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ADVANCED NEUTRON SOURCE (ANS) PROJECT 
ANNUAL REPORT 

APRIL 1987-MARCH 1988 

ABSTRACT 

The Advanced Neutron Source ( A N S )  Pro jec t  ( formerly c a l l e d  the  

Center f o r  Neutron Research) w i l l  provide the  wor ld‘s  b e s t  f a c i l i t i e s  f o r  

t he  s tudy  of neutron s c a t t e r i n g .  The ANS high-power d e n s i t y  r e a c t o r  w i l l  

be fue l ed  wi th  uranium s i l i c ide  and cooled ,  moderated, and r e f l e c t e d  by 

deuterium oxide .  Peak neutron f luxes  i n  the  r e f l e c t o r  a r e  expected t o  be 

5 t o  10 x 1OIg neutrons*m-’=s-’ wi th  a power level between 270 and 300 

MW. This  r e p o r t  desc r ibes  the  s t a t u s  of t echn ica l  work funded through 

the ANS Project:  dur ing  t h e  pe r iod  A p r i l  1987 through March 1988. 

work i s  descr ibed  i n  Center for  Neutron Research Project Status Report 

and o t h e r  Oak Ridge Nat ional  Laboratory r e p o r t s .  

E a r l i e r  

1. PKOJECT MANAGEMENT 

The Advanced Neutron Source ( A N S )  P r o j e c t  Organizat ion Chart  a t  the  

end of this  r epor t ing  per iod  is  shown i n  F ig .  1.1. The key assignments 

a r e  focused on near - te rm o b j e c t i v e s :  technology development; s a f e t y ;  and 

engineer ing  of t h e  r e a c t o r ,  experiments,  and ba lance -o f -p l an t  concepts .  

The o rgan iza t iona l  s t r u c t u r e  has the  f l e x i b i l i t y  t o  a d j u s t  as the  

p r o j e c t  p rogresses .  For example, t he  p re sen t  Qual i ty  Assurance (QA) 

approach of u s ing  the  QA systems of t he  d i v i s i o n s  performing the  work i s  

appropr i a t e  now; as the  conceptual  des ign  phase n e a r s ,  a P r o j e c t  QA 

Manager w i l l  be appointed.  

P r o j e c t  planning is based on the  Work Breakdown S t r u c t u r e  o r  WBS 

(F ig .  1.2), which provides  an organized approach t o  de f in ing  a l l  t he  

work t o  be accomplished and t h e r e f o r e  he lps  t o  ensure t h a t  a l l  necessary 

t a s k s  a r e  inc luded .  The planning system uses  PC-based sof tware  systems 

(Symphony, Timeline,  and Lotus 1 - 2 - 3 )  t o  reduce the  amount of handwork, 

and hence the p o t e n t i a l  f o r  numerical and o t h e r  e r r o r s .  
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Figures  1 . 3  and l . 4  show h igh- l eve l  t imel ines  covering t h e  precon- 

s t r u c t i o n  and cons t ruc t ion  phases. Figure 1 . 5  i s  a copy o f  one shee t  

from the  more d e t a i l e d  planning schedule;  Table 1.1 shows the  c o s t  e s t i -  

mate f o r  the  work elements shown i n  Fig.  1 . 5 .  The c o s t s  f o r  each of 

t hese ,  and a l l  the  o t h e r ,  t asks  were est imated by t:he s t a f f  who w i l l  

a c t u a l l y  do the  work, with input  from the P r o j e c t ' s  managers. The sched- 

u l e s  were t:hen ad jus ted  t o  match the  o v e r a l l  funding p l an ;  dur ing  those 

adjustments t h e  necessary l o g i c a l  c o n s t r a i n t s  ( e . g . ,  t h a t  some t a s k s  

cannot be s t a r t e d  before  t echn ica l  inpue. from o t h e r s  i s  a v a i l a b l e )  a r e  

maintained. Deta i led  t a sk  p lans  have been developed f o r  each t a s k .  The 

p lans  descr ibe  the  scope o f  each t a s k ,  i t s  i n t e r f a c e s  with o the r  WBS 

elements ,  d e l i v e r a b l e s ,  and resources  (Table 1 . 2  i s  an examp1.e of one 

such p l a n ) .  

During, t h i s  r epor t ing  per iod;  a c o s t  accounting systeiii w a s  organ- 

ized  t h a t  corresponds t o  the  WBS. The system will allow f o r  c o s t  t r a c e -  

a b i l i t y  by WBS, t a s k ,  and p a r t i c i p a n t ;  Table 1 . 3  shows the  accounts 

c u r r e n t l y  i n  p l ace .  The format and methodology adopted is  one t h a t  can 

grow, without  major r e s t r u c t u r i n g ,  t o  meet c o s t  schedule control. system 

needs throughout the  l i f e  o f  the p r o j e c t .  

Timely prepara t ion  of appropr ia te  p r o j e c t  documents i s  an e s s e n t i a l  

p a r t  o f  e s t a b l i s h i n g  requirements,  c o n t r o l ,  and t r a c e a b i l i t y  of inforrna- 

t i o n .  A base l ine  docuinentation l i s t  has been prepared along wi th  a d r a f t  

mat r ix  of  r e s p o n s i b i l i t i e s  and p r o j e c t  p lans  (Table 1 . 4 ) .  A d r a f t  "docu- 

inent t r e e P "  showing the hierachy  of documentation, has a l s o  been prepared 

and i s  shown i n  F i g .  1 . 6 .  

These a c t i v i t i e s  have e s t ab l i shed  a management o rgan iza t ion ,  s t r u c -  

t u r e ,  and p lans  t h a t  are appropr ia te  t o  the  p re sen t  phase o f  the p r o j e c t  

and t h a t  can evolve as the  p r o j e c t  grows and e n t e r s  the  conceptual  design 

(and l a t e r  the  cons t ruc t ion)  phase. 
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Fig. 1.5. ANS p r o j e c t  task planning - timeline 
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Table 1 . 2  WBS 1.1.8: Cold source development 

W B S  1.1.8 . The major capability to be provided by the ANS reactor is a 
source of low-energy neutrons for neutron scattering experiments. F o r  
any assumed position of the cold SOU KC^ with respect to the ASS core, 
there are major areas of uncertainty for the design of the cold source 
The purpose of this task is to p r o v i d e  the experimental and analytical 
data necessary to resolve these technical uncertainties and to ensure a 
rafeand reliable design f o r  the cold source(s>. 

Bardware i n  t e r fa c e&: 
WBS 1.3 Balance of plant 
WBS 1 . 4  Reactor systems 

pevtloDmenr i n t e r f a c  es: 
WBS 1.1.1 Reactor core development 
WBS 1.1.7 Structural analysis 
WBS 1.1.9 Beam tube, guide and instrument development 
WBS 1 1.12 Reactor instrumentation development 
WBS 1.1.13 Facility development 
WBS 1.5 Experimenc systems 
WBS 1.6 Safety 

Task Plannine: Data 

Deliverables: 
1. Completion of neutronics analysis o f  potential cold S O U ~ C C  

2 .  Benchmark verification of heating analysis techniques ( 3 / 3 1 / 8 6 )  
3 .  Complete neucronic heating analysis of preconceptual cold s o u r c e  

4. Complete thermal-hydraulic scoping analysis of preconceptual cold 

5 .  Complete general stress and strucural analysis for p r e c o n c e p t u a l  

6 .  Complete modification of cryogenic test facility ( 9 / 3 0 / 8 6 )  

s h a p e s  (3/31/88) 

model ( 9 / 3 0 / 8 8 )  

source model (12/31/87) 

c o l d  source model (l/ZE/SS) 

C a s t  
_I 

D ivi s io= K e v  personnel M s n - m o n t h s  R a t e  
EMPD Y .  Y. Azmy 12 11 2 5 K  1 3 5  0 %  
EMPD R C Alsmiller 6 1 1  2511 6 7  51: 
M & C  R E .  Pawel L 1 1  2 5 K  4 5  01: 
ETD 8. ti. Montgomery 2 . 5  6 7 K  17 OK 
Chem Tech W R. Gambill 1 11 2SK 11 251: 
ETD or Eng (Undefined) 2 3 1  7 5 .  

Total FY88 Cost for WBS 1 1 E 55: 5 K  
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2. RESEARCH AND DEVELOPMENT TASKS (WBS 1.1) 

Thirteen research and development (R&D) tasks have been identified 

as essential to the ANS project. These R&D tasks are required to address 

feasibility issues, to provide some of the data needed for the prepara- 

tion of the Conceptual Design Report (CDR), to produce the data necessary 

to make a rational. decision when alternative design concepts are identi- 

fied, and to examine and demonstrate the applicability o f  technological 

advances. This chaptier summarizes progress on these tasks for the 

reporting period of April 1987-March 1988 and includes activities at 

Argonne National Laboratory (ANI..) Babcock and Wilcox (B&W) , Idaho 
National. Engineering Laboratory ( I N E L ) ,  Oak Ridge National Laboratory 

(ORNL), University of California-Santa Barbara (UC-SB), University of  

Tennessee (UT), and University of' Virginia (Wa) .  

2.1 REACTOR CORE ANALYSIS (WRS 1.1.1) 

An early understanding of  the core and surrounding reflector tank 

conditions is essential to the design o f  other components o f  the reactor 

system, s o  core analysis continued to be one of  the major focuses of the 

R&D activities. We started the reporting period with two general core 

concepts (i.e., a single core with involute fuel plates and a split: core 

with arcuate fuel plates) and ended the reporting period with only one 

general core concept (i.e., a split core with involute fuel plates). 

This key decision was one outcome of  a workshop devoted to the core type 

selection and is di-scussed in Sect. 2.1.2. 

2.1.1 Me thods-..Devel.opment (WBS 1.1.1.1) 

During the reporting period, there has been a constant need to se- 

lect from the desired large numbers of calculations, given a very limited 

budget, and provide focused direction such that the analyses provide ade- 

quate validity t o  make general design decisions. The methods used over 

the past 12 months have been adequate to baseline the decisions made dur-  

ing that  period. The neutronics portion of the analyses was independ- 

ently reviewed by Biookhaven National Laboratory (BNL) researchers; their 

revirw i s  incorporated in t h i s  report as Appendix A .  The reviewers iden- 

tified no significant f l a w s  in the approaches used by OWL and INEL, and 
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they concluded that the methodologies provide an adequate basis for com- 

paring the proposed ANS core design concepts. 

In the next few months, work will enter the conceptual design phase. 

In that new phase of  the core design development, more sophisticated 

methods will be required to achieve the highest accuracy needed, and in 

anticipation of that, various activities to improve the methods used and 

evaluate the impact of various assumptions are under way. 

sions presented in the remainder of Sect. 2.1.1 provide a summary of 

some of those activities. 

The discus- 

... .... 

2.1.1.1 Cross Sections 

A task was initiated in 1986 to develop a set of pseudo-problem- 

independent multigroup cross-section libraries to support design work on 

the A N S  reactor core and associated components (cold source, hot source, 

etc.). 

general purpose, neutron and gamma-ray libraries f o r  use in the f i N S  

design work. During this report period a coupled 39-neutron, 44-gamma 

group library was prepared and issued. This new library o r  subsem of 

it are to be used in most future calculations. 

The objective of this task is to produce fine- and broad-group, 

QA audit. An internal QA audit o f  the cross-section work was  per- 

formed during this report period. The audit team was very impressed 

with the project's attention to QA detail. The report issued by the 

audit team cited no mandatory corrective actions and made two helpful 

recommendations: 

1. Because some of the cross-section processing computer codes were 
constantly being refined, each source code version (or at least 
enough information to recover it) should be saved. This should 
make it possible t o  associate a source code version with each 
computer run and would allow reproducibility. 

2 ,  After the completion of  the initial project, some effort to 
support cross-section reviews and updates should be maintained 
through the design process. This would help to ensure that the 
results do not ignore any later significant improvements in data 
or analysis relevant to the design. 

Cold source cross sections. The code MYDOL was developed to gene- 

rate the scattering kernels for liquid para- and ortho-hydrogen and deu- 

terium that are necessary for the effective design of  the cold source 
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f a c i l i t y . '  WLDOT.. i s  based on the s c a t t e r i n g  model developed by Young and 

Koppel ,2 Jchich accounts f o r  s p i n  c o r r e l a t i o n s ,  r o t a t i o n s ,  and v i b r a t i o n s .  

For energ ies  bel.ow the  Debye temperature,  t he  f r e e  t r a n s l a t i o n  part: o f  

Young and Koppel's model w a s  replaced with a d i f f u s i v e  model., as sug- 

ges ted  by Egelstaff and Schof i e l d ,  f o r  the  lower energy range where 

chemical binding has  a s i g n i f i c a n t  e f f e c t  on s c a t t e r i n g .  Cross s e c t i o n s  

computed by MYDOL are i n  good agreement with aiieasured d a t a  f o r  pa ra -  and 

ortho-hydrogen. However, there  w a s  disagreement between c a l c u l a t e d  and 

measured d a t a  f o r  deuterium a t  energ ies  around 1 . 0  meV. It was be l i eved  

t h a t  t h i s  d i f f e rence  w a s  caused by a l a r g e  coherent  s c a t t e r i n g  copll:ribu- 

t i o n  and t h a t  it could be resolved by accounting f o r  in te rmolecular  i n -  

t e r f e r e n c e s  by implementing the  convolut ion approximation i n  HYDOL f o r  

t he  dynamics of l i q u i d s .  Then t h i s  approach w a s  implemented, t h e  deu- 

ter ium s c a t t e r i n g  c ros s  sec t ions  a t  the  very  low energ ies  ( 4 . 0  meV) were 

much c l o s e r  t o  the  measured va lues ,  although the  agreement is  s t i l l  riot 

as good as f o r  para-  and ortho-hydrogen. Some work i n  t h i s  a r e a  i s  

expected t o  cont inue i n  the  coming y e a r .  

