
S. R. McNeany 
J. D. Jenkins 

- . - - - - - v . - -  =, - -  - -'F - 3 r - y -  

" *f l'D&e /7/J 
- ORNLKM-613( 

Criticality Considerations for 233U Fuels 
in an HTGR Fuel Refabrication Facility 

OAK RIDGE NATIONAL LABORATORY 
OPERATED BY UNION CARBIDE CORPORATION FOR THE DEPARTMENT OF ENERGY 

II 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Printed in the United States of America. Available from 
National Technical Information Service 

U.S. Department of Commerce 
5285 Port Royal Road, Springfield, Virginia 22161 

Price: Printed Copy $5.25; Microfiche $3.00 

This report was prepared as an account of work sponsored by an agency of the United 
StatesGovernment. NeithertheUnitedStates Government norany agency thereof, nor 
any of their employees, contractors, subcontractors, or their employees, makes any 
warranty, express or implied, nor assumes any legal liability or reeponslblllty for any 
third party's use or the results of such use of any information, apparatus, product or 
process disc- In this report, nor repmiants that Its use by such third party would 
not-infringe prtvately owned rights. 



ORNL/TM-6136 
D i s t .  Category UC-77 

.Contract  No. W-7405-eng-26 

Engineering Technology Division 

CRITICALITY CONSIDERATIONS FOR 3~ FUELS 
I N  AN HTGR FUEL REFABRICATION FACILITY 

S. R. McNeany J. D.  Jenkins 
rponcorrd by (he United Statcs Conrnmenf. Neither the 
United Staler nor the United States Dcoartmenc nr . - . . . . . . . -. 

I Energy, nor any of their employees, nor any of their 
eontractorr, subcontracton, vr their employseo, mkn 
any warranty, rxprcu or implied, or snurncs any 
liability or reaporuibmty lor the rccumcy,complctcneu 
or usefulncu of any information, apparatus, product or 
P r o a u  discloud, or reprevno that i u  use would not 
infringe privately owned righe. 

Date Published - January 1978 

NOTICE: This document conta ins  information of a prel iminary 
na ture .  It is  sub jec t  t o  r ev i s ion  o r  co r rec t ion  and there-  
f o r e  does not  represent  a f i n a l  r epor t .  

Prepared by  t h e  
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37830 
operated by 

UNION CARBIDE CORPORATION 
f o r  the  

DEPAR.TMF,NT OF ENERGY 

OlSTRlBUTlON OF THIS DOCUMENT IS UNLIMITED sir 



THIS PAGE 

WAS INTENTIONALLY 

LEFTBLANK 



iii 

CONTENTS 

ABSTRACT ....................................................... 
INTRODUCTION ..................................................... 

PART I . EVALUATION OF 3~ CROSS SECTIONS FOR 
CRITICALITY SAFETY ANALYSIS 

1 . CURRENT STATUS OF 23 3~ CRITICAL EXPERIMENTS IN SIMPLE 
GEOMETRY ................................................... 

2 . DISCREPANCIES OBSERVED IN 3~ CRITICALITY CALCULATIONS .... 
3 . CALCULATIONAL PROCEDURE .................................... 
4 . CONFIRMATION OF BATTELLE'S REPORTED CALCULATION 

DISCREPANCIES .............................................. 
5 . CALCULATIONS OF SELECTED 3~ CRITICAL EXPERIMENTS ......... 
6 . CALCULATIONS OF SELECTED 'U CRITICAL EXPERIMENTS ......... 
7 . CONCLUSIONS ................................................ 

PART I1 . * 3~ CRITICALITY CALCULATIONS FOR HTGR FUEL 
REFABRICATION EQUIPMENT 

1 . INTRODUCTION ............................................... 
2 . HTGR FUEL REFABRICATION PROCESS ............................ 
3 . FUEL PARTICLE STORAGE HOPPERS .............................. 

3.1 Criticality Calculations .............................. 
3.1.1 Infinite cylinder models containing dry 

particles ..................................... 
3.1.2 Water flooded-water reflected spherical model .. 

3.2 Conclusions .......................................... 
4 . RESIN CARBONIZATION FURNACE ................................ 

4.1 Criticality Calculations .............................. 
............. 4.1.1 'Infinite cylinder model of furnace 

4.1.2 Finite cylinder model of furnace ............... 
4.1.3 Spherical model of furnace.off-gas scrubber 

reservoir ..................................... 
4.2 .Conclusions ............................................ 

.. ACKNOWLEDGMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Page . . 

1 

1 

REFERENCES ...................................................... 



CRITICALITY CONSIDERATIONS FOR 3~ FUELS 
I N  AN HTGR FUEL REFABRICATION FACILITY 

S. R. McNeany J. D. Jenkins 

ABSTRACT 

Eleven 3~ s o l u t i o n  c r i t i c a l  assemblies  spanning an H / ~  3~ 

r a t i o  range of 40 t o  2000 and a ba re  metal  2 3 3 ~  assembly have 
been c a l c u l a t e d  wi th  the  ENDFIB-IV and Hansen-Roach c r o s s  sec- 
t i o n s .  The r e s u l t s  from these  c a l c u l a t i o n s  a r e  compared wi th  
t h e  experimental  r e s u l t s  and wi th  each o t h e r .  We observed an  
inc reas ing  disagreement between c a l c u l a t i o n s  wi th  ENDFIB and 
Hansen-Roach d a t a  wi th  decreas ing  H / ~ ~ ~ u  r a t i o ,  i n d i c a t i v e  of 
l a r g e  d i f f e r e n c e s  i n  t h e i r  in te rmedia te  energy c r o s s  s e c t i o n s .  
The Hansen-Roach c ros s  s e c t i o n s  appeared t o  g ive  reasonably good 
agreement w i th  experiments over  the  whole range;  whereas t he  
ENDFIB c a l c u l a t i o n s  y i e lded  high va lues  f o r  keff  on assemblies  
of low moderation. 

We conclude t h a t  s e r i o u s  problems e x i s t  i n  t h e  ENDFIB-IV 
r e p r e s e n t a t i o n  of t h e  3~ c r o s s  s e c t i o n s  i n  t h e  in t e rmed ia t e  
energy range and t h a t  f u r t h e r  eva lua t ion  of t h i s  nuc l ide  i s  
warranted. I n  a d d i t i o n ,  we recommend t h a t  an experimental  
program be  undertaken t o  o b t a i n  2 3 3 ~  c r i t i c a l i t y  d a t a  a t  low 
H / ~  3~ r a t i o s  f o r  v e r i f i c a t i o n  of gene ra l i zed  c r i t i c a l i t y  
s a f e t y  gu ide l ines .  

I n  P a r t  I1 of t h i s  r e p o r t  we p re sen t  t he  r e s u l t s  of c r i t i -  
c a l i t y  c a l c u l a t i o n s  on s p e c i f i c  p i eces  of equipment r equ i r ed  
f o r  HTGR f u e l  r e f a b r i c a t i o n .  I n  p a r t i c u l a r ,  w e  f i n d  t h a t  f u e l  
p a r t i c l e  s t o r a g e  hoppers and r e s i n  ca rbon iza t ion  furnaces  a r e  
c r i t i c a l i t y  s a f e  up t o  22.9 cm (9.0 i n . )  i n  diameter provid ing  
water  o r  o t h e r  hydrogenous moderators a r e  excluded. I n  addi- 
t i o n  we f i n d  no c r i t i c a l i t y  problems a r i s i n g  due t o  accumula- 
t i o n  of p a r t i c l e s  i n  t h e  off-gas scrubber  r e s e r v o i r s  provided 
reasonable admin i s t r a t i ve  c o n t r o l s  a r e  exe rc i sed .  

INTRODUCTION 

Uraniuw233 i s  a f i s s i l e  i so tope  t h a t  w i l l  be  generated i n  High- 

Temperature Gas-Cooled Reactors  (HTGRs) and o t h e r  nuc lea r  power r e a c t o r s  

ope ra t ing  on t h e  thorium f u e l  cyc le .  To implement r ecyc le  of t h i s  uranium, 

f a c i l i t i e s  must be designed t o  chemical ly reprocess  spen t  f u e l  and refab-  

r i c a t e  the  3 3 ~  i n t o  f u e l  elements.  C r i t i c a l i t y  s a f e t y  i s  an important  

concern t h a t  must be incorpora ted  i n t o  t h e  design of f u e l  r ecyc le  equip- 

ment con ta in ing  %. 



The American National Standards Ins t i tu t e  has formulated genera l ized  

g u i d e l i n e s 1  f o r  s a f e  o p e r a t i o n s  w i t h  f i s s i l e  m a t e r i a l s  o u t s i d e  r e a c t o r s .  

For homogeneous aqueous s o l u t i o n s  and s l u r r i e s  of 2 3 3 ~ ,  t h e  limits a r e  

g iven  i n  terms of f i s s i l e  mass, geometric dimensions and concen t r a t ion  of 

t h e  f i s s i l e  nuc l ide .  The limit on any one of t he  above parameters  is  s e t  
* 

t o  prevent  a c c i d e n t a l  c r i t i c a l i t y  f o r  a l l  p r a c t i c a l  combinations of o t h e r  

parameters .  

