h e  d a t a  

r e g i s t e r ,  i n  o r d e r  t o  o b s e r v e  t h e  r i s e  a s  w e l l  a s  t h e  decay  

o f  spon taneous  b u r s t s .  

The d a t a  ensemble f n ( A t ) )  was p r i n t e d  o u t  and went th rough  

a  t h r e e - s t a g e  t r e a t m e n t  b e f o r e  b e i n g  r educed  t o  g i v e  t h e  

d e s i r e d  v a l u e  o f  a .  The raw d a t a  were e l a b o r a t e d  a c c o r d i n g  

t o  t h e  fo rmula  

where T i s  t h e  memory-storage c y c l e - t i m e ,  i . e . ,  t h e  dead  t ime  

f o r  channe l  advance and A t  i s  t h e  c h a n n e l  w i d t h .  For  t h e  

equipment  u s e d ,  T was e q u a l  t o  34 m i c r o s e c .  Then, d a t a  had  

t o  b e  c o r r e c t e d  because  o f  t h e  n e u t r o n  c o u n t i n g  c h a i n  dead 

t ime  e .  The dead  t ime  formula  was a p p l i e d ,  i . e . ,  

n ' ( ~ t )  = n* ( ~ t )  
1 - n * ( ~ t )  0 

N A t  



The ensemble { n ' ( ~ t ) }  i s  t h e n  f e d  i n t o  t h e  program LEARN,  whose 

f i t t i n g  t e c h n i q u e s  a r e  based  upon second o r d e r  T a y l o r  e x p a n s i o n  

of  t h e  mean s q u a r e  m i s f i t  and u t i l i z e  t h e  s t a n d a r d  m i n i m i z a t i o n  

formulae  t o  o b t a i n  convergence .  I t s  o u t p u t  gave t h e  b e s t  v a l u e s  

of background and e x p o n e n t i a l  ampl i tude  and decay c o n s t a n t  

t o g e t h e r  w i t h  t h e i r  s t a n d a r d  d e v i a t i o n s .  

A b l o c k  d iagram o f  t h e  measur ing  a p p a r a t u s  i s  g i v e n  i n  

F i g u r e  E - 7 .  The s i n g l e  b l o c k s  o f  t h e  sys tem c o r r e s p o n d  t o  t h e  

f o l l o w i n g  symbolism and p u r p o s e s :  

BF p r o p o r t i o n a l  c o u n t e r ,  R e u t e r - S t o k e s  models 3  
RSN-7A o r  RSN-45A 

P r e a m p l i f i e r ,  Canberra  I n s t r u m e n t s ,  Model 1410 

A m p l i f i e r ,  Canberra  I n s t r u m e n t s ,  Model 1416 

D i s c r i m i n a t o r ,  Capberra  I n s t r u m e n t s ,  Model 1430 

S c a l e r s ,  RIDL Model 49-43 (6 decades )  g a t e d  by 

t i m e r s  RIDL Model 54-8  

P r e s e l e c t o r  of  t h e  number o f  m u l t i s c a l e r  c h a n n e l s  

t o  be  swept (2  decades )  

P r e s e l e c t o r  o f  c o u n t i n g  b u r s t s  (two decades ,  

i . e .  m i l l i s e c  and dec imal  f r a c t i o n ,  f o r  t h e  

sampl ing  t ime  i n t e r v a l ,  two decades  f o r  t h e  

number o f  c o u n t s  i n  t h e  sampl ing  i n t e r v a l ;  a  

d i a l  f o r  t h e  d e s i r e d  number of c o u n t s )  

Timer ,  Wavetek Model 111 

M u l t i c h a n n e l  t ime  a n a l y z e r ,  Nuc lea r  Data 

Model 180,  used  i n  m u l t i s c a l e r  mode. 

(DL ) b l a g n e t o s t r i c t i v e  d e l a y  l i n e ,  Anderson,  
8 . 5  m i l l i s e c  ( c o n s t a n t  d e l a y )  

Simply s p e a k i n g ,  t h e  measur ing  c i r c u i t  s e l e c t e d  n e u t r o n  

c o u n t i n g  b u r s t s  o f  a  d e s i r e d  minimum a m p l i t u d e  and a n a l y z e d  t h e i r  

d ie -away on a  s u i t a b l e  t ime  b a s i s .  The p u l s e s  coming o u t  from 

t h e  DT-PA-A-D c o u n t i n g  c h a i n  a r e  f e d  i n t o  t h e  p r e s e l e c t o r .  I f  
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t h e  number o f  p u l s e s  a r r i v i n g  i n  a  g i v e n  t ime  i n t e r v a l ,  i . e . ,  

t h e  sampling i n t e r v a l  o f  t h e  b u r s t  m o n i t o r ,  e q u a l s  o r  exceed  a  

p r e s e t  v a l u e  t h e n  a  p u l s e  i s  g e n e r a t e d  by PS2 which t r i g g e r s  

t h e  m u l t i c h a n n e l  s c a l e r ,  i . e . ,  makes i t  s t a r t  t h e  d a t a  c o l l e c t i o n .  