Broad liroup a n a l y s i s "  The 1-arge number of calculati.oris and para-  

metric s t u d i e s  requi red  i n  the preconceptual design phases have necess i -  

t a t e d  the use  o f  few o r  broad group energy s t r u c t u r e s  f o r  the c ros s  sec-  

t i o n s .  Over the  p a s t  year  t he  p r a c t i c e  a t  both O W L  and I N E L  was t o  use 

four  energy groups I inc luding  one thermal energy group. During the  e a r l y  

po r t ion  o f  t h e  r epor t  pe r iod ,  co l l apse  of the  core  c ros s  s e c t i o n s  t o  the  

four-group s t r u c t u r e  was accoiiiplished a t  ORNL by us ing  the  i n t e g r a t e d  

f l u x  over t h e  core  as a weighting func t ion  ( a  similar process  was al.so 

used t o  0btai.n four  group c ross  sec t ions  f o r  ma te r i a l s  i n  the  r e f l e c t o r ) .  

Models of High Flux Isotope Reactor (HFIR)  and I n s t i t u t  J..aue Langevin 

( ILL)  analyzed us ing  c ross  sec t ions  developed by t h i s  method produced 

va lues  f o r  ke f fec t ive  ( k e y )  and peak thermal f luxes  t h a t  were comparable 

with t:hose repor ted  f o r  these  reaccor  co res ,  so t h a t  the  method appeared 

adequate.  Later in t he  y e a r ,  independent A N S  c a l c u l a t i o n s  by OWL and 

PNEL staffs were compared; there was again  very good agreement between 

i n t x g r a l  parameters such as k,ff and core ' I- ife,  b u t  s i g n i f i c a n t  d i f f e r -  

ence i n  the c a l c u l a t e d  local power d e n s i t y .  I N E L  s t a f f  observed t h a t  the 
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large change in spectrum across the core necessitated the use of more 

than one spatial region collapse. 

specifying several regions in the one-dimensional ( 1 - D )  collapse, which 

produced four group cross sections for fast, epithermal, and thermal 

spectrum regions of the core. The various cross sections were then 

assigned to the various regions of the two-dimensional (2-D) model, 

either individually or in combination, to achieve a cross-section set for 

the anticipated spectrum for that particular region. 

INEL researchers accomplished this by 

The TNEL procedure was reviewed by ORNL,  and it was determined that 

INEL’s explanation of the phenomena for a four-group structure w a s  indeed 

correct, but that the process needed to be carried one step further. A 

critical step in the process involved the estimation of  the spectrum for 

any particular region of the 2-D model to provide the appropriate combi- 

nation cross sections obtained from the 1 - D  collapse. Three options were 

identified that could eliminate the subjectivity of this critical step: 

I 

.... 

1. An iterative process could be used where the eventual flux 
spectrum in each region obtained from the four-group, 2 - D  cal- 
culation could be compared with the spectrum assumed when pro- 
ducing the cross section for that region. If significant d i f -  
ferences were identified, appropriate changes could be made and 
the process repeated. It was estimated that the convergence to 
an appropriate library could probably be obtained with just a 
few iterations. 

2. The initial collapse from the fine-group strucrure could be 
performed in 2 - D  rather than 1 - D .  In this process, an appro- 
priate four-group, cross-section set can be obtained directly 
for each region of the 2-D model. The principal problem with 
this approach is that the 2 - D  transport calculation with the 
fine-group structure can be very expensive. 

3 .  The broad group structure employed could use more than one 
thermal group. Recent calculations have indicated that the use 
of  multiple thermal groups in the few-group structure might 
greatly reduce the impact of  spectrum changes and eliminate the 
need for different weighted cross sections for each region. 
The use of the multiple thermal groups, however, is expected to 
lead to increased computing costs for each calculation, and 
there is some evidence o f  a convergence problem when going to 
the multiple thermal groups. 

During the next few months ORNL will be working together with INEL to 

resolve this issue. 
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Tsmped f iss ion._product  s.tu&. I n  the QRNL burnup cyc le  length  c a l -  

cui-ations, c e r t a i n  nuc l ides  (xenon, s a m a r i u m ,  and o t h e r  i so iupes )  a r c  

e x p l i c i t l y  represented  i n  the c a l c u l a t i o n ;  t h a t  i s ,  t h e i r  concent ra t ions  

a r e  known a t  each mesh p o i n t  i n  the  ca lcu la t i -on  and nucl ide-dependent  

c ros s  sec t ions  a r e  used.  The remaining 150 o r  so  f i s s i o n  product  nu- 

c l i d e s  a r e  a l l o c a t e d  t o  one of two Eiss ion  product  groups,  each o f  whi-ch 

i s  t r e a t e d  as a s i n g l e  pseudo-nucl ide.  

s o r p t i o n  c r o s s  sec t ions  (which would the re fo re  reach an  equili-brium con- 

d i t i o n  when absorpti-on equaled product ion)  are p laced  i n  one group. The 

remaining nuc l ides  a r e  placed i n  the second lumped group ~ whi-ch never 

reaches equi l ibr ium.  

Those nuc l ides  wi th  l a r g e r  ab-  

The lumped pseudo-nuclide c ros s  sec t ions  used i n  the fue l  cyc le  c a l -  
4 

c u l a t i o n s  were o r i g i n a l l y  based on work performed i n  the  middle 1 9 6 O s ,  

bu t  a cask w a s  i n i t i a t e d  t o  redevelop these lumped f i s s i o n  product c ros s  

sec t ions  i n  the  b e l i e f  t h a t  irnproverilents could be obta ined .  Figure 2 . 1  

ORNL-DWG e.t34740 E w  

4 a 
j -  
c- 

0.1 

Fig .  2 . 1 .  Lumped f i s s i o n  product t o t a l  c ros s  s e c t i o n s  
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provides  a comparison of the  o l d  and n e w  va lues .  

ences are caused by (1) rev i sed  nuc lear  d a t a ,  ( 2 )  r ev i sed  lutnp composi- 

t i o n ,  ( 3 )  d i f f e r i n g  f u e l  cyc le  length  (ANS cyc le  l eng th  i s  s i x  times 

longer  than  thac. of t h e  1960s s tudy)  ~ and ( 4 )  extens ion  of t he  lumped 

d a t a  i n t o  t h e  co ld  energy spectrum range. The impact of t:hese new 

lulnped f i s s i o n  p-t-oduct c ros s  secfsions on cyc le  length  w i l l  be assessed  

over t:he next  few months . 

The s i g n i f i c a n t  d i f f e r -  

2 . 1 .  I.. 2 Transpor t  vs Dif fus ion  Theory 

For some time w e  have been concerned about the adequacy o f  us ing  

neutron d i f f u s i o n  theory mode.ls i n  I.ight of t he  s t e e p  fl.ux g rad ien t s  i n  

the  core  a i d  the  deep pene t r a t ion  problems associ.ated wi th  the  D 2 0  r e -  

f l e c t o r .  Therefore ,  a s e r i e s  of  ca1culati .ons w a s  i d e n t i f i e d  with the  

o b j e c t i v e  of understanding the impact o f  us ing  d i f f u s i o n  r a t h e r  t.hari 

t r a n s p o r t  theory f o r  the core c a l c u l a t i o n s .  

The d i f f e r e n c e s  between the  t w o  c a l c u l a t e d  models w e r e  kept  t o  a 

mini.rrium so t h a t  the r e s u l t s  would be  represeti tat: ive only of t h e  d i f f e r -  

ences bet:ween dif-fusion and t r a n s p o r t  theory .  The same geometry anti 

matertal. composition were used f o r  both models,  and the c r o s s  s e c t i o n s  

used w e r e  col laysed a t  the  same time and are consistent:  wi th  one ano the r .  

The resul ts  o f  t h e  comparison a re  summarized i n  Table 2 " l  a r id  d i scussed  

below. 

The f i r s t  s e t  o f  comparisons w a s  performed us ing  a fresh,  uncon-- 

t r o l l e d  zero-power core  t o  eva lua te  the accuracy of  rhc? c a l c u l a t e d  excess  

r e a c t i v i t y .  

t heo ry j  and VENTURE6 ( d i f f u s i o n  theory) were 1.. 20297 and I.. 19923 ,  

r e s p e c t i v e l y - - a  d i f f e r e n c e  o f  0 . 3 1 % .  

The m u l t i p l i c a t i o n  f a c t o r s  c a l c u l a t e d  by DORTS ( t r anspor t  

The maximurn rendements (thermal f lux  d i v i d e d  by neutron product ion 

r a t e )  ob ta ined  from the  t r anspor t  and d i f f u s i o n  theory  c a l c u l a t i o n s  w e  re  

3 .  /08/m2 and 3 .  643/m2 , r e s p e c t i v e l y -  -a  d i f f e r e n c e  of 1 8 % .  Both  models  

c a l c u l a t e d  the maximum thermal f l u x  to occur i n  t h e  r e f l ec r t r r  i n  the s a [ i k - '  

computational c e l l  ceritsered a t  r = 383 .6  min on t h e  core horEzont,il mid- 

plitne ( z  = 0 ) .  

Another quan t i ty  o f  g r e a t  importance f o r  t he  design o f  t h e  core i s  

the maximum power d e n s i t y .  Both models c a l c u l a t e d  t h e  peak power dens i ty  
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Table 2 . 1 .  Summary of t h e  comparison between diEfusion 
and t r a n s p o r t  c a l c u l a t i o n s  f o r  t h e  ANS r e a c t o r  

_._I__ .... ......... .. 

Trails p o r t 
c a 1 c u 1 a t  i o n  

D i  f f u s  ion  Per c en t 

.--.-___I_ Pair ame ........ t e ______ r - cu 1 a t  i 0 n - d i f . f  e re nc e a 

?Id t i p 1 i c a t  i on  f ac t o r  

Peak rendement’ (m-2) 3.708E-4 3.64’3E-lb 1 . 8  

1.. 20297 1.19923 0.31 

Radial  1ocati.cn of peak 
thermal f l u x  at: t he  
core  midplane‘ (mm) 383.6 383.6 

Maxi.mum power peaking 
fac tort? 3.28 3 . 2 3  

Power d i s t r i b u t i o n  

0 . 0  

1- ” 5 

11. l e  

........ .._____. ........ 

aThe percent  difference was def ined  as :  100x(trar isport  - 
d i f f u s  i o  n ) / t r a n s  p o r t . 

bThe rendement i s  dcfi-ned as t h e  peak thermal f l u x  i n  t h e  r e f l e c t o r  
d iv ided  by the total number o f  f i s s i o n  neutrons produced p e r  u n i t  time i n  
t h e  r e a c t o r  c o r e .  

‘The va lue  repor ted  i n  the t a b l e  i s  t h e  r a d i u s  o f  t h e  centier po in t  
o f  t h e  computational mesh point. where the  peak thermal f l u x  o c c . 1 1 ~ ~ .  

dAs noted  i n  t h e  t e x t ,  t h i s  eval-uation w a s  performed f o r  a model 
t h a t  d i d  n o t  conta in  grading of t h e  fuel. i n  t h e  f u e l  p l a t e s .  
t h e  l a r g e  va lues  f o r  the absolu te  peaking f a c t o r s  are n o t  
r e p r e s e n t a t i v e .  

Therefore ,  

value reported i s  the s ingle-mesh-point  worst  d i f f e r e n c e  
between (:he t r a n s p o r t  and d i f f u s i o n  c a l c u l a t i o n s .  The average 
d i f f e r e n c e  was much smaller. 
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t o  occur i n  the  computational c e l l  cen tered  a t  r = 2 1 4 . 5  mm and z = 1 6 9 . 9  

mrn. 

t h e o r i e s  d i f f e r e d  by 1 . 5 % .  

The peaking f a c t o r s  obtained us ing  the  d i f f e r e n t  computational 

The power d i s t r i b u t i o n  i n  the core  w a s  a l s o  compared, and the  r e -  

The reg ions  with the  l a r g e s t  d i f f e rences  s u l t s  are shown i n  F ig .  2 . 2 .  

between the  t r a n s p o r t  and d i f f u s i o n  c a l c u l a t i o n s  a r e  on the  border  of  the  

core  near  t he  D20 where t he  thermal. f l u x  is r e l a t i v e l y  l a r g e .  The l a r g -  

e s t  r e l a t i v e  d i f f e r e n c e  was 11.7% and occurred a t  only one computational 

c e l l ;  t h e  d i f f e r e n c e  i n  all of  t h e  remaining c e l l s  was 

t h e  a v a i l a b l e  r e s u l t s ,  i t  appears t h a t  t he  power d i s t r i b u c i o n  c a l c u l a t e d  

us ing  d i f f u s i o n  theory i s  adequate f o r  the  core analyses  be ing  performed 

10%. Judging by 

QRNL-DWG 8&4741 ETD 

Fig. 2.2. Percent difference between d i f f u s i o n  rind t r a n s p o r t  power 
t l i  s t : r ibu t ion  over the core  r eg ion  
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a t  p re sen t .  

ungraded f u e l  model was used. 

sense t h a t  it r e s u l t s  i n  extremely l a r g e  g rad ien t s  i n  the  thermal fl.ux. 