.Often,.  t h e  p u b l i s h e d . l i m i t s  impose imprac t i ca l  r e s t r a i n t s  on process  

equipment. The s t a n d a r d  acknowledges t h i s  and inc ludes  .provisions'  f o r  

c o n t r o l  by neut ron  abso rbe r s  and a d m i n i s t r a t i v e  procedures .  I n  t h o s e  

c a s e s  where gene ra l i zed  s u b c r i t i c a l .  limits must be exceeded t o  a l low f o r  

less s t r i n g e n t  r e s t r a i n t s  on m a t e r i a l  con ta ine r s ,  t h e  s t anda rd  s p e c i f i e s  

t h a t  s u b c r i t i c a l  limits should  be e s t a b l i s h e d  on t h e  b a s i s  of d a t a  obta ined  

from experiments .  When a p p l i c a b l e  experimental  d a t a  do n o t  e x i s t ,  t he  

limits may be set by c a l c u l a t i o n s  t h a t  have been shown' t o  be v a l i d  by 

comparison wi th  exper imenta l  da t a .  

I f  c a l c u l a t i o n s  a r e  t o  b e  used t o  s e t  s u b c r i t i c a l  cond i t i ons ,  p r e c i s e  

exper imenta l  c r i t i c a l i t y  d a t a  a r e  d e s i r a b l e  t o  v a l i d a t e  c a l c u l a t i o n a l  tech- 

n iques  and neut ron  c r o s s  s e c t i o n s  be fo re  t h e  c a l c u l a t i o n s  can be confi-  

den t ly ' ex t ended  t o  c r i t i c a l i t y  problems found i n  f u e l  process ing  equip- 

ment. For c r o s s  s e c t i o n  v a l i d a t i o n ,  experimental  c r i t i c a l i t y  d a t a  should 

b e  supp l i ed  f o r  s imple  geometry systems (spheres  o r  r i g h t  cy l inde r s  a r e  

u s u a l l y  used) t o  s i m p l i f y  v a l i d a t i o n  c a l c u l a t i o n s .  

Caut ion must be  e x e r c i s e d  i n  ex tending  c a l c u l a t i o n s  t o  systems wi th  

neut ron  energy s p e c t r a  o u t s i d e  the  range of  those  i n  t h e  c r i t i c a l  exper i -  

ments used f o r  v a l i d a t i o n .  A s  neutron energy s p e c t r a  change, r e a c t i v i t y  

dependence can s h i f t  t o  energy reg ions  where c r o s s  s e c t i o n s  have n o t  been 

v a l i d a t e d .  Since f u e l  proccss ing  f a c i l i t i e s  can con ta in  m a t e r i a l  i n  many 

forms, from highly  moderated t o  m a t e r i a l  con ta in ing  l i t e l e  o r  no leadera- 

t i o n ,  benchmark c r i t i c a l  experiments a r e  needed over  a  wide range of 

neu t ron  energy s p e c t r a  f o r  v a l i d a t i o n  of c a l c u l a t i o n s .  

* 
It is assumed t h a t  h igh ly  e f f e c t i v e  neutron r e f l e c t o r s  such a s  

be ry l l i um and D20 w i l l  n o t  be  present .  
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1. CURRENT STATUS OF 'U CRITICAL 
EXPERIMENTS I N  SIMPLE GEOMETRY 

Very l i t t l e  experimental  c r i t i c a l i t y  d a t a  a r e  c u r r e n t l y  a v a i l a b l e  on 

3 3 ~  systems compared t o  t h a t  a v a i l a b l e  on 3 5 ~  systems. The sho r t age  of  

d a t a  is  e s p e c i a l l y  acu te  f o r  2 3 3 ~  systems having low moderation ( i . e . ,  

%1 < H / ~ " u  < %40). There a r e  a t  l e a s t  t h r e e  reasons f o r  t h i s  l a c k  of 

da t a .  F i r s t ,  ' 'U i s  always accompanied by t r a c e  amounts of 3 2 ~  which 

has  h ighly  r a d i o a c t i v e  daughter nuc l ides  t h a t  make handl ing  d i f f i c u l t ;  

second, 3~ wi th  low p a r t s  per  m i l l i o n  3 2 ~  has  been reserved  mainly f o r  

t he  m i l i t a r y ;  and t h i r d ,  p a s t  demands f o r  such d a t a  have been overshadowed 

by those  f o r  2 3 5 ~  systems. A search  of t h e  l i t e r a t u r e 2 - '  y i e l d s  t h e  s e t s  

of experiments l i s t e d  i n  Table 1 a s  those a v a i l a b l e  f o r  v a l i d a t i o n  of 

c r i t i c a l i t y  c a l c u l a t i o n s .  The l a c k  of  d a t a  on low moderation systems i s  

q u i t e  apparent .  I n  a d d i t i o n ,  examination of  Ref. 3 r e v e a l s  t h a t  experi-  

mental d i f f i c u l t i e s  were encountered on some of  t h e  lowest  moderation 

sys  tems . 
The f u l l  impact of t h e  l a c k  of d a t a  on low moderation systems is b e s t  

apprec ia ted  when viewed i n  t h e  l i g h t  of t h e  work of  J. W. ~ e b s t e r .  I n  

h i s  i n v e s t i g a t i o n s  Webster shows t h a t  t h e  most r e a c t i v e  ' 3~ s o l u t i o n s  

have H / ~ ~ ' u  r a t i o s  of about 40 f o r  c y l i n d e r s  and spheres  and 25 f o r  s l a b s .  

These s o l u t i o n  concent ra t ions  f a l l  i n  t h e  reg ion  where c r i t i c a l  experi-  

ments are lacking .  Hence, very  l i t t l e  d a t a  a r e  a v a i l a b l e  t o  v e r i f y  t he  

maximum dimensional limits f o r  2 3 3 ~  c r i t i c a l i t y  c o n t r o l  a s  publ ished i n  

t h e  s tandards .  

The personnel  of t h e  HTGR Fuel  Recycle Program a t  Oak Ridge Nat iona l  

Laboratory (ORNL) recognized t h e  need f o r  a d d i t i o n a l  'U c r i t i c a l i t y  d a t a  

and i s sued  a subcont rac t  under t h e  Thorium U t i l i z a t i o n  Program t o  B a t t e l l e  

P a c i f i c  Northwest Labora tor ies  (BPNL) t o  prepare  a d e t a i l e d  p l an  f o r  per- 

formance of 2 3 3 ~  c r i t i c a l  experiments.  The experiment p l an  has  been 

completed and i s sued  a s  a BNWL r e p o r t .  l o  Unfor tuna te ly ,  due t o  cutbacks 

i n  t h e  funding of t h e  Thorium U t i l i z a t i o n  Program, t h e  experiments have 

n o t  y e t  been performed. No o t h e r  p lans  f o r  2 3 3 ~  experiments a r e  known t o  

the  au tho r s  a t  p re sen t .  



Table 1. Summary of 2 3 3 ~  c r i t i c a l  experiments 

~ / 2 3 3  Experiments U r a t i o s  Reference 

Spheres of uranium metal wicn and without  r e f l e c t o r s  . 0 2 
of na tuza l  uranium, beryl l ium, and tungsten a l l o y  

Spheres and cy l inde r s  of  a q E o u s  s o l u t i o n s  of U02F2 34.2-7 75 3 
and U02 :NO3)2 with and without  r e f l e c t o r s  of 
water  and p a r a f f i n  . . 

Spheres and cy l inde r s  of aqueous s b l u t i o n s  of 
U02 (NO31 2 with  and without  water  r e f l e c t o r s  

Cylinders  of aqueous s o l u t i a n s  of U02(N03)2 with  120-1050 5 
and wit.lout r e f  l e c t o r s  

Spheres >f  aqueous s o l u t i o n s  of U02F2 with  water  378-663 6 
r e f l e c t ~ r s  a t  temperatures from 26OC t o  100°C 

Large un re f l ec t ed  spheres  a r d  cy l inde r s  of aqueous 1324-2106: 7 
s o l u t i o n s  of UO2(No3)2 wi tk  and wi thout  neutron 
poisons. 

~ n r e f l e c t e d  sphere  of aqueous s o l u t i o n  of U02(N03)2 1521 . 8 
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2. DISCREPANCIES OBSERVED IN 3~ CRITICALITY CALCULATIONS 

In April 1973, a report ' was issued at Oak Ridge on 3~ criticality 

calculations performed in support of the HTGR fuel refabrication process. 

These were to be used as guidelines in criticality control. The calcula- 

tions involved simple geometries and used the  ans sen-~oach'~ cross-section 
set. Several of the same cases were analyzed by BPNL'~ using ENDFIB-111'~ 

derived cross sections. The Battelle work indicated large differences in 

computed critical masses between the ENDF and Hansen-Roach results. In 

particular, differences in critical mass ranged between 14% and 56% for 

cases of water-reflected homogeneous spheres of 233U and 233w232 Th mix- 

tures. Table 2, which is taken directly from the Battelle report, compares 

their calculations with those of the Oak Ridge report. 

Discrepancies of this magnitude are extremely distressing to designers 

of 'U fuel handling equipment. On the one hand, designers would like 

fuel containing vessels to be large so that high throughput can be obtained 

from individual pieces of equipment while on the other, criticality safety 

must be maintained at all costs. If neither cross-section set can be 

validated by comparison with accurate experimental data, over-conservative 

size limitations may have to be imposed upon costly fuel processing equip- 

ment. 

