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ABSTRACT 

The Center f o r  Neutron Research (CNR) w i l l  provide the 
world 's  b e s t  f a c i l i t i e s  f o r  t h e  s tudy of neutron s c a t t e r i n g .  
The CNR w i l l  con ta in  a very high f l u x  r e a c t o r  t h a t  w i l l  achieve 
an extremely high power d e n s i t y  (between 4 and 8 MM/L). The 
r e a c t o r  is t o  be fueled with uranium s i l i c i d e  and cooled, md-  
e r a t e d ,  and r e f l e c t e d  by D20. I n i t i a l  r e a c t o r  physics ca l cu la -  
t i o n s  i n d i c a t e  t h a t  a power l e v e l  of 270 MW with a r e a c t o r  co re  
volume of 35 L w i l l  achieve a peak thermal f l u x  in t h e  r e f l e c -  
t o r  of l o z o  neutronsom-2eS'1. The r e a c t o r  f u e l  w i l l  be con- 
t a i n e d  i n  t h i n  ( l O 3 - m )  p l a t e s ,  similar t o  those anployed in 
the very  success fu l  High-Flux I so tope  Reactor,  and will be 
graded i n  the  axial and r a d i a l  d i r e c t i o n s .  Coolant v e l o c i t y  is 
t o  be 27 m / s ,  and core i n l e t  p re s su re  is t o  be 5.6 ma. Maxi- 
mum f u e l  c e n t e r l i n e  temperature w i l l  be -350'C. 

I n i t i a l  thermal-hydraulic s t u d i e s  i n d i c a t e  t h a t  some 
method of preventing t h e  formasion of aluminum oxide on the 
f u e l  c l a d  is r equ i t ed  if t h e  h ighes t  performance i s  t o  be 
achieved. Tests to confirm t h e s e  c a l c u l a t i o n s  are planned. 

One of the experimental  f a c i l i t i e s  is t o  be a cold 
( 10-mev) neutron source.  Ca lcu la t ions  t o  determine t he  s i z e  of 
t h e  source have been i n i t i a t e d ,  but a d d i t i o n a l  cross-sect ion 
d a t a  are needed. 

An abbreviated ve r s ion  of a t e n t a t i v e  program plan f o r  
f i s c a l  year 1987 and beyond is descr ibed.  To ta l  program expen- 
d i t u r e s  are expected t o  be $40 m i l l i o n  over 5 years.  
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1. OBJECTIVES, DESIGN CRITERIA, CONSTRAINTS, 
AND PROJECT OVERVIEW 

C. B. West 

The formal o b j e c t i v e s  of the C e n t e r  f o r  Neutron Research (CNR) 

proj  ect are t o  : 

1. design and cons t ruc t  the world's  bes t  r e sea rch  r e a c t o r  fo r  neutron 

s c a t t e r i n g ;  

2. provide i so tope  production f a c i l i t i e s  t h a t  are as good as, o r  b e t t e r  

than,  t he  High-Flux Isotope Reactor (HPIR);  

3 .  provide materials i r r a d i a t i o n  f a c i l i t i e s  t h a t  are as good as, o r  bet- 

ter than, HFIR. 

To guide the design work more e a s i l y ,  these o b j e c t i v e s  have been trans- 

l a t e d  i n t o  q u a n t i t a t i v e  design cri teria a g a i n s t  which proposed r e a c t o r  

co re  designs and concepts can be measured. 

For neutron s c a t t e r i n g ,  t h e  main user  requirements are a high the r -  

m a l  neutron f l u x ,  e s t a b l i s h e d  over a s u f f i c i e n t l y  l a r g e  volume t o  accom- 

modate a number of beam tubes ,  one o r  more cold neutron (energy -10"4-eV) 

sources ,  and a hot neutron (energy -0.3-eV) source. The thermal f l u x  

should be as f r e e  as poss ib l e  of epithermal and f a s t  neutrons.  

The obvious comparison f o r  a high-flux neu t ron - sca t t e r ing  source i s  

t h e  I n s t i t u t  Laue-Langevin ( ILL)  r eac to r :  ILL i s  c u r r e n t l y  the  world 's  

leading cen te r  f o r  neutron-scat ter ing research.  The design c r i t e r i a  f o r  

t h e  GEJR r e a c t o r  (CNRR), based upon a comparison with e x i s t i n g  f a c i l i t i e s  

and t h e  user  requirements expressed to  and e s t a b l i s h e d  by the Se i t z -  

Eastman Committee of the National Academy,l are shown i n  Table 1. 

most s i g n i f i c a n t  s i n g l e  number is the peak thermal f l u x  i n  the  r e f l e c t o r ,  

5 t o  10 x 1019 n e ~ t r o n s * r n - ~ * s ' ~ ;  f o r  comparison, the ILL and € V I R  have a 

peak r e f l e c t o r  thermal f l u x  of "only" about 1.5 x 1019 neutrons*m-**s-l 

Furthermore, the H F I R  has a beryl l ium r e f l e c t o r  t h a t  r e s u l t s  i n  a much 

narrower peak i n  the  thermal f l u x  and, t h e r e f o r e ,  a much smaller volume 

of high f l u x  than occurs i n  the heavy-water r e f l e c t o r  at ILL. 

The 

The requirements €o r  instruments ,  beam tubes ,  beam gu ides ,  and co ld  

source(  s)  assoc ia t ed  with neutron s c a t t e r i n g  have been e s t a b l i s h e d  i n  a 

number of workshops and meetings. 2-4 
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Table 1. Major design cri teria f o r  t he  CNR 

P i e l d /  quan t i  t y  Design c r i t e r i o n  

Neutron s c a t t e r i n g  

Peak thermal f l u x  i n  r e f l e c t  o r  
Thermal/fast  f l u x  r a t i o  a t  beam tube mouths 
Thermal f l u x  a t  cold source p o s i t i o n  
Number of thermal and hot neutron beam tubes 
Number of cold neutron guide tubes  

Transuranium i so topes  

Epi thermal  f l u x  at i r r a d i a t i o n  pos i t i on  
Epi thermal/ thermal  f l u x  r a t i o  
Number of pos i t i ons  
Avai lab le  diameter of p o s i t i o n  
Avai lab le  l eng th  of p o s i t i o n  

Other i so topes  

Thermal f l u x  at  i r r a d i a t i o n  p o s i t i o n  
Number of p o s i t i o n s  
Diameter of pos i t i ons  

Engineering materials i r r a d i a t i o n  (compared with 
HFIR t a r g e t  region) 

Fast f l u x  
Fas t  / thermal  f l u x  ra t  i o  
Number of pos i t i ons  
Avai lable  diameter of pos i t i ons  

HFIR removable beryl l ium p o s i t i o n s )  
Engineer ing materials i r r a d i a t i o n  (compared w%th 

F a s t  f l u x  
Fas t / thermal  f l u x  r a t i o  
Number of pos i t i ons  
Avai lab le  diameter of pos i t i ons  

16 
8 

>1.7 x 1019 m-2as-l 
24 
r37 mm 

>0.5 x 1019 m'2*s-1 
>0.3 
>8 
>48 mm 

For i so tope  product ion,  high f Luxes of neutrons are requi red  with 

ene rg ie s  i n  t h e  thermal or  epi thermal  range. A s u b s t a n t i a l  volume of 

space in  reg ions  of s u i t a b l e  f l u x  i s  requi red  to house the number of ir- 

r a d i a t i o n  p o s i t i o n s  needed t o  match the  f a c i l i t i e s  c u r r e n t l y  a v a i l a b l e  a t  

the  HFIR. The product ion of transuranium i so topes  r equ i r e s  f a c i l i t i e s  

f o r  process ing  the i r r a d i a t e d  material. Such f a c i l i t i e s  and t h e i r  equip- 

ment are s p e c i a l i z e d  and expensive.  Therefore ,  i n  the des ign  of the  



4 

CNRR, an e f f o r t  w i l l  be made t o  accomodate  t h e  s tandard i r r a d i a t i o n  c a p  

s u l e  design t h a t  is used at  the  l-IFTR and processed i n  the  e x i s t i n g  fa- 

c i l i t i e s  a t  Oak Ridge National Laboratory's  (0RNLBss) Transuranium Pro- 

cess ing  F a c i l i t y  (TRU). These requirements are included i n  Table 1. 

Most experimenters  who study t h e  e f f e c t s  of r a d i a t i o n  an engineer ing 

materials want a high f l u x  t h a t  is very r i c h  i n  f a s t  neutrons,  because 

the  f a s t  neutrons cause most of the  proper ty  changes observed i n  irra- 

d i a t e d  materials. For c e r t a i n  experiments,  p a r t i c u l a r l y  those r e l a t i n g  

t o  the  magnetic fus ion  program, a l o w  thermal f l u x  o r  the p o s s i b i l i t y  of 

l o c a l l y  reducing the thermal f l u x  with sh i e ld ing  is  important t o  the  ac- 

c u r a t e  s imula t ion  of t he  a c t u a l  s e r v i c e  condi t ions  expected i n  real re- 

a c t o r s .  These requirements are a l s o  included i n  the design c r i te r ia  

(Table 1). 

Table 1 r e p r e s e n t s  an important s t e p  f o r  the  p r o j e c t ;  a l though sub- 

j ec t  t o  refinement and ex tens ion ,  q u a n t i t a t i v e  c r i te r ia  have been devel- 

oped aga ins t  which proposed core designs and changes t o  proposed designs 

can be measured. 

I n  add i t ion  t o  the  user needs expressed i n  the  var ious  pub l i ca t ions  

a l r eady  mentioned and incorporated i n  Table 1, the  ORNL pro jec t  manage- 

ment has imposed some important c o n s t r a i n t s  on the  r e a c t o r  designers .  

One is the  d e s i r e  f o r  a high a v a i l a b i l i t y  of the  r eac to r  - t he  normal 

a v a i l a b i l i t y  ( t h e  percentage of all t i m e  f o r  which the  r eac to r  is operat-  

ing)  should be 80 t o  85%. This value  is comfortably between the  f i g u r e s  

f o r  normal opera t ion  at ILL (70 t o  80%) and a t  J3.FIR (90 t o  95%). Refuel- 

ing shutdowns are t h e  major con t r ibu to r  t o  research  r e a c t o r  downtime and 

are almost i n e v i t a b l y  longer for a heavy-water-cooled and -moderated re- 

a c t o r  than f o r  a light-water-cooled beryllium-moderated device  because of 

t h e  p r a c t i c a l  and s a f e t y  problems assoc ia ted  with D 2 0  conta in ing  t r i t i um.  

Un t i l  a d e t a i l e d  design and plan f o r  r e fue l ing  opera t ions  are a v a i l a b l e ,  

no exact  f i g u r e  f o r  the shutdown t i m e  is ava i l ab le .  However, e s t ima t ing  

t h a t  2 to 3 d would not be an unreasonable f i g u r e  means t h a t  the  f u e l  

element must last a t  least 2 weeks before  replacement i f  t he  des i r ed  

a v a i l a b i l i t y  is t o  be achieved. The dec i s ion  t o  a i m  f o r  a 14-d f u e l  

cyc le  l eng th  i s  important because i t  is  one f a c t o r  t h a t  determines both 
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t h e  f u e l  load and the average f u e l  d e n s i t y  of a r e a c t o r  core  of given 

s i z e  and power. 

A second c o n s t r a i n t ,  also wi th  far-reaching consequences, is t h a t  

the CNRR design must no t  PeZy MZ major t e c h n i c a l  advances, but t h e  design 

should be one t h a t  can b e n e f i t  from such advances i f  r e sea rch  provides 

them. S p e c i f i c a l l y ,  t he  design w i E l  c a l l  f o r  t he  use of a f u e l  f o r  which 

f a b r i c a t i o n  techniques and i r r a d i a t i o n  P r o p e r t i e s  are well-known. Simul- 

taneously,  t h e  p r o j e c t  w i l l  call  f o r  t he  development of techniques t o  in-  

crease the  permissible  power d e n s i t y  and provide f o r  a core t h a t  would 

g i v e  a higher  f l u x  and accep tab le  l i f e  i f  higher  power d e n s i t y  f u e l  be- 

comes a v a i l a b l e .  

A r e fe rence  core design has been evolved t h a t ,  according t o  calcu- 

l a t i o n s  based on a s i m p l i f i e d  model, meets or exceeds; t he  design cri teria 

of Table 1 wi th in  the c o n s t r a i n t s  a l r e a d y  descr ibed.  

The r e fe rence  co re  design provides some assurance t h a t  t h e  objec- 

t i v e s  of the p r o j e c t  can be met, as w e l l  as se rv ing  as a b a s e l i n e  a g a i n s t  

which improvements can be judged and a means f o r  i d e n t i f y i n g  needed re- 

sea rch  and development (R&D) (Fig.  1 ) .  The design is based on the 

aluminum-clad f u e l  p l a t e  design used by t h e  HFIR. The f u e l  is i n  t h e  

form of one of t h e  s i l i c i d e s  (U3SiZ )  developed by Argonne Nat ional  

Laboratory f o r  t he  Reduced Enrichment f o r  Research and T e s t  Reactors 

(RERTR) program. The s i l i c i d e s  con ta in  much more uranium than the  same 

volume of t he  oxide f u e l  form used i n  I P I R .  The uranium is h igh ly  en- 

r iched (93  w t  % U-235) t o  minimize r e a c t o r  volume, while meeting required 

c y c l e  l eng th  and f l u x e s  at  minimum power. 

The r e fe rence  co re  design,  then,  involves  35 v d  X U3Si2  with ura- 

nium enriched t o  93% U-235 i n  an aluminum-clad aluminum matrix.  The fuel 

loading is graded a x i a l l y  and r a d i a l l y ,  and the  f u e l  p l a t e s  are essen- 

t i a l l y  t h e  same s i z e  as the HFIR f u e l  p l a t e s .  The r e a c t o r  is cooled, 

r e f l e c t e d ,  and moderated by heavy water. The design has been c a r r i e d  

through €or two cases. I n  the  base case, no s i g n i f i c a n t  t e c h n i c a l  ad- 

vance over the HFIR and RERTR f u e l  technology is  assumed. The co re ,  with 

an a c t i v e  volume of 35 L (Fig. Z ) ,  i s  operated a t  135 MW and the peak un- 

perturbed thermal f l u x  i n  the r e f l e c t o r  is 5 x l o i9  neutrons*m-2.s”1, 
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ORtJL-DWG 86-3996A E T D  

1 27-mm-THICK 
PLATES AND 

1.27-mm--WIDE . 
COOLANT GAPS- t 

UTER ANNULUS, 408 PLATES 
.INNER ANNULUS, 176 PLATES 

454-tnm DlAM r- 

‘ I  ‘ 1  ‘ i ’  
‘ I ‘ I  

I 
I 

I 

‘ I  
28-mm DlAM 

I 
I 

TYPICAL 
INTERFUE 
ZQN E 
IRRADIAT 
POSl T 1 ON 

:L * 

1 ON 

Fig. 1. The CNR re ference  core.  

The l i m i t i n g  f a c t o r  is the  temperature rise ac ross  the l a y e r  of low- 

conduc t iv i ty  oxide (boehmite) t h a t  forms on the  heated alumin 

cladding.  

can b e n e f i t  from t echn ica l  advances, assumes t h a t  a 90% reduct ion  i n  t h e  

oxide formation rate can be achieved, perhaps by su r face  t rea tment ,  

provements i n  water chemistry,  o r  choice of a more co r ros ion - re s i s t an t  

a l l o y  for the  cladding.  

t o  270 MM and the peak thermal f l u x  would be 1020 n e u t r ~ n s * m - ~ * s - l .  

A second case, chosen t o  S ~ Q W  the  ex ten t  t o  &Pch the des ign  

im-  

I n  that case, the  r e a c t o r  power could be r a i sed  

The 
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ORNL-DWG 85-5272R E T 0  

UNFUELED END CAPS 

0 FUEL REGIONS 

FUEL ELEMENT 
SIDE PLATES 
INTERFUEL 
IRRADIATION ZONE 

m 

I 

L 
--I 454 mm __-- 

DIAMETER (mm) 

Pig. 2. Side view of r e fe rence  core.  

i- 

mm 

f l u x  d i s t r i b u t i o n  is shown i n  Pig. 3. The major c h a r a c t e r i s t i c s  of t he  

r e a c t o r  are l i s t e d  in Tables 2 and 3. That t h e  design meets or  exceeds 

t h e  cr i ter ia  e s t a b l i s h e d  above is shown in Table 3. Figure 4 p re sen t s  

t he  c a l c u l a t e d  thermal f l u x  d i s t r i b u t i o n  compared with HFIR and ILL. 