I t  i s  a n t i c i p a t e d  t h a t  the  diffusi .on theory c a l c u l a t i o n s  of power d i s -  

t r i b u t i o n  i n  a core  with graded fue l  w i l l  be more c o n s i s t e n t  with the  

t r a n s p o r t  model than the  present  ca se .  

A l s o  note  t h a t  f o r  t h i s  di .ffusion/ t r a n s p o r t  cdmparison an 

This i s  a wors t -case  cond i t ion  i.n the  

The poin t -wise  f luxes  were a l s o  compared f o r  the  whole r e a c t o r  and 

f o r  the  core reg ion .  The l a r g e s t  d i f f e rences  between the  r e su l - t s  of the  

two t h e o r i e s  occurred i n  regions of very l a r g e  g rad ien t s  of  the  co r re -  

sponding group f l u x .  Thus, the  l a r g e s t  d i f f e rence  i n  c a l c u l a t e d  thermal 

f luxes  i s  found i n  the core  and the l i g h t  water r e g i o n s ,  while  f o r  the 

epi thermal  and f a s t  groups the l a r g e s t  d i f f e rence  OCCUKS i n  the  r e f l e c t o r  

and l i g h t  w a t i e r  r eg ions”  Prel iminary r e s u l t s  a l s o  suggest  t h a t  t he  va lue  

o f  t he  poin t -wise  f luxes  ca l cu la t ed  by d i f f u s i o n  theory i n  the  core  re -  

gj.on i s  s i g n i f i c a n t l y  inf luenced by the  model detai-1s .  Further  ana lyses  

ind ica t ed  t h a t  some o f  the  t r anspor t  arid d i f f u s i o n  theory f l u x  d i f f e r -  

ences may r e s u l t  from mesh-size effect:s r a t h e r  than  by the d i f f u s i o n  

approximation i t s e l f  and t h a t  improvements i n  the  d i f f u s i o n  point-wise 

group f luxes  for some regi-ons may be obtained by simply inc reas ing  the  

number of: computational mesh poin ts  f o r  those reg ions .  

To summarize, when the  same computational mesh i s  used,  t h e  d i f f u -  

s i o n  predict?-ons o f  the  rendement, the  value and pos i ton  of t he  maximum 

peaking f a c t o r s ,  and the  excess  r e a c t i v i t y  a r e  very c l o s e  t o  the  r e s u l t s  

p red ic t ed  by t r a n s p o r t  theory .  The two riiethods p r e d i c t  s i g n i f i c a n t l y  

d i f f e r e n t  po in t -wise  group f luxes  i n  regions where t he  g rad ien t s  are 

s t e e p ,  bu t  ou t s ide  the core  d i f f e rences  may be more r e l a t e d  t o  mesh s i z e s  

than t o  inaccurac ies  of tAe  d i f f u s i o n  theory.  The impact of t he  f l u x  

d i f f e rences  on the  desi-gn and opera t ion  o f  the  r e a c t o r  must be determined 

on a case-by-case b a s i s  because the  very low f lux  i n  some groups i.n these  

regions may render  the  observed d i f f e rences  unimportant.  

2.1.1.3 Thermal-Hydraulics Methods 

For  va r ious  reasons ,  more emphasis had been given t o  the  development 

of the  neut ronics  methods f o r  ANS core a n a l y s i s  than  too t he  therrnal- 

hydraul ics  methods. Therefore ,  t a s k s  were i n i t i a t e d  t h i s  year  t h a t  w i l l  

upgrade the  therrnal-hydraulic ana lys i s  po r t ion  of the core  des ign .  
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There is a steady-state heat-transfer-analysis code fOK the HFIR 

fuel element, which accommodates involute fuel plates and includes the 

effects of  oxide build-up on the aluminum fuel cladding. A task has now 

been initiated to complete conversion of  this code for use in the analy- 

sis of  the A N S  core. Further modifications will include (1) new coolant 

physical properties, specifically, evaluated heavy-water data; (2) im- 

proved heat transfer correlations; and ( 3 )  treatment of  the axially 

split-core concept. In addition, the code output will be made usable 

for critical velocity calculations and variable fuel meat thermal con- 

ductivity will be incorporated, along with certain other changes to make 

the code more versatile. 

Not all of these changes are complete, but a version of the code 

that includes many of the changes is now available and has been applied 

to ANS-like conditions with encouraging results. A s  it stands, the con- 

verted code represents a significant step towards the development of 

thermal-hydraulic analysis tools €or the M S  core. We expect to complete 

the initial modifications to the code during the next few months, and 

some time will then be spent on benchmarking. 

2.1.2 Preconceotual Core Develooment (WBS 1.1.1.2). 

The objective of this phase of the core evolution is t o  develop the 

general characteristics of a workable core layout that can be carried 

into the conceptual design phase. This effort includes the identifica- 

tion of general design criteria for the conceptual design process. A l -  

though some of  the parametric studies associated with the preconceptual 

design will continue to be performed, the preconceptual phase is expected 

to be generally complete by the end of FY 1988 .  The remainder of  this 

section summarizes several key activities performed as a p a r t  o E  the 

preconceptual design effort during the period of April 1987-March 1988. 

Some of these results have led t o  major decisions on core geometry, while 

others have identified operational limitations that will be carried into 

the conceptual design phase. 

2.1.2.1 Single vs Split Core 

Over the past 18 months a significant effort has been devoted to the 

evaluation of the advantages and di.sadvantages of axially splitting the 
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core  i n t o  two segme.rits separa ted  by a region of heavy wates .  I n i t i a l  

incent ives  f o r  t he  cons idera t ion  o f  a s p l i t  core  were the  p o s s i b i l i t y  o f  

improved cool ing  (stLJ.1 unproven) and i:he percept ion  t h a t  r a d i a l  beam 

tubes could be used which could s i t  a t  the peak thermal flux, l o c a t i o n  i n  

the  r e f l e c t o r  and look  d i r e c t l y  a t  the  a x i a l  c e n i e r l i n e  of the  core  wi th-  

ou t  h a v h g  d i r e c t  l i n e  o f  s i g h t  o f  t he  f u e l .  I n  comparison Lo more con- 

ven t iona l  t angen t i a l  beam tubes ,  t h i s  could g r e a t l y  reduce the  nega t ive  

r e a c t i v i t y  and f lux  impact o f  the  beaiii tubes without i nc reas ing  the f a s t  

neutroii  and gamma ray contamination of the  heam l i n e s  I 

Early work i n  the eval.uatiot-1 of the  s p l - i t - c o r e  concept i d e n t i f i e d  

a d d i t i o n a l  advantages as wel l  as disadvantages that i nd ica t ed  t h a t  a 

s u b s t a n t i a l  e f f o r t  wou1.d be requi red  t o  make a de fens ib l e  dec i s ion  on 

whether o r  no t  t o  s p l i t  the  co re .  That e f f o r t  culminated i n  a workshop 

( involv ing  OWL and INEL s t a f f  and o the r s )  he ld  on February- 2 3 - 2 4 ,  1988 .  

The purposes o f  t h i s  workshop were t o  

1. examine the  proposed core designs from l N E L  and ORNT,, 

2 .  agree upon a s e t  o f  performance f i g u r e s  and c o s t  d i f f e rences  
t h a t  could be used f o r  a comparative eva lua t ion  o f  t he  s i n g l e -  
and s p l i t - c o r e  concepts ,  

3 .  make recommendations t o  the ANS Pro jec t  Di rec tor  concerning a 
reEerence core concept ,  and 

4 .  recommend some design and R&D d i r e c t i o n s  f o r  t he  opt imizaeion 
o f  t he  chosen re ference  and the  minimization of t echn ica l  r i s k s  
and uncerl;a i n t ies  . 

The workshop report, which is included i n  t h i s  document as Appendix 

B ,  includes t h e  information presented by INEL and ORNL and the  genera l  

posi t i -on s ta tements  of tihe two organiza t ions  on t h ?  va r ious  i s s u e s .  A s  a 

r e s u l t  o f  t h i s  workshop, a dec is ion  w a s  made t o  change the  re ference  core 

t o  an a x i a l l y  s p l i t - c o r e  concept t h a t  includes the use of an invo lu te  

f u e l  p l a t e  geometry. A summary compari-son of some key parameters i s  

shown i.11 Table 2 . 2 .  Note t h a t  i n  most r e spec t s  there is  no s i g n i f i c a n t  

d i f f e rence  (by s i g n i f i c a n t ,  we mean a d i f f e rence  g r e a t e r  than the 10  t o  

15% unce r t a in ty  t h a t  may be expected of the  ca lcu la t i -ons)  i n  the  perform- 

ance of  the two core  concepts .  
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... . .  

Table 2.2. Summary comparison of  key parameters f o r  t h e  
s i n g l e -  and s p l i t - c o r e  concepts eva lua ted  by INEL and O€U?L” 

Percent  
Parameter S p l i t  S i n d  e d i f f e r e n c e  

1. Peak thermal f l u x ,  

2 .  Reactor  powerC f o r  

3 .  Eff i c i ency ,  

4 .  Thermal/fast  r a t i o  a t  

5 .  Radial  l o c a t i o n  o f  

EOC,  102O/(m2-,) 1 . 0 5  1 . 0 5  None 

1020/(m2-s), MW 310 340 10 

1 0 1 7 / ( & ~ )  per  MW 3 . 2  2 . 9  PO 

thermal f l u x  peak 60-75  40-50 30 

peak thermal f l u x ,  mtn 329 372 13 

6 .  Midplane per imeter  

7 .  Midplane per imeter  

8 .  Volume wi th  >80% 

o f  peak, ru 2 . 1  2 . 3  10 

a t  80% peak,  m 3 . 0  3 . 2  10 

peak f l u x ,  L 270 225 20 

9 .  Average f l u x  spectrum a t  
the  i n - c o r e  i r r a d i a t i o n  
p o s i t i o n s ,  1019/(,2.,) 

Fas t  
Epithermal 
Therma  1 

5 8 
2 2 
2 1 

50 
None 

85 

10 .  Fuel f a b r i c a t i o n  c o s t  Noned 

11. Fuel c a p i t a l  c o s t  ($1M+) a d d i t i o n a l  
d €o r  s p l i t  core  

1 2 .  Pumping power, m ( e )  4 .6  2 . 8  40 

1 3 .  R a t i o  of c r i t i ca l  
v e l o c i t y  f o r  the 
l i m i t i n g  p l a t e  t o  O . k l e ,  
a c t u a l  v e l o c i t y  1.5* 2.4e  60-200 

aBased on values presented  at the February workshop 
bThe percent  d i f f e r e n c e  was def ined  as 1 0 0 x ( s p l i t  - s i n g l e ) /  s p l i t .  
CThis i s  the  t o t a l  f i s s i o n  power.  

dBased on B&W eva lua t ions .  
eCalculated by ORNL. 
fCalcu la ted  by INEL.  

Only 93 t o  95% of t h i s  power i s  
expect:ed t o  be depos i ted  i n  the  f u e l  and primary coolan t  reg ion .  
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One conclusion of the  workshop r equ i r e s  some arnp1i-fj.catioii. One 

advantage i d e n t i f i e d  f o r  the spli t  core  was an -10% g r e a t e r  e f f i c i e n c y  o r  

peak therinal f l u x  per megawatt o f  core  power. T h i s  advantage w a s  depen- 

dent  on I N E L ' s  assumption of mixing of the bypass f l o w  i .nto the  plenum 

region  t o  reduce the  temperature o f  coolan t  e n t e r i n g  the bottom core 

h a l f .  Such mixing would increase  the al lowable power dens i ty  and thus  

p e r m i t  a sma l l e r -  -and more e f f i - c i e n t -  - co re .  Al.thoug1-I devices  might be 

developed t o  promote such mixing o r ,  b e t t e r  s t i l l ,  t o  sepa ra t e  completely 

the  flow pa ths  t o  the  two core ha lves ,  no such device has  y e t  been demon- 

s t r a t e d  o r  even analyzed and,  t h e r e f o r e ,  tlre re ference  core  w i l l  not  

take c r e d i t  f o r  i.t a t  t b i s  time ( t o  miniinize t echn ica l  r i s k s ,  i t  i s  a 

pol icy  o f  the  R N S  p r o j e c t  t o  meet the p r o j e c t  ob jec t ives  with a design 

t h a t  does not  r e l y  upon unproven technology) .  Therefore ,  i f  the eva lua-  

t i o n s  were repea ted  today, we would not  give c r e d i t  f o r  the  increase  i n  

e f f i c i e n c y  caused by the  assumed mixing, although t h a t  would no t  have 

a f f e c t e d  the  conclusions of the workshop. The planned R&D program in -  

cl.udes work aimed a t  a sepa ra t e  coolant  f l o w  path f o r  each core  h a l f .  

This wil.1 provide coolei: i n l e t  water f o r  the  second core  h a l f ,  which wi.11 

allow some combination of increased performance, h igher  s a f e t y  margins,  

and lower coolant: v e l o c i t y .  