The advance-channel  f u n c t i o n  i s  t r i g g e r e d  by t h e  e x t e r n a l  

f r equency  g e n e r a t o r  0 and i s  s t o p p e d  and r e s e t  a s  soon a s  t h e  

number o f  c h a n n e l s  p r e s e t  by PS1 has  been  r e a c h e d .  A memory- 

s t o r a g e  c y c l e - t i m e  must be  t a k e n  i n t o  accoun t  f o r  e v e r y  channe l  

advancement s i n c e  t h e  f i r s t  s e c t i o n  o f  e v e r y  channel  w i l l  n o t  

a c c e p t  c o u n t s ,  a s  i t  i s  g a t e d  d u r i n g  channe l  advance .  

A d e l a y  l i n e  ( D L )  was u s e d  t o  a l l o w  t h e  p r e h i s t o r y  o f  t h e  

t r i g g e r i n g  b u r s t  t o  b e  o b s e r v e d .  

S c a l e r s  (S) were  connec ted  a t  v a r i o u s  p o i n t s  o f  t h e  c i r c u i t  

i n  o r d e r  t o  check t h e  l o n g - t i m e - a v e r a g e d  c o u n t i n g  r a t e  (S1), t h e  

s t a b i l i t y  o f  t h e  channe l  d w e l l  t ime g e n e r a t o r  (S2)  and t o  coun t  

t h e  number o f  b u r s t  a n a l y s e d  i . e .  number o f  sweeps ( S 3 ) .  

T y p i c a l  r u n - d u r a t i o n s  r ange  from 1 h r  f o r  c r i t i c a l  and 

n e a r - c r i t i c a l  measurements t o  2 1 / 2  h r  f o r  f a r - s u b c r i t i c a l  

measurements .  
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A P P E N D I X  F 

CROSS S E C T I O N S  

P .  L o i z z o  

When 5 e n e r g y  groups  c r o s s  s e c t i o n s  a r e  g i v e n  f o r  

S t a n d a r d  R I B O T ,  t h e  c and D of  t h e  f i r s t  t h r e e  groups  a r e  

t h e  same a s  i n  t h e  4 group s e t ;  .Y5 s c a t t e r s  6 8 %  i n  Group 4 and 

32% i n  Group 5 ;  C: s c a t t e r s  t o  Group 5 and 1; s c a t t e r s  t o  

Group 4 (up s c a t t e r i n g ) .  

When Modera tor  Homogenized ( M . H . )  c r o s s  s e c t i o n s  a r e  

g i v e n ,  b o t h  f o r  4 and 5 g r o u p s ,  t h e  f a s t  groups  c r o s s  s e c t i o n s  

a r e  i d e n t i c a l  t o  t h e  c o r r e s p o n d i n g  S t a n d a r d  R I B O T  c r o s s  s e c t i o n s .  

U02-2 wt% Pu02(8% 240~u) CROSS SECTIONS 
- 

Set 1 (Standard RIBOT 20 OC, p ~ ~ 0  = 1.0000 g/cm5) 
a "  

Set 11 (Same as Set 1 except Group 3 constants decreased by 10%) 

Group 

3 0.71117 0.07767 0.030643 0.014765 0.005320 

Set 12 ( H T H - ~ ~ ~ P U  in thermal zone: Leonard-Westcott library) 

D zr(g+g+l) cr(g+g+2) Group 'a " I f  f 

Set 13 ( H T H - ~ ~ ~ P U  in thermal zone: Schmidt's KFK 120 Library) 

Group 

4 0.324800 - - 0.144540 0.243510 0.086527 



Set 14 (THERMOS/BATTELLE-HRG, Leonard-Westcott for 239~u) 

Group D cr(g+g+l) Cr(g+g+2) a "=f I f 

Set 15 (RIBOT M.H.) 

Group D ' r 'a v C  f f 

3 
Set 16 (Standard RIBOT, Q~~~~ = 0.8067 g/cm ) 

4 G 

Group D ' r 'a "If C f 

1 1.78320 0.052677 0.002228 0.004419 0.001661 

2 0.94466 0.138335 0.0 0.0 0.0 

Set 17 (Standard RIBOT p = 0.9306 g/cm3) 
Hz0 

Group 

4 G - D r 'a " ' f 
1 1.68775 0.059508 0.002228 0.004419 

2 0.876243 0.160648 - - 

3 0.741758 0.081090 0.033828 0.016365 

4 0.245481 - 0.162366 0.273583 

5 G - 
4 0.418852 0.445797 0.197249 0.326279 

5 0.207510 0.005242 0.154726 0.262041 



3 
S e t  1 8  ( S t a n d a r d  RIBOT p = 0 .8796  g/cm ) 

H20 
Group D r a v z f  f  

S e t  19 ( S t a n d a r d  RIBOT p l I Z O  = 0 . 7 5 4 3  g/cm3) 

Group D ' r z a " I f  f  

3 H20 (20  O C ,  p = 1 g/cm ) CROSS SECTIONS 

S e t  2 

4G ( S t a n d a r d  RIBOT) - 
D 1 Group r a < 1 / v >  

S e t  21 (HRG-THERMOS/BATTELLE 

Group D c r ( g + g + l )  z r ( g + g + 2 )  a 



U02-2.35 wt% 2 3 5 ~  CROSS SECTION 

Set 3 (Standard RIBOT, 20 OC, pilZO = 

4 G 

Group D T ' a 

1 1.74900 0.068340 0.001643 

Set 31 (HTH) 

Group D z,(g+g+l) zr(g+g+2) 

Set 3 2 (THERMOS/BATTELLE-HRG) 

Group D zr(g+g+l) zr(gag+2) 

Set 33 (Standard RIBOT p = 0.8330 g/cm5) 

Group D C r 'a " ' f 






