Figure 5 shows the  r e l a t i v e  l o c a t i o n s  of beam tubes,  cold and hot 

sou rces ,  and i r r a d i a t i o n  positions. If t h e  hoi source i s  indeed l o c a t e d  

as i n d i c a t e d ,  t h r e e  beam tubes wou1.d be al igned t o  r ece ive  neutrons from 

i t .  

Subsequent s e c t i o n s  of t h i s  r e p o r t  relate the d e t a i l e d  considera- 

t i o n s  on which these d a t a  are based. 
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Table 2. Comparison of core c h a r a c t e r i s t i c s  

CNR re ference  
core  

HI? IR 

Fuel form 

Matrix 

Cladding 

Coolant 

Reflectorj’moderator 

Fuel p l a t e  th ickness  m 

Cladding th ickness ,  mm 

Coolant gap, mn 

Inner  f u e l  annulusa 

Inner  diameter ,  m a  
Outer diameter ,  mm 

Outer f u e l  annulusa 

Inner  diameter ,  m 
Outer diameter ,  m 

Fueled length ,  m 

Tota l  core  l eng th ,  rrrm 

Active volume, L 

Coolant v e l o c i t y ,  m / s  

I n l e t  p re s su re ,  MPa 

Out le t  p ressure ,  MPa 

I n l e t  temperature,  O C  

Ou t l e t  temperature ,  O C  

Fuel loading kg 

Reactor power 

Base l ine ,  MW 
Enhanced, MW 

u3°8 

Al 

Al 

H20 

B e  

1 e27 

0.25 

1.23 

128 -7  
269 -0 

285 -8  
4 3 5 . 2  

508 e 0  

609 -6 

54.5 

16 

4.4 

3.7 

49 

91 

9.4 

100 

u3si 2 

Al  

Al 

D2O 

D20 

1.27 

0.25 

1.27 

128 -6 
266 -6 

316 -6 
453  4 

350 .O 

450 .O 

35 .o 
27 

5.5 

4.1 

50 

71b 
, 

18.1 

135 
270 

- -  

“Including 7-mm s i d e  p l a t e s .  

%’l°C a t  135 NW, 92OC at: 270 MW- 
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Table 3 .  CNR reference core design and project objectives 

Quantity 
CNR Design 

b criterion Referencea Enhanced 

Core 

Power 
Average core power density, MW/Z 
Fuel cycle length, weeks 

End of beam tube 

Thermal flux, 10l9 m;-2*s-1 
Thermal/ fast ratio 

Irradiation positions 

Fast flux ,d LO 1 
Fast/thermal ratio d 

Epithermal flux,e 10l9 m-**s-’ 
Epithermal/thermal ratio’ 
Thermal flux,f l O I 9  me2 -6”’ 

m-2 -s-l 

!+lo 
>80 

135 
3.8 
3c 

5 
100 

3.9 
50 
1.6 
005 
5 

270 
7.6 
2 

10 
100 

%ith 15-d accumulation of oxide. 

bWith no oxide accumulation. 

‘Maximum: 

’Inter fuel posit ions. 

‘At epithermal peak in reflector. 

fAt thermal peak in reflector. 

fuel would be changed after 15 d So limit oxide buildup. 



10 

1. INNER REFLECTOR 
2. FUEL 
3. INTERFUEL IRRADIATION POSITIONS 
4. FUEL 
5 EPITHERMAL PEAK IRRAOIATION POSITIONS _ .  . 
6. BEAM TUBE ENTRANCE 
7. OUTER REFLECTOR THERMAL IRRADIATION POSITIONS 
8. COLD SOURCE LOCATION (270-MW CORE) 

Fig. 3. Unperturbed flux-reference. core at 270 Nw. 

1 om 

X 
3 

10” 

O R N L  -DWG 85-5298A E T D  

CNR - 135MW 

RADIUS (mml 

Fig. 4 .  Unperturbed thermal fluxes f o r  three research reactors. 
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ORNL-DWG 85-53010 ETD 

IN1 

TYPICAL NEUTRON GUIDE 
(ONE OF EIGHT IN  TWO LAYERS) 

f- TYPICAL BEAM TUBE 

*ERFUEL ZONE ( IFZ)  
IRRADIATION 

POSITION 

EPITHERMAL PEAK 
REGION ( E P R )  
IRRADIATION 

POSITION 

OUTER REFLECTOR 
THERMAL (ORTI 
IRRADIATION POSITION 

INNER AND OUTER 
FUEL ELEMENTS 

POSSIBLE HOT 
SOURCE LOCATION 

PRESSURE VESSEL 

\ -  

Fig. 5. Schematic of CNR irradiatlon and beam facilities. 
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2. RF,SEARCH REQUIREMENTS 

R. M. Moon C. D. West 

2.1 Neutron-Scattering F a c i l i t i e s  

2.1.1 General remarks 

Building a new r e a c t o r  of unprecedented f l u x  is only par t  of the  CNR 

plan.  Of equal  importance is the  t a sk  o f  cons t ruc t ing  a v a r i e t y  o f  

s p e c i a l i z e d  neut ron-sca t te r ing  ins t ruments ,  each c a r e f u l l y  optimized to  

produce maximum counting rates. This  t a sk  w i l l  r equ i r e  work on a l l  in- 

strument components: beam tubes ,  gu ides ,  co l l ima to r s ,  monochromators, 

and d e t e c t o r s ,  as w e l l  as cold and hot sources  to  s h i f t  the  thermal spec- 

t rum t o  lower or higher  energies .  

I n i t i a l  plans cal l  f o r  e igh t  cold guides  t o  d e l i v e r  neutrons to  a 

l a r g e  guide h a l l ,  t en  ho r i zon ta l  beam tubes ( e i g h t  thermal and two h o t ) ,  

and s i x  s l a n t  tubes (two cold ,  t h ree  thermal ,  one ho t )  t o  provide experi-  

mental f a c i l i t i e s  on the  second f l o o r  o f  t he  r e a c t o r  bui lding.  

A f i r s t  s t e p  i n  reaching a consensus on the  types of instruments  t o  

inc lude  w a s  taken a t  an ORNL workshop i n  May 1984. Summaries of discus-  

s i o n s  and recommendations for s p e c i f i c  instruments  are contained i n  the 

proceedings of t h i s  w o r k s h ~ p . ~  

s o l i d  state physics ,  chemistry,  polymer sc i ence ,  biology,  materials 

science, neutron o p t i c s ,  and nuclear  physics. The h ighes t  p r i o r i t y  w a s  

given t o  a t o t a l  of 39 inst ruments ,  d i s t r i b u t e d  as shown i n  Table 4 ,  among 

The d i scuss ions  covered the  f i e l d s  o f  

Table 4 .  D i s t r i b u t i o n  
o f  ins t ruments  

Beam Workshop CNR 
type recommendation plan 

cola 19 26 
Thermal 16 11 
Hot 4 3 
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c o l d ,  thermal ,  and hot beams. Table 4 a l s o  shows the  number of i n s t r u -  

ments t h a t  can be accommodated with our t e n t a t i v e  beam l i n e  plan,  assum- 

ing t h r e e  instruments  per guide and one f o r  each beam tube,  Apparently,  

some c o n s i d e r a t i o n  should be given t o  providing more thermal beams. 

2.1.2 Beam tubes and gu ides  

To a good approximation the neutron f lux  de l ive red  t o  the ou te r  end 

of a s t r a i g h t ,  nonre f l ec t ing  tube jls given by 

A 

where As i s  the  c ros s - sec t iona l  a r e a  of t he  tube at  the  source end, L, i s  

the l e n g t h  of t he  tube,  and $"(A)  is  t h e  source f l u x  per s t e r a d i a n  and 

p e r  wavelength i n t e r v a l .  It is convenient t o  d i v i d e  the s o l i d  angle  fac- 

t o r  (As/L:) i n t o  h o r i z o n t a l  and v e r t i c a l  angular  divergences ( b H  and $,) 
because €or many neutron-scat ter ing instruments  the r e s o l u t i o n  is  

s t r o n g l y  dependent on 6H and almost independent of S For these  cases, 

count ing rates can be increased with no l o s s  of r e s o l u t i o n  by inc reas ing  

the  v e r t i c a l  divergence. This immediately sugges t s  t h e  use of rectangu- 

lar or e l l i p t i c a l  beam tubes r a t h e r  than c i r c u l a r  tubes. The new JRR-3 

r e a c t o r  a t  Japanese Atomic Energy Research I n s t i t u t e  w i l l  have rectangu- 

lar beam tubes (60 by 100 wn) and the PlRU reactor at  Chalk River has 

e l l i p t i c a l  tubes (98 by 225 m). The present  gene ra t ion  of hlgh-flux 

r e a c t o r s  ( H F I R ,  HFBR, and ILL) was b u i l t  with c i rcular  tubes of about 

100-rn diam, al though some of t he  ILL tubes may have been a l t e r e d .  With 

source-to-monochromator d i s t a n c e s  of 5 to 7 m, t h i s  gives  t y p i c a l  hori-  

z o n t a l  and v e r t i c a l  dlvergences of about 1 * .  For many a p p l i c a t i o n s ,  t he  

v e r t i c a l  divergence could be doubled with no adverse e f f e c t s  and y i e l d  a 

ga in  of two i n  t he  number of u s e f u l  neutrons.  For high-resolut ion work, 

the h o r i z o n t a l  divergence of -lo is excessive.  Reduction of the horbzon- 

t a l  divergence may be achieved by providing S o l l e r - s l i t  co l l ima to r s  of 

s e l e c t e d  divergence i n  the premonochromator f l i g h t  path. In the  i n i t i a l  

planning for t h e  CNRR, e l l i p t i c a l  or  r ec t angu la r  tubes of dimensions 100 

by 150 m have been considered.  A s e c t i o n  of the f l i g h t  path allowing 

s e l e c t i o n  of 3 t o  4 d i f f e r e n t  h o r i z o n t a l  divergcnees is e s s e n t i a l .  

V' 
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A beam guide is conceptual ly  similar t o  a beam tube except that t h e  

i n t e r i o r  walls have been s p e c i a l l y  prepared (very smooth) f o r  t o t a l  re- 

f l e c t i o n  of neutrons.  Below some c r i t i ca l  angle  0 which depends l i n -  

e a r l y  on the  neutron wavelength and on the  square root  of the  average co- 

herent  s c a t t e r i n g  amplitude of the  su r face  material of the guide,  n e w  

t r o n s  w i l l  be t o t a l l y  r e f l e c t e d  at &he guide sur face .  The ho r i zon ta l  and 

v e r t i c a l  divergences of neutrons t ransmi t ted  through a guide by t o t a l  re- 

f l e c t i o n  are both 2 0  so t h a t  the t o t a l  f l u x  t ransmi t ted  by t h i s  meha-  

nisrn is 

c’ 

C ’  

I n  add i t ion ,  a d i r e c t l y  t ransmi t ted  component w i l l  be determined by the  

guide geometry as i n  Eq. ( 2 . 1 ) .  The cr i t ical  angle  is given by 

where the cons tan t  K i s  given i n  Table 5 f o r  var ious  guide sur faces .  

Supermirrors have not y e t  been used as guide coa t ings  but  should be con- 

s ide red  f o r  f u t u r e  app l i ca t ions .  

as po la r i z ing  devices  and have a l s o  been under development i n  Japan. 

They a r e  made by evaporat ing success ive ,  but nonperiodic ,  l aye r s  of at 

least two d i f f e r e n t  materials. Fur ther  supermirror  development i s  an ap- 

p r o p r i a t e  area f o r  R&D assoc ia ted  with the CNR. Supermirror guides  would 

be p a r t i c u l a r l y  use fu l  f o r  t r anspor t ing  neutrons i n  the  1- t o  3-8 range. 

However, the u l t ima te  use of the  neutrons must be kept i n  mind; i t  makes 

Supermirrors were developed a t  the ILL6 

Table 5. C h a r a c t e r i s t i c  
va lues  of K f o r  guide 

m a t e r i a l s  

Mat e r i a l  K ( r ad ians  A-1)  

N i  1 . 7 3  x 10-3 

5 8 N i  2.05 x 10-3 

Supermirror -3.81 x 
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no sense to  expend great e f f o r t  t o  bu i ld  a guide t o  

4' divergence i f  t he  experimental  requirement cal ls  

As an example, a normal n i c k e l  guide would t ransmi t  

t r a n s p o r t  neutrons of 

f o r  1" divergence. 

5-A neutrons over an 

angular  range of lo, while a s u p e r a i r r o r  guide would t ransmi t  5-A neu- 

t rons  over an angular  range of 2.2'. 

Another area where an R&D program may be ind ica t ed  is  i n  the  r e f l ec -  

t i v i t y  of guide su r faces .  

t ransmiss ion  a t  the ILL i s  below the  i d e a l  t ransmission by a f a c t o r  o f  

two over a 60-m length .  

According to P. Ageron7 the  a c t u a l  H-15 gu ide  

For a long guide,  the d i r e c t l y  t ransmi t ted  beam ( inc lud ing  f a s t  neu- 

t r o n s  and y-rays) can be e l imina ted  by curving the  guide.  This has t h e  

very real advantage of reducing unwanted background in t he  guide hall. A 

curved guide acts l i k e  a band pass  f i l t e r ,  c u t t i n g  off  s h o r t  wavelengths 

(h ighe r  ene rg ie s ) .  The cut-off wavelength i s  given by 

* i=-  Im,  
K 

where K is def ined by Eq. (2.3), d is  the  guide width, and p is  the  

r ad ius  of curva ture .  The disadvantage of curved guides  is t h e i r  lower 

t ransmiss ion  as i l l u s t r a t e d  i n  curves  4-8 i n  Fig.  6 .  The curved guide 

t r ansmiss ions  were ca l cu la t ed  using formulas by Maier-Leibnitz and 

Spr inger ,  * 
neut rons  is an advantage. For example, most c r y s t a l  monochromators set 

t o  r e f l e c t  wavelength A w i l l  a l s o  r e f l e c t  A/2, X/3, etc. A curved guide 

can he lp  to  reduce these  unwanted higher-order contaminants. 

For many a p p l i c a t i o n s ,  the reduct ion  of short-wavelength 

2 . 1 . 3  Design i s s u e s  J 

This  gene ra l  d i scuss ion  is concluded by l i s t i n g  some of the  funda- 

mental des ign  i s s u e s  r e l a t e d  to  beam tubes and guides ,  As already ind i -  

c a t e d ,  t e n t a t i v e  dec i s ions  have been reached on some of these  ques t ions  : 

1 .  number and shape of beam tubes  -- r ec t angu la r  or e l l i p t i c a l ,  

2 .  s tandard  beam tubes or shapes t a i l o r e d  t o  s p e c i f i c  experiments,  

3. number and shape of beam guides ,  

4 .  s e l e c t i o n  of r a d i i  of curva ture  f o r  gu ides ,  and 

5. s e l e c t i o n  of guide su r face  material. 
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ORNL-OWG S 4 - 1 S W A  

1 HOT TUBE, 6, 6 , =  3.06 
2 THERMAL TUBE, 6 , 6 ,  = 3.06 IO-4 
3 THERMAL GUIDE, SUPERMIRROR 

4-8 COLD GUIDE, Ni 

... 

3 / 
lo (neutrons/cm2 . I )  

2 1.2x 10” 
3 4.4 x 10’0 
4 9.9 x 10’’ 
5 9.2 X 10’’ 
6 ? . O X  10” 
7 4 . 5 X  10” 
8 l . 6 X  10’’ 

1 1 . -0 i n1 102 
l o - ‘  .” Iu- 

WAVELENGTH ( A )  

Fig. 6 .  Spec t r a l  d i s t r i b u t i o n s  of var ious  beams from reac to r  pro- 
ducing peak thermal f l u x  of 5 x 1019 neutrons*m‘2*s’10 

The proper s e l e c t i o n  of c ross -sec t iona l  shapes of tubes and guides can 

not be made without consider ing the a n t i c i p a t e d  experimental  uses.  

expected widespread use of v e r t i c a l l y  focusing monochromator sys tems and 

the  r e s u l t i n g  impact on beam tube dimensions w i l l  be discussed i n  a fu- 

t u r e  progress  r epor t .  