To investigate Battelle's reported calculational discrepancies between 

ENDFIB and Hansen-Roach cross sections and to attempt to verify one of the 

two sets, a more extensive criticality study was undertaken. The method 

of calculation and the results of the study are presented below. 



Table 2. Comparison between calculated critical 
conditions for homogeneous fuel mixtures 

typical of the HTGR fuel cyclea 

Water-reflected spheres 

H/'~~u c/'~~u 233U 

(atom (atom ENDFIB + DTF-lvb Hansen-Roach + ANISN~ 
ratio) ratio) (g/cm3> Critical Critical Critical Critical 

radius mass radius mass 
(cm) (kg 2 3 3 ~ )  (cm) (kg 2 3 3 ~ )  

U R e f .  13< 

b~alculated values using ENDFIB data processed by ETOG and FLANGE 
and averaged over 18 energy groups by EGGNIT for use in DTF-IV. 

C Calculated values reported by Thomas, Ref. 11. 

d~igher densities reported in Ref. 11 as a result of using an oxide 
densit of 10.65 g/cm3 instead of a mixture density based on 10.65 g 
U02/cm)4 and 10.03 ~ho*/cm). 



3. CALCULATIONAL PROCEDURE 

Two cross-section sets were used in this study. The first is the 

ENDF/B-IV library which is available from Brookhaven National Laboratory 

(BNL), and the second is a 16-group Hansen-Roach library used at ORNL. 

Both of these libraries have been described in the literature. l 2  

To utilize the ENDF data for criticality calculations, a 123-energy- 

group P3 "master library'' was generated. This library consisted of flux- 

averaged smooth cross sections plus resonance parameters. The assumed flux 

shape used in the fine-group averaging procedure was a Maxwellian (at 

300°K) from zero to 0.1265 eV connected to a I/E spectrum to 67.4 keV. 

Above this energy a Maxwellian fission spectrum with aneffective "tem- 

perature" of 1.273 MeV was assumed. XLACS, a processing code which is 

part of the AMPX cdde package,'' was used to generate the mast,er library. 

NITAWL, also part of the AMPX package, was then used to form problem- 

dependent, resonance self-shielded cross sections from the master library. 

The Nordheim integral treatment1 was used for these calculations. 

The second cross-section set used in this investigation is the 16- 

group Hansen-Roach set. Some of the nuclides in this library contain P 
0 

and P1 scattering matrices. Others have only a Po representation. No 

resonance parameters are given. Resonance self-shielding is accounted 

for by the inclusion of multiple cross-section sets for resonance nuclides 

(i.e., those nuclides where resonance self-shielding may play an impbrtant 

role). The selection of a particular set for a resonance nuclide is made 

on the basis of a problem dependent, potential scattering cross section 

per resonance nuclide atom (0 ) in the medium containing the resonance 
P 

nuclide. 

with the problem-dependent cross sections in hand, XSDRNPM, ' ANISN' 
(one-dimensional discrete ordinates codes) or KENO-IV" (a Monte Carlo 

code), were used to solve the neutron transport equation. An Se quadrature 

was used Iur all the discrete ordinates calculations. 



4. CONFIRMATION OF BATTELLE'S REPORTED 
' CALCULATION DISCREPANCIES 

To confirm the discrepancies between calculations performed with 

Hansen-Roach and ENDFIB cross sections reported by Battelle, the first 

three cases in Table 2 were recalculated with the Hansen-Roach library 

and our 123-group ENDFIB library. Descriptions of the composition, 

geometry and calculated critical radii of these cases are given in 

Tables 3 and 4. As expected, the results of our calculations using 

Hansen-Roach cross sections were identical to those of the earlier Oak 

Ridge report. For the cases using ENDFIB cross sections, the critical 
radius was calculated for comparison with the Battelle predictions. 

Table 5 presents the results of these calculations. Based on these 

results which agreed to better than 3% with Battelle, we were convinced 

that the discrepancies observed by Battelle were real and that additional 

study of the problem was warranted. 

CL Table 3. Atomic number densities of three b 
water-ref lected . theoretical 

2 3 3 ~  systems 

System 
Materiai 

1 2 3 

b Reflector composition: H, 6 . 6 6 6 ( - 2 ) ;  
0,  3 . 3 3 3  (-2) 



Table 4. Geometry d e s c r i p t i o n  of t h r e e  
t h e o r e t i c a l  3~ systems 

System 

1 2 3 

Geometry Sphere Sphere Sphere 

ENDFIB-111~ c a l c u l a t e d  7.64 26.17 14.44 
c r i t i c a l  r a d i u s ,  cm 

b Hansen-Roach c a l c u l a t e d  8.25 29.5 15 .1  
c r i t i c a l  r a d i u s ,  cm 

Ref l ec to r  t h i cknes s ,  cm 20.0 20.0 20. fl 

a Calculated va lues  r epo r t ed  i n  Ref. 13. 

b 
Calcula ted  va lues  r epo r t ed  i n  Ref. 11. 

Table 5. ENDFIB-IV c a l c u l a t i o n s  of c r i t i c a l  
r a d i u s  f o r  t h r e e  t h e o r e t i c a l  2 3  3~ systems 

2 3 3~ C r i t i c a l  , C r i t i c  1 
Case H / ~ ~ ~ u  c / ~ ~ ~ u  

r a d i u s  U "b r a d i u s  
No. r a t i o  r a t i o  (g/cm3) 

(cm) (cm) 

a 
BPNL c a l c u l a t i o n .  

b 
Present  work. 

C KENO Monte Car lo  c a l c u l a t i o n .  

d~~~~~ S ' c a l cu l a t i ons .  
n  



5 .  CALCULATIONS OF SELECTED 3~ CRITICAL EXPERIMENTS 

Having confirmed that serious discrepancies exist between results 

calculated with Hansen-Roach and ENDFIB cross sections, we undertook a 
comparison of both data sets with existing critical experiments. Twelve 

experiments were selected for calculation. These were picked to cover a 

wide range ' in HI2 3~ ratios. Table 6 lists the selected experiments along 

with their H / ~ ~ ~ u  ratio, the reported experimental uncertainty in critical 

mass, and our estimate of how this uncertainty translates to an equivalent * 
uncertainty in k 

eff' 
Tables listing the atomic number densities and geometry descriptions 

for the twelve experiments are given in Tables 7 and 8 .  Using these 

descriptions, keff was calculated for each assembly. Table 9 and Fig. 1 

give the results. The errors indicated in Table 9 and the error bars shown 

on the figure represent one standard deviation (68% confidende interval 

about the mean value) as calculated by KENO, a Monte Carlo code. To check 

agreement between KENO and XSDRNPM, a discrete ordinates code, two of the 

experiments were calculated by both codes. In both cases, the XSDRNPM 

result fell within two standard deviations (95% confidence interval) of 

the KENO result. 

The calculated results differ significantly from the experimental 

results for a number of the systems. In general, agreement between 

calculation and experiment is good on systems having high H / ~  3~ ratios; 

however, as lower HI2 3~ ratios are approached significant deviations 

appear between calculated results and experimental results. Specifically, 

keff calculated with Hansen-Roach cross sections tends to be low in most 

cases while ENDFIB-IV results tend to be high. In the case of the metal 

sphere this situation is reversed. Overall, the differences between 

calculated results and experimental results using ENDFIB-IV data are 

larger than those obtained using the Hansen-Roach cross-section set. Two 

exceptions are experiments 5 and 7. Here the ENDFIB results are quite 

* 
The uncertainty in k from an exact calculation of a system with 

a reported critical mass, gff and an uncertainty dm can be estimated 
c ' from the relation ~ K / K  zdmc?mc ( 1 )  where f is the thermal utilization 

for the system. 1 9  



Table  6. L i s t  of 2 3 3 ~  c r i t i c a l  exper imen t s  s e l e c t e d  f o r  c a l c u l a t i o n  

U n c e r t a i n t y  
Experiment H / ~  3 3 ~  Reported e x p e r i m e n t a l  D e s c r i p t i o n  Refe rence  r a n g e  of 

number r a t i o  u n c e r t a i n t i e s  c a l c u l a t e d  kef 

1 E n r e f l e c t e d  s p h e r e  of U m e t a l  2  0 . 0  m u n c e r t a i n  by +0.3% 
a 

C ' 

0.9992 - 1.0008 

2  F u l l y  r e f l e c t e d  c y l i n d e r . o f  3  39.4 m t o o  h i g h  by an amount 1 .0000 - 1.0025 
aqueous  U02F2 s o l u t i o n  g o t  w e l l  known b u t  prob- 

a b l y  . l e s s  t h a n  10% 

3  F u l l y  r e f l e c t e d  c y l i n d e r  o f  3  45:9 m t o o  h igh  by an amount 1 .0000 - 1.0028 
aqueous  U02F2 s o l u t i o n  g o t  w e l l  known b u t  pcob- 

a b l y  l e s s  t h a n  10% 

4  L ' r e f l e c t e d  c y l i n d e r  of aqueous 4  73.0 m u n c e r t a i n  by +0.5% 0.9997 - 1.0003 
UO:. (No3) 2 s o l u t i o n  

. 5  P a r t i a l l y  r e f l e c t e d  c y l i n d e r  3  74.1  m t o o  h i g h  by abou t  2% 1.'0007 - 1.0013 
o f  aqueous U02F2 a o l u t i o n  2nd u n c e r t a i n  by '0.5% 