The neutron and gamma fl.ux p r o f i l e s  f o r  the sing1.e and s p l i t  c o r e s ,  

c a l c u l a t e d  by 3 3  -group t r a n s p o r t  ca1cul.a t i ion,  a r e  shown i n  Figs  2 ~ 3 and 

2 . 4 .  A s  the  f i g u r e s  show, the f luxes  i n  the r e f l e c t o r  reg ion  a r e  very 

s i m i l a r  f o r  the  two des igns ."  Therefore ,  the  f l u x  performance objec-  

t i-ves f o r  the  core  could have been m e t  equa l ly  wel l  with e i t h e r  of the  

two geometri-es. However, four  pr inci-ple  advantages perceived f o r  %lie 

s p l i t  core  a r e  di.scussed in the  fol lowing paragraphs.  

Control rod.worth.  The worth i n  the  cent ra l  ho1.e area €or con t ro l  

i s  h igher  f o r  th.e s p l i t  co re ,  a very important c h a r a c t e r i s t i c  t h a t  i s  

inherent  i n  the e x t r a  moderator found i n  the plenum. The p resen t  design 

concept uses  con t ro l  rods i n  the central .  ho le  a rea  t o  account f o r  over 

*The f l u x  p r o f i l e s  provided a r e  taken a t  t he  core  midplane, which i n  
the  s i n g l e  core  passes through the  a c t u a l  f u e l ,  whil r  the  p r o f i l e  for  the  
s p l i t  core  passes  through the  middle o f  the  D20 plenum. This  expla ins  
the  d i f f e rences  i n  the thermal and f a s t  f l u x  p r o f i l e s  i n  t h e  core  reg ion .  
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QRNL-DWG 884742 ETD 
I I I I I 1 I I I 1 I I I I I . -, * 

THERMAL NEUTRON FLUX (E .c 3.05 eV) 
E > 3.05 eV NEUTRON FLUX 
E =. 0.1 83 eV NEUTRON FLUX 

- -  

~ GAMMA-RAY FLUX 

F i g .  2 . 3 .  Flux  r a d i a l  p r o f i l e s  f o r  t he  ANS s i n g l e - c o r e  design 

half of t h e  excess  r e a c t i v i t y  ( o r  about 20 r e a c t i v i t y  d o l l a r s )  arid the  

margins r equ i r ed  f o r  s t a r t - u p  and u n c e r t a i n t i e s  (10 t o  1 5  r e a c t i v i t y  

d o l l a r s ) .  This  means t h a t  a p o i s o n  rod system with worth up t o  as iiiuch 

a s  30-35  r e a c t i v i t y  doLLars may be r equ i r ed .  Achievi-rig so much worth may 

n o t  be easy because the number of  rods i s  Limited by the  small s i z e  of 

the c e n t r a l  ho le  reg ion .  By s p l i t t i n g  t h e  c o r e ,  a r e l a t i v e l y  s o f t  spec-  

trum region  i s  introduced between the  two core  ha lves ,  and al though t.his 

may no t  so lve  the problem, i t  does ease i t  by inc reas ing  the  worth o f  the 

rods i n  the  c e n t r a l  ho le  area. 

Weatinn r a t e s .  With a s p l i t  co re ,  t he  gamma- and tieut-ron-heating 

r a t e s  a r e  Lower i n  the  reg ion  o f  the  r e f l e c t o r  tank where c e r t a i n  im- 

p o r t a n t  components [ t h e  core  pressure  boundary tube (CPBT) ,  co ld  source ,  
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Fig .  2 . 4 .  Flux r ad ia l  p r o f i l e s  f o r  t he  A N S  s p l i t - c o r e  design 

and beam tube en t rances]  a r e  loca t ed .  This lower hea t ing  r a t e  appears t o  

bc a c h a r a c t e r i s t i c  t h a t  i s  inherent  i n  the  s p l i t  core ,  because the  gamma 

an3 f a s t  neutron f lux  peak regions a r e  spread over a wider a x i a l  r eg ion ,  

with r e s u l t i n g  lower absolu te  peak values. I t  i s  a very important cha r -  

a c t e r i s t i c  because it  decreases the  cool ing requirements f o r  var ious  com- 

ponents i n  t he  r e f l e c t o r  and c e n t r a l  hole  reg ions .  These results were 

confirmed by hea t ing  ca l cu la t ions  that are descr ibed i n  Sec t .  2 . 1 1 . 1  

-- Element _.- c r i t i c a l i t v .  Both the  s i n g l e -  and s p l i t - c o r e  g@OffletKieS 

use t w o  s epa ra t e  elements.  However, the elements i n  the s i n g l e  core  have 

a much higher  c r i t i c a l i t y  when separa ted  than when they a r e  together  i n  

heavy water because o f  thc  s e l f  - sh i e ld ing  of the  two annular elements ; 

i n  f a c t ,  each element o f  t he  s i n g l e  core may be c r i t i c a l  on i t s  own. 
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The ind iv idua l  elements of  the  a x i a l l y  s p l i t  core are a l r eady  separa ted  

by a s i g n i f i c a n t  iiiass of heavy water ,  S Q  t h e r e  is l i t t l e  o r  no :;c?lf- 

s h i e l d i n g  effect  and each one a lone  is  s u b c r i t i c a l  kn heavy water .  

may not  have much s i g n i f i c a n c e  fo r  the a c t u a l  r e f u e l i n g  process  because 

the complexity of  remote r e fue l ing  may d i c t a t e  t he  removal of t he  core  as 

a s i n g l e  e n c i t y ,  b u t  may o f f e r  import-ant s a f e t y  advantages i n  f u c l  s t o r -  

age.  

‘rhis 

Thermal f lux  p r o f i l e .  I n  the  t r a n s p o r t  ana lyses  of t h e  beam tubcs 

arid r e f l e c t o r  tank ( see  Sec t .  2.11.2>, i t  was determined t h a t  the thermal 

f l u x  dec1ir:es more slowly as one moves t:oward t he  o u t s i d e  of t h e  r e f l e c -  

t o r  tank w i r h  the  s p l i t - c o r e  configuration. Although this effect: has not  

been f u l l y  expla ined  a t  t h i s  t ime,  i t  may be a func t ion  of the l a r g e r  

he igh t - to -d iame te r  r a t i o  i n  the s p l i t - c o r e  des igns  examined so f a r .  In 

any event ,  t he  f l a t t e r  p r o f i l e  o f  thermal f l u x  means t h a t  beam tubes ,  

i r r a d i a t i o n  p o s i t i o n s ,  arid o the r  experiments (wh ich  may be pushed toward 

the  ou t s ide  of  the r e f l e c t o r  tank because of space c o n s t r a i n t s  or hea t ing  

r a t e  l i m i t a t i o n s )  w i l l  probahLy see a higher  f lux  i n  t he  sp l i t -< :<i re  

ai- r angemen t . 
Stimm,iry. The preceding d i scuss ions  idenc i fy  t h e  feacures o f  the  

spli t  core that- appear t o  ht. inherent  t o  s p l i t t i n g  the co re .  This i s  

n o t  t o  say t h a t  t he re  are no negat ive  f a c t o r s  a s soc ia t ed  w i d n  s p l i t t i n g  

the c o r e .  The pressure drop across t h e  core  may be larger  f o r  the s p l i t  

core; the effect on reac t iv i - ty  of v i b r a t i o n s  may become more important i f  

the  two core halves  o s c i l l a t e  s e p a r a t e l y ;  atid the volume a v a i l a b l e  f o r  

f a s t  f l u x  i r r a d i a t i o n s  w i l l  m o s t  Likely be reduced. ‘The impl ica t ions  o f  

these factors are not y e t  fuLly explored; t h e  perctaived import ance of 

these f a c t o r s  may, i n  part. be a r e s u l t  o f  our l ack  of experience w i t h  a 

s p l i t - c o r e  concept .  Thus, although the dec i s ion  [nay be changed a t  some 

f u t u r e  time based on  a more thorough eva lua t ion  of 1-tit. s p l i t  c o r e ,  the  

dec i s ion  t:o adopt a s p l i t  core  as the rpfcrence core conf igurar ion  f o r  

the A N S  appears  t o  be v a l i d  based on o u r  present  information.  

2 . 1 . 2 , Z  &O Reflect= Tank Study 

Previous design efforts had assurnecl a 1 . 0 - m  th ickness  of D70 s u r -  

rounding ~ h c  core i n  a l l  d i r e c t i o n s ;  however, this might be less than tihe 
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optimal thickness, and an evaluation of the impact of increasing the s i z e  

of the tank was performed during this reporting period. By increasing 

the thickness of the 1)?0 from 1.0 t o  1.5 m, the power level needed to 

obtain a flux of  l . 0  x lo2' was reduced by nearly 4% and the core reac- 

tivity was increased by 1 . 7 % ,  resulting in a 15% increase in the fuel 

cycle length. The net increase in the reflector for this change was 

about 23 in3 of D 2 0 .  

considered. However, this led t o  an additional increase in the flux o f  

only 1% and the core reactivity was increased by only 0.5%. Taking in 

consideration that these relatively small increases in performance were 

accompanied by a 17-m3 increase in the size of the reflector tank, it was 

determined that a 1.5-m-thick reflector surrounding the core would be 

used in t:he base design work. Note, however, that this reflector tank 

analysis was perfot-med without the presence of the beam tubes and cold 

sources in the reflector region. Neutronics models of  the reflector tank 

region that include the beam tubes and cold sources are in preparation, 

and during the coming year the impact of these devices on the optimal 

size o f  the reflector will have to be examined. 

AKI additional 0.25-m thickness for the D20 was then 

2.1.2 I 3 kleat Removal 

The heat removal task has concentrated on the evaluation of coolant 

condi.tions and fuel. temperatures for  various core design options. In 

addition, specific issues associated with heat removal were addressed: 

(1) evaluations of  the impact of  coolant gap thickness, (2) effect of 

aluminum oxide formation on coolant channel w i d t h ,  ( 3 )  extent of mixing 

o f  plenum water in the split core, and ( 4 )  requirements for decay heat 

removal. Although significant progress was made in the evaluation of  

haat removal, priority for limited resources has been, o f  necessity, 

given to neutronics evaluations. Next year, we plan to redress the 

balance by increasing the amount of funds available for the evaluation of 

heat removal and, also, the development of a steady-state, thermal- 

hydraulics code for the A N S  core (Sect. 2.1.1.3) is expected to improve 

our analytical capabi.l.ities greatly. The major heat removal issues 

addressed during this reporting period will be discussed in the remainder 

o f  this section. 
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Narrow-pap subcooled burnout. Narrow-gap, subcooled burnout stud- 

ies, with annular and rectangular channels were reviewed during this re- 

port period. The experimental results documented in the literature con- 

firm that, as contended for some time, there is a critical gap for water 

coolant of 0 . 8  to 1.0 mm (31 to 39 mils). The burnout heat flux is in- 

dependent of the coolant channel thickness as long a5 it is greater than 

the critical gap, but smaller gaps result in a reduced critical heat 

flux. In very narrow gaps (less than a few mils, or about 100 pm) the 

incipient-boiling and burnout heat fluxes are equal. A core design with 

a coolant gap thinner than -1 mm ( 4 0  mils) would require explicit recog- 

nition of and adjustment for these phenomena. Therefore, a decision was 

made not to consider coolant gap sizes < 1.016 mm (40 mils). 

Impact of aluminum oxide formation on coolant channel gap. In 

addition to the increase in fuel temperature caused by the temperature 

drop across the oxide film, increases might also be observed as a result 

of  a reduction in the coolant gap caused by the formation of the boeh- 

mite, Therefore, the impact: of  oxide formation on channel gap was 

examined. Based on differences in the molecular weights and densities of 

aluminum and of boehmite (the expected oxide form), the ratio of the 

oxide thickness formed to that of the Aluminum metal consumed was calcu- 

lated to be 1 . 2 5 9 .  Even if no oxide were lost from the layer formed 

( e . g .  by dissolution in the DzO), the change in plate thickness would not 

exceed 20.6% of  the total thickness of  oxide formed. Because various 

experiments have indicated that only about two-thirds of the oxide formed 

remains on the cladding, it seems clear that little, if any, decrease i n  

coolant gap will result from boehmite formation. Therefore, the increase 

in fuel temperature associated with the oxide formation can be assumed to 

be caused only by the temperature drop across the film. 

Decav heat removal. An initial estimate was made o f  the minimum 

time following reactor shutdown during which forced-convection down- 

flow will have t o  be maintained to ensure a safe subsequent flow revers- 

al. The result is strongly dependent on the norma1 (full) core power 

during the preceding operating cycle and on the minimum average coolant 

gap existing after shutdown. For the 35-L single-core geometry at. 200 
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mJ, t he  minimum -Lime would be about 6 hours i f  t he  minimum average flow 

gap were 1.016 mm (40  m i l ) .  The corresponding time f o r  the same core  a t  

270 MW and w i . t h  a inininurn average gap of only 0 . 6 3 5  mm ( 2 5  mi.1) would be 

about 28 hours .  These es t imates  a r e  based an coolan t  downflow through 

the  core  and include the  impact of  the requirement f o r  flow r e v e r s a l  i n  

going from forced  flow t o  n a t u r a l  c i rc i i l .a t ion.  

y s i s  (as y e t  unve r i f i ed )  based on the assumption of  upflow i n d i c a t e s  t h a t  

f o r  t he  case  of a 270-Wd system with a 1.27-mm (50-mil)  f low gap ( 2 7 . 2 - 1 .  

core  volume), the forced-f low time requirement i s  on1.y about 2 hour s .  