The 
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2.2 I so tope  Proil'uction 

Most of the  i so topes  producecl at  OFNL come from t h e  HFIR. The 

transuranium i so topes ,  f o r  whose production the HFIR w a s  s p e c i f i c a l l y  

designed,  are mainly produced i n  the  t a r g e t  reg ion ,  that is, the  region 

i n s i d e  the inner  f u e l  element annulus.  

capsula ted  i n  t a r g e t  rods of 16-mn; diam and 889-mm l ength .  The pre- 

i r r a d i a t i o n  and p o s t i r r a d i a t i o n  processing of these  capsules  i s  under- 

taken with s p e c i a l l y  developed and h ighly  s p e c i a l i z e d  equipment a t  the 

TRU f a c i l i t y .  

The precursor  material i s  en- 

There are 30 i so tope  i r r a d i a t i o n  pos i t i ons  i n  the  t a r g e t  reg ion ,  but 

i n  recent years only 15 t o  20 have t y p i c a l l y  been used f o r  t h i s  purpose 

a t  any one t i m e .  The remainder are occupied by engineer ing materials ir- 

r a d i a t i o n  capsules  or  are unused. 

Most of t he  transuranium prodtlction. i r r a d i a t i o n s  r equ i r e  a high epi- 

thermal f lux  and a high r a t i o  of epithermal-to-thermal f lux .  

some s p e c i a l i z e d  campaigns call f o r  a p re - i r r ad ia t ion  i n  a high thermal 

f lux  region. Other i so topes  (mainly gadolinium-153, indium-192, and 

cobalt-60) are best produced i n  the h ighes t  thermal flux a v a i l a b l e ,  and 

with a high thermal-to-fast  f l u x  r a t i o .  

and spectrum a c t u a l l y  needed f o r  production of i so topes  o the r  than the  

transuranium ones are a v a i l a b l e ,  nor i s  any estimate of the  t r a d e o f f s  be- 

tween a v a i l a b l e  f lux  and needed space.  However, a proposal has been re- 

ceived t h a t  calls  f o r  a l l  o€ t h e  space in  t h e  r e f l e c t o r  not taken up by 

neut ron-sca t te r ing  f a c i l i t i e s  t o  be a v a i l a b l e  f o r  i so tope  product ion fa- 

c i l i t i es  i f  t he  neu t r an ic s  are not  a f f e c t e d  adversely.  

However, 

No estimates.  of t he  space,  f l u x ,  

2 .3  Materials I r r a d i a t i o n  

Most of the  materials i r r a d i a t i o n  experiments a t  O W L  are now 

c a r r i e d  out €n t h e  HFIR. The main requirement in experiments s tudying 

damage e f f e c t s  i s  €or a high f a s t  f l ux .  The HFIR is c u r r e n t l y  being 

modified to provide b e t t e r  f a c i l i t i e s  f o r  such experiments,  and the  CNRR 

must match the  c a p a b i l i t i e s  of t h e  HFIR not  as i t  is now, bur as it  w i l l  

be fol lowing those modif ica t ions .  



The fus ion  materials program, i n  a t tempting t o  s imulate  r a d i a t i o n  

damage e f f e c t s  i n  the  f i r s t  w a l l  of a fus ion  device ,  r equ i r e s  a very hard 

spectrum i f  a realist ic r a t i o  of damage to  t ransmutat ion e f f e c t s  is t o  be 

a t t a i n e d .  There are techniques (such as t a i l o r i n g  the i s o t o p i c  composi- 

t i o n  of the  specimens) to  provide usefu l  r e s u l t s  even from a mixed spec- 

trum; however, a r eac to r  with a range of a v a i l a b l e  spectra would be pre- 

f e r r ed .  

The h ighes t  f a s t  f l ux  i n  the  H F I R  i s  found i n  the t a r g e t  reg ion ,  and 

space t h e r e  is shared between the  transuranium iso tope  production program 

( t h e  major users) and materials i r r a d i a t i o n  experiments. The a v a i l a b l e  

pos i t i ons  are small ,  and the  very high gamma hea t ing  rate i n  the  t a r g e t  

region a l s o  l i m i t s  the s i z e  of t he  specimens t h a t  can use fu l ly  be irra- 

d i a t ed  the re .  A t  p resent ,  t h e r e  is no access t o  the  t a r g e t  region in 

H F I R  f o r  ins t rumenta t ion ,  but the  modi f ica t ion  program w i l l  provide capa- 

b i l i t y  f o r  two instrumented pos i t i ons  i n  the  target. The i n t e r f u e l  zone 

i n  the CNR i s  expected t o  o f f e r  f a c i l i t i e s  t h a t  are much supe r io r  even to  

those a v a i l a b l e  i n  HFIR, al though again gamma hea t ing  w i l l  be a con- 

s t r a i n t .  

In  HFIR, a group of f a c i l i t i e s  i n  the removable beryl l ium r e f l e c t o r  

around the  con t ro l  p la tes  is a l s o  used for materials i r r a d i a t i o n  t e s t i n g .  

The present  modi f ica t ion  program w i l l  raise the  number of t hese  f a c i l i -  

ties from 4 t o  8 ( a l l  instrumented) and t h e i r  diameter from 37 t o  48 m. 

Comparable f a c i l i t i e s  i n  the  CNR w i l l  l i e  j u s t  ou t s ide  the r eac to r  core. 

For CNR experiments requi r ing  a lower fast-to-thermal f l u x  r a t i o  

(such as f u e l  performance experiments) , many pos i t i ons  a r e  a v a i l a b l e  

f u r t h e r  out  i n  the  r e f l e c t o r  (-1.5 m from core  c e n t e r l i n e ) .  

2.4 Analytical. Applicat ions 

Various s t u d i e s  inc luding  neutron a c t i v a t i o n  and neutron radiography 

w f 1 1  be poss ib l e  wi th  the CNRR. A d e t a i l e d  r epor t  on a n a l y t i c a l  tech- 

niques is being prepared by the National Bureau of Standards,  and a sum- 

mary of it w i l l  be presented when ava i l ab le .  
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2.5 Nuclear Physics  

The nuc lear  physics a p p l i c a t i o n s  can be divided i n t o  th ree  parts : 

(1) p r o p e r t i e s  of the neutron,  (2)  fundamental i n t e r a c t i o n s ,  and (3) stan-  

dard nuc lear  physics.  

The neutron p r o p e r t i e s  t o  be measured are electric charge,  electric 

d ipo le  moment, magnetic d ipo le  moment, neutron mass, neutron h a l f - l i f e ,  

and neutron decay parameters. Flcxes a v a i l a b l e  from the  CNRR should be 

more than adequate t o  accomplish experiments i n  these  areas. 

The t o p i c  of fundamental i n t e r a c t i o n s  inc ludes  s t rong  i n t e r a c t i o n s  

( s tud ied  i n  neutron-neutron c o l l i s i o n s )  and weak i n t e r a c t i o n s  (neutron- 

proton capture) .  

neutrons*m-2*s'1 has  been i d e n t i f i e d ,  but  the  energy d i s t r i b u t i o n  of t h i s  

beam has not been def ined ,  

A need f o r  i n t ense  polar ized  neutron f luxes  of 1020 

Standard nuclear  physics  inc ludes  be t a  and gamma spectrometry,  

p a r i t y  v i o l a t i o n  experiments,  and neutron s p i n  experiments.  While t h e  

f luxes  needed f o r  these  experiments have not been s p e c i f i e d ,  the  need f o r  

a l a r g e  number of s t a t i o n s  has bee3 i d e n t i f i e d .  Several  of t hese  w i l l  

utilize cold o r  ul t ra-cold neutrons.  
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3 REACTOR PHYSICS 

I?. C. Dif i l ippa,  R. T. P r i m  III 

3.1 In t roduct ion  

S tud ie s  have focused on refinement of the  r eac to r  core  geometry. 

S p e c i f i c a l l y ,  s i g n i f i c a n t  e f f o r t  has been spent on examining var ious  f u e l  

d i s t r i b u t i o n s  t o  determine which design o f f e r s  the  minimum peak-to-average 

power d i s t r i b u t i o n  over the l i f e t i m e  of t he  core.  Some e f f o r t  w a s  spent  

benchmarking the  codes and cross-sect ion l i b r a r i e s  aga ins t  the H F I R  and 

the ILL r eac to r .  

3.2 Analy t ica l  Calcu la t ions  That 
Define Reactor Materials 

A review of fundamental r e a c t o r  physics p r i n c i p l e s  can a i d  i n  t rans-  

l a t i n g  the  p r o j e c t  c r i t e r i o n  of producing a thermal f l u x  i n  the  r e f l e c t o r  

of 5 t o  10 x 1019 neutrons*m-2*s-1 i n t o  a realist ic r eac to r  design. 

The opt imiza t ion  of the design is r e l a t e d  t o  the  problem of slowing 

down and d i f f u s i o n  of neutrons from a s p h e r i c a l  f i s s i o n  source immersed 

i n  a moderator. This problem can be solved a n a l y t i c a l l y  allowing very 

inexpensive scoping c a l c u l a t i o n s  of t he  more important parameters . The 
f i r s t  s t e p  toward the  so lu t ion  i s  the c a l c u l a t i o n  of the  Green's fune- 

t ions  : 

where Gi ( r ,  r O )  are the  two-region d i f f u s i o n  kerne ls  corresponding to a 

s h e l l  source loca ted  at  rO; index i is equal t o  1 fo r  t he  core  and equal 

t o  2 f o r  the  r e f l e c t o r ;  and Li and Di are, r e spec t ive ly ,  the  d i f f u s i o n  

length  and the  d i f f u s i o n  constant  of region i. The thermal fluxes are 

given by 

00 

4 rr 2Gi ( r , r * ) S ( r ) d r  , 
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where S(r') is t h e  slowing-down d e n s i t y  evaluated at thermal ene rg ie s .  

Fermi age theory can be used t o  w a l u a t e  S i n  terns of t h e  ages of region 

i, ri, assuming a f l a t  f i s s i o n  raw. In t h i s  way i t  is p o s s i b l e  t o  f i n d  

an e x p l i c i t  a n a l y t i c a l  form f o r  t he  f l u x  i n  terms of exponent ia l  and er- 

ror  func t ions .  Table 6 ( c a s e s  2 t o  5) shows an a p p l i c a t i o n  of t he  model 

to t he  case of s p h e r i c a l  co res  moderated and r e f l e c t e d  with D20 using 

aluminum-clad U-235 f u e l  elements,, 

Table 6 are L2 = 184 c m ,  D2 = 0.831 cm, ~2 = 131 e m 2  (pu re  D20), and 

a 1  = 357 an2 ( A 1  + D20 mixture) .  

ing t o  the i d e a l  case of a point  source of f i s s i o n  neutrons,  and i n  all 

cases the  sources  were sca l ed  according t o  the energy release per f i s -  

sion. The required powers t o  produce a s p e c i f i e d  f l u x  predicted by the 

a n a l y t i c a l  model were compared with the  p r e d i c t i o n s  of a numerical model, 

and e x c e l l e n t  agreement (d i sc repanc ie s  around 1%) was found. The  f lux- 

to-power r a t i o  is then determined by the e i g h t  parameters L1, Dl, T ~ ,  L2, 

D2, r2 ,  V ,  and d,  Table 6 (column P) shows t h a t  t he  combined e f f e c t  of 

l a r g e  power density (i.e., small cote volumes) and l a r g e  neutron ages 

The parameters not appearing i n  

Table 6 a l s o  shows r e s u l t s  correspond- 

Table 6 .  Power (P) t o  produce a lo2*  neutrons*m-2*s-1 
thermal f luxa 

1 0 -0 50.0 1 e000 

2 40-0 3.15 0.849 193.0 4-82 0.906 

3 60.0 5.11 1.026 214.0 3.57 0.872 

4 90.0 6.48  1.091 251-0 2.79 0.830 

5 12090 7 .46  1.123 285.0 2.37 0.795 

des igns ,  1120 moderator/ r e f l e c t o r  
( t h i c k n e s s  d 5 100 an), 42% metal f r a c t f o n ,  only 
c r i t i ca l  loading ( z e r o  core l i f e ) .  

%olume of the  core.  

'Power d e n s i t y ,  

dFraction of f i s s i o n  neutrons moderated i n  the 
r e f l e c t o r .  
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( i -e . ,  poor moderators) r e s u l t s  i n  a l a r g e  f r a c t i o n  of the f i s s i o n  neu- 

t r o n s  being moderated i n  the r e f l e c t o r ;  t h e s e  neutrons are trapped t h e r e  

i f  a t h i c k  and low-absorbing r e f l e c t o r  is used. The i d e a l i z e d  case of a 

po in t  source g ives  the  minimum power required t o  create a neutron f i e l d  

with a f i s s i o n  source. 

The use of a lowabsorb ing  r e f l e c t o r  (e.g., D20 o r  pla) f i x e s  '2 

and L p ,  leaving vl, T ~ ,  and Ll as the only f r e e  parameters i n  the design. 

The e f f i c i e n c y  inc reases  monotonically by reducing V1 and by inc reas ing  

'1 and L1. High e f f i c i e n c i e s  are then obtained by reducing the core 

volume (i.e., i nc reas ing  the power d e n s i t y  p), by i nc reas ing  the escape 

of f a s t  neutrons from the core t o  the r e f l e c t o r  {i.e.,  using a less ef- 

f i c i e n t  moderator l i k e  D20), and by reducing the core l i f e  ( i .ee,  reduc- 

ing the f u e l  loading) .  

the P , p  r e l a t i o n s h i p  t h a t  produces a peak thermal-neutron flux of lo2' 

n e ~ t r o n s - m " ~ * s ' ~  i n  the r e f l e c t o r  is shown f o r  cr i t ical  loading and f o r  

c r i t i c a l  loading plus  4.5 kg U-235 (with the necessary moun t  of l 0 B  t o  

keep the  system cr i t ica l ) .  

This behavior I s  i l l u s t r a t e d  i n  Fig. 7 ,  where 

The numerical model uses the VENTURE code 

ORNL---DWG 85-t8638 

Q 6  
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Pig. 7. Combination8 of power and power d e n s i t y  which y i e l d  a peak 
thermal f l u x  i n  the  r e f l e c t o r  of I O z o  neutrons*nn"**s'l. 
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(Sect  . 3 . 4 )  and an appropr i a t e  six-energy-group cross-sect ion set (Sect. 

3 . 3 ) .  The v e r t i c a l  asymptotic l i n e  i n  Fig. 7 corresponds t o  the  s c a l i n g  

(50  MW) of a poin t  source of f i s s i o n  neutrons obtained with the ana- 

l y t i c a l  model. 

The continuous l i n e s  i n  Fig. 7 correspond t o  the  c o r r e l a t i o n  

Q I =  
( l r q  ' ( 3 . 3 )  

where Rc is t he  r ad ius  of the  core  and b,a  are f i t t i n g  cons tan ts  fo r  

each type of loading. Equation ( 3 . 3 )  has a pole  i n  t h e  p,P plane at  

P = $ ( 4 1 r / 3 ) ~ / ~  6/a. 

model to the  a n a l y t i c a l  model. Figure 7 shows t h a t  about 200 Mw can be 

saved i f  t he  average power d e n s i t y  can be increased  from 2 MW/L (p re sen t  

HFIR) t o  8 MW/L; t h e  pole  at 50 MhJ reduces the  s e n s i t i v i t y  of P with re- 

The c o r r e l a t i o n  enables  one t o  relate the numerical 

spec t  t o  p f o r  core  volumes smalles than 30 L. 

3.3 Cross-section Se ts  

Two d i f f e r e n t  c ross -sec t ion  sets were u t i l i z e d  I n  the  ca l cu la t ions .  