6  F u l l y  r e f l e c t e d  c y l i n d e r  o f  3 84.4  m u n c e r t a i n  by +2.5% 0.9986 - 1.0014 
aqueous  U02(N03)z s o l u t i o n  

7  C n r e f l e c t e d  c y l i n d z r  of 4t 119 m u n c e r t a i n  by '0.5% 0.9996 - 1 .0004  
aqueous U02(N03)2 s o l u t i o n  

8  Cnref l e c t e d  c y l i n d a r  of aqueous 3  . .  154 m u n c e r t a i n  by +2.5% 0.9973 - 1.0027 
.UO?F2 s o l u t i o n  

. . 
9  Cnre f l ecced  s p h e r e  of aqueous 4  195 m u n c e r t a i n  by '0.5% 0.9994 - 1.0006 

U02(N03)2 s o l u t i o r t  

1 0  C n r e f l e c c e d ' s p h e r e  of 3  381 m t o o  h igh  by abou t  2% 1.0018 - 1.0054 
snd  u n c e r t a i n  by +1% aqueous  U02F2 solution 

11 h r e f l e c r e d  s p h e r e  o f  aqueous 7  1533 m u n c e r t a i n  by +0.5% 0.9976 - 1.0024 
.U02 (No3) 2 s o l u t  i o a  

12  C n r e f l e c t e d  s p h e r e  of aqueous 7  1986 m u n c e r t a i n  by '0.5% 0.9973 - 1.0027 
'U02 (NO3 ) 2 s o l u t i o n  

a 
C r i t i c a l  mass. 

b ~ h i s  exper iment  is  a l s o  d e s c r i b e d  i n  Ref .  19.  



Table 7. Atomic number d e n s i t i e s a  of se lec ted  h igh ly  sn r i ched  2 ' 3 ~  . c r i t i c a l  experiments 

Experiment 
H a t e r i a l  

1 2b 3b 4 5b 6 7 8 9 1 0  11 12 

u 4.670(-2) 1.551(-3) 1.341(-3) 8.394(-4) E.575(-4) 7.107(-4) 5.141(-4) 4 . 2 6 4 ( 4 )  3.302(-4) 1.735(-4) 4.328(-5) 3.346(-5) 
z3rU 5.925(-4) 8.448(-6) 7.307(-6) 8.997(-6) r.671(-6) 3.585(-6) 5.518(-6) 2.323(-6) 3 .540(-6)  9.452(-7) 7.160(-7) 5.250(-7) 

2 3 S U  1.416(-5) 6.232(-7) 5.389(-7) 2.560(-7) 2.445(-7) 7.139(-8) 1.370(-7) 1.713(-7) 1.007(-7) 6.972(-8) 1.800(-8) 1.000(-8! 
2 3 E u  2.843(-4) 7 ( - 5 )  9.578(-6) 1.171(-5) E .124(-6) 5.569(-6) 7.305(-6) 3.045(-6) 4.607(-6) 1.239(-6) 2.310(-7) 2.560(-73 

2 3 2 ~ h  0 0 .  0 C* 0 0 0 0 0 1.964(-7) 1.476(-71 

N 0 0 0 1.721(-3) 0 1.890(-3) 1.295(-3) 0 6.769(-4) 0 1.178(-4) 7.530(-51 

H 0 6.111(-2) 6.156(-2) 6.128(-2) b.354(-2) 5.998(-2) 6.137(-2) 6.567(-2) 6.439(-2) 6.611(-2) 6.636(-2) 6.647(-2) W e 
0 0 3.370(-2) 3.350(-2) 3.752(-2) ;.351(-2) 3.688(-2) 3.550(-2) 3.370(-2) 3.490(-2) 3.341(-2) 3.361(-2) 3.353(-2) 

F 0 3.141(-3) 2.717(-3) 0 -.737(-3) 0 0 @.639(-4) 6.769(-4) 3.515(-4) 0 0 

H / ~ ~ ~ u  0.0 39.4 45.9 73.0 7.. 1 84.4 119.4 154.0 195.0 381.0 1533 0 

a ( 1 ~ 2 4  atomslun3) .  

b ~ e f l e c t o r  composition: 8. 7.734(-2); C ,  3.867(-2). 





Table 9. Results of Hansen-Roach and ENDFIB-IV cross section calculations 
on highly enriched 3~ critical experiments 

Experiment 
number Description 

3U Expected range Calculated k 
of values for 

ef f 
ratio calculated kPff Hansen-Roach ENDFIB-IV 

Unref lected sphere of uranium 
metal 

Pully reflected cylinder of 
aqueous U02F2 solution 

Pully reflected cylinder of 
aqueous U02F2 solution 

Unreflected cylinder of 
aqueous U02 (Na3) solution 

Partially reflected cylinder 
of aqueous -U02F2 solution 

Pully reflected cylinder of 
aqueous U02,(N03)2 solution 

Unreflected cylinder of 
aqueous UOz(N03)2 solution 

Unreflected cylinder of 
aqueous U02F2 solution 

Unreflected sphere of aqueous 
U02 (NO3)2 solution 

Unreflected sphere of 
aqueous U02F2 solution 

Unreflected sphere of 
aqueous U02 (NO3)2 solution 

Unreflected sphere of 
aqueous U02(N03)2 solution 

1.008 ; 
(ANISN) 

1.006 + 0.1007 
(KENO) 

1.003 + 0.~006 
(KENO) 

0.995 + 0,007 
(KENO) 

0.983 + 0.'006 
(KENO) 

1.002 + 0.006 
(KENO) 

0.958 + 0.007 
(KENO) 

0.990 + 0.006 
(KENO) 

0.944 
(ANISN) 

0.988 
(ANISN) 

1.004 
(ANISN) 

1.005 
(ANISN) 

0.967 
(XSDRNPM) 

1.066 + 0.006 
(KENO) 

1.054 i 0.006 
(KENO) 

1.041 . 0.006 
(KENO) 

1.012 2 0.007 
(KENO) 

1.044 + 0.006 
(KENO) 

1.003 + 0.007 
(KENO) 

1.022 + 0.007 
. (KENO) 

1.028 
(XSDRNPM) 

1.013 
(XSDRNPM) 

1.007 + 0.006 
(KENO) 

0.996 
(XSDRNPM) 

0.998 + 0.004 
(KENO) 

0.991 
(XSDRNPM) 

a Errors represent one standard deviation on calculated mean value (i.e., 68% confidence interval). 

bNames in parentheses indicate codes used to calculate keff. 



H/*'~u RATIO 

Fig. 1. C~mparison between ENDFIB-IV and Hansen-Roach cross section 
calculations of experimental 3~ critical assemblies. 



good. In particular,, experiment 7 having the highest degree of experi- 

mental accuracy, agrees very well with the ENDFIB prediction. 

To further pursue the differences between calculations with the two 

cross-section sets, we examined the ratio of k calculated with ENDFIB-IV 
eff 

cross sections to k calculated with Hansen-Roach data. Henceforth, we 
ef f 

will refer to this ratio as the keff ratio. Figure 2 displays the k 
eff 

ratio as a function of H / ~ ~ ~ u  for each of the twelve experiments and 

for eight theoretical systems described in Tables 10 and 11. Seven of the 

theoretical systems are unref lected spheres of 3 ~ 0 2  powder and poly- 

ethylene homogeneously mixed to give H / ~ ~ ~ u  ratios identical to those of 

experiments 2, 3, 5, 6, 7, 8 and 11. They were'constructed to allow 

calculation with one-dimensional Sn theory and thus remove the statistical 

uncertainties introduced by the Monte Carlo calculations of the correspond- 

ing critical experiments. In particular, we wanted to determine if the 

dip in the keff ratio at H / ~ ~ ~ u  values of 70 to 90 was attributable to 

cross section effects or to statistical and geometric uncertainties. The 

smooth increase in the k ratio over the whole H / ~ ~ ~ u  range predicted 
eff 

by our theoretical systems confirmed our expectation that the inflection 

in the ratio observed for the critical experiment calculations was not due 

to the 23 3~ cross sections, but probably to statistical uncertainties 

introduced by the Monte Carlo calculations. 

As seen in Fig. 2, the keff ratio for the theoretical systems in- 

creases smoothly with decreasing moderation over the experimental range 

of H / ~ ~ ~ u  ratio from 2000 to 40. To project this trend, a calculation 

was performed on the eighth theoretical system having an H / ~ ~ ~ u  of 5. A 

keff ratio of 1.12 was obtained for this system.' Corresponding to this 

keff 
ratio there exists a difference in calculated critical mass of 40% - 

a rather large and disturbing result. 

The trend of increasing differences between calculations with the 

two cross-section sets with decreasing moderation is related to a changing 

neutron energy spectrum. The shape of the neutron energy spectrum for a 

given system determines which energy regions (and cross-section groups) 

contribute most to the calculated result. For example, in the 2 3 3 ~  metgl 

sphere with an H / ~ ~ ~ u  ratio of zero, the high energy groups are the main 

contributors to the system multiplication. Less than lo-'% of the total 



a Table 10. Atomic number densities of eight theoretical 2 3 3 ~  systems 

System 
Material 

1 2 3 4 5 6 7 8 



Table 11. Geometry description of eight theoretical 233ilJ systems 

System * 

Geometry Sphere Sphere Sphere Sphere. Sphere Sphere Sphere Sphere 

Hansen-Roach 11.180 11.419 11.445 11.602 11.671 11.911 12.166 29.126 
calculated 
critical 
radius (cm) 

Ref lector 
thfckness 
(cm) . 