A very pre l iminary  ana l -  

The minimum shutdown f l o w  r a t e  i n i t i a l l y  requi red  following r e a c t o r  

scram i s  a l s o  an important design parameter.  L n i t i a l  es t imates  made f o r  

t:he 35-L s ing le -co re  geoioetry a t  200 MU i -ndicate  t h a t  a f l o w  r a t e  on the 

order  of  5 t o  10% of normal f l o w  should be s u f f i c i e n t .  The th ree  m o s t  

genera l  c r i t e r i a  a v a i l a b l e  were used 2s cl-it? b a s i s  f o r  t hese  r e s u l t s :  

s t:eady- flow thermal burnout ~ a c r i t i c a l  value o f  the  coolan t  temperature 

inc rease  as a func t ion  of t:he r i s e  requi red  t o  a t t a i n  l i q u i d  s a t u r a t i o n ,  

and a c r i t i c a l  r a t i o  o f  Grashof t o  von Karman moduli, which i s  a measure 

of  s ing le-phase  flow s t a b i l i t y .  The r e s u l t s  are pre l iminary  and w i l l  

r equ i r e  ref inement ,  p a r t i c u l a r l y  f o r  the n e w  re ference  s p l i t - c o r e  geoin- 

e t r y  because the  n a t u r a l  c i r c u l a t i o n  c h a r a c t e r i s t i c s  o f  such a core  have 

not been eva lua ted .  It: i s  a n t i c i p a t e d  a t  t h i s  ti.ine t h a t  minimum f l o w  

r a t e s  on t h e  order  o f  4 t o  5% of f u l l  f l ow w i l l  be requi red  under hi.&- 

pressure  condi t ions  while 7 110 8% of f u l l  flow would be requi red  f o r  

low-pressure cond i t ions .  

Coolant Ex.x.img i n  .Lhe plenum of thf: s p l i t  co re .  One c h a r a c t e r i s t i c  

of t he  s p l i t  core  i s  that i n  the  c e n t r a l  plenum the re  i s  a p o t e n t i a l  f o r  

changing the  condi t ions  of the C Q O l a I l t  en t e r ing  the  bottom core  h a l f ;  

indeed,  i n  the  s p l i t - c o r e  arrangement proposed by I N E L ,  the  coolani: con-  

di- t ions were assumed t o  be changed by mixing the  coolan t  leav ing  the  t o p  

core  h a l f  with lower- tsmperatxre coolant  t h a t  has  by-passed t h e  t : ~ p  core  

h a l f .  I n  the  LNEL a n a l y s i s ,  an assumed 80% mixi.ng of the upper core  

coolan t  and the  bypass cool.ant reduced the  average temperature of the  

:i.ng the  bottom h a l f  by about 1 8 " C ,  l ead ing  t o  an  increase  of 

u p  t o  10% i n  the peak thermal f l u x  t h a t  could be s a f e l y  generated by the  

core  I 
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It is clear that this degree of mixing could only be achieved by 

some unspecified device to deflect the bypass coolant into the central 

plenum region. The use of such devices introduces concerns about the 

development of eddies and of a radial velocity component in the coolant 

entering the bottom core half. Therefore, an analysis was initiated at 

W a  (under the direction of J. J. Dorning) to evaluate the mixing poten- 

tial of a system without special mixing devices. 

with an evaluation performed by T. G. Theofanous at UC-SB, indicated that 

over a 160-mm separation height, observable mixing of the cooler by-pass 

coolant with the hotter coolant exiting the top core half would diffuse 

radially inward only about 10 mm. 

it was determined that, for this configuration, no assumption of signifi- 

cant mixing is warranted. Therefore, f o r  the initial split core refer- 

ence, the assumption has been made to assume no mixing effects in the 

separation region ( see  Sect. 2.1.2.1 also). 

This analysis along 

This is certainly not significant and 

The development of  a geometry where the temperature of the coolant 

entering the second core half is reduced would offer significant advan- 

tages and, in particular, greatly increased safety margins or slightly 

improved neutronic performance. Consequently, enhanced core versions are 

undergoing engineering analysis. The most desirable situation, totally 

separate flow paths €or the two core halves, is being examined first. 

This could be accomplished in principle by diverting the coolant flow 

from the top half into flow channels in the central hole region of  the 

bottom core and diverting coolant that bypasses the top core half into 

the fuel region of the bottom core half.7 Only if this divertor concept 

cannot be developed will devices to promote mixing in the central plenum 

be considered. 

2 , 1 . 2 . 4  Effect of Various Perturbations on Core Reactivity 

A s  a result of the analysis performed on the D20 reflector tank size 

(Sect. 2.1.2.2), it became clear that perturbations in the present neu- 

tronics model, which occurred even as far away from the core as 2 m 

could have a noticeable effect on the core reactivity. Therefore, a 

series of evaluations were initiated to determine the impact of various 

perturbations. Two evaluations were completed during this report period 

(light-water leakage into the heavy-water systems and the introduction of  



beam tubes i n  the  r e f l e c t o r  r e g i o n ) ,  and the  res71l. t~ a r e  d iscussed  i n  the 

remainder of t h i s  s e c t i o n .  

Reac t iv i ty  .. .- .. effec.t..-of l ip l i t -water  - c0ntamina. t .m.  Because the  ANS 

core  i s  very  undermodcrated and s i n c e  1-120 is a much b e t t e r  inoderator 

than D20, t h e r e  has been some concern about t he  r e a c t i v i t y  e f f e c t  o f  

l i g h t - w a t e r  leakage i n t o  the  heavy-water cool.ant system, al though it  i s  

very hard t o  see how such leakages i n t o  the  h igh-pressure  coolan t  could 

take pl.ace. Tn any c a s e ,  a ser ies  of Monte Car lo  c a l c u l a t i o n s  were p e r -  

formed i n  whi.ch var ious  concent ra t ions  of l . ight  water were int roduced 

i n t o  the  core  and r e f l e c t o r  reg ions .  'Table 2 . 3  g ives  a summary oE t he  

r e a c t i v i t y  changes f o r  light water leakage i n t o  the  primary coolan t  f o r  

the s i n g l e  core .*  With all poison rods o u t  of the  system, the e f f e c t  o f  

*This a n a l y s i s  was performed when the  re ference  core  was a 35-1, 
s ing le -co re  geometry arid w i l l  be repeated i n  t h e  f u t u r e  f o r  t he  s p l i t  
co re .  The increased  volume o f  coolant  introduced by the  sepa ra t ion  
plenum and the  l a r g e r  c c n t r a l  ho le  p roposed  f o r  the  new reference  core 
w i l l  probably l ead  t o  s i g n i f i c a n t l y  d i f f e r e n t  resiil t s .  

Table 2 . 3 .  Impact o f  l i g h t - w a t e r  contamination 
i.n primary coolan t  loop 

1120 f r a c t i o n  keff  a l l a  ke f f  a1; Worth o f  
rods i n  all KO.?.; - - . . A 2 L C L L % . L _ _ ~  ....... rods out  ___II___________ ...... 

0 . 0  1.174 0.6Lt9 0.525 

1 . 0  1 . 1 6 6  0 . 6 5 0  0.516 

1 0 . 0  I. 158  0.696 0 . 4 6 2  

5 0 . 0  1 . 1 5 7  0.831 0.326 

100.0 1 . 1 7 1  0.957 0 . 2 1 4  

a'l'he s t a t i s t i c a l  uncertainey on the  keff c a l c u l a t i o n s  f o r  the  all- 
rods-out  cases  ranged from 0,006 t o  0 ,009 .  

h h e  s L a t i s t i c a l  u i icer ta in ty  on the  keff c a l c u l a t i o n s  f o r  t he  a l l  - 
r o d s - i n  cases  ranged from 0 .0045  t o  0.0051. 
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1 ight -water  in - leakage  is small and,  i n  gene ra l ,  nega t ive  I n  ?;heory, 

t he  increased  modcration e t f e c t  i s  compensated by t he  increase  i r l  rieutrarl 

cap tu re  a s s o c i a t e d  with l i g h t  water .  When a l l  r o d s  are i n ,  howt'ver, a 

s i g n i f i c a n t l y  d i  Cferent e f f e c t  i s  seen:  

core  r eg ion ,  the  increase  i n  moderation begins  t o  decrease the  importance 

of the  r e f l e c t o r  reg ion .  This l eads  t o  a s i g n i f i c a n t  seduct ion  i n  t he  

worth OF the shutdown rods ,  which are loca ted  i n  t he  r a f l e c t o r  reg ion .  

A s  seen i n  Table 2 . 3 ,  t he  worth o f  t he  p re sen t  poison rod system goes 

f rom a A k  o f  0 , 5 2 5  t o  0 . 2 1 4 .  This is  a very s i g n i f i c a i t  and unwcz.1coine 

changr .  An incrpase i n  the shutdown margin may be  necessary t o  ensure 

adequate shi-itdown condi t ions  i n  the event o f  l i g h t - w a t e r  leakagz i n t o  the 

core reg ion .  

as l i g h c  water i s  added t o  t h e  

The e f f e c t  o f  l i g h t - w a t e r  contamination i n  the  r e f l e c t o r  i s  siunmar- 

i z e d  i n  Table 2 . 4 .  Uniform contarnination of up t o  LO% w a s  examjnotl, and 

i n  a l l  ca ses  the  r e s u l t  was a decrease i n  r e a c t i v i t y .  A t  t h i s  time i t  is  

no t  clear i f  further i nc reases  i n  l i gh t -wa te r  containinat ion  o f  t he  rp- 

flector r eg ion  would lead  t o  p o s i t i v e  reactr ivi ty  e f f e c t s ,  b u t  i t .  does 

Table 2 . 4 .  Impace o f  l i g h t - w a t e r  con tam in:^ t ion 
i n  the r e f l e c t o r  region 

1I20 f r a c t i o n  k,,ff a l l  ke f f  allf Worth o f  
(vo1 %2-. r o d s  out" _- rods i n  all.  rods 

(3.0 1.174 0.61c9 0 . 5 2 5  

2 . 0  1 .147  0.638 0 .509  

10.0 1.030 0.616 0 . 4 1[+ 

"The s t a t i s t i c a l  unce r t a in ty  on the  k,ff c a l c u l a t i o n s  f o r  the a l l -  
rods -out  cases ranged from 0.006 t o  0 .009 .  

bThe s t a t i s t i c a l  unce r t a in ty  on the  ke,f c a l c u l a t i o n s  f o r  the a l l  - 
t -o t ls -  i n  cases  ranged fi-otn 0 0 0 3 1 ~  t o  0 .  0055. 



appear t h a t  the worth of the poison rod system with l i g h t - w a t e r  contarni- 

na t ion  o f  the  r e f l e c t o r  region i s  decreasing even more r a p i d l y  than  it  

di.d f o r  the case o f  l i g h t  water contamination of t he  primary cool-ant.  

A l s o  note  t h a t  these  calcul-at ions were made without t he  i-nclusioii of 

beam tubes and co ld  sources  i n  the  r e f l e c t o r  tank model. Because these  

a r e  i n  a sense poisons whose impact would decrease with l ight : -water  con- 

taminat ion,  t he re  may be larger p o s i t i v e  r e a c t i v i t y  e f f e c t s  than those 

implied by Tables 2 . 3  and 2 . 4 .  This important i s sue  w i l l  r equ i r e  much 

f u r t h e r  evaluat i .on.  

Reac t iv i ty  e f f e c t  of beam tub"-';. An ana lys i s  was performed during 

t h i s  report: per iod  t o  determine the core  r e a c t i v i t y  e f f e c t s  of beam 

tubes loca t ed  in the  r e f l e c t o r  regi.on. This a n a l y s i s  was performed with 

four  ob jec t ives  i n  mind: (1) to  determine the r e l a t i v e  impact o f  var ious  

p o t e n t i a l  beam tube o r i e n t a t i o n s ,  ( 2 )  t o  determine the  e f f e c t  o f  moving 

the  beam tube mouth t o  var ious  radial .  l o c a t i o n s ,  ( 3 )  t o  determine the 

d i f f e rences  i n  impact of the bean1 tubes €or s i n g l e -  and s p l i t - c o r e  con- 

f i g u r a t i o n s ,  and ( 4 )  t1.o determine the  s e n s i t i v i t y  of  the  beam tube 

e f f e c t  110 the  sepa ra t ion  plenum he igh t  i n  the s p l i t - c o r e  conf igu ra t ion .  

Pe r tu rba t ion  theory was used t o  perform these  c a l c u l a t i o n s  With benchmark 

and bounding c a l c u l a t i o n s  performed using a 2 - D  t r a n s p o r t  model.. 