A 123-group GAEI-THERMOS l i b r a r y 9  was the source of cross-sect ion d a t a  f o r  

one set of c a l c u l a t i o n s .  

Nuclear Data F i l e  B - Version V (EfJDF/B-V)10 was the source of cross-  

s e c t i o n  d a t a  f o r  the second set of ca l cu la t ions .  

A 27-group l i b r a r y g  der ived from the  Evaluated 

For the GAM-THERMOS l i b r a r y ,  a s p h e r i c a l  r e a c t o r  model was used wi th  

t h e  code XSDRNPM t o  co l l apse  the  123-group cross-sec t ion  set t o  th ree  li- 

b r a r i e s  conta in ing  2 ,  4, and 6 energy groups,  r e spec t ive ly .  The spher i -  

cal model is shown in  Fig. 8. For t h e  f u e l  zones, hmogenized atom den- 

s i t ies  were input  t o  the  code, the homogenization based on the assumption 

of a 1.27-mm D20 gap between f u e l  plates and a f u e l  clad th ickness  of 

0.254 mm. 

Al. The uranium was assumed t o  be 93% enriched i n  U-235. 

The f u e l  "meat" was assumed to be 35 v o l  % U 3 S i 2  and 65 vol X 

For t he  ENDF/B-V c a l c u l a t i o n s ,  a s l a b  model wa6 used w i t h  t h e  

XSDRNPM code t o  co l l apse  the  27-group l i b r a r y  t o  four  groups. T h e  cross 
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O R N L  - D W G  86-4370 E T D  

Fig. 8. One-dimensional sphe r i ca l  model used t o  co l l apse  123-group 
l i b r a r y .  

s e c t i o n s  were f i r s t  s p a t i a l l y  weighted using the  model shown i n  Fig. 9. 

This weighting is necessary because the  f u e l  th ickness  w i l l  vary as a 

func t ion  of rad ius  as one m v e s  outward from the  cen te r  of the  f u e l  e le-  

ment. A cons tan t  "meat" th ickness  w a s  maintained by f i l l i n g  the remain- 

de r  of t he  f u e l  p l a t e  with aluminum f i l t e r .  Af t e r  s p a t i a l l y  weighting 

t h e  27-group c ross  s e c t i o n s ,  they were s p e c t r a l l y  weighted using a cy- 

l i n d r i c a l  model similar to  t h a t  shown i n  Fig. 8. The number of energy 

groups was reduced from 27 t o  4 wi th  energy boundaries of loe5 eV, 

0.4 e V ,  100 e V ,  100 k e V ,  and 20 MeV. 

3 .I) Neutronics Codes 

The VENTURE code system w a s  u t i l i z e d l l  t o  c a l c u l a t e  f luxes ,  reac- 

t i v i t y ,  and core  l i f e t i m e .  The system is based on d i f f u s i o n  theory and 

inc ludes  modules t h a t  a l low f o r  deple t ion  and con t ro l  rod movement calcu- 

l a t i o n s .  

3.5 Benchmarking of Codes and L i b r a r i e s  

The VENTURE system w a s  v e r i f i e d  for  both cross-sect ion l i b r a r i e s  f o r  

t he  HFIR and the  ILL r eac to r .  The r e s u l t s  of these c a l c u l a t i o n s  are pre- 

sented i n  Table 7. The G/T abbrevia t ion  r ep resen t s  six-group c ross  sec- 

t i o n s  der ived from t h e  GAM-THERMOS l i b r a r y .  The ENDF/B-V des igna t ion  

r ep resen t s  four-group cross s e c t i o n s  der ived from the  point  da t a  In  the  

Evaluated Nuclear Rata Pile. 
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Table 7 .  Benchmarking of ILL and H F I R  
cores  with the  VENTURE system 

Peak f l u x  
1019 neutrons*nn-**s-l 

Neutron energy range 

Reported G/T ENDF/B-v 

Thermal ( EOLa) 

ILL 
HFIR 

Epithermal ( B o t  b ) 

ILL 
H F I R  

F a s t  (BOL) 

ILL 
HF IR 

1.5 1.5 1.5 
5.5 3.3 4.6 

0 -7 1.77 
0.76 1 e42 

0.65 0.92 
4 .Oc 1.5 2 .o 

Reactor core  l i f e t i m e ,  d 

ILL 44 47 >49 
HF IR 23 25 32 

aEOL - end of l i f e .  

bBOL - beginning of l i f e .  

'Sum of epithermal and f a s t .  

Some important d i f f e rences  exist  between c a l c u l a t i o n s  performed with 

each of the two l i b r a r i e s ,  the  major one being the  cyc le  length  wi th  

ENDF/B-V cross  sec t ions .  The discrepancy is bel ieved to  be due t o  the 

lack  of lumped f i s s i o n  product d a t a  i n  the  ENDF/B-V l i b r a r y .  I n  the  G/T 

l i b r a r y ,  two "dummy" nucl ides  are present  t h a t  represent  slowly sa tu ra t -  

ing and nonsa tura t ing  f i s s i o n  products.  Corresponding d a t a  are not found 

i n  the  ENDF/B-V l i b r a r y .  However, f u t u r e  plans inc lude  genera t ion  of 

these  nucl ides .  

3.6 Reference Gore Design 

A p a i r  of cy l inde r s  conta in ing  involute-shaped f u e l  p l a t e s  was 

chosen f o r  t h e  core  design. The geometry of the  core  i s  nea r ly  the  same 

as t h a t  fo r  HFIR (see Fig. 1). 
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Two possible annular configurations 

centric ring design offers the advantage 

are shown in Fig, 10. The con- 

of easily varying the fuel con- 

centration in the radial direction, However, the involute plate  design 

offers the advantages of simpler fabricatian - (1) only one type of plate 

is required (per element), ( 2 )  reduced cost for rejecting improperly pre- 

pared plates (because each plate is small), and (3) the lack of plate 

spacers (which can be a source of erosion and high local fuel tempera- 

tures). 

As mentioned previously, the fuel was assumed to be uranium silicide 

clad with 0.25-m-thick aluminum cladding. Materials other than aluminum 

ORNL- DWG 86-4372 Era 

( a )  CONCENTRIC RING DESIGN 

:6) INVOLUTE PLATE DESIGN 

Fig. 10. Possible fuel plate configurations in annular geometry. 
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were examined neut ronica l ly .  Z i rca loy  w a s  found t o  have low neutron ab- 

so rp t ion  but poor thermal conduct iv i ty  relative to aluminum, meaning t h a t  

a cladding t h i c k  enough t o  support  a f u e l  p l a t e  would f i e l d  a f u e l  cen- 

t e r l i n e  temperature t h a t  would be too high. S t a i n l e s s  steel w a s  evalu- 

a t e d ,  but t he  r e l a t i v e l y  high absorp t ion  c ros s  s e c t i o n  r e su l t ed  i n  a re- 

a c t i v i t y  l o s s  t h a t  w a s  judged t o  be too l a r g e  (Ak/k - 0.04). 

The dimensions of the  care are provided i n  Fig. I. The a c t i v e  f u e l  

height  of 350 m w a s  der ived from thermal-hydraulic cons idera t ions .  The 

a d d i t i o n a l  50 nan on each end of the  f u e l  element is needed t o  achieve 

proper flow p a t t e r n s  wi th in  the  element. 

The r a d i a l  dimensions of the core  were inf luenced by the H F I R  design 

yet were a l s o  der ived from an opt imiza t ion  study. The following argument 

forms a b a s i s  f o r  s e l e c t i n g  the  inner  and outer  r a d i i .  

It is expected t h a t  the  power l e v e l  of the  CNU w i l l  be determined 

by economics and by the  a n t i c i p a t e d  s i t i n g  d i f f i c u l t i e s  of cons t ruc t tng  

a very high power r eac to r .  The f e d e r a l  r egu la t ions  i n  10 CFB 50 a r e  ap- 

p l i c a b l e  t o  research  r e a c t o r s  with power l e v e l s  <250 MW, which might 

t he re fo re  be considered as a poss ib le  maximum, The power dens i ty  w i l l  

be determined from materials cons idera t ions .  For a given power and power 

dens i ty ,  the core volume is f ixed .  However, an i n f i n i t e  number of com- 

b ina t ions  of r ad ius  and height  correspond t o  a f ixed volume. The o p t i -  

mum height  and diameter can be determined by using s teady-s ta te  d i f f u s i o n  

theory and the equat ion f o r  the  area of a cy l inder .  

The one-group d i f f u s i o n  equat ion i n  c y l i n d r i c a l  coordinates  is 

2 9  + I32 4 = 0 . 
a*  z 

Solving t h i s  equat ion by separa t ion  of v a r i a b l e s ,  the so lu t ion  can be 

shown to  be 

2 405r Q, = C J 0 ( 'K ) cos (F) . (3.5) 
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The c o e f f i c i e n t  B2, termed the  bu'zkling, can be shown t o  be the following: 

2.405 2 
B2 = (+2 + (2) 9 

where R is the r ad ius  of the cy l inde r  and H is the  height .  

While the  CNRR core w i l l  be a D 2 0  r e f l e c t e d  annulus,  i n  the follow- 

i ng  d e r i v a t i o n  i t  will be represented by a bare cy l inde r .  The su r face  

area of a c y l i n d e r  is given by the, following expres s ion  

S zc 2nR (R -4 H) e (3.7) 

Solving Eq. (3.6) f o r  R2 and s u b s t i t u t i n g  the  expression i n t o  Eq. (3.7), 

Eq. (3.8) is obtained 

2r( 2.405) + 2rH( 2 -405) s =  
B2 - r 2 / H 2  

For a given power l e v e l ,  t he  r e a c t o r  w*Lh the minimum s u r f a c e  area w i l l  

y i e l d  the maximum f l u x  i n  the  r e f l e c t o r .  D i f f e r e n t i a t i n g  Eq. (3.8) with 

r e spec t  t o  H and s e t t i n g  t h e  resuSt equal  to  zero,  Eq. (3.9) is obtained 

0 = 47.47(H) + 9-87 (H2B2 - n 2 ) l I 2  - H(H2B2 - v ~ ) ~ / ~  a ( 3  a91 

This equat ion can be solved numerically by f i x i n g  e i t h e r  B2 o r  H and 

sea rch ing  f o r  the s o l u t i o n  of the r e s u l t i n g  s ing le -va r i ab le  equation. 

Note t h a t  i f  B2 is f i x e d ,  a fourth-order polynomial i n  H is generated.  

One would expect t o  f ind  a p a i r  of p o s i t i v e  r o o t s  f o r  each value of B2 

( t h e  negat ive r o o t s  are p h y s i c a l l y  u n r e a l i s t i c ) ,  

The corresponding va lue  of the r a d i i  are found by s u b s t i t u t i n g  t h e  

( H , B 2 )  s o l u t i o n  i n t o  Eq. ( 3 . 6 ) .  This procedure yielded t h e  r e s u l t s  shown 

i n  Table 8 (smaller r ad ius  of pa i r  is shown). The CNRR he igh t  and o u t e r  

r ad ius  are almost e x a c t l y  the same as the optimal dimensions fo r  a bare 

cy l inde r .  

The inne r  r ad ius  of the CNRR w a s  s e l e c t e d  to  be e s s e n t i a l l y  the same 

as the HFIR. Two criteria were important i n  t h e  s e l e c t i o n  of the i n n e r  

r a d i u s :  i n v o l u t e  p l a t e  l eng th  and c r i t i c a l i t y  s a f e t y .  Studies  performed 
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Table 8. Optimal dimensions f o r  
a bare c y l i n d r i c a l  r e a c t o r  

Height Radius Buck 1 i ng 
( cm> ( c d  (Crn”2) 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 

6 -31 
9 e46 

12 -61 
16 -04 
18 e92 
22.45 
23 -63 
28.37 
29 -54 
30.62 
37 -83 
39.01 
40.12 

0.2442 
0 1085 
0-0611 
0 -0383 
0 *027 1 
0 mol95 
0-0165 
0.0121 
0.0105 
0 -0094 
0 -0068 
0.0061 
0 moo56 

as a par t  of the  HFIR program showed t h a t  i nvo lu te  p l a t e s  with a p l a t e  

l eng th  longer than 8 cm were i n s u f f i c i e n t l y  r i g i d .  l 2  

r e a c t a r  core  must remain s u b c r i t i c a l  during the  f a b r i c a t i o n  and t ranspor-  

ta t ion- to- reac tor  procedures. The easiest method of maintaining subcri-  

t i c a l i t y  is t o  d i v i d e  the  core  i n t o  two r i n g s ,  each of which w i l l  be sub- 

c r i t i c a l .  These cons idera t ions ,  along with the th ickness  of the  des i red  

i n t e r f u e l  zone and f u e l  element s i d e  p l a t e s ,  l ed  t o  the  s e l e c t i o n  of an 

inner  rad ius  of 64 mm fo r  the inner  s i d e  p l a t e  of the inner  element. 

A s  noted previous ly ,  the c l ad  th ickness  of the CNRR f u e l  p l a t e s  

i s  0.254 m. The th ickness  of the  f u e l  region i n s i d e  a p l a t e  v a r i e s  

( A l - f i l l e r  material is a l s o  present  i n  the  p l a t e )  but i s  never mare than  

0.762 mm (30 mil). The f u e l  p l a t e  spacing was assumed t o  be 1.27 m 

( 5 0  m i l ) .  

Addi t iona l ly ,  the  

3.6.1 Graded f u e l  d i s t r i b u t i o n  

The CNRR is an undermoderated r eac to r .  Neutrons born i n  the  core 

w i l l  u sua l ly  escape t o  the r e f l e c t o r  where they are moderated and may 

d r i f t  back t o  the  r eac to r  core. Thus, f u e l  at the  outermost r a d i a l  and 



axial  p o s i t i o n s  i n  the  f u e l  p l a t e s  w i l l  ''seeu a large thermal f lux .  Con- 

sequent ly ,  i f  f u e l  were equa l ly  d i s t r i b u t e d  throughout the  p l a t e ,  l o c a l  

power d e n s i t i e s  a t  the  r a d i a l  and a x i a l  edges of the  p l a t e s  would be much 

g r e a t e r  than the  average power dens t ty .  These edge peaks can be more 

than twice the  average power d e n s i t y  and, i f  uncorrected,  w i l l  s eve re ly  

l i m i t  t h e  maximum r e a c t o r  power. 

One method of smoothing the  power d i s t r i b u t i o n  is t o  place less f u e l  

a t  t h e  edges of t he  p l a t e s  than a t  :he cen te r .  This  "grading" of t h e  

f u e l  d i s t r i b u t i o n  is c u r r e n t l y  performed i n  the  r a d i a l  d i r e c t i o n  for  the  

HFIR f u e l  p l a t e s .  Examination of the f l u x  d i s t r i b u t i o n  f o r  an e a r l y  CNRR 

des ign  revealed t h a t  some c o r r e c t i o n  f o r  f l u x  peaking w a s  needed i n  both 

the  r a d i a l  and axial  d i r e c t i o n s .  (HFIR does not have a beryl l ium re- 

f l e c t o r  i n  the  axial d i r e c t i o n ,  which l eads  t o  a lower axial peak than 

the  CNRR core  t h a t  i s  completely surrounded by r e f l e c t o r . )  Rather than 

l o s e  neutrons t o  a burnable poison o r  con t ro l  rod, it w a s  decided t o  

grade t h e  f u e l  a x i a l l y  and r a d i a l l y .  The goa l  of the  grading w a s  t o  

maintain as f l a t  a power d i s t r i b u t i o n  as poss ib le  over the  e n t i r e  f u e l  

cycle .  Because the  l o c a t i o n  of the hot  spot  va r i ed  with t i m e ,  f ind ing  a 

f u e l  d i s t r i b u t i o n  t h a t  maintained a minimum peak-to-average power d i s t r i -  

bu t ion  over t he  whole cyc le  w a s  an i t e r a t i v e  process .  