None None None None None None None None 



Fig. 2. Ratios of effective neutron multiplication constants calcu- 
lated by ENDFIB-IV and Hansen-Roach cross sections for experimental and 
theoretical critical assemblies of 3 ~ .  



number of f i s s i o n s  t a k e  p l ace  i n  t h e  energy range below 1.86 eV. Thermal 

c r o s s  s e c t i o n s  a r e  no t  important  i n  t h i s  problem. On t h e  o t h e r  hand, a 

problem having a n  H / ~  3~ r a t i o  of 1533 has  more than  96% of t h e  f i s s i o n s  

t a k i n g  p l a c e  i n  t h e  energy range below 1.86 eV. Here, t h e  thermal c r o s s  

s e c t i o n s  are very  important .  

F igure  3 shows a p l o t  of t h e  c a l c u l a t e d  f i s s i o n  r a t e  per  u n i t  l e t h a r g y  

as a f u n c t i o n  of energy f o r  t h r e e  of t h e  c r i t i c a l  experiments.  Experi- 

ment 1, a 2 3 3 ~  m e t a l  sphere ,  d i s p l a y s  a c h a r a c t e r i s t i c  f a s t  spectrum, 

w h i l e  experiment 11, having an  3~ r a t i o  of 1533, r e p r e s e n t s  a well-  

thermal ized  system. Experiment 2,  wi th  a co re  H / ~ ~ ~ u  r a t i o  of 39.4, has  

a s u b s t a n t i a l  ep i the rma l  component. This  p lus  t h e  observed inc reas ing  

d e v i a t i o n  between ENDF/B based c a l c u l a t i o n s  and experiment a s  t h e  H / U  

r a t i o  is  reduced ( see  Fig.  1) l e a d s  u s  t o  conclude t h a t  problems may 

e x i s t  i n  t h e  ENDFIB 'U ep i thermal  r ep re sen ta t ion .  

I n  Fig.  3 n o t e  a l s o  t h e  extreme change i n  t h e  f i s s i o n  r a t e  d i s t r i -  

bu t ion  between experiment 1 and experiment 2. This  sugges ts  t h a t  even 

i f  a c ros s - sec t ion  set were v a l i d a t e d  f o r  t h e s e  two experiments,  i t  would 

n o t  n e c e s s a r i l y  g ive  c o r r e c t  r e s u l t s  f o r  i n t e rmed ia t e  systems. Addi t iona l  

d a t a  would be r equ i r ed  t o  v a l i d a t e  c a l c u l a t i o n s  on very  low H I 2  ' 3~ r a t i o  

systems. 



I I I I 1 I I I I I 

EXPERIMENT NO. 1 

EXPERIMENT NO. 2 

- 

EXlPERl M ENT NO. 1 1 

- 

- 

ENERGY (eV) 

Fig. 3. Energy-dependent fission rate for three 2 3 3 ~  critical 
experiments. 



6. CALCULATIONS OF SELECTED 3 5 ~  CRITICAL EXPERIMENTS 

To verify the accuracy of our computational techniques k was ' 

eff 
calculated for three critical experiments using highly enriched 2 3 5 ~  

and having H/~~'u ratios of 0, 50.1 and 1393. A theoretical system 

with an H / ~  'U ratio of 5.0 was also calculated. The calculations were 

done using the ENDFIB-IV and Hansen-Roach cross sections. 

The three experiments chosen for analysis are described in Table 12. 

A complete description of the atomic compositions and geometry is given 

in Tables 13 and 14. The results are given in Table 15. Good agreement 

was obtained between these calculations and the experimental measurements. 

These results tend to confirm the cross-section processing'procedure for 

ENDFIB-IV and Hansen-Roach cross sections and the neutron transport, 

calculations. 

Calculations of the theoretical 2 3 5 ~  system resulted in a k ratio 
ef f 

of 1.014. Thus, no large difference appears between ENDFIB-IV and Hansen- 

Roach cross-section calculations for 'U systems. 





a 
Table 13. Atomic number d e n s i t i e s  

o f  h i g h l y  e n r i c h e d  'U 
c r i t i c a l  exper iments  

Experiment 
Material 

1 3  1 4  15  

T a b l e  14 .  Geometry d e s c . r i p t i o n  
o f  h i g h l y  e n r i c h e d  'U 

c r i t i c a l  exper iments  . 

- - -- 

Geometry Sphere  Cyl inder  Sphere  

C r i t i c a l  8 .741  15.24 34.60 
radPus 
(cm> 

C r i t i c a l  - 22.6 - 
height  
(cm) 

Ref l e c t o r  None None None 
Chickness  
(cm) 



Table 15. Results of Hansen-Roach and ENDFIB-IV cross section calculations 
on highly enriched 'U critical experiments 

Experiment 
number 

Description . . . . . . . . . 

Calculated k a 
H/~~'u Expected range of values for 

eff 
ratio calculated k-,, Hansen-Roaeh ENDF/B-IV 

13 . Unreflected sphere of uranium 0.0 0.9992-1.0008 0.997 1.005 
metal (ANISN) (XSDRNFW) 

14 Unreflected cylinder of 50.1 0.9999-1.0001 0.986 + 0.006 1.009 + 0.006 
aqueous U02F2 solution (KENO) (KENO) 

15 Unreflected sphere of aqueous 1393 ' 0.996H.0040 1.009 0.998 i 0.003 
U02F2 'solution (ANISN) (KENC.) 

c 
Errors represent one standard deviation on calculated mean value (i.e., 68% confidence interval). 

b 
Names in parentheses indicate codes used to calculate k eff' 



7. CONCLUSIONS 

Our evaluation of Hansen-Roach and ENDFIB-IV 3~ cross sections 

confirms the large calculational discrepancies reported by Battelle. 

The largest differences between the calculations occur on undermoderated 

systems. Specifically, a 12% difference in calculated k is found for a 
eff 

system with an H / ~ ~ ~ u  ratio of 5. This corresponds to a 40% difference 

in calculated critical mass. For systems with H / ~ ~ ~ u  ratios in the range 

of 1500-2000, the two data sets agree to within %1% in calculated keff. 

Comparison of the calculated and experimental results showed good 

agreement for both cross section sets on systems having H / ~ ~ ~ u  ratios in 

the 1500-2000 range. However, with decreasing H / ~  3~ ratio, the ENDFIB-IV 
calculations tended to predict keffls that were too high. The Hansen-Roach 

results agreed well with'experiment for these undermoderated systems. For 

the metal sphere, the ENDFIB-IV result was low while again the Hansen- 

Roach result was about right. From this we conclude that there are 

problems with the ENDFIB-IV cross section representation of the 233u 

cross sections and that ;dditional cross sectidn evaluation work is 

warranted in this area. 

We also recommend that additional 2 3 3 ~  critical experiments be per- 

formed on low moderation systems (i.e., 5 < H / ~ ~ ~ u  < 40) where the calcu- 

lational problems appear to be the most severe. This data could also 

serve to validate dimensional limits set down in criticality safety 

guides since these are based on low moderation systems. Specifically 

we note that the American National Standard for Nuclear Safety i n  Opera- 

t ions with Fissionable Materials Outside ~eac tors '  gives the safe diameter 

of cylindrical containers for 2 3 3 ~  solutions as 11.5 cm. This value is 

based on a Hansen-Roach calcblated k of 0.98 for a solution with an 
eff 

H / ~ ~  3~ ratio of 40. Because of the uncertainties in the existing experi- 

mental data on low moderation systems, we believe that a larger degree of 

conservatism should be applied to the determination of a safe diameter 

until the cross sections can be absolutely verified by precise criticality 

experiments of low moderation. 
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1. INTRODUCTION 

A l l  nuc lear  f u e l  handl ing f a c i l i t i e s  must i nco rpora t e  c r i t i c a l i t y  

s a f e t y  a s  an  i n t e g r a l  p a r t  of t h e i r  ope ra t ions .  Therefore,  dur ing  t h e  

e a r l y  phases of p l a n t  des ign ,  s p e c i f i c  c r i t i c a l i t y  s a f e t y  c r i t e r i a  must 

be e s t a b l i s h e d  f o r  each component of t h e  p l a n t  a s  we l l  a s e f o r  t h e  p l a n t  

as a whole. 

I n  P a r t  I1 of t h i s  r e p o r t ,  we present  a  b r i e f  overview of t h e  HTGR 

f u e l  r e f a b r i c a t i o n  process  as c u r r e n t l y  envisioned and a  c r i t i c a l i t y  

a n a l y s i s  of two s p e c i f i c  problem a r e a s  t h a t  w i l l  have s i g n i f i c a n t  i n f l u -  

ence on t h e  des ign  of a  r e f a b r i c a t i o n  f a c i l i t y .  