'Three beam tube o r i e n t a t i o n s ,  a s  shown i n  F ig .  2 . 5  (all l oca t ed  i n  

ehe a x i a l  midplane o f  t h e  core with the beam tube mouth a t  371 mm from 

the  a x i a l  core  cent.er:l.i.ne) were considered i n  t h i s  a n a l y s i s :  (1) r a d i a l  

beam tube ( looks d i r e c t l y  a t  the  a x i a l  cen ter l i r ie  of the  c o r e ) ,  ( 2 )  no- 

l i n e - o f - s i g h t  beam tube ( looks along a l i n e  t h a t  j u s t  misses t h e  edge of 

the core  pressure  boundary tube ) ,  and ( 3 )  t a n g e n t i a l  beam tube (beam tube 

a x i s  i s  normal t o  a l i n e  passing through the mouth and the cen te r  po in t  

of the  c o r e ) .  A summary o f  the  pe r tu rba t ion  anal-ysis  r e s u l t s  lor these  

th ree  o r i e n t a t i o n s  i s  given i n  Table 2 . 5 .  For both the  s i r igle  and s p l i t  

c o r e s ,  the  r a d i a l  beam tube gives  the  lowest r e a c t i v i t y  e f f e c t  wi th  the  

n o - l i n e - o f - s i g h t  beam tubhe having only a s l i g h t l y  ( - 2 0 % )  h igher  e f f e c t .  

The t a n g e n t i a l  beam tube l e d  t o  a much higher  r e a c t i v i t y  e f f e c t :  i n  a l l  

cases  examined, t he  t a n g e n t i a l  tube had more than twice the  r e a c t i v i t y  

e f f e c t  of a r a d i a l  o n e .  Thus, t a n g e n t i a l  beam tubes would have a s i g -  

n i f i c a n t l y  g r e a t e r  negat ive impact on core performance than  e i t h e r  

radial .  o r  no - l ine -o f  - s i g h t  tubes ~ 
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Fig. 2.5. Three beam tube o r i e n t a t i o n s  considered i n  r e a c t i v i t y  
effect anal.ys is 

Table 2 .  5 .  Change i n  ke i f  due t o  a s i n g l e  l l e a m  tube 
foi- var ious  beail1 tube o r l e n t a t i o n s  

" A l l  bc;m tubes  a r e  loca t ed  a t  371. mm from the  core  center l i n e .  

The st.eond f ac to r  examined was the e f f ec t  o f  moving the heam tube 

mouth t o  v a r i o u s  r a d i a l  d i s t a n c e s .  In theory ,  one woi-ild l i k e  tc 1 o c a t e  

the beam tube mouth a t  the  peak per turbed  thermal f l u x  l o c a t i o n .  Because 

1.hc theriiial f l u x  i s  r e l a t i v e l y  f l a t  i n  the ref lector  region near che 

thermal p e a k ,  and much f l a t t e r  than the  f i s s i o n  atlj a i n t ,  the  beam tubes 

could be moved a s h o r t  dist:anc:e outward from the thermal f l u x  peak, thus  
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reducing the  reac t l iv i ty  e f f e c t  of the beam tubes s i g n i f i c a n t l y  with only 

a sma1.l decrease i n  the  f l u x  t h a t  the  beam tube a c t u a l l y  s e e s .  Four 

r a d i a l  d i s t ances  f o r  tlie beam tube were examined in a s p l i t - c o r e  geom- 

e t r y .  

s i n g l e  tube a s  a funct ion o f  t he  r a d i a l  d i s t ance  f rom the  core  cen te r  w a s  

produced as shown i n  F ig .  2 . 6 .  

From these  f o u r  ca1.culation.s a p l o t  of the  r e a c t i v i t y  e f f e c t  of  a 

The next i s sue  examined w a s  t he  d i f f e rence  i n  beam tube e f f e c t  f o r  a 

s i n g l e  and s p l i t  c o r e .  An exaruination o f  Table 2 . 5  i n d i c a t e s  t h a t  a t  a 

cons tan t  r ad ius  o f  311  mm the r e a c t i v i t y  e f f e c t  o f  the beam tube is  10  

to 1 5 %  lower f o r  the s p l i t  c o r e .  Because the peak thermal f l u x  l o c a t i o n  

f o r  the s p l i t  core  i s  somewhat c l o s e r  t o  the  core  than f o r  the s i n g l e  

corn,, the  d i f f e rence  i n  rad ius  e f f e c t  must be taken i n t o  account .  Table 

2 . 6  i s  a summary of the r e a c t i v i t y  e f f e c t s  i n  the s p l i t  and s i n g l e  cores  

when the beam tubes a r e  loca ted  a t  the thermal f l u x  peak. A s  seen from 

thi .s  tabl.e, the  d i f f e rence  i n  the  r e a c t i v i t y  e f f e c t  on s i n g l e  and s p l i t :  
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Reac t iv i ty  e f f e c t  of  t h ree  beam tube o r i e n t a t i o n s  
r a d i a l  d i s t ance  from the core cen te r  

as a 
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Table 2 . 6 .  Change i n  keff due t o  a s i n g l e  beam tube 
f o r  s i n g l e  and s p l i t  core  with beam tube a t  peak f l u x  p o s i t i o n  

Beam tube loca ted  Beam tube loca ted  
a t  s i n g l e - c o r e  a t  s p l i t - c o r e  Perce t i t  Beam tube 

o r i e n t a t i o n  flux peak ( 3 7 1  nun) f l u x  peak (335 mm) d i f f e rence  

Radial  0 .0019  0,0019 0 . 0  

No- l ine -o f - s igh t  0,0022 0.0023 4 . 3  

Tangent ia l  0.0041 0.0040 2 . 4  

cores  of  beam tubes pos i t ioned  a t  the  f lux peaks is completely . insig- 

nif i c a n t  . 

The f i n a l  ob jec t ive  i n  t h i s  eva lua t ion  w a s  t o  examine the impact  o f  

beam tube r e a c t i v i t y  worth f o r  changes i n  the  c e n t r a l  plenum he igh t  i n  

t he  s p l i t - c o r e  geometry. The r e s u l t s  of t h i s  a n a l y s i s  are shown i n  Table 

2 . 7 .  Only t w o  s epa ra t ion  d i s t ances  were examined because che values  ob- 

tzained from the  f i r s t  pe r tu rba t ion  were c o n s i s t e n t  wi th  those t h a t  would 

Table 2 . 7 .  Change i n  kef€  due t o  a s i n g l e  beam tube 
f o r  two d i f f e r e n t  s p l i t - c o r e  sepa ra t ion  he igh t s  

Be a m  tub e 1 0 0 - m m  160 -mm Pe I:  r, e n t  
o r i en  t a  I: ion" sepa ra t ion  b sepa ra t ion  diff'erence 

Radial  0.0017 (0.0017) 0.001.6 0 . 3 

No - l i n e  - o f - s ight 0.0021 (0.0021> 0.0020 5.0  

Tangent ia l  0.0038 (0.0038) 0.0036 5 . 6  

- 

"In all cases  the  beam tube mouth w a s  l oca t ed  a t  3 7 1  mm. 

bThe value i n  pa ren thes i s  w a s  ob ta ined  by us ing  the  s i n g l e - c o r e  
values t o  r ep resen t  a zero  sepa ra t ion  h e i g h t  and i n t e r p o l a t i n g  from the  
re ference  (160-mm sepa ra t ion )  s p l i t  co re .  
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have been p red ic t ed  from an i n t e r p o l a t i o n  of the re fcrpnce  s p l i t  core  and 

tlie s i n g l e  core  (a sepa ra t ion  he igh t  of z e r o ) .  The conclusion from t h i s  

analysis was t h a t  the s p l i t - c o r e  sepa ra t ion  he igh t  would have 1 i L t l e  i m -  

pac t  on the r e a c t i v i t y  wor th  of the  beam tubes .  

2.1 .  FUEL ELEMENT SPECIFICATION (WBS 1.1.2) 

U3Si2 cont inues t o  be the re ference  fuel compound €or the  ANS r e a c -  

t o r  co re .  This f u e l  has  shown promising c h a r a c t e r i s t i c s  i n  s e v e r a l  

a r e a s ,  inc luding  f u e l  swel l ing  and r e t e n t i o n  of f i s s i o n  gases .  The f u e l  

development e f f o r t s  for t h i s  r epor t  per iod  have concent ra ted  on (1) t h e  

evaluati .on o f  e x i s t i n g  U3Si:, behavior da t a  as demonstrated by the Reduced 

Enrichment f o r  Research and Tes t  Reactor (KEKTR) Prograin and ( 2 )  t he  de- 

velopment o f  i r r a d i a t i o n  t e s t s  t o  be performed i n  the  WFIR i n  FY 1989. 

I n  a d d i t i o n ,  work has  beeri i n i t i a t e d  on i r r a d i a t i o n  damage s imula t ion  

s t u d i e s  and on the  development of p l a t e  and element f a b r i c a t i o n  tech- 

niques.  

2.2.1 Se lec t ion  of Fuel an.d._Claddiqg (WRS 1 . 1 . 2 . 1 )  

During t h i s  r e p o r t  peri.od, t h e  IiEKTR Program d a t a  on U3Si2 were 

reviewed. These d a t a ,  which surmnarize p re sen t  knowledge of the  i r r a d i a -  

t i o n  performance of the  f u e l ,  a r e  discussed i.n Sec t .  2.2.1.1. One 

s p e c i f i c  i-ssue examined during t h i s  report .  per iod  is  the  fuel-aluminum 

exothermic r e a c t i o n .  'The e x i s t i n g  da ta  on t h i s  reac.ti.on and i t s  impact 

on p o t e n t i a l  ANS t r a n s i e n t s  a r e  discussed i n  Sec t .  2 . 2 . 1 . 2 .  

2 . 2 . 1 . 1  Review o f  the  RERTR Pronrailr Data on U32Si2...Fur:l 
There were v i r t u a l l y  no i r r a d i a t i o n  performance da ta  on U3Si2 before  

the RERTR p r o j e c t  f u e l s  testring program. Even i n  the i n i t i a l  RERTK 

t e s t i n g  campaign only four  low enriched uranium (LEU)  U3Si2 minip la tes  

were i r r a d i a t e d .  However, the t e s t  r e s u l t s  obtained from those four  

p l a t e s  were s o  good t h a t  a r e l a t i v e l y  l a rge  f r a c t i o n  of the second cam- 

paign w a s  devoted t o  U3Si2 and, i n  add i t ion ,  f u l l - s i . z e  demonstration 

f u e l  p l a t e s  f o r  O N  were f a b r i c a t e d  and i r r a d i a t e d .  Some medi.um-enriched 

uranium QMEU) and high-enri.ched uranium (HEU) f u e l  p l a t e s  were included 

i n  the  second i r r a d i a t i o n  campaign t o  e s  t x b l i s h  the  performance margins 

of U 3 S i 2 .  The p o s t i r r a d i a t i o n  work on the minip la tes  i s  s t i l l  i n  
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progress but has reached a point from which a reasonable projection of 

U3Si2 irradiation behavior can be made. 

Based on postirradiation heating fox 3 weeks of high-burnup mini- 

plates, it appears that U3Siz has the ability to withstand temperature. 

Up to temperatures as high as 400"C,  no additional swelling o r  micro- 

structural changes were observed. Temperatures above 400" C appear to 

resu l t  in additional swelling with some swelling and small bubble growth 

observed at 425°C and excessive or breakaway swelling at 450°C.  

based on out-of-pile temperature tests it would appear that the maxim~.im 

allowable centerline fuel temperature in ANS should be maintained b e l o w  

400°C; therefore, including margins and uncertainties, the nominal peak 

fuel temperature should probably be in the 300 to 350°C range. 

that in the single- and split-core analyses, discussed in Sect, 2.1.2.1, 

some uncertainties were accounted for and a maximum centerline fuel 

temperature of  365°C was assumed. The peak fuel cemperature limitation 

to be used in the conceptual design work will be better defined in the 

corning months following an evaluation of the uncertainties. This iden- 

tified limitation will be further reviewed following the in-pile fuel  

irradiation tests to be performed over the next couple of years. 

Thus, 

Note 

The U3Siz fuel also appears to have good swell-ing performance under 

the high fission density conditions that will be characteristic of the 

AFJS. Figure 2.7 shows the expected swelling vs fission density f o r  

various uranium compounds, and Fig. 2.8 gives the data (LEU, MEU, and 

HEU) that was used to generate the U 3 S i 2  plot in F i g .  2.7. A s  shown in 

Fig. 2 . 7 ,  the U3Si2 fuel does not exhibit the breakaway swelling observed 

f o r  other uranium compounds including U3Og (not shown on figure). Note 

that the HEU data points in Fig. 2.8 are significantly below the swelling 

curve predicted by the rest o f  the data. This difference probably re- 

sults from the lower density o f  the particular fuel used in the MEU 

tests and because high-density HEU fuel would exhibit swelling charac- 

teristics more similar to the rest of the data. This will be confirmed 

by high-density HEU tests of the U 3 S i 2  fuel in the planned A N S  fuel 

irradiation tests. 

The development of small fission gas bubbles of sarher uniform s i z e  

is the reason for this stable swelling behavior. The swelling of U3Si2  
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7 

b 

remains very stable to fuel fission densities well beyond those planned 

for the ANS. 

x 

in size, but ratnain uniformly distributed without signs of bubble link- 

up. 
action has occurred. 

and does not indicate swelling instability. 