Three procedures were examined : minimizing the  peak-to-average 

power r a t i o  at  beginning-of-cycle, n t  middle-of-cycle, and a t  end-of- 

cyc le .  I n t u i t i v e l y ,  one would expect t h a t  minimizing peak-to-average 

power would be less advantageous at beginning-of-cycle than a t  o t h e r  

t i m e s  because i n i t i a l l y  l i t t l e  o r  no oxide coa t ing  would be present  on 

the  c l ad ;  thus ,  f o r  a given power dens i ty ,  f u e l  c e n t e r l i n e  temperatures  

would be lower than later i n  the cycle .  Therefore ,  a somewhat Ngher  

peak-to-average power r a t i o  could be t o l e r a t e d  a t  beginning-of-cycle than 

la ter  i n  the  cycle .  

The grading w a s  obtained by i t t t r a t i o n  of  the  equat ion 

(3.10) 

where C is the  f u e l  Concentrat ion at a given po in t ,  1 i s  the  i t e r a t i o n  
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- 
number, p is the  average power dens i ty ,  and p(BOL3 is the  power d e n s i t y  

a t  beginning of l i f e  (BOL) at the  same point .  

a d j u s t a b l e  f a c t o r  between 1 ( t o  opt imize the  power d i s t r i b u t i o n  a t  BoL) 
and 

Parameter xj i s  an 

(3.11) 

[ t o  optimize the  power d i s t r i b u t i o n  a t  EOL (end of l i f e ) ] .  

t ( i n  days) is the  core  l i f e ,  

3.178 x 1O6/b.cm*MW. 

In Eq. (3.11), - 
= 0.5 [p j (BOL)  f pj(EOL)] ,  and a = 

The f u e l  grading t h a t  optimizes the power d i s t r i b u t i o n  at  medium 

core l i f e  (ha l f  way through the  f u e l  cyc le)  is shown i n  Table 9. 

t h e  upper ha l f  of the  core is descr ibed because the  f u e l  d i s t r i b u t i o n  w a s  

assumed t o  be symmetric about the  core  a x i a l  c e n t e r l i n e .  For the fue l ed  

region of both the  inner  annulus ( r a d i i  of 71.3 t o  126.3 m) and ou te r  

annulus ( r a d i i  of 165.3 cm t o  219.7 m), a r a d i a l  mesh of e i g h t  equal  in-  

t e r v a l s  i n  each element was assumed. Axia l ly ,  t he  core  was divided i n t o  

f i v e  zones. A p lo t  of the  f u e l  grading is  shown i n  Fig. 11. 

Only 

The d a t a  i n  Table 9 were used t o  develop var ious  c o r r e l a t i o n s .  

Equation (3.12) is a least-squares  f i t  t o  the  da t a  and can be used t o  

gene ra t e  atom d e n s i t i e s  fo r  U-235 i n  u n i t s  of atoms per barnocentimeter 

f o r  the inner  element e 

[u-235] = -l.12(10"4) r2  -+ 2.3O(1Oe3) 

x r - 8.59(10-6) z2 - 0.00882 (3.12) 

Both the rad ius  r and the height  z are i n  cent imeters .  The zero point  

f o r  the  r ad ius  is the  cen te r  of the  annulus,  and the  zero point  f o r  t h e  

he ight  is a t  the  axial midpoint of the  annulus. The value of It2, a mea- 

su re  of the  goodness of t he  f i t  of t he  c o r r e l a t i o n  t o  the  d a t a ,  i s  0.92. 

This  means t h a t  the  f i t t e d  regress ion  equat ion expla ins  92% of the  vaxia- 

t i o n  among atom d e n s i t i e s .  
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Table 9. Fuel distribution for reference core 

~~ -~ 

Nodal 
coordinates a 235u 238u g U h 3  

(l/b*an) ( l / b - d  ("meat") 
Node 

r z 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

. 42 
43 
44 
45 

7.47 
7 047 
4.47 
7.47 
7 047 
8.16 
8.16 
8.16 
8.16 
8.16 
8.85 
8 085 
8.85 
8.85 
8 -85 
9 054 
9.54 
9 a54 
9.54 
9.54 
10.22 
10.22 
10.22 
10.22 
10.22 
10.91 
10.91 
10.91 
10.91 
10.91 
11.60 
11 -60 
11.60 
11 a60 
11.60 
12 029 
12.29 
12 *29 
12.29 
12 -29 
16.87 
16 087 
16.87 
16 -87 
16.87 

1.75 
5.25 
8.75 
12 e 2 5  
15.75 
1.75 
5.25 
8.75 
12.25 
15 075 
1.75 
5.25 
8.75 
12 025 
15.75 
1.75 
5.25 
8.75 
12.25 
15 *75 
1 a 7 5  
5.25 
8.75 
12 e 2 5  
15.75 
1.75 
5.25 
8.75 
12.25 
15.75 
1 e 7 5  
5 -25 
8.75 
12 025 
15.75 
1.75 
5.25 
8 075 
12.25 
15 -75 
1.75 
5.25 
8.75 
12.25 
15.75 

0.001745521 
0*001588406 
0 001 287 212 
0*000909875 
0~000500171 
0.002436136 
0.002201463 
0.001706950 
0.001073877 
0 000 63 1460 
0.002786211 
0.002786211 
0.002228594 
0.001242395 
0.000653978 
0.002786211 
0.002786211 
0.002772366 
0.001374957 
0 *000670876 
0.002786211 
0.002786211 
0.002786211 
0.001416377 
0.000678714 
0.002786211 
0.002786211 
0.002723547 
0.001310312 
0.000675005 
0.002786211 
0.002786211 
Om002120493 
0.001156619 
8.000662298 
0.002786211 
0.002436825 
0*001595107 
0.000987272 
0.000639270 
0.002786211 
0.002338098 
0.001505847 
0.000935763 
Oe000610653 

0.000131438 
0~000119607 
0.000096927 
0.000068514 
0.000045193 
0.000183441 
0*000165770 
0.000128533 
0.000080863 
0.000047549 
0.000209802 
0*000209802 
0.000167813 
0.000093552 
0.000049244 
0.000209802 
0.000209802 
0.000208759 
0.000103534 
0.000050517 
0.000209802 
0.000209802 
0.000209802 
0.000106653 
0~000051107 
0.000209802 
0.000209802 
0.000205083 
0.000098666 
0.000050828 
0.000209802 
0.000209802 
0.000159673 
0.000087093 
0.000049871 
0.000209802 
0.000183493 
0.000120112 
0.000074342 
0.000048137 
0.000209802 
0.000176059 
0.000113398 
0.000070463 
0.080845982 

2.4433 
2 2234 
1 a8018 
1.2736 
0.8401 
3.4100 
3.0815 
2 3893 
1 m5031 
0 8839 
3 e 9000 
3 -9000 
3.1194 
1.7390 
0.9154 
3.9000 
3 .goo0 
3 08806 
1.9246 
0.939 1 
3 e 9000 
3 -9000 
3 9000 
1.9826 
0.9500 
3 o9000 
3 9000 
3.8123 
1.8341 
0.9448 
3 9000 
3 e 9000 
2 09681 
1.6190 
0.9270 
3 -9000 
3.4109 
2 e2327 
1 e3819 
0 -8948 
3 9000 
3 -2727 
2 1878 
1 e 3098 
a c 8548 
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Table 9 (continued) 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 

17.55 
17 055 
17.55 
17 e55 
17.55 
18 23 
18 23 
18-23 
18 23 
18 -23 
18.91 
18.91 
18.91 
18 -91 
18.91 
19 -59  
19 -59 
19 059 
19.59 
19 -59 
20 27 
20.27 
20.27 
20 27 
20 27 
20 -95 
20 -95 
20 095 
20 -95 
20 095 
21.63 
21 -63 
21.63 
21.63 
21 m63 

1.75 
5.25 
8.75 
12 025 
15.75 
1.75 
5.25 
8.75 
12.25 
15 e 7 5  
1.75 
5-25 
8.75 
12.25 
15.75 
1.75 
5.25 
8.75 
12.25 
15 -75 
1.75 
5.25 
8.75 
12 e 2 5  
15.75 
1.75 
5.25 
8.75 
12.25 
15 -75 
1.75 
5.25 
8.75 
12.25 
15.75 

0.002786211 
0.002475696 
0 -00 16 12286 
0.000970249 
0.000595232 
0.002253963 
0.001947062 
0.001420556 
0.000919672 
0.000572194 
0.001608566 
0 000 1463 172 
0.001174615 
0.000836824 
0.000546393 
0.001186816 
0.001113605 
0.000959704 
0.000745378 
0.000519273 
0.000921835 
0.000881349 
0*000795901 
0.000660786 
0 -000489794 
0 .000748760 
0.000724209 
0-000673048 
0.000586506 
0~000451316 
0.000628412 
0.000613086 
0.000579113 
0.000518580 
0~000418312 

0.000209802 
0.000186420 
0.000121405 
0.080073060 
0.800044821 
0.000169723 
0.800146614 
0.000106968 
0.000069251 
0.000043086 
Oe000121125 
0~000110177 
Om000088448 
0.000063013 
Oe000041143 
0.000089367 
Oe000083854 
0.000072266 
0 000056 127 
0.800039101 
0.000069414 
0 .000066366 
0*000059931 
Oe000049757 
Oe000036881 
0.000056382 
0.000054533 
Om000050681 
0.000044164 
0.000033984 
0.000047319 
0.000046165 
0.000043607 
0.000039049 
0.000031499 

3.9000 
3.4653 
2.2568 
1.3581 
0 8332 
3.1550 
2 7254 
1.9884 
1 2873 
0 -8009 
2.2516 
2.0481 
1 e6442 
1.1713 
0.7648 
1.6612 
1.5588 
1.3433 
1.0433 
0 -7268 
1 2903 
1.2337 
1.1141 
0 e924.9 
0 -6856 
1.0481 
1.0137 
0.9421 
0.8210 
0 A317 
0 08796 
0.8582 
0.8106 
0.7259 
0.5855 

“ (0 ,O)  is centerline of annuli at core midplane .  
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Fig. 11. U-235 concen t r a t ion  as a func t ion  of I: and z for r e fe rence  
co re  . 

Equation (3.13) can be used t o  gene ra t e  atom d e n s i t i e s  f o r  U-235 for 

t he  o u t e r  element. 

[U-2351 = -2.64(10'4) r - 8.10(10'5) z + 6.89(1(1-~) e ( 3 . 1 3 )  

The q u a n t i t i e s  [U-235], r ,  and z are the  same as def ined f o r  Eq* (3.12). 

The va lue  of R2 for Eq. (3.13) i s  0.77, t h a t  is, 77% of the v a r i a t i o n  

among atom d e n s i t i e s  can be explained by t h i s  equation. 

Note t h a t  a c o n s t r a i n t  on the f u e l  d i s t r i b u t i o n  i t e r a t i o n  process i s  

t h e  upper l i m i t  f o r  the uranium concentrat ion.  As t he  v d l w e t r i c  f rac-  

t i o n  of U3Si2 i n  the  aluminum matrh is inc reased ,  the thermal eonduc- 

t i v i t y  of t he  f u e l  composite decreases .  I n  the r e fe rence  co re ,  the maxi- 

mum volumetr ic  f r a c t i o n  of U3Si2 i n  the aluminum matrix is 35%. 

average d e n s i t y  of U3Sip i s  12.1 lcg/L.* 

s i t y  in the  f u e l  matrix would be 3.92 &/Lo 

The 

The corresponding uranium den- 

*Experiments managed by G. L. Copeland. 
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Involu te  p l a t e s  are f ab r i ca t ed  by f i r s t  manufacturing a f l a t  p l a t e  

and then bending it  t o  the  proper shape. Fuel grading is  accomplished by 

varying the  th ickness  of the  uranium-bearing region a t  var ious p o s i t l s n s  

a long the  f u e l  p l a t e .  I n  regions where the  f u e l  matr ix  th ickness  is less 

than the maximum poss ib l e  value (0.762 m>,  an aluminban f i l l e r  i s  u t i -  

l i z e d .  Hence, for  f u e l  f a b r i c a t i o n  purposes,  the f u e l  d i s t r i b u t l o n  

should be reported as [ f u e l  th ickness  = fn  (x , a ) ]  where x is the  d i s t ance  

along the  invo lu te  p l a t e  t h a t  corresponds t o  a given r ad ius  and z is the  

d i s t ance  along the axial  length  o f  the  p l a t e .  Equation (3.14) can be 

used t o  genera te  the f u e l  th ickness  at any point  on an inner  annulus f u e l  

p l a t e .  (Note t h a t  z = 0 is  at  c e n t e r l i n e  of p la te ,  x = 0 is  at the  inner  

edge. ) 

[Fuel th ickness]  = -1.44 ( X* -b 1.20(10”*) 1x1 

- 2.11 (IOe4) z 2  f 0.0491 (3.14) 

All v a r i a b l e s  are i n  cent imeters .  Equation (3.14) is derived from the  

d a t a  contained i n  Table 9 ,  and thus the  va lue  of t he  c o r r e l a t i o n  coe f f i -  

c i e n t  R2 f o r  Eq. (3.14) i s  the  s a m e  as Eq. (3.12). 

can be used to  c a l c u l a t e  the  f u e l  th ickness  a t  any poin t  on an ou te r  an- 

nulus  f u e l  p l a t e :  

S imi l a r ly ,  Eq. (3.15) 

[ F u e l  th ickness]  = -5.52(10’3) x - 2.01(10”3)1z1 = 0.0612 . (3.15) 

Again, a l l  v a r i a b l e s  are i n  cent imeters ,  and, as expected, the cor re la -  

t i o n  c o e f f i c i e n t  R2 f o r  t h i s  equat ion is  0.77, the  same as found f o r  

Eq. (3.13). 

The f u e l  i n spec t ion  technique used with H F I R  elements i s  an act iva-  

t i o n  technique t h a t  senses  a c t i v i t y  per u n i t  area. Thus, €or  t he  f u e l  

grading equat ion t o  be of use to  cu r ren t  inspec t ion  techniques,  it must 

be i n  the  form [areal  dens i ty  of uranium = f ( x , z ) ]  where again x i s  t h e  

d i s t a n c e  along the  invo lu te  p l a t e  t h a t  corresponds t o  a given rad ius  r 

measured from t he  c e n t e r l i n e  of t he  annular  element. 

Equation (3.16), der ived from d a t a  i n  Table 9 ,  provides an expres- 

s ion  f o r  aer ia l  dens i ty  ( u n i t s  are g U/cm2)  as a func t ion  o f  x and z 



(units are an). Again the  zero po in t  f o r  x is the i n s i d e  edge of t he  

p l a t e  and t h e  zero po in t  f o r  z is at t h e  a x i a l  c e n t e r l i n e .  

[Areal d e n s i t y ]  = -6.24(10'3) x2 + 5019(10'~) x 

For the  o u t e r  annulus f u e l  p l a t e s ,  Eq. (3.17) d e s c r i b e s  t h e  areal f u e l  

d e n s i t y  d i s t r i b u t i o n :  

[Areal d e n s i t y ]  = -2.39(10-2) x - &.69(10'3) I z l  + 0.265 . (3.17) 

3.6.2 Calculated f l u x  d i s t r i b u t i o n  

Using the codes, c ros s  s e c t i o n s ,  r e a c t o r  dimensions, and the  f u e l  

d i s t r i b u t i o n  descr ibed in previous s e c t i o n s ,  t he  neutron f l u x  and core 

l i f e t i m e  were c a l c u l a t e d .  These c a l c u l a t i o n s  were performed with the  

four-group cross-sect ion set der ived from the  123-group l i b r a r y ,  

For the  r e fe rence  core with a power l e v e l  of 246 MW, a cycle l eng th  

of 14 d w a s  c a l c u l a t e d .  P l o t s  of t he  thermal,  low e p i t h e m a l ,  and f a s t  

flux f o r  a power l e v e l  of 246 MW as a func t ion  of p o s i t i o n  are given i n  

Figs. 12-15. 

neutrons=m-2.s-l, t h e  power l e v e l  rnust be increased t o  270 MW and t he  

cyc le  l eng th  (without  f u r t h e r  a d d i t i o n  of r e a c t i v i t y )  would drop t o  

12.8 d. Flux r a t i o s  are provided in Figs. 16 and 17. Table 10 lists 

peak thermal f l u x  i n  the r e f l e c t o r  and peak l o c a l i z e d  power d e n s i t y  i n  

t h e  core  as a func t ion  of t i m e .  The va lue  of the peak local power den- 

s i t y  is an important input  t o  the  thermal-hydraulic analyses .  

though the  s p a t i a l  mesh used i n  t h i s  problem was coarse,  8 s i g n i f i c a n t  

amount of movement of t he  peak was observed. 