2. HTGR FUEL REFABRICATION PROCESS 

Figure  4 shows t h e  b a s i c  process  s t e p s  f o r  r e f a b r i c a t i o n  HTGR f u e l .  2 1 

F i s s i l e  m a t e r i a l  w i l l  e n t e r  t h e  system i n  t h e  form of uranyl  n i t r a t e  

s o l u t i o n  (125 g l l i t e r )  s t r i p p e d  of f i s s i o n  products .  I n  t h e  f i r s t  opera- 

t i o n ,  s p h e r i c a l  f u e l  k e r n e l s ,  approximately 400 pm i n  diameter ,  a r e  pre- 

pared by loading  u rany l  n i t r a t e  on ion  exchange r e s i n .  This  ope ra t ion  i s  

fol lowed by a  ca rbon iza t ion  s t e p  t o  form a U02-C p a r t i c l e .  

The carbonized r e s i n  i s  then passed t o  t h e  Microsphere Conversion and 

Coating s t e p  where, i n  s e q u e n t i a l  ope ra t ions  i n  t h e  same furnace ,  t h e  

m a t e r i a l  i s  converted t o  UC2 + UO2 and fou r  l a y e r s  of coa t ing  a r e  depos i ted  

on t h e  i n d i v i d u a l  f u e l  ke rne l s .  The coa t ings ,  from i n s i d e  o u t ,  a r e :  

(1) a low-density b u f f e r  l a y e r  of p y r o l y t i c  carbon %50 pm t h i c k ,  (2) a  

high-densi ty  i s o t r o p i c  l a y e r  of p y r o l y t i c  carbon $35 pm, (3) a  s i l i c o n  

c a r b i d e  l a y e r  %30 pm t h i c k ,  and (4) a  second high-densi ty  i s o t r o p i c  pyro- 

l y t i c  carbon l a y e r  %35 pm t h i c k .  

Following coa t ing ,  t h e  p a r t i c l e s  pas s  t o  t h e  Fuel Rod Fabr i ca t ion  

s t e p  where they a r e  blended wi th  f e r t i l e  Tho2 coated p a r t i c l e s  and i n e r t  

g r a p h i t e  shim and dispensed i n t o  molds. These a r e  then  i n j e c t e d  wi th  a  

m a t r i x  of heated p i t c h  and g r a p h i t e  powder t h a t  f i l l s  t h e  i n t e r s t i c e s  

between p a r t i c l e s  t o  form a s o l i d  f u e l  rod. A t y p i c a l  f u e l  rod i s  a 

r i g h t  c i r c u l a r  c y l i n d e r  about  1 3  mm i n  diameter  and 50 mm i n  l eng th .  

I n  t h e  f i n a l  process  s t e p ,  t h e  rods  a r e  loaded i n t o  f u e l  blocks and 

carbonized i n  p l a c e  by pass ing  t h e  blocks through a whole-block carboniza- 

t i o n  and annea l ing  furnace.  The f i n i s h e d  product i s  cleaned and inspec ted  

be fo re  i t  is  canned f o r  shipping.  

Throughout t h e  process ,  samples w i l l  be  e x t r a c t e d  from t h e  process  

l i n e  and d i v e r t e d  t o  Sample Inspec t ion  f o r  q u a l i t y  c o n t r o l  and assurance  

purposes.  I n  a d d i t i o n ,  s u b s t a n t i a l  q u a n t i t i e s  of r e j e c t  m a t e r i a l  a r e  

a n t i c i p a t e d  from a number of process  s t e p s .  This  m a t e r i a l ,  p l u s  samples 

r e tu rned  from t h e  Sample Inspec t ion  S t a t i o n , w i l l  be routed t o  Scrap and 

Waste f o r  a p p r o p r i a t e  r e c y c l e  and d i s p o s a l .  F igure  5 shows t h e  f u e l  

components a t  v a r i o u s  s t a g e s  of t h e  process .  

A more d e t a i l e d  d e s c r i p t i o n  of t h e  HTGR f u e l  r e f a b r i c a t i o n  process  

can  be found i n  Ref. 21. 
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3. FUEL PARTICLE STORAGE HOPPERS 

As described in the previous section, 2 3 3 ~  will be found in several 

b different material forms during the refabrication process. One form con- 

sists of 2 3 3 ~  microspheres that may be bare or coated with successive 

layers of carbon and silicon carbide. The design of storage hoppers to 

contain fuel particles in all stages of processing is restrained by 

criticality safety requirements. 

A criticality analysis of the storage hoppers begins with a refer- 

ence description of the fuel particles encountered in the refabrication 

process. Table 16 lists the physical properties of fuel particles and 

. . their coatings at various stages of production. 

Table 16. Physical properties of HTGR fuel particles 
in various stages of refabrication 

a 
Particle type Physical properties 

Dried uranium loaded resin 47 wt % 2 3 3 ~  in resin of C602HS 
Particle density = 1.7 gms/cm3 

Carbonized resin 73 wt % 2 3 3 ~ ,  17 wt % C, 10 wt % 0 
Particle density = 3.3 gms/cm3 

Converted kernel 

. . 

2 3 3 ~ ~ 3 0 0 .  5 

Particle density = 3.2 gms/cm3 
Particle diameter = 400 microns 

Buffer coated particle Pure carbon coating 
Coating density = 1.1 gms/cm3 
Coatina thickness = 50 microns 

ILTI coated particle Pure carbon coating 
Coating density = 1.85 gms/cm3 
Coating thickness = 35 microns 

Sic coated particle Pure SIC coating 
Coating density = 3.2 gms/cm3 
Coating thickness = 30 microns 

OLTI coated particle Pure carbon coating 
Coating density = 1.85 gms/cm3 
Coating thickness = 35 microns 

a 
For conservatism, we have assumed that all uranium is 2 3 3 ~ .  



The s p e c i f i c a t i o n  of a  c r i t i c a l l y  s a f e  hopper f o r  t hese  f u e l  par- 

t i c l e s  r e q u i r e s  t h a t  t h e  e f f e c t i v e  neutron m u l t i p l i c a t i o n  f a c t o r ,  
keff  ' 

of t h e  hopper-part ic les-surroundings system be l e s s  than 1 . 0  by an  amount 

known as t h e  s a f e t y  margin. The s a f e t y  margin w i l l  be  dependent upon t h e  

degree  of u n c e r t a i n t y  a s s o c i a t e d  wi th  (1) expected p a r t i c l e  p r o p e r t i e s  

and packing f r a c t i o n s ,  ( 2 )  hopper surroundings,  (3) c r i t i c a l i t y  ca l cu la -  

t i o n a l  a b i l i t y ,  (4) experimental  c r i t i c a l i t y  d a t a  and (5) process-  acc iden t  

cond i t i ons .  Accidenta l  ope ra t ion  cond i t i ons  t h a t  must be considered 

inc lude  dimensional  changes due t o  bulging and con ta ine r  breakage, 

o p e r a t i o n a l  e r r o r s  such a s  double ba tch ing ,  water f looding  and d e n s i f i -  

c a t i o n  of f i s s i l e  m a t e r i a l ,  and changes i n  t h e  system surroundings.  

I n  gene ra l ,  s a f e t y  c r i t e r i a  f o r  problems of t h i s  type  a r e  obta ined  

from g u i d e l i n e s  found i n  c r i t i c a l i t y  s a f e t y  manuals. For example, 

ANSI ~16.1-1975'  l i s t s  t h e  maximum s u b c r i t i c a i  diameter  of 11.5 cm f o r  a  

c y l i n d r i c a l  v e s s e l  con ta in ing  a  2 3  3~ water  s l u r r y  under t h e  most r e a c t i v e  

cond i t i ons .  Combining t h i s  r e s t r i c t i o n  wi th  t h e  f a c t  t h a t  water s l u r r i e s  

of a l l  t h e  types  of p a r t i c l e s  descr ibed  i n  Table 16  a r e  more r e a c t i v e  

than  a d ry  bed of p a r t i c l e s  l e a d s  t o  a  conclusion t h a t  t h e  11.5 cm l i m i t  * 
would provide  a  s a f e  diameter  f o r  c y l i n d r i c a l  hoppers.  However, t h i s  

l i m i t  imposes s i g n i f i c a n t  economic p e n a l t i e s  on a  product ion f a c i l i t y .  

Relaxa t ion  of t h i s  l i m i t  would c o a t r i b u t e  t o  a more e f f i c i e n t  ope ra t ion .  

Hence, s e v e r a l  c a l c u l a t i o n s  were performed t o  i n v e s t i g a t e  t h e  c r i t i c a l i t y  

a s p e c t s  of l a r g e r  diameter  s t o r a g e  hoppers. 

The fo l lowing  s e c t i o n  d e s c r i b e s  hopper models t h a t  were c a l c u l a t e d  

by t h e  ANISN" computer co.de us ing  s an sen-~oach' c r o s s  s e c t i o n s .  

3:l.l I n f i n i t e  c y l i n d e r  models con ta in ing  d r y  p a r t i c l e s  

For t h e s e  cases ,  i s o l a t e d  s t o r a g e  hoppers were modeled a s  i n f i n i t e  

c y l i n d e r s  c o n s i s t i n g  of an  inne r  p a r t i c l e  chamber surrounded by an  o u t e r  

* 
This  assumes t h a t  h igh ly  e f f e c t i v e  neut ron  r e f l e c t o r s  such a s  

bery l l ium and D20 w i l l  no t  be  present .  . 



0.318 cm thick wall of stainless steel. The particle chambers were filled 

with each of the seven particle types (62% packing fraction). 

Critical diameters for the chambers and effective multiplication 

constants for a 22.9-cm (9.0 in.) diameter chamber were calculated. The 

results are given in Table 17. It is important to note that these calcu- 

lations are for dry particle beds. 