The bubble morphology at the highest fission density (16.6 

fissions/m3) is shown in Fig. 2.9. The gas bubbles have increased 

The few large bubbles are confined to areas where Al-fuel inter- 

The extent of this larger bubble fraction io minor 

The maximum combination of fuel loading and b u m p  occurred in 

miniplates with 40 vol % U3Si2 that were burned up co 85% 235U. 

swelling in these plates was & m a t  30%, res 
fraction of 65% in the care. 

as a limit of experience based on the observation that fuel swelling 

remains stable. 

fraction is reached is shown in Fag. 2.10, 

The fuel 

ing in a final fuel volume 
This final fuel volume fraction may be used 

A plot of initial loading vs burnup where the 65 vol % 

The projected operating range 

Fig. 2.9. Bubble m~rph010ggt at 
fissions/m3) for U ~ S I ~  

9, ’ ’  

high fissim density (16.6 x P02j 
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Fig. 2.10. Burnup at which initial fuel volume fraction reaches 65% 
postirradiation volume fraction of U3Si2 

of the ANS designs indicated in Fig. 2.10 falls within the operating 

experience. * 
In summaryI based on data obtained as part of the RXRTR Program, it 

appears that the irradiation behavior of U3SI2 looks very favorable for 

the ANS fuel design. 

evaluate and validate performance for the specific ANS conditions. 

However, further analysis and testing is needed to 

2.2.1.2 Fuel -Aluminwon E xothemic React ion 
Both the U3O8-Al dispersion fuel used in existing high flux reactors 

and the U3Si2-Al 

with the matrix and cladding aluminum at elevated temperatures. 

dispersion fuel proposed for ANS react exothermically 

If fuel 

%ote that fuel grading will be used to flatten power distributions 
In some of these low-volume fuel sections it is possi- in the AEFS core. 

ble that the conditions will be outside the range of ANS performance as 
identified in Fig. 2.10. However, even those points are expected to be 
within the experience curve. 

c 
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11, 

temperatures during an accident reach the onset temperature of the exo- 
thermic reaction, additional energy is liberated. The concern is that 

if the unset temperature is below the cladding melting temperature, the 

exothermic reaction might add to the csxwequences of the accident. 

The first step in the evaluation nf  the importance of this reaction 

was to look for indications of the reaction in data f r m  
In the case of fresh fuel, this rea ion has been speci ally studied 

1 plates. The reaceion onset temperature was determined to 
be around 625°C (250°C above the expotad maximum fuel temperature in ANS 

under normal operating conditions). 

plate samples indicate a release of 300 to 40.0 J/g of U3Si2. 

Measurements of energy release for 

The reac- 

tion was also detemimed to o 

minutes. 

does not indicate problems frQm this themic reaction. During blister 

threshold temperature tests, many plates have been heated to temperatures 

relatively slowly, over a period of 

In the case of irradiated fuel, evidence from tests of plates 

that approach the melting te mature af the clad with no evid of 

significant internal heat ration. In addition, there has been no 

evidence of internal f plates during fission product release 

tests, during which plate surface temperatucee: were ao 

The next step in the evaluation of this reaction was to assume that 

the reaction occurred under accident conditions and estimate the impact 

of the reaction on the consequences of the event. The following assump- 

tions were made: 

1. U3Si2 density in fuel meat is 5.35 kg/L. 

2 .  Poww density in-meat is 25.7 W/L based on 0.3 fuel volume 
fraction and power of 288 MI-7 in 37.4-L core. 

3 .  thermic reaction produces a consewa 
i2 during a conservatively short 100 

ely large ib00 J/g of 
Average power 

nsity during the 100 s is 21.4 kW/L. 

A flow blockage event at full power and a loss-of-coolant event with 

scram were ined. 

In the case of the flow blockwe event the fission power density is 

In only 83 m s ,  the 

as the total release 
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by the exothermic reaction over a 100-s period. 

therefore appears to be a completely insignificant energy addition to the 

sys tem . 

The exothermic reaction 

The loss-of-coolant with scram event was very similar. Assuming a 

decay heat power of only 1% full power (a very conservative value since 

initial estimates indicate decay heat power to be about 6% of full 

power), the decay heat power density, 257 kW/L, is 12 times the reaction 
power density for the 100-s duration of the exothermic reaction. 

In conclusion, it was determined that for very high power density 

reactors such as the proposed A N S ,  the total energy that could be pro- 

duced by an exothermic fuel-aluminum reaction during an accident is com- 

pletely negligible compared with the energy produced by fission or decay 

heat. 
4' 

i. 2.2 CaDsule Irradia tion Tests (WBS 1.1.2. 21 
Thermal and mechanical designs are under way for a target rod cap- 

sule irradiation test for the HFIR. 

ready to go into HFIR by August 1988. 

We plan to have the first capsule 

2.2.2.1 1 t 

Work has begun to determine a matrix of test parameters for the cap- 

sule tests in HFIR. 

cribed in the following paragraphs. 

Test variables currently being considered are des- 

Fuel tne. The primary fuel type is U3Si2. We also believe it ad- 

vantageous to test UsSi, which has a still higher uranium density, both 

as a "pure" material and with certain alloying additions. Although U3Si 

has not performed nearly as well as U3Si2 in the long, relatively low 

fission rate tests conducted thus far, we are not certain of its behavior 

under typical ANS conditions. 

Uranium Enrich ment. The fissile enrichment used in the present 

reference concept is 93%. 

235U grading, or as a fall-back position in case problems arise at 93% 

enrichment, it is important to know the fuel performance under typical 

ANS conditions as a function of enrichment. Also note that for various 

performance reasons a reduction of enrichment to 80 or 85% is already 

being considered. 

However, as an alternative means of achieving 
c 

i 
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'c 

. The primary interest is to de- 

el operating temperature. From other 

data, it appears that 42S'C is an absolute upper limit. However, tests 

will be run at temperatures ranging from 42S'C down to 250'C. 

J ' J J ' J J - .  We intend to stat with a typical 
ton. It &BY ;be that all needad data can be obtained from 

exewniniqg the behvfor of the differlent size particles in such I sample. 

However, it may prove useful to study separately the bebvior of very 

large particles. 

. AlwniFulla is the prhary matrix material. We 

have faund that diffusion of aluminum into U3Si contributed to its poorer 

behavior. Magnesium might pesEall.1~ better. 

. There 2s evidence &at B& may cause deterioration 

of U+ip  swarllimg perfom-. Althmu@ &is efidence was herd on the 
poison being inthtely dxed with the fw1, while the present ANS con- 

cept assums that the poison is in the fuel plate but rolled separate 
from the fuel, there is same concern. 

native poiscms. 

Pt may be usafwl to study alter- 

u r n  w. The primary cmcern abut fa1 performance is related 
to the very high fission mtes 

be =de at 

tests at lower fission rates should be coduated to determine if there 

are fission rata effects. 

the ANS. 

highest fission rates aehiavable in the HFIB. 
It is important Eor tests to 

CampanLon 

b 

2 . 2 . 2 . 2  Test Element De veloom ent 

"he target capsule development at O W L  and the fuel holder develop- 
ment at ANL are proceeding. 

geometry has not been fully defined, four different styles have been 

machined and are being used for preliminary experiments. 

assumptions are that the holders will be -25 m (-1.0 in.) long, -13 mrn 

(-0.5 in.) in diameter and have at least one but no more than four "fuel 

zone cavities." Each fuel zone cavity will be -1 nun (-0.039 in.) in 

diameter and no more than 10 mm (0.39 in.) long. 

been machined from type 1100 Aluminum rod stock. 

Although the irradiation test fuel holder 

The current 

All fuel holders have 
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2.2.3 MiniDlate Irradiation Tests (WBS 1.1.2.31 

At the end of this report period, this WBS task had not been ini- 

Initial planning of this task is expected to begin during the tiated. 

next 6-month period. 

2.2.4 Irradiation DamaEe Simulation Studies (WBS 1.1.2.4) 

Studies of cyclotron bombardment of U3Si2 fuels was begun at ANL 
under the RERTR Program as a process to simulate high fuel damage rates. 

Significantly high damage rates can be obtained if the sample can be 

adequately cooled. The current efforts under this WBS task have been 

focused on designing and building a sample holder that can remove the 

heat. 

2.2.5 Plate and Element DeveloDment (WBS 1.1.2.52 

This task involves the feasibility assessments and production anal- 

yses that address the development and fabrication of the fuel elements 

for the ANS reactor. Activities during the report period included (1) 

an evaluation of the feasibility of fabricating fuel components with 

thinner coolant channels and thinner fuel plates than used in HFIR; (2) 

an evaluation of the feasibility of fabricating and verifying a double 

fuel core gradient; and (3) the conduction of a comparative production 

cost analysis associated with three reactor designs,: 

ment with involute plates, a split-core element with involute plates, 

and a split-core element with arcuate plates. 

a single-core ele- 

2.2.5.1 Thin Coolant Channels and Fuel Plates. 

have a total thickness of 1.27 mm (0.050 in.) with a 1.27-mm (0.050-in.) 
coolant channel. 

(0.040 in.) have been proposed for ANS.  

consist of a 0.51-mm (0.020-in.) nominal fuel core and 0.25 mm (0.010 

in.) for both nominal top and bottom clad, 

A n  overall plate thickness of 1.02 mm (0.040 .. in.) should not be a 

The current HFIR fuel plate thickness 

The HFIR fuel plates 

Thinner plates with thicknesses as low as 1.02 mm 

This thinner fuel plate would 

difficult dimension to control. 

requirement is 1.255 to 1.295 mm--a tolerance range of 0.04 mm, typical 

Q 

t 

of most plate types manufactured at B&W. 

violations of this attribute are rare. 

Despite this tight tolerance, 

i 
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B&W €eels that the major factor determining tbe lower l i m i t  for the 

chess w i l l  be dimensional c 1 of top and bottom clad or, 

more accurpltely, dieeensional consistency of the meat in a fuel plate. 

Figures 2.11(a) and 2.Pl(b) qualftatively i l lwtrate this variahflity of 

3 

P 

ORNL-PHOTO 708688 

Fig 2 11 Photoraicrograplzs of clead/ftmel interface for recently 
fabricated U3Si2 fuel plates 
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the clad/fuel core interface. 

recently fabricated U3Si2 fuel plstes. 

fied as possible means of reducing this clad thickness variability: 

refinement of fuel particle size, (2) use of a harder cladding material 
such as A1-2219, and (3) decrease in the rolling reduction of the fuel 

plate assembly. In the coming months these methods will be evaluated 
with respect to lr fectsibfl effect$venass, Tf tighter control 
of cladding dimensions cannot &I: nol@ cladding 

thickness will be required and plate thicknesses below 1.27 mm (O.OS0 
in.) may not be practical. 

Both photomicrographs were taken from two 

Three methods have been identi- 

(1) 

An aamlysis of existing technology and methods indicates 

that the inspection of narrow coolant channels as low as 0.76 mm (0.030 
le. The channels would be inspect a system using non- 

contact capacltance transducers mounted blades. These 

probes would be sized to fit the coolant channels to prevent binding and 

the scratching or scarring of fuel plate surfaces. 

inspection t-hnique ' $B 

and, with automatic indexing, L 

(0.0005 in.). 

The accuracy of the 

c&d t o  be bet- than 0.0.254.mm (0.001 in.) 
18 be wfthtn 0.013 mm 

2.2.5.2 w l e  Fuel G radient 

Figure 2.12 represents the ctwstmt HF3X compact geometry. This 

gradient is farmed by sweeping a straight edge over a contoured die top 

in the x-.-is direction. The aluminum filler portion of the compact is 

top of the fuel filler and swept across the fuel. Assum- 

ing that this same gradient geometry will be used w i t h  the new fuel core 

design, it Eollows that the second gradient (axial or y-axis) will be 
formed on the bottm surface of the fuel filler seccian. 
fabrication would be to contour the bottom die punch 

press this secondary graddent into the compact. The Elat taper on the 
bottom punch can be machined and/or ground ctnd does not apprar to be a 

problem from a tooling fabrication standpoint. 

this method will be the magnitude of the axial gradient. 
could conceiv 

en&. 

One method of 

a taper and 

The limitations involving 

This gradient 

start at the center of the fuel c and extend to both 

c 

* 

W 
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z-axis 

Aluminum filler section 

x-axis (radial) J 
Fig. 2.12. Current H F I R  fuel grading 

2 . 2 . 5 . 3  Production Analvsis of Three Core Element Types 

The four major fabrication processes (fuel powder, compact, fuel 

plate, and fuel element) were reviewed for a single and split core with 

involute fuel and a split core with arcuate fuel to identify major dif- 

ferences in fabrication for the three concepts. Although the initial 

analysis indicated a significant monthly cost advantage to the single 

core, the number of fuel plates in the final single- and split-core con- 

cepts were much closer; the final analysis indicated that the monthly 

costs would be about the same for the three core element concepts. 

Initial costs for start-up tooling, however, were very different. The 

estimated tooling costs for the single and split cores with involute 

plates was $21,400 while the estimated tooling costs for the split core 

with arcuate plates was $716,900. 

2.3 CORROSION ANALYSIS AND TESTS (WBS 1 . 1 . 3 )  

The prime candidate material for the fuel cladding in the ANS is 

6061 aluminum. This material has favorable neutronic properties, high 

thermal conductivity, and generally acceptable mechanical properties. 

Unfortunately, the exposure of aluminum to water under high temperature 
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and high heat flux conditions leads to the formation of a thin layer of 

oxide (boehmite and other forms) that separates the fuel plates from the 

coolant water. The boehmite film has a very poor thermal conductivity 

compared to the metal, and the heat flux that must cross this film can 

cause excessive heating of the plates over the lifetime of the core. To 

account for this effect in defining core life and operating restraints, 

the corrosion phenomenon must be understood for the expected ANS condi- 

tions. This presents a problem because the means of estimating the oxi- 

dation behavior is based on empirical correlations that are not validated 

for the range of interest for A N S .  As a result, this WBS task was formu- 

lated to provide the data necessary to determine boehmite formation 

rates and their impact on performance for ANS conditions. This task has 

been divided into two parts: WBS 1.1.3.1, which is primarily a series of 

loop experiments and WBS 1 . 1 . 3 . 2 ,  which is an evaluation of boehmite 

formation on the fuel plates of the Advanced Test Reactor (ATR). 