To ob ta in  a peak thermal flux i n  t h e  r e f l e c t o r  of 1020 

Even 

It should be emphasized t h a t  the values  shown i n  Figs. 12-15 and 

Table 10 are for  a power l e v e l  of only 246 MW. 

power d e n s i t y ,  and cyc le  l eng th  scale d i r e c t l y  with power l e v e l .  

However, t he  f l u x  va lues ,  

Note t h a t  the thermal f l u x  i n c r e a s e s  during the f u e l  cycle ,  An in- 

crease i n  power of about lo%, t o  270 MW, would produce an EOL peak ther-  

m a l  flux i n  t he  r e f l e c t o r  of lo2 neutrons*m-2*s-1. 
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Table 10. CNRW perfomance over a fue l  cyclea 

Peak thermal f lux Maximum local  Location of m a x i m u m  
power densi y 2, 

Time  

(dl (1019 neutrons m - 2 . s - l  C W L )  (node No.) 
in  ref lector power density 

0 .o 7 a 0 4  11.22 80 

3.5 7 -69 9 -89 76 

7 .o 8.07 8.89 69 

10.5 8.48 9 e 3 2  54 

14 .O 8.98 10 25 53 

aPower l eve l  in  reactor core assumed to be 246 MW; average 

%ee Table 9 for r , z  coordinates. 

power density of 7.03 W/L. 
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4 THERMAL-HYDRAULIC DESIGN 

We R. Gambill 

4.1 In t roduc t ion  

Because the  primary goal  of t h i s  p ro jec t  is t o  a t t a i n  a maxtmum 

s teady-s ta te  va lue  of thermal neutron f l u x  much higher  than that gen- 

e ra t ed  by any e x i s t i n g  r eac to r ,  the  maximum power dens i ty  w i l l  a l s o  be 

q u i t e  l a r g e  f o r  reasonable  values  of r eac to r  thermal power. This den- 

s i t y ,  i n  t u rn ,  means high heat  fluxes and s thereEore,  s p e c i a l  a t t e n t i o n  

t o  the  d e t a i l s  of the  in t ens ive  cool ing required as f u e l  p l a t e  l i m i t s  are 

approached. 

4 a 2  Coolant, Cladding, and Fuel Temperatures 

Based on a gene r i c  (non-si te-specif ic)  heat  r e j e c t i o n  c a p a b i l i t y ,  

t he  maximum design CNKR i n l e t  D20 temperature has been taken to  be 4 9 O C .  

To avoid expensive two-phase con t ro l  (steam condensation) s a f e t y  measures 

i n  the  event of a loss-of-coolant acc iden t ,  t he  maximum CNRR o u t l e t  bulk 

D20 temperature has been l imi t ed  t o  less than the  normal bo i l ing  point of 

101.4OC. S p e c i f i c a l l y ,  (tb,o)max = 99°C. 

To determine fue l  p l a t e  su r face  temperatures ,  t he  l o c a l  hea t - t r ans fe r  

c o e f f i c i e n t  f o r  nonboiling turbulen t  flow has been and w i l l  be ca l cu la t ed  

with the  c o r r e l a t i o n  of Petukhov13 or of Hausen.14 

the  c o e f f i c i e n t s  from these two c o r r e l a t i o n s  are i n  c lose  agreement f o r  

Reynolds moduli > lo4 ,  although the  forms of the  c o r r e l a t i o n s  are q u i t e  

d i f f e r e n t .  Because of its sound t h e o r e t i c a l  bas i s  and exce l l en t  agree- 

ment with c r i t i c a l l y  evaluated experimental  da t a ,  the  Petukhov r e l a t i o n  

now appears p re fe rab le .  

For CNRR cond i t ions ,  

The maximum f u e l  temperature is determined from the  combination of 

v a r i a b l e s  g iv ing  t h e  maximum value  of 

For U 3 S i 2 ,  t h i s  va lue  is bel ieved t o  be -3511OC far t he  loca l i zed  hot 

spot .  In  H F I R  (U308 f u e l ) ,  the  ca l cu la t ed  maximum is 327OC. A t  the  same 
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volumetr ic  loading,  the thermal conduc t iv i ty  of U g S i 2  is higher  than t h a t  

of U308, and the  uranium content  is s i g n i f i c a n t l y  hfgher.  

4.3 Fuel P l a t e  Def l ec t ion ,  V ib ra t ion ,  and Erosion 

These phenomena have caused no o p e r a t i o n a l  problems a t  the  H F I R  

(V,,, = 16.5 m / s )  or a t  the  Savannah River P lan t  (Vma = 22 m / s ) .  Plate  

spacer  elements are considered undes i r ab le  and are p r e s e n t l y  viewed as a 

last r e s o r t .  Extensive experimental  and a n a l y t i c a l  work in t h i s  area is  

planned* During the  196Os, tests a t  t he  Savannah River Laboratory (SRL) 

i n d i c a t e d  t h a t  erosion of aluminum “would not  be a problem i n  a w e l l -  

designed f u e l  assembly u n t i l  t he  v e l o c i t i e s  exceed about 30.5 m/s.” s 

The g e n e r a l  d a t a  base,  based on s h o r t  exposure t i m e s ,  is i n  agreement. 

Even an e ros ion  rate of 1.27 mmlyear would remove only about 0.05 mm of 

cladding i n  15 d ,  the approximate core  l i f e t i m e  expected. 

4.4 Critical Flow Veloci ty  f o r  Fuel P l a t e s  

A coo lan t  V 3 V, corresponds to buckling c o l l a p s e  of one or  more 

f u e l  p l a t e s .  The gene ra l  f u n c t i o n a l  dependence is i l l u s t r a t e d  by t h a t  

f o r  t h e  s imples t  case; t h a t  is, for a f l a t  plate:16 

f o r  a given p l a t e  material and coo lan t ,  where p t  = p l a t e  th i ckness ,  cg = 

coolant  gap, and pw = p l a t e  width. This r e l a t i o n  i n d i c a t e s ,  f o r  example, 

t h a t  (V,)30 = 0.36 (V,)50, where 

(V, )50  = V, f o r  p t  = cg - 1.27 nun. 

shape is changed from i n v o l u t e  t o  uniformly curved t o  f l a t .  A f i n i t e -  

element a n a l y s i s  f o r  t h e  V, of i nvo lu te  p l a t e s  has been developed, and 

f o r  CNRR cores, t h i s  method has given V, = 92.8 m/s a t  tplate = 204OC and 

V, w 78.5 m/s at tplata = 316OC. 
D20 v e l o c i t y  by f a c t o r s  of 2.9 t o  3.4. 

= Vc f o r  p t  = cg = 0.76 m, and 

For p l a t e s ,  Vc dec reases  as the p l a t e  

These values  of V, exceed the  expected 
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4.5 Core Pressure  Drop 

Designs to  d a t e  have gene ra l ly  produced a core AP < 1 .8  ma. Par 

t h e  WIR, the core AP = 0.69 MPa. The primary system AP is expected t o  

be about 1.6 ( AP),,,, a as i n  the  HFIR. For an a n t i c i p a t e d  mean su r face  

roughness of 0.51 pm, the  mean a s p e r i t y  he ight  of the p l a t e  sur face  W p l l  

be contained w e l l  with in  the  laminar sublayer  of the  D20 t u rbu len t  bound- 

a ry  l a y e r  ( E / B  = 0.13), and the  sur face  w i l l  be hydrodynamically 

smooth. The smooth-surface, isothermal  f r i c t i o n - f a c t o r  c o r r e l a t i o n s  of 

Filonenko17 and of Hermann18 g ive  very good agreement with measured HFIR 

core  AP va lues ,  and the former has been and w i l l  be used f o r  CNKR design. 

b l  

4.6 The Incipient-Boil ing Heat Flux ( $ib) 

and the Cri t ical  H e a t  Flux (4,) 

The i n c i p i e n t  bo i l i ng  heat f l u x  +,, i s  p resen t ly  the  l i m i t  t o  the 

maximum l o c a l  hea t  f l u x  i n  the  CNRR. The advantages of avoiding l o c a l  

bo i l i ng  include a hot-spot void f r a c t i o n  + 0, no l o c a l  r e a c t i v i t y  

changes, and no two-phase flow i n s t a b i l i t i e s .  The c o r r e l a t i o n s  of 

Rergles  and Rohsenowlg and of Davis and Anderson20 are i n  e x c e l l e n t  

agreement f o r  both H20 and D20. An unresolved quest ion relates t o  the 

e f f e c t  of d i sso lved  t r i t i u m  on the  $i,,. 

planned, which will minimize or  e l imina te  any decrement i n  +ib= 

I n  the  CNRR, d e t r l t i a t i o n  is 

Values of $c up t o  46 MW/m2 have been experimental ly  a t t a i n e d  wlth 

aluminum hea te r s .  A s  a design c o r r e l a t i o n  either the  superpos i t ion  

method of Gambill*l o r  a modi f ica t ion  of a similar approach by 

Kutateladze and L e o n t ' e ~ ~ ~  will be used. 

and 4, i s  d e s i r a b l e  ( g r e a t e r  than -25%). 

diameter should exceed a c r i t i ca l  diameter t h a t  decreases  with p re s su re ,  

as shown i n  Fig. 18 f o r  H20. A remaining quest ion relates t o  how the 4 
of D 2 0  compares with t h a t  of' H20 a t  constant  condi t ions .  SRL da t a  a t  

P = 0.20 t o  0.66 MPa i n d i c a t e  a cons i s t en t  16% increment f o r  D 2 0  on 

e i t h e r  alumlnum or  s t a i n l e s s  steel  .23 

l a t i o n s  of + give ,  f o r  the  v e l o c i t i e s ,  p ressures ,  and subcool ings of 

i n t e r e s t ,  va lues  of the  r a t i o  ($c)D20: 

i b  A reasonable  margin between 0 
The flow-channel equiva len t  

C 

However , the  hydrodynamic corre- 

C 

of 1.0 (f0.1). 
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Fig. 18. Dependence of crit ical  channel diameter on pres su re  for 
H20. 

c 

4.7 Coolant Pressure Level 

The $ib i n c r e a s e s  with pressure;  t h e  +c a l s o  inc reases  with p res -  

sure, but more slowly than $,,. 

wi th  p res su re ,  as i l l u s t r a t e d  by a curve c a l c u l a t e d  for  the shown 

as Fig. 19. A t  high D20 v e l o c i t i e s ,  t h e r e  i s  l i t t l e  inc rease  i n  4 a t  

p r e s s u r e s  exceeding 4 . 9  MPa. For these  reasons,  emphasis has been 

placed on Po = 4.1 t o  6.9 MPa, at which l e v e l  adequate values  of +,, are 

generated f o r  V 5 24.4 t o  30.5 m / s .  

The ratio +c/$ibB t h e r e f o r e ,  decreases  

C 

1.8 

1.6 

1.2 

10 
0 7 14 21 28 35 

PRFSSURE IMPa) 

O R N L -  DWG 85-1 7606A 

U = 13.7rnh 

De - O254cm 

Fig. 19. Dependence of the  r a t i o  of c r i t i ca l  t o  inc ip i en t -bo i l ing  
hea t  f l u x e s  on p res su res .  

4.8 Power Densitv Profile and Surface Area Densitv 

A high power d e n s i t y  I s  needed t o  achieve a high thermal-neutron 

f l u x  per u n i t  of r e a c t o r  power. T h i s  l eads  t o  a s m a l l  co re  volume t h a t ,  
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i n  t u r n ,  n e c e s s i t a t e s  a high r a t i o  of hea t  t r a n s f e r  su r f ace  area t o  vol- 

ume. The r a t i o  of maximum-to-average power d e n s i t i e s  should be mini- 

mized; our goal  is a (hot-spot) maximum-to-average power d e n s i t y  r a t i o  

of 2 .  FOP p a r a l l e l - p l a t e  f u e l  elements,  t he  hea t  f l u x  is  given by the  

express  i o n  

where Q i s  i n  megawatts per square meter, q”’ is i n  megawatts per  l i t e r ,  

and p t  is i n  m i l l i m e t e r s .  The hea t  f l u x  f o r  a given power dens i ty  de- 

creases as the  r a t i o  of metal f r a c t i o n  t o  p l a t e  th ickness  i n c r e a s e s ,  

4.9 Maximum Core Power Density 

The var ious  f a c t o r s  considered may be combined t o  produce the  para- 

metric d e p i c t i o n  i n  Fig. 20; f o r  t he  range of cases considered,  t h e  

maximum (hot  spo t )  power dens i ty  exceeds 11 W/L when the  peak hea t  f l u x  

equals  t h e  inc ip i en t -bo i l ing  value.  The three-par t  parameter (MF/pt , 
Atsub, min,o, V )  f o r  the re ference  CNRR design is  c l o s e l y  approximated by 

t h e  curve labe led  3.9/150/21, fo r  which the  maximum power d e n s i t y  is seen 

t o  approach 18 W/L .  

on ly  i f  t he  oxide th ickness  on the  cladding is  v i r t u a l l y  zero; o therwise ,  

the  p l a t e  c e n t e r l i n e  temperature i s  excess ive ly  high. 

These high l e v e l s  of power d e n s i t y  are permiss ib le  

4.10 Core Thermal/Flow Analysis Code 

The code previous ly  developed fo r  the  has been modified t o  

inco rpora t e  the  phys ica l  and thermodynamic p rope r t i e s  of D 2 0  as w e l l  as 

those of H20.  It w i l l  soon be f u r t h e r  modified with the  updated thermal 

and flow c o r r e l a t i o n s  mentioned previously.  

4.11 Resul t s  f o r  t he  Reference Core 

The r e s u l t s  f o r  the sub jec t  core  design are summarized i n  Tables 11- 

13. With oxide on unmodified cladding present  t o  the  ex ten t  expected,  
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Fig. 20. Parametric incipienc-boiling depiction for D20 at  
6.9 MPa. 

P =  

the core could be operated at powers up to  135 MW, and the peak unper- 

turbed thermal neutron f lux in  the ref lector would be 5 x l 0 l g  

neutrons 0s-l. With no oxide present, the same core could be operated 

at 270 MW to produce a peak unperturbed thermal neutron f lux of almost 

1020 neutrons *m-2*s-1. 



Tab le  1 I .  Refe rence  core : t h e r m a l  
and flow paramete ra  I 

- 
November 1985 r e f e r e n c e  d e s i g n  

( c a l c u l a t i o n  2 5 . 4 ) a  

A c t i v e  volume 

F u e l  

Clad 

Coo lan t  

Heated  l e n g t h  

Flow l e n g t h  

P l a t e  t h i c k n e s s  

Coo lan t  gap  

Metal f r a c t i o n  

35 L 
30 vol X (max) U3SI2 

Aluminum alloy 

D20 
35 m 

45 cm 

1.27 m 

1.27 

0.5 
~ 

aEar1y  v e r s i o n  of r e f e r e n c e  core; f u e l  L a t e r  
changed t o  35 v o l  X (max) U3Si2. 