Table 17. Results of criticality calculations on infinite 
cylinder models of particle storage hoppers 

kef f 
Particle type Critical diameter (cm) 

22.9-cm (9.0-in.) diameter of particle chamber particle chamber 

Dry loaded resin . 0.396 
0.884 (with additional 

H20 reflector) 

Carbonized resin 0.339 

Converted kernel 0.351 

Buffer coated 0.200 

ILTI 0.151 

Sic coated 0.123 

OLTI coated 0.095 

47.9 
28.5 (with additional 

H2 reflector) 

To examine the effect of reflectors, one system (dry loaded resin, the 

most reactive) was calculated with an additional reflector of 20 cm of 

water placed around the stainless steel wall. It is observed that the 

water reflector significantly increased the system reactivity. 

3.1.2 Water flooded-water reflected spherical model 

A hopper design that will eliminate the possibility of accidental 

criticality solely on the basis of hopper geometry even when the hopper 

is water filled and reflected and the particles levitated to obtain an 

optimum HI* 3~ ratio is desirable. If a spherical hopper can be designed 

to meet the above criteria, then an equal volume cylindrical hopper will 

also meet these requirements. To this end, we have estimated the critical 



volumes for each particle type over the range of all possible water- 

particle mixtures. 

The model consists of a spherical core containing a water-particle 

mixture surrounded by a thick water reflector. The minimum critical 

volumes were approximated through the use of calculations performed by 

~homas" which are based upon ANISN calculations using Hansen-Roach cross 

sections. Although Thomas' results pertain to 3 ~ 0 2 - ~  mixtures, they 

can be applied to our problem under the assumption that the controlling 

criticality parameters at high H / ~ ~  3~ ratio are the H / ~ ~ ~ u  ratio and the 

2 3 3 ~  density. The results are given in Table 18. 

Toblc 18. Estimaf ed minimum critical. vol.umes 
obtainable in water flooded - water 
reflected systems of HTGR fuel 
particles in various stages 

of refabrication 

Estimated minimum a Particle type critical volume b 
(liters) 

Uranium loaded resin 
Carbonized resin 
Converted kernels 
Buffer coated 
ILTI coated 
Sic coated 
OLTI coated 

a All uranium taken to be 2 3 3 ~ .  

b Estimated accuracy is a0%. 

Particle storage hoppers with volumes smaller than those listed in 

the table will remain subcritical under all conditions o£ water flooding. 

We note that hoppers in the ~icros~here Conversion and Coating system 

will likely be multi-purpose and consequently will be limited in volume 

by restrictions imposed on converted kernel material. It should also 

be pointed out that the volume limits could be increased by about a 

factor of two if the effects of a water reflector could be eliminated. 



A coa t ing  of boron o r  cadmium oh t h e  o u t s i d e  of t h e  hoppers could achieve  

t h i s  i s o l a t i o n .  

3.2 Conclusions 

1. I s o l a t e d  f u e l  p a r t i c l e  s t o r a g e  hoppers of c y l i n d r i c a l  geometry 

w i l l  be c r i t i c a l l y  s a f e  under a l l  cond i t i ons  of water  f l ood ing  

and 'water  r e f l e c t i o n  provided t h e i r  diameter  i s  l e s s  than  11.5 cm. 

This  assumes t h a t  t h e  c y l i n d r i c a l  v e s s e l  l i m i t  f o r  23 3~ s l u r r i e s  

a s  published i n  ANSI ~16.1-1975 '  i s  a  v a l i d  l i m i t  ( s e e  Sec t .  1-7). 

2. I s o l a t e d  hoppers 22.9-cm (9.0-in..) i n  diameter  a r e  c r i t i c a l l y  s a f e  

f o r  a l l  p a r t i c l e  types  provided t h a t  no s t r o n g  neut ron  moderators 

(such a s  water o r  o t h e r  hydrogenous m a t e r i a l )  a r e  p re sen t  i n  t h e  

p a r t i c l e  bed. 

3.  Carefu l  des ign  of hopper shapes,  s i z e s  and m a t e r i a l  c o n s t r u c t i o n  

could r e s u l t  i n  hoppers t h a t  a r e  s u b c r i t i c a l  even when flooded 

and surrounded by a water  r e f l e c t o r .  These des igns  could 

inc lude  a  neutron poison t o  decouple t h e  f u e l  p a r t i c l e  chamber 

from t h e  r e f l e c t o r .  



4. RESIN CARBONIZATION FURNACE 

One process step in the refabrication of HTGR fuels consists of heat 

treating a fluidized bed of 2 3 3 ~  loaded resin particles to drive off the 

hydrogenous components and to form a 3 ~ 0 2 - ~  particle. Factors af fecting 

material processing and economics have indicated that a 22.9-cm (9.0-in.) 

diameter bed of fuel particles containing 3 kg of uranium would be desir- 

able for this process. However, as in the case with particle storage 

hoppers, this system is a potential criticality hazard. 

Figure 6 is a photograph of a proposed fluidized bed furnace showing 

the fluidizing chamber and the surrounding fire-brick insulation. Fluid- 

izing gas enters the chamber through the central tube at the bottom and 

exhausts through the wrapped tube on top. After gas flow has been initi- 

ated, fuel particles can be introduced to the chamber via a port in the 

side. Upon completion of carbonization, the fluidizing gas is turned 

off and the carbonized particles exit the chamber through the gas inlet 

tube. A valve allows the particles to be transferred to a storage hopper. 

As a first step in processing furnace off-gas, a perchluruethylene- 

based scrubber system receives all gases exiting from the furnace. Here 

particulate matter is removed from the off-gas by means of a series of 

spray nozzles mounted in a vertical column. The perchloroethylene spray 

collects in a reservoir at the bottom of the spray column before being 

pumped back through the nozzles. Fuel particles are occasionally carried 

over into the scrubber system where they settle to the bottom of the 

perchloroethylene reservoir. 

Two problem areas can be identified as potentially dangerous (1) the 

fluidized bed chamber and (2) the reservoir region of the scrubber system. 

Each of these is examined in the following discussion. 

Two fuel forms must be considered in a criticality analysis of this 

furnace system, the uncarbonized uranium loaded resin and its correspond- 

ing carbonized form. Table 16 in Sect. 11-3 specifies the physical 

characteristics of the fuel particles. As in the case of the particle 

storage hoppers, the uncarbonized fuel particles are the most reactive 

material in a dry environment. This is primarily due to the presence of 

hydrogen in the resin. It must also be noted that uranium loaded resin 
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Fig. 6 .  HTGR fuel  particle carbonization furnace. 



could conceivably r e t a i n  water from the .loading process i f  an intermediate 

drying operation fa i led .  

The following calculat ions  were performed t o  determine the r eac t iv i ty  

of f u e l  pa r t i c l e s  i n  the  furnace environment. 

4.1 C r i t i c a l i t y  Calculations 

4.1.1 I n f i n i t e  cylinder model of furnace 

This model cons is t s  of an inner cylinder representing the f lu id iz ing  

chamber surrounded by a th ick  ariuular region of insulat ing materials. Bor 

conservatism, t he  model i s  taken t o  be i n f i n i t e  In  height. VarlaLle 

parameters of i n t e r e s t  a r e  water content of uranium loaded res in ,  diameter 

of f l u id i z ing  chamber, and p a r t i c l e  packing f rac t ion  i n  the  bed. The 

uranium w a s  taken t o  be 100% 2 3 3 ~ .  

Figure 7' shows the r e s u l t s  of calculat ions  performed with ANISN and 

the  16-group Hansen-Roach c ross  sect ion se t .  The weight percent Hz0 i n  

the  loaded r e s in  p a r t i c l e  is limited t o  30%, the saturat ion l i m i t  of the  

material .  Pa r t i c l e  packing f rac t ions  of 62% and 100% correspond to  a 

packed bed of per fec t ly  spher ical  pa r t i c l e s  and the l imi t ing  case of a 

conglomerated mass. From the f igure  we observe tha t  the  system reac t iv i ty  

is highly sens i t ive  t o  the  water content of the res in ,  the  diameter of 

the  f lu id iz ing  chamber and the  packed p a r t i c l e  density. Thus, these 

parameters must be c losely controlled i n  a la rge  furnace. 

4.1.2 F in i t e  cylinder model of furnace 

To generate a c loser  approximation of the  physical furnace system, * 
a second cy l indr ica l  model was constructed with a f i n i t e  height. The 

model is essen t ia l ly  the  same a s  the  one described above with the  exception 

t h a t  the  height was r e s t r i c t e d  t o  t h a t  required t o  hold a packed bed of 

p a r t i c l e s  of a specif ied uranium content. In addition,  ra ther  than 

e x p l i c i t l y  modeling the  furnace walls i n  the regions above and below the 

p a r t i c l e  bed, we approximated the e f f ec t  of t he  walls by including a 

* 
This model i s  s t i l l  conservative with respect t o  geometry since the 

ac tua l  furnace w i l l  contain a conical  sect ion a s  the lower portion of the 
f l u id i z ing  chamber. 



WEIGHT PERCENT H20 REMAINING IN URANIUM LOADED 
RESIN AFTER DRYING 

Fig. 7 .  Calculated ke for  i n f i n i t e  cylinder model of res in  
carbonization furnace with bl f ferent  sized f lu id iz ing  chambers and d i f  - 
ferent part ic le  packing fract ions .  