Tab le  12. Re fe rence  c o r e :  t h e r m a l  and f low p a r a m e t e r s  II 

L i m l  t i n g  c r  i t e r ia  : 

Omax * ' i b  

( t c A ) p l a t e  max =. 354"c 

Coo lan t  c o n d i t i o n :  

Po - 4.14 MPa 

(* 'sub)o min 
l l l ° C  

"Clean"  core : 

l i m i t e d  by +ib a t  V G 2 . 7  m / s  

17.3 W / L  a t  V = 27.4 mfs .., 
',ax 

Oxide core: 

Assumed : 

6,, = f (Ts, 9) o n l y  

Moving ho t  s p o t  h a l v e s  t h e  box c a l c u l a t e d  f o r  a f i x e d  ho t  s p o t  

15-d c o r e  l i f e  

C a l c u l a t e d :  

A t  V = 15.24 d e  and $max = 6.31 MW/m2, ( t B l m a x  = 197°C 

For  9 = 15 d ,  6,, = 0.06212 = 0.031 w 

"',v) pairs were computed t h a t  y i e l d  t h e  same ( t s ) m a x  
( Qmax 
Va lues  were chosen  a s  t h e  pair g i v i n g  ( t f u e l ) m a x  a 354°C 

G;; l i m i t e d  by ( t , l ) p l a t e  m x  

R e s u l t :  

A t  V - 27.4 m / ~ ,  %& 7.7 Wt/L 
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Table 13. Reference core: thermal 
and flow parameters 111 

With no With 
oxidea 

Case oxide 

Power, MW 27 0 

(+n) r ,  1019 neutrons/mZs 10.0 

V, m / s  27 .4 

p i ,  ma 5.57 

Po, MPa 4 .14  

4 y s t ’  2.30 

G;;, MW/L 15 e4 

”* Mw/L 7 e 7 1  qavg 9 

+max W/HL 2 19.55 

tb,oy O C  91 .7 
Qcore, m3/h 4935 

“,,x/ ‘ib O 090 

t fue l ,  m x ,  O C  304 

System pumping power 3147 
( fluid kW) 

135 

5 -0 

27 - 4  

4 . 1 4  

5.57 

2.30 

7 07 

3 m86 
9.77 

0 945 

354 

7006 

4935 

3147 

aO .031-rmn maximum. 
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5. CORROSION OF ALUMINUM FUEL PLATE CLADDING 

J. C. Griess W. Re GamhPll 

5 1 In t roduc t ion  

Aluminum a l l o y  6061 has provided an i d e a l  c ladding f o r  the  f u e l  

p l a t e s  i n  both the  Advanced T e s t  Reactor (ATR) and the  HFZR and is t h e  

material of choice f o r  cladding CNKR f u e l  p l a t e s ,  Both the  ATR and WIK 

opera te  a t  very high power d e n s i t i e s ,  but  the des ign  power dens i ty  €or 

t h e  CNRR i s  s i g n i f i c a n t l y  g r e a t e r  s t i l l  - higher  than i n  any e x i s t i n g  PC- 

a c t o r .  High power d e n s i t i e s  correspond t o  high hea t  f luxes  across  the  

f u e l  p la te -water  i n t e r f a c e ;  t h i s  f a c t ,  combined with the  formation of an 

adherent  aluminum corros ion  product on the  f u e l  p l a t e  c ladding,  may l i m i t  

the performance of t he  CNRR if aluminum-clad f u e l  p l a t e s  are used. 

5.2 Background Corrosion Information 

Corrosion of aluminum i n  water l eads  t o  the  formation of a low- 

conduc t iv i ty  l a y e r  of boehmite ( a  A . l 2 0 3 * H ~ O )  t h a t  (1) inc reases  the  plate 

t empera tu re  ( a s  much as 200°C i n  H F I R )  and thereby reduces i t s  s t r u c t u r a l  

s t r e n g t h ,  ( 2 )  increases fue l -p l a t e  t o  s ide-p la te  temperature d i f f e r e n c e ,  

which causes thermal d e f l e c t i o n ,  and (3 )  p o t e n t i a l l y  inc reases  the maxi- 

mum f u e l  temperature beyond i t s  al lowable value.  The mean thermal can- 

d u c t i v i t y  of the  boehmite is low, only 2.25 W/meK, which corresponds t o  

an oxide temperature g rad ien t  of 444.7"C/mm per P MW/m2 of hea t  f l u x ,  

The maximum adherent  oxide th ickness  appears t o  be about 0.05 

favorable  f a c t o r  for  the CNRR design is  the  experimental  demonstration 

t h a t  decreasing the  pW of pure H 2 0  o r  D20 t o  5.0 with n i t r i c  ac id  redaces  

the  r a t e  of oxide formation by a f a c t o r  of about 2.7. 

The cor ros ion  rate of aluminum i s  l imi t ed  by the  oxide film t h a t  i s  

s l i g h t l y  so lub le  i n  water. I n  qu ie t  water t h a t  is s a t u r a t e d  d t h  co rm-  

s ion  product,  t h e  pene t r a t ion  o f  aluminum and t h e  oxide th ickness  in- 

c r ease  l i n e a r l y  with the  square root  of t i m e  (pa rabo l i c  k i n e t i c s ) .  I n  a 

flowing system where so lub le  aluminum is cons tan t ly  removed f rm the 

water, oxide cont inues t o  d i s s o l v e  and aluminurn corrodes at a g r e a t e r  
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rate than i n  a s ta t ic  system a t  t h e  same temperature. With a heat  f l u x  

a c r o s s  t h e  corroding s u r f a c e ,  t h e  d i s s o l u t i o n  i s  enhanced because the  

temperature  a t  the oxide-water i n t e r f a c e  is higher  than the bulk water 

temperature,  and t h e  temperature and s o l u b i l i t y  g r a d i e n t s  a c r o s s  t h e  

f l u i d  f i l m  are g r e a t e r  the higher the heat f l u x ,  Under lKFIR and ATR coo- 

d i t i o n s  about 70% of the  aluminum t h a t  corrodes remains on t he  f u e l  

plates.  

a t  v = 7.6-15.2 m / s ,  t b  = 54-12I0C, 9 = 3.2-6.3 MW/m2, and PH = 5.0-7.0. 

The ORNL d a t a  were c o r r e l a t e d  f o r  pH = 5.0 by the  expression:26 

ORNL tests were c o n d u ~ t e d ~ ~ * ~ ~  during the e a r l y  1960s with H20 

6 = 443 exp (-4600/T 5 , (5-1 )  ox 

where 

= oxide thickness  ( m i l s )  , 
&OX 

8 = exposure t i m e  ( h )  , 
T, = s u r f a c e  temperature (K). 

A second c o r r e l a t i o n  (of an unpubltshed d a t a  base)28 w a s  advanced one 

year l a te r  by the  SRL: 

6 = (8.109 x low7)+ ~ X P  (-1880/Ts) , ox 

whe r e 

4 = hea t  f l u x  ( B t u / h * f t 2 ) .  

The two c o r r e l a t i o n s  f o r  oxide th i ckness  are i n  agreement only along the  

locus dep ic t ed  in Fig. 21, i n  which s u b s c r i p t s  1 and 2 denote Eqs. (5.1) 

and (5 .2) ,  r e spec t ive ly .  

I n  both c o r r e l a t i o n s ,  t he  rate-determining temperature i s  t h a t  a t  

t he  water-oxide i n t e r f a c e .  In view of the  previous d i scuss ion ,  i t  is un- 

l i k e l y  t h a t  t he  same c o r r e l a t i o n  w i l l  be a p p l i c a b l e  without mod i f i ca t ion  

t o  the  CNRR where both g r e a t e r  heat  f l u x e s  (13 vs 6.3 MW/m2) and flow 

v e l o c i t i e s  (25 t o  30 vs 15 m / s )  w i l l  p r e v a i l ,  The higher  heat  f l u x  Will 

r e s u l t  i n  a higher  temperature a t  t h e  oxide-solution boundary, a f a c t  

t h a t  causes  a g r e a t e r  rate of oxide formation. On the  o the r  hand, the 

higher  flow v e l o c i t y  reduces the  s u r f a c e  temperature and the  s t a t i o n a r y  
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Fig. 21. Comparison of two oxide-thickness correlations. 

fluid film thickness, both of which should tend to reduce the rate of 

oxide growth on the aluminum surfaces. Bow these and other factors in- 

teract to produce an oxide film under CNRR conditions cannot be predicted 

confidently from the data in hand. Therefore, an experimental program is 

required to establish whether an aluminum alloy cladding can be used 

under the conditions currently anticipated in the CNRR core. 

5.3 Test Plan 

In view of the foregoing discussion, useful corrosion data can only 

be obtained under conditions of temperature, velocity, heat flux, and 

water chemistry that approximate those expected in the CNRR. Conse- 

quently, a recirculating test loop will be constructed that has bypass 

demineralization capability and in which aluminum specimens can be tested 

with heat fluxes up to 16 MW/m2 across the interface and with coolant 

velocities up to 30 m / s .  In this facility, a correlation between tem- 

perature and oxide-fornation rate will be developed for much higher heat 

fluxes and flow velocities than have been previously examined. 
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The f i r s t  tests w i l l  be wi th  6061 aluminum, t h e  same a l l o y  used f o r  

c ladding t h e  fuel i n  t he  HFIR and ATR, I f  the un t r ea t ed  a l l o y  appears t o  

be u n s u i t a b l e ,  s u r f a c e  modif icat ion inc lud ing  ion implant ing and p l a t i n g  

as well as t h e  use of d i f f e r e n t ,  perhaps more h igh ly  a l loyed ,  aluminurn 

a l l o y s  w i l l  be examined. The e f f e c t  of a d d i t i v e s  t o  the  coolant  may a l s o  

be explored.  Note t h a t  t he  CNRR w i l l  use D20 as the  primary coo lan t ,  

whereas both the  ATR and HFIR use €120. Although no s i g n i f i c a n t  d i f f s r -  

ence i n  co r ros ion  of aluminurn is expected i n  the  two c o o l a n t s ,  some of 

t h e  tests w i l l  be. conducted wi th  D20. 

If aluminum a l l o y s  prove unacceptable under the design condir ions , 
two a l t e r n a t i v e s  exis t :  restrict the performance of the CNRR t o  t h e  

l e v e l  where aluminum can be used or  use a cladding material t h a t  is more 

r e s i s t a n t  t o  co r ros ion  than aluminum. Nei ther  a l t e r n a t i v e  is a t t r a c t i v e .  

Reducing t h e  power d e n s i t y  of the  r e a c t o r  will reduce the  neutron f l u x  

a v a i l a b l e  fo r  the  experimenters.  S e l e c t i o n  of an a l t e r n a t e  c ladding mate- 

r i a l  such as s t a i n l e s s  steel o r  Ziccaloy will e s s e n t i a l l y  e l imina te  the  

co r ros ion  problem but w i l l  g r e a t l y  i n c r e a s e  the  cos t  of f u e l  fabrication 

and reprocessing.  It has been c rude ly  est imated t h a t  i f  t he  r e l a t i v e  

c o s t  of an aluminum c lad  core is 1, then s t a i n l e s s  steel would be about 5 

and Z i rca loy  about 10. Furthermore, both materials have a much lower 

thermal conduc t iv i ty  than aluminum, a f a c t  t h a t  would r e q u i r e  t h i n n e r  

c ladding than with aluminum and probably present  f a b r i c a t i o n  problems. 

5.4 Summary 

An aluminum a l l o y  is the most d e s i r a b l e  cladding material €or f u e l  

p l a t e s  i n  high-performance r eac tozs  t h a t  have low-temperature coo lan t .  

The use of aluminum cladding i n  suich r e a c t o r s  is l imi t ed  p r imar i ly  by the  

formation of a poorly conducting oxide l a y e r  on t he  cladding su r face .  An 

aluminum a l l o y ,  6061, has been h igh ly  s u c c e s s f u l  as a cladding f o r  both 

HFIR and ATR f u e l  p l a t e s ,  but because of t h e  s i g n i f f c a n t l y  higher  hea t  

f l u x e s  expected t o  e x i s t  ac ross  the  cladding of the CNRR f u e l  p l a t e s ,  the 

use of un t r ea t ed  alumlnum cladding is quest ionable .  Theretore ,  a test 

loop will be b u i l t  t h a t  can ope ra t e  under flow and heat t r a n s f e r  condi- 

t i o n s  expected i n  t h e  CNRR t o  determine under what cond i t ions  an aluminum 

a l l o y  can be used to clad CNRR f u e l  p l a t e s .  



6 .  FUEL MATERIALS 

G. L. Copeland 

To ob ta in  the  des i red  f l u x  l eve l s  f o r  t he  CNR along with a reasnn- 

ab le  core  l i f e t i m e ,  a h igher  s p e c i f i c  uranium d e n s i t y  w i l l  be requi red  

than is c u r r e n t l y  achievable  with the  f u e l  materials now being r o u t i n e l y  

used i n  r e sea rch  r e a c t o r s  ( U A l x  and U3O8). 

d e n s i t y  f u e l  has been developed and is now being t e s t e d  through t h e  Re- 

duced Enrichment Research and Test Reactor (RERTR) Program being con- 

ducted f a r  DOE by the  Argonne Nat ional  Laboratory (ANL). This  f u e l  is 

U3Si2 d ispersed  i n  aluminum and c l ad  with aluminum a l l o y  j u s t  L i k e  t h e  

c u r r e n t l y  used  compound^.^^ Of course,  t he  goal  of the  RERTR program is 

t o  decrease  the  U-235 enrichment but t o  inc rease  the  t o t a l  uranium load-  

ing  of the f u e l  t o  maintain r e a c t o r  performance. When U3Si2 i s  used with 

h igh ly  enriched uranium, it dll o f f e r  a s p e c i f i c  U-235 loading of 2 to 3 

t i m e s  t h a t  poss ib l e  with the  c u r r e n t  compounds. The new f u e l  has been 

proven to  be s t a b l e  a t  high volume f r a c t i o n s  t o  e s s e n t i a l l y  f u l l  burnup 

wi th  20% enr iched  uranium. Miniature  test plates and f u l l - s i z e  e lements  

have been t e s t e d  i n  the  Oak Ridge Research Reactor (CIRR)~O and same for -  

e ign  r e a c t o r s  i n  the  RERTR Program. The ORR 2s now being phased i n t o  a 

f u l l  core  of t he  low-enriched s i l i c i d e  f u e l .  I n  add i t ion ,  min ip l a t e s  are 

being t e s t e d  i n  the  ORR conta in ing  f u l l y  enr iched U3Si2 at lower volume 

f r a c t i o n s .  

Fo r tuna te ly ,  j u s t  such a h i g h  

It w i l l  remain f o r  the  CNR program t o  test and demonstrate t h e  per- 

formance of the s i l i c i d e  f u e l  a t  t he  hea t  f l u x  and burnup condi t ions  ex- 

pected in t he  CNRR. Figure 22 shows the condi t ions  at which experiments 

have been performed and a l s o  shows the  expected burnup v a r i a t i o n  i n  t h e  

CNKR f u e l .  Based on cu r ren t  r e s u l t s ,  the  CNRR design appears t o  be a 

reasonable  e x t r a p o l a t i o n  with a high p r o b a b i l i t y  of success .  Addi t iona l  

development t h a t  appears t o  be needed t o  optiinlze performance is axial 

grading of t he  f u e l  a t  the  p l a t e  ends i n  a d d i t i o n  t o  the  r a d i a l  g rad ing  

now used In  HFIR.  This  aga in  appears  to be a reasonable  ex tens ion  of 

e x i s t i n g  technology. 
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7. COLD SOURCE FEASIBILITY STUDY 

I. I. Simmn-Tov R. T. P r i m  1 x 1  

Based on a survey of cold neutron sources  (CNSs) i n  opera t ion  and 

under design,  i t  w a s  concluded t h a t  the  wel l -es tabl ished CNSs  and asscs- 

d a t e d  technologies  are those using l i q u i d  hydrogen (LH) or l i q u i d  deutr- 

rim (LD). The f e a s i b i l i t y  of a CNS similar $10 the v e r t i c a l  one i n  op- 

e r a t i o n  a t  the ILL f o r  the CNR must be determined. Considerat ion will be 

given t o  using a combination of LH and LD or  moderating the neutrons i n  

more than one s t a g e  using more than one moderating material. These op- 

t i o n s  may have t o  be considered i f  the  geometry, s a f e t y ,  OK economy o f  

opera t ion  with LD alone appea r s  unsa t i s f ac to ry .  It is poss ib le  t h a t  the 

CNR s t a f f  could use the  ILL r e f r i g e r a t i o n  system t o  ~ u n  tests on the CNR 

CNS design i f  necessary.  Table 14 l i s ts  primary parameters t o  be evalu- 

a ted  ~ O K  the  CNR CNS t o  achieve the  des i r ed  cold f l u x  of 2 t o  3 x 1019 

neutrons*m"2-s-1 (Refs. 31-34) 

7.1 Cold Neutron Sca t t e r ing  Cross Sect ions 

To size t he  CNR CNS proper ly ,  s c a t t e r i n g  cross sections for cold 

(-20 K) l i q u i d  deuterium and l i q u i d  hydrogen are needed. A paper de- 

sc r ib ing  a t h e o r e t i c a l  d e r i v a t i o n  of the s c a t t e r i n g  kerne ls  w a s  w r i t t e n  

by Young and Koppe1.35 

e ra t ed  the s c a t t e r i n g  kerne ls .  N. M. Greene m o t e  a computer program to  

convert  the generated da ta  t o  Evaluated Nuclear Data F i l e  6 format. 

Greene then generated th ree  c ross -sec t ion  sets [parahydrogen, orthobydrs- 

gen (LH having two sp in  s t a t e s ) ,  and deuterium] i n  a 51-energy-group 

s t r u c t u r e  with the  u p s c a t t e r s  co l lapsed  out .  Upsca t te r  c ross  s e c t i o n s  

were removed t o  be compatible with o ther  51-group d a t a  - Zr, M g ,  0, 293 K 

H ,  and 293 K D - which were added t o  the th ree  cold c ross -sec t ion  s e t s  by 

L. R. W i l l i a m s  t o  generaee a cold source problem l i b r a r y .  

M. W. Waddell encoded these  equations and gen- 

7.2 Computational S tudies  of the  CNR Cold Source 

A c a l c u l a t i o n a l  s t u d y  has begun to determine the appropr ia te  diame- 

ter f o r  a s p h e r i c a l  cold source.  The t n f t l a l  s t e p  i n  t h i s  study w a s  60 
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Table 14. Comparison of ILL and CNR cold sou rcesu  

Item 
ILL-Vertical 
co ld  so1jrce 

CNR - proposed cold sou rce  

Unperturbed thermal f l u x  
at  nose of beam tube 

Gain f a c t o r s  

p o s i t i o n  i n  r e f l e c t o r  

Shape and s i z e  

Heat t o  be removed to  
maintain LDz a t  25 K 

Heat sou rces  and 
r e l a t i v e  s t r e n g t h  

Neutrons 
Primary gamma 
Gamma c a p t u r e  
Beta cap tu re  
Syphon chimney 

To ta l  

Heat removal mechanism 

R e f r i g e r a t i o n  system 

2.2 E 18 neutrons -m-’2*8- 

( o r i g i n a l  design)  
3.3818 to 4.0E18 neutrons*m-2*s’’ 

( p r e s e n t  des ign )  (Ref. 31) 

30 a t  6A; 60 a t  IOh 
( c a l c u l a t e d )  (Ref. 31) 

70 a t  10A (expe r imen ta l )  
(Ref. 3 2 )  

70 cm from core axis (Ref. 33) 

Sphere of 38-cm d L m  ( R e f .  33) 

5 kW (Ref. 33) 

Vessel  
(W) 

431 
639 

1127 

- 
2197 

(Ref. 34) 

T o t a l  
( W) 

190 
1327 
1467 
127 

- 

38 7 

4498 
-- 

2 t o  3E19 neutrons*m-2*s-1 

%ininmum - same as I U  ( ? )  

C o n s t r a i n t s :  d i s t a n c e  of r equ i r ed  
thermal €lux from c l o s e s t  s t r u c -  
t u r a l  b a r r i e r  ( r e a c t o r  v e s s e l  o r  
o t h e r  s t r u c t u r e )  

S imi l a r  shape and s i z e  t o  be 
determined ( o t h e r  op t ions  - 
c y l i n d e r ,  d i s k )  

To be determined 

To be determined; s t r e n g t h  is a 
func t ion  of CNS position in 
r e f l e c t o r ,  s i z e .  m a t e r i a l s ,  and 
c o n f i g u r a t i o n  

Dz b o i l i n g  (20% void f r a c t i o n )  - Same coo l ing  method 
thermosyphon cLrcu la t e s  15 g/s  D 2  C o n s t r a i n t :  l i m i t e d  by void frac-  
(Ref. 33) t i o n  (up t o  20% void f r a c t i o n  

may be accep tab le )  

Helium refrigeration 360 kW Cons t r a in t :  l imi t ed  by a v a i l a b l e  
needed t o  remove 5 kW equipment 
(Ref. 3 3 )  

~~ __  
%D2 = l i q u i d  deuterium; molecular form AS Dp. 



c a l c u l a t e  the angular  f luxes  at the point  i n  the  r e f l e c t o r  where the peak 

thermal f l u x  occurs .  

( 1-D> d i s c r e t e  o rd ina te s  theory code, XSDRNPM, and c r e a t i n g  a s p h e r i c a l  

model of t he  C N M  and r e f l e c t o r .  Cross s e c t i o n s  were suppl ied from a 

27-group l i b r a r y  der ived from t h e  Evaluated Nuclear Data F i l e  - Version V 

and processed according t o  the  procedure descr ibed  In Sect.  3 excep t  t h a t  

no spectral  (energy)  weightfaig w a s  performed. 

T h i s  was accomplished by using the one-dimensional 

A s p h e r i c a l  model o€ the r eac to r  core was  u t i l i z e d  so t h a t  the angu- 

l a r  f l u x  source term could be input  d i r e c t l y  i n t o  a second, s p h e r i c a l ,  

cold source model r a t h e r  than havPng t o  convert  f luxes  from c y l i n d r i c a l  

t o  sphe r i ca l  geometry, Considering the  approximations inherent  i n  a 1-D 

c a l c d a t j o n  the sphe r i ca l  core  approximation is not bel ieved t o  in t ro -  

duce a s i g n i f i c a n t  e r r o r .  

The ca l cu la t ed  ( S 4  quadrature)  angular  f luxes  a t  the p o i n t  of maxi- 

mum thermal flux were used as a s h e l l  source i n  a second ANISN model ( s e e  

FFg. 23) .  The same angular  quadrature  was used as was  I n  the  core model. 

The th ickness  of t he  r e f l e c t o r  D20 region i n  the  second ANISN model 

var ied  from case t o  case but w a s  -20 em. 

The r e f l e c t o r  D20 region w a s  included i n  the  second ANISN mode! so 

t h a t  feedback e f f e c t s  of the  cold source on the  surrounding D20 r e f l ec ton  

could be examined. Two containment meta ls ,  aluminum and magnesium, were 

examined; two cold m a t e r i a l s  LD and LH, were inves t iga t ed .  

The source spectra f o r  the  unperturbed D20 r e f l e c t o r  and f o r  the 

c e n t r a l  pos i t i on  of each of the two cold materials (magnesium metal con- 

t a i n e r )  a r e  p l o t t e d  i n  Fig. 24. The rad ius  of the  cold region was rathe-i 

a r b i t r a r i l y  assumed t o  be 400 mm. The TLH was assumed t o  be composed of 

50% parahydrogen and 50% orthohydrogen. 

The cold D source y i e l d s  a more thermalized neutron source than the  

cold B source.  I n  add i t ion ,  wfth LD, the  absolu te  va lue  of the  f l u x  i n  

t h e  most thermal group at the  cen te r  point  is two orders  of magnitude 

higher  than the  va lue  when LH is u t i l i z e d .  Th€s is  bel ieved t o  be ca1iwJ 

by the higher  thermal absorp t ion  of hydrogen a id  the l a r g e  cold source 

diameter.  For both moderating materials, t he  use of magnesium r a t h e r  

than aluminum fo r  the ves se l  w a l l  r e s u l t s  i n  a higher  f l u x  i n s i d e  the 
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Fig. 23. Computer models w e d  t o  i n v e s t i g a t e  cold source.  

cold source.  The th i ckness  of the v e s s e l  wall was assumed t o  be 1.5 m 

in a l l  cases. 

The unusual ly  high fast f l u x  f r a c t i o n  i n  t h e  LH c a l c u l a t i o n  seems t o  

be due t o  t h e  l a r g e r  thermal abso rp t ion  of hydrogen r e l a t i v e  to deuterium 

and t o  the f a c t  t h a t  the areas under the curves are normalized to 1.0. 

The a b s o l u t e  value of t he  f l u x  i n  the f a s t e s t  group i n  the  hydrogen cal- 

c u l a t i o n  is e s s e n t i a l l y  the same as t h a t  i n  the  deuterium c a l c u l a t i o n .  
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The inc rease  in the  thermal group by only a f a c t o r  of 5 f a r  the  cold 

sources  r e l a t i v e  t o  the unperturbed D20 r e f l e c t o r  source r evea l s  t h a t  an 

inappropr i a t e  group s t r u c t u r e  has been chosen. A s  w a s  shown i n  Table 1 4 ,  

the  design goa l  i s  t o  have a ga in  in neutron f l u x  of 70 at an energy of 

10 A (0.8 m e v ) .  To eva lua te  whether the CNR CNS can achieve t h i s  crite- 

r i o n ,  a new energy group s t r u c t u r e  with many more groups below 0.1 eV is 

needed. Likewise, it  would seem prudent t o  ensure t h a t  upsca t t e r  m a t r i -  

ces a re  generated i n  the  n e w  l i b r a r y .  
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7.3 Revised Thermal Energy Group S t r u c t u r e  

It can be shown t h a t  t he  energy d i s t r i b u t i o n  of cold neutrons (num- 

ber  pe r  u n i t  energy) is given by Eq. (7.1): 

where Eo (in mV) is equal  t o  0.0616 x temperature (K), and the e n t i r e  

d i s t r i b u t i o n  is normalized such t h a t  

iw f (E)  dE = 1 

The va lue  of the funct ion f ( E )  at  va r i aus  ene rg ie s  f o r  neutrons i n  ther-  

mal equ i l ib r ium with a 20 K cold source is given in Table 15. 

width a t  half maximum is seen t o  be about 4 .5  meV. 

The f u l l  

To ob ta in  more information regarding the degree o f  t he rma l i za t ion  

provided by cold sources  of va r ious  s i z e s ,  t h e  judgment was made t h a t  the 

most thermal group of t he  51-group l i b r a r y  should be subdivided i n t o  t e n  

Table 15 . D i s t r i b u t i o n  funct ion f o r  
neutrons in thermal equ i l ib r ium 

wi th  a cold source at 20 K 

Energy f ( E )  Energy f ( E )  
(mev) (No /meV) (mev) (No. /meV) 

0.05 

0.1 

0 -4  

0 -7 

1.0 

1.3 

1 e 7  

2 .o 
2 03 

- 

0.0163 

0.0318 

0 1068 

0.1570 

0 1884 

0 02059 

0.2135 

0.21 10 

0 2039 

2 -7 0.1898 

3 e 0  0.1772 

3 -5 0.1546 

4 -0 0.1322 

5 -0 0.0925 

7 -0 0.0406 

10 .o 0.0102 

15 00 0 a0008 
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energy groups. Using 0.01 meV as a s t a r t i n g  energy, Eq. (7.1) was in t e -  

gra ted  t o  determine 10 i n t e r v a l s ,  each of which would conta in  -102 of t he  

neutrons present  i n  a 20 K cold source.  The energy boundaries a r e  shown 

in Table 16. The number of f a s t  groups in the  new l i b r a r y  could be rc- 

driced to compensate f o r  the  increased computer running t i m e  t h a t  w i l l  re- 

s u l t  from the g r e a t e r  number of thermal groups. 

Table 16. Thermal energy boundaries 
f o r  f u t u r e  cold source  

c a l c u l a t i o n s  

Group Energy boundaries 
NO (mev) 

1 0.01-0.55 

2 0 - 5 5 4  -85 

3 0 -85-1 15 

4 1 1+1-45 

5 1 -4F1.80  
6 1.8W2.15 

7 2.15-2-60 

8 2 60-3 25 

9 3 -2% e45 

10 4.45-100 -0 
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A plan desc r ib ing  the  experiments and development tests t h a t  must be 

conducted t o  support  t he  CNR design was d r a f t e d  by P r i m  and Barthold.  

Data were gathered from s e v e r a l  i n d i v i d u a l s  wi th in  the Martin Marietta 

Energy Systems organiza t ion .  The plan i nc ludes  i d e n t i f i c a t i o n  of problem 

areas, j u s t i f i c a t i o n  f o r  proposed experiments o r  tests, d e s c r i p t i o n  of 

t he  proposed a c t i v i t i e s ,  and estimates of c o s t s  and schedules .  Severa l  

r e v i s i o n s  were made t o  the  original.  d r a f t ,  and the  f i n a l  d r a f t  is i n  pub- 

l i c a t i o n .  

A summary of t he  c o s t s  of the  experiments and ana lyses  is provided 

i n  Table 17. A t e n t a t i v e  program schedule  is shown in Fig. 25. 

Table 17. F i n a n c i a l  plan f o r  CNR experiments 
and development tests 

Task c o s t  
(1986 $ i n  thousands) 

NO Desc r ip t ion  Year 1 Year 2 Year 3 Year 4 Year 5 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Uanagemen t 

S i l i c i d e  f u e l  

Aluminum cor ros ion  

Thermal-hydraulics 

Cont ro l  e lements  

Cr i t i ca l  exper iments  

S t r u c t u r a l  tests 

Cold source  

Hot source  

Sh ie ld ing  

Design and s a f e t y  

Other b 

T o t a l  

210 

525 

57 5 

36 3 

65 

1 03 

110 

50a 

50a 

455 

2,500 

250 

1,150 

500 

6 10 

190 

190 

1,100 

965 

1,800 

445 

7,200 

250 250 

3,050 1,000 

550 550 

460 
720 

250 1,130 

3,630 1,930 

3,315 1,000 

2,600 750 

275 2,290 

15,100 8,900 
-- 

250 

625 

2,825 

3,700 

%loner to be used t o  d e f i n e  p lans  and c o s t  for ca r ry ing  o u t  

bContingency for c o s t s  t o  be i d e n t i f i e d  i n  Tasks 8 and 9 and 

t h i s  p a r t  of the program. 

also to provide  funding  f o r  f i n a l  core ana lyses .  



Task Area of 
Number Investigation 

(all) 

1 

1 

1 

2 

3 

4 

Year 1 Year 2 Year 3 Year 4 Year 6 

Management A A h A A A A A A A 
(reports) 

Miniature plate /\Single CNA plate Build tmodi fy l  ir- Irrediate and examine/\ Irradiate and examine A 
Fuel material U3Siz  H F l R  core 

fabrication f U ~ S i 2 - A l )  fabrication radiation tesf loop miniplates 

To Task 8 
Not i fy  BLW F*bricate U J S I ~  A Fabricate CNR core for 

of intent HFlA core cri t ical experiments 
Core fabrication 

To Task 5 
Develop improved inrpac l ion technique 

Fuel in3pection A 

Fuel clad Design and assemble A Conducr corroaion and A Analyze data A 
c o i r o ~ i o n  loop thermal-hydraulics t a r i s  

Thermal- Praliminarv der ien of  A Conduct l es ts  A Analvre data A 

hydraulics reactor. design of loop 

Control element 

Critical 
experiments 

6 

Structural analysis 

Oesign A Fabricate and evaluate A Fabricate and avaluate A 
control alement sampla elements full-size elements 

+ 
To Tasks 5 and 6 

From Tasks 1 and 4 

Pia-experiment calculations A Facility modi f icat ionr  A Experiments end analysis A Documen- r\ 
Experiment planning ta t ion 

From Tark 1 From Task 4 

Test pla?e, frbricete Test fuel A Modi fy  l oop  Test control element A 
lac1 element element for control element 

Cold source 

of experiments 

men1 wi th  boi l ing heat transfer 

Fig. 25. CNR program schedule. 
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Task Area of 
Number Investigetion Year 1 Yeer 2 Year 3 Year 4 Year 6 

8 

9 

10 

10 

10 

Hot source 

Shielding 

Sefetv 

Belance of 
plant (AIE)  

Arscsrment  of rite and ,+, 

scope o f  task 

Asaertment of size and A 
scope of task 

Assersment of t r i t ium 
hendling aystam; A Collect ion of failure p, Begin PSAR Complete PSAR A A 

identi f icat ion of accidents rate date 

A/€ selection p, Select Begin conceptual A Complete conceptual r, 
criteria document AI€  der tgn d e i i g n  

Environmental Action A Issue environmental A l r s u s  environmental A 
daaoriytiott rrietttu BF$BPIRIO( i I  1 mpie I s I a E$? ffie n i  s iud l ta  

Fig. 25 (continued) 
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