5.08 cm (2.0 i n . )  t h i c k - r e f l e c t o r  of f i r e  b r i c k  on t h e  top  and bottom 

s u r f a c e  of  t he  p a r t i c ' l e  bed. 

Using the  KENO I V  computer code, c a l c u l a t i o n s  were performed on 

s e v e r a l  proposed systems wi th  both t h e  Hansen-Roach c r o s s  s e c t i o n  s e t  

and t h e  123-group ENDF l i b r a r y  descr ibed  i n  Sec t .  1-4. Each c a l c u l a t e d  

system had s e v e r a l  f e a t u r e s  i n  common: 

1. The f l u i d i z i n g  chamber contained two l a r g e  ba tches  of f u e l  

p a r t i c l e s  having a  t o t a l  uranium mass of 7.0 kg (double ba t ch ) .  

2 .  Fuel  part icles  were i n  t h e  fnrm hf 2 3 3 ~  loaded resin wi th  

30 weight percent  r e t a i n e d  water  i n  t h e  r e s i n  p a r t i c l e .  

3. The wet r e s i n  p a r t i c l e  d e n s i t y  was taken a s  1.88 gms/cm3 wi th  

uranium forming 32.9 weight percent .  

4.  Fue l  p a r t i c l e s  were close-packed wi th  a  62 volume percent  

packing f r a c t i o n .  

Var i ab le  parameters  i n v e s t i g a t e d  i n  t h e  c a l c u l a t i o n s  were t h e  diameter  

of t h e  f l u i d i z i n g  chamber, and t h e  content  of t h e  i n t e r s t i t u a l  spaces  i n  

t h e  p a r t i c l e  bed. Table 19  p r e s e n t s  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s .  

From t h e  t a b l e  we observe a  s eve re  r e a c t i v i t y  i n c r e a s e  due t o  f lood-  

i n g  t h e  packed bed w i t h  water .  This  i l l u s t r a t e s  t h e  importance of 

exc luding  water from t h e  p a r t i c l e  bed' of a  l a r g e  diameter  furnac.e. .  It 

i s  i n t e r e s t i n g  t o  n o t e  t h a t  f looding  wi th  pure perchloroe thylene  (C2C14) 

has  a  poisoning e f f e c t  on t h e  system r e a c t i v i t y .  This  can be explained 

by t h e  neut ron  c a p t u r e  p r o p e r t i e s  of t h e  c h l o r i n e  component. 'A l so  no te  

t h a t  t h e r e  e x i s t s  a  7-9% c a l c u l a t i o n a l  u n c e r t a i n t y  due t o  u n c e r t a i n t y  i n  

s e l e c t i o n  of t he  "correct '!  c r o s s  s e c t i o n  s e t .  

These c a l c u l a t i o n s  only  show t h e  s e n s i t i v i t y  of keff t o  t h e  s p e c i f i e d  

parameter changes; they  do n o t  g ive  k f o r  t h e  worst p o s s i b l e  c r i t i c a l i t y  
e f f  

cond i t i on .  I n  a d d i t i o n  the c a l c u l a t i o n s  were performed t o  provide gene ra l  

guidance f o r  conceptual  des ign  d e c i s i o n s  and a s  such do no t  n e c e s s a r i l y  

r e p r e s e n t  s i t u a t i o n s  t h a t  w i l l  be encountered i n  a n  ope ra t ing  f a c i l i t y .  

For i n s t a n c e ,  t h e  assumption of a  double-batch s i z e  of 7.0 kg of uranium 

may be r e a l i s t i c  of a 22.9-cm furnace,  bu t  i t  i s ' e x c e s s i v e l y  l a r g e  f o r  a  

sma l l e r  furnace.  



Table 19. Results of Monte Carlo calculations performed on finite 
height model of resin carbonization furnace 

Hodel variables C '  Calculated keff 

Fluidizing Interstices 
chamber diameter 
(cm) (in. ) 

Hansen-Roach cross sections .ENDFIB-IV cross sections 
. . 

17.8 7.0 Void 0.643+0.005 , - 

17.8 7.0 90% C2C14 a 0.637 + 0.004 
10% kerosene 

22.9 9.0 Void 0.785 2 0.007 0.857 + 0.005 
H20 

Void 

a Kerosene composition was taken to be 13.2 wt % hydrogen and 86.8 wt % carbon with a 
density of 0.845 g-m/cm3. This is equivalent to 13,200 wt ppm hydrogen in the mixture. 



4.1.3 Sphe r i ca l  model of furnace  off-gas scrubber  r e s e r v o i r  

A s  s t a t e d  i n  Sec t .  11-4 above, occas iona l ly  a  f r a c t i o n  of t h e  f u e l  

p a r t i c l e s  w i l l  be  c a r r i e d  ou t  of t h e  f l u i d i z i n g  chamber by t h e  off-gas 

s t ream and e n t e r  a n  of f -gas  scrubber  r e s e r v o i r  ad j acen t  t o  t h e  furnace.  

Accumulation of t h e s e  p a r t i c l e s  i n  a  perchloroe thylene  r e s e r v o i r  a t  t h e  

bottom of t h e  scrubber  has  been examined f o r  c r i t i c a l i t y  s a f e t y .  

To c a l c u l a t e  t h i s  s i t u a t i o n  we def ined  a s p h e r i c a l  model c o n s i s t i n g  

of a  mixture  of uranium loaded r e s i n  p a r t i c l e s  and perchloroe thylene .  Two 

d i s t r i b u t i o n s  of p a r t i c l e s  i n  t h e  mixture were considered -.a homogeneous 

d i s t r i b u t i o n  and one i n  which t h e  p a r t i c l e s  were t i g h t l y  packed i n  a  

c e n t r a l  c o r e  surrounded by and s a t u r a t e d  w i t h  perchloroethylene.  I n  each 

c a s e  t h e  o u t s i d e  d iameter  of t h e  sphere  was 55.9 cm (22.0 i n . )  a.nd 4 .0  kg 

of 2 3  3~ i n  t h e  form. of wet r e s i n  was contained wi th in .  

Table 20 g i v e s  t h e  r e s u l t s  of c a l c u l a t i o n s  obta ined  wi th  ANISN and 

t h e  16-group Hansen-Roach c r o s s  s e c t i o n  s e t .  We s e e  t h a t  t h e  more r e a c t i v e  

, c o n f i g u r a t i o n  c o n t a i n s  t h e  p a r t i c l e s  i n  a  t i g h t l y + p a c k e d  wad, but  both 

c a s e s  have low enough r e a c t i v i t y  t h a t  p a r t i c l e s  i n  t h e  scrubber  do no t  

appear  t o  be  a  major problem provided t h a t  no more than  a  s i n g l e  charge of 

uranium p a r t i c l e s  a r e  allowed t o  accumulate i n  t h e  r e s e r v o i r .  

Table 20. Resu l t s  of c r i t i c a l i t y  c a l c u l a t i o n s  .performed on 
s p h e r i c a l  model of r e s i n  ca rbon iza t ion  scrubber  system 

Calculated keff 

Model geometry I n t e r s t i t i a l  pure I n t e r s t i t i a l  
perchloroe thylene  

perchloroeth~lene with lo% lccrosenc a 

P a r t i c l e s  t i g h t l y  packed 0.624 0 .721  
(62 v o l  %) i n t o  a sphere  
surrounded by and sa tu-  
r a t e d  wi th  perchloro-  
e thy lene  

P a r t i c l e s  uniformly d i s -  0.051 0.159 
t r i b u t e d  through t h e  
perchloroe thylene  

a Kerosene composition was taken t o  be 13.2 w t  % hydrogen and 
86.8 w t  % carbon wi th  a d e n s i t y  of 0,845 gms/cm3. This  i s  equiva- 
l e n t  t o  13,200 w t  ppm hydrogen i n  t h e  mixture.  



4.2. Conclusions 

We draw the following conclusions concerning the criticality safety 

of the resin carbonization furnace-scrubber system. . 

1'. It is possible to design a critically safe resin carbonization 

furnace having a fluidizing chamber approximately 22.9 cm 

(9.0 in.) in diameter provided that accidental flooding of 

the fluidizing chamber with a hydrogenous substance is impos- 

sible. 

2. If flooding is not an impossibility, even a 17.8 cm (7.0 in.) 

diameter fluidizing chamber can go critical under certain 

conditions. 

3 .  Criticality in the perchloroethylene reservoir of the off-gas 

scrubber because of the accumulation of "blown-over" particles 

does not appear to be a problem provided that the uranium mass 

in the reservoir does not exceed 4.0 kg and that hydrogenous 

materials do not constitute a large percentage of the scrubber 

solution. 



, The a u t h o r s  wish t o  thank t h e  members of t h e  Fuel Cycle' Technology 

group of t h e  Metals  and Ceramics Div is ion  who suppl ied  t h e  in format ion  on 

t h e  HTGR f u e l  r e f a b r i c a t i o n  process  and f u e l  m a t e r i a l  p r o p e r t i e s .  We a r e  

g r a t e f u l  t o  J .  C. Cleveland f o r  h i s  c r i t i c a l  review of t h i s  r e p o r t .  Thanks 

a l s o  t o  A .  G. Mason who a s s i s t e d  i n  t h e  performance of t h e  c a l c u l a t i o n s .  
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