2 . 3 . 1  Corrosion Experiments (WBS 1 . 1 . 3 . 1 )  

With the exception of some out-of-loop water chemistry tests (see 

Sect. 2.3.1.2), the corrosion experiments are performed in the ANS loop 

facility. This test facility, as shown in the flow diagram in Fig. 2.13 ,  

is divided into a two-loop operation. 

l oop  can operate with a loop pressure up to 6 . 9  MPa (1000 psig) and a 

flow rate of  1 . 8 9  L/s (30 gal/min). Up to 0.5 L/s ( 8  gal/min) is sup- 

plied to the flow channel in the test section with the remainder flowing 

through the bypass; the flow is measured and controlled by an orifice- 

type flowmeter and a flow control valve. Resistant heating of the test 

section is supplied by a 30,000-amp, 20-V dc Transrex Power Supply. 

Heat from the coolant is removed by a water-cooled heat exchanger. Loop 

pressure is maintained using a metering pump. The low-pressure portion 

of the facility contains the loop water chemistry conditioning equipment. 

Nitric acid is added to the water to control the pH. 

The high-pressure portion of the 

2 . 3 . 1 . 1  Preliminary LOOD Experiments 

The preliminary loop experiments are designed to determine consis- 

tency of corrosion data with the measurements performed by Griess in the 

late 1 9 5 0 s  and to determine the corrosion characteristics of unmodified 
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6061 aluminum under expected ANS condi t ions .  A l l  t e s t s  i n  t h i s  phase o f  

t:he experi-ment:s w i l l  be performed wi.th l i g h t  water .  

A N S  cor ros ion  tes t  N o .  1. A f t e r  e s t a b l i s h i n g  f lows,  p r e s s u r e s ,  and 

coolan t  temperatures throughout t he  loop ,  power w a s  app l i ed  t o  the  f i r s t  

t es t  s e c t i o n  a t  6 a . m .  on January 30 ,  1988. T e s t  condi t ions  were s e t  and 

maintai.ned wi th  a t tended  opera t ions  throughout the  weekend f o r  a t o t a l  of 

54 hours .  

of about 13 .5  .kW t o  the specimen (corresponding t o  a h e a t  f l u x  of 4 

During t h i s  pe r iod ,  t he  t e s t  loop opera ted  wi th  a t o t a l  power 

MW/m2), wi.th a coolan t  v e l o c i t y  of 6 . 5  m/s. 

t he  tes t  s e c t i o n  va r i ed  from 60 t o  90°C, and t h e  s t e a d y - s t a t e  specimen 

temperature ranged from about 140 t o  170°C. Water chemistry c o n t r o l  w a s  

poor because o f  t he  inappropr ia te  form of  the  cat:ion r e s i n  (sodium base 

i n s t e a d  of hydrogen base)  i n  the  ion  exchange column. The experiment w a s  

i n t e r r u p t e d  on February 1 t o  i n s t a l l  and tes t  t h e  automatic shutdown 

system t o  permit  unattended ope ra t ion ,  

Coolant temperatures  wi th in  

On February 9 t he  l o o p  w a s  r e s t a r t e d  and run according t o  the  p re -  

vious cond i t ions :  

v e l o c i t y .  The ion  exchange column was bypassed; pH c o n t r o l  w a s  mai.n- 

t a ined  manually wi th  small a c i d  a d d i t i o n s ;  t he  conduct iv i ty  of the  

coolan t  appeared h igh ,  even though the "sodi.um-contaminated" water had 

been rep laced  with f r e s h  deionized water .  

13.2 kW t o  the  specimen ( 4  ~W/rn~) and 6 . 9  rn/s coolant  

Following 3 days of opera t ion ,  power t o  the  specimen w a s  increased  

t o  about 21.4 kW and maintained f o r  11 days. This  corresponded t o  an  

average hea t  f l u x  of  more than 6 MW/m2-, which i s  i n  the  same range o f  

power t h a t  w a s  u t i l i z e d  i n  the  Gr iess  t e s t s  i n  the  l a t e  1 9 5 0 s .  Coolant 

v e l o c i t y  i n  the  t e s t  s e c t i o n  w a s  1 2  m / s  and coolan t  temperatures remained 

a t  60 t o  90°C. Temperatures along the specimen were 178 t o  200°C e a r l y  

i n  t h i s  p a r t  of the  experiment.  Near the end of t he  t e s t ,  t he  c o r r e s -  

ponding temperatures were 1 9 1  t o  233"C, presumably brought about by the 

growth of a cor ros ion  product as wel l  as the  a x i a l  r ed i s t r ibu t i . on  of 

power by the  changed temperatures .  Calcu la t ions  of  var ious  temperatures 

and oxide thi-cknesses were i n t e r e s t i n g  exe rc i se s  during t h i s  per iod  b u t  

were probably not  very accu ra t e ,  i n  p a r t  because of t he  uncert-airity i n  

the watersi.de h e a t  t r a n s f e r  c o e f f i c i e n t s ,  which r e s u l t e d  from the  uncer-  

t a i n t i e s  i n  the w a t e r  vel-oci ty  determinat ion (d iscussed  below). In 



55 

a d d i t i o n ,  while the  loop itself behaved wel l  during this pe r iod  of ope- 

r a t i o n ,  some ques t ions  were r a i s e d  concerning the  specimen thermoeoup1.e 

response.  S p e c i f i c a l l y ,  unexpected temperature d i f f e r e n c e s  were found 

f o r  t he  two ( v i r t u a l l y  i d e n t i c a l )  s i d e s  of the  specimen; one of  t he  

thermocouples seemed to be reading h igh .  

Figures  2.14 and 2 . 1 5  i n d i c a t e  the  behavior  of t he  loop parameters 

and t h e  specimen temperature response dur ing  t h i s  pe r iod  of 0 p e r a t i . m .  

Note t h a t  i n  t h i s  t e s t  the  coolan t  v e l o c i t y  w a s  c o n t r o l l e d  though a 

measured p res su re  drop ( e s s e n t i a l l y  across the  t e s t  s e c t i o n )  and t h e  

v e l o c i t y  ind ica txd  i n  Fig .  2 .14 was c a l c u l a t e d  from a h e a t  balance 

assuming p e r f e c t  i n s u l a t i o n  of  t he  speci.men. The small decrease may 

t h e r e f o r e  be a s soc ia t ed  wi.th the  bui ldup of a cor ros ion  product ,  and i s  

c o n s i s t e n t  wi th  the genera l  increase  i n  speci.men temperatures  shown i n  

Fig.  2.15. A l s o  note  t h a t  therinocouple No. 7 was lost ;  at: 5600 m and 

thermocouple No. 3 w a s  broken during i n s t a l l a t i o n  of  t h e  t e s t  s e c t i o n .  

Following the 11 days of  opera t ion  a t  the  condi t ions  descr ibed  

above, t h e  coolan t  v e l o c i t y  w a s  increased  t o  2 9 . 3  m / s  ( s l i g h t l y  h igher  

than  expected i n  the  ANS r e a c t o r )  and the  power t o  the  specimen w a s  

ORNL-DWG as4748 ETD 
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Fig .  2 . 1 4 .  A N S  corros ion  t e s t  1: tes t  loop parameters 
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Fig. 2 . 1 5 .  ANS corrosion test 1: test specimen temperatures 

gradually increased to over 46 kW while holding the inlet coolant  temp- 

erature constant at about 60°C. Temperatures from 248°C to 3 2 4 ° C  were 

observed along the speci-inen. 

average heat flux in excess o f  1 3  MW/m** 

The 46 kW heat load corresponded t o  an 

Actually, at the hot end of the 

specimen a better estimate of local heat flux would be over 14 MW/m 2 . 
These conditions are very close to those anticipated f o r  clad operation 

under ANS conditions and were an encouraging sigt-ral that the pumps, heat 

exchangers, arid power supply in the test loop would operate as intended. 

The specimen temperatures during the excursion to the high-power condi- 

tion are shown in Fig. 2.16. 

After about 3 h under the high-power conditions, the power and 

coolant flow were reduced to their prior levels. 

the test :  specimen also returned to their former values, probably indi- 

cating that no significant spalling, erosion, or corrosion product growth 

occurred during the short excursion. The corrosion test No. 1 was then 

concluded. 

T h e  temperatures along 
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F i g .  2 . 1 6 .  ANS corrosion test 1: specimen temperatures during 
high-power excursion 

While quantitative corrosion data were not expected from this first 

test section, u s e f u l  information on several other aspects could be ob- 

ta ined.  Therefore, after the test was completed, the test section was 

removed and carefully cut from che electrodes. The following analyses 

were performed: 

1. 

2.  

3. 

V i s u a l  Observations: A product f i l m  graded i n  color fron straw 
to light brown was found; the l i g h t e r  color was at the inlet 
(cooler) end, while the darkest f i l m  w a s  at the outlet. The 
cooler edge segments tended to retain a metallic color except 
at the hottest parts. 

O x i d e  and Aluminum Xh i-ckness Measurements : 
hand-gage readings agree that the thickness of the product f i lm 
varied from about 3 to 13 pm ( 0.1 to 0.5 m i l s )  from inlet to 
outlet ends on each side. A sinall apparent increase in total. 
speciiiieri thickness was also measured by the precision micro- 
meter ~ 

Eddy current and 

Metallographic Observations: The films were visible in cross- 
section with normal preparation procedures. The thin film at 



t he  i n l e t  end of the  specimen w a s  r e l a t i v e l y  uniform i n  t h i c k -  
n e s s ,  a t  l e a s t  compared with the  t h i c k e r  f i lm  a t  t-he other end. 
Measurement-s i nd ica t ed  the  presence of  i r o n  i n  the  ou te r  reg ions  
of t h e  th i cke r  f i lm  and it w a s  perceived t h a t  a separate i r o n -  
r i c h  f i l m  e x i s t e d  on the specimen. 

ANS cor ros ion  t x s t  N o .  2-. The second tes t  s e c t i o n  was i n s t a l l e d  i n  

the  loop, and w a t e r  flow w a s  in i t : i a ted  i n  p repa ra t ion  f o r  s t a r t i n g  the  

second co r ros ion  tes t  experiment.  Water leakage from the  specimen w a s  

confirmed on March 10, and the  experiment was h a l t e d .  The s e c t i o n  was 

disconnected from the  loop ,  and the  backing p l a t e s ,  i n s u l a t i o n ,  and 

thermocouples were removed. The offending l eak  was loca ted  i n  the  t r a n -  

s i t i o n  zone of  t he  specimen near  the  inner  e l ec t rode  weld. Laser weld 

r e p a i r  w a s  at tempted b u t  w a s  l a r g e l y  unsuccessfuJ.. 

The f a b r i c a t i o n  schedule f o r  the  t h i r d  tes t  s e c t i o n  w a s  speeded up 

because of t h i s  l e a k  problem. The l a c k  of good welds i n  the  t r a n s i t i o n  

zone of  the specimen w a s  evident  i n  t h i s  case a l s o ,  a small l e a k  being 

found af t :er  t h e  i n i t i a l  e l ec t rode  weld w a s  completed. I n  t h i s  i n s t a n c e ,  

laser weld r e p a i r  w a s  success fu l ,  and the  f a b r i c a t i o n  of (:he s e c t i o n  w a s  

compl.et:c!d and i n s t a l l e d  i n  the  loop t o  begin the  second loop t e s t .  

The second loop  t e s t  w a s  designed t o  expose the  speci.mctn t o  " H F I R  

condi t ions"  appropri-ate f o r  ga ther ing  d a t a  f o r  comparison wi th  the 

Griess c o r r e l a t i o n .  The nominal t e s t  parameters were 

Average t e s t  s e c t i o n  power 19 kW 
Average t e s t  s e c t i o n  hea t  f l u x  5 MW/m2 

80" c 
Coolant flow v e l o c i t y  1 2  m / s  
Average bulk  coolan t  temperature 
Specimen midpoint temperatures 175 t o  186°C 

The tes t  w a s  concluded on March 31 a f t e r  more than 300 hours  of con- 

t inuous opera t ion .  The d a t a  and phys ica l  specimen w i l l  be examined i n  

the  coming months. However, i t  i s  a l ready  c l e a r  t h a t  problems e x i s t e d  

wi th  w a t e r  chemistry and i r o n  (oxide) contamination i n  the  loop.  Thus, 

while  t h e  specimen from tes t  No. 2 w i l l  provide use fu l  information on tJie 

co r ros ion  c h a r a c t e r i s t i c s ,  it w i l l  no t  be s u i t a b l e  f o r  unambiguous com- 

pa r i son  wi th  the  Griess  Cor re l a t ion .  

2 . 3 . 1 . 2  Water Chemistry Ef fec t s  on Inh ib i t i ng  Corrosion 

I n  a n t i c i p a t i o n  of  poss ib l e  l i m i t a t i o n s  on ANS opera t ing  condi t ions  

as a resu1.t of the  boehmite formation on the  c l a d  of the  f u e l  p l a t e s ,  an 
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exploration w a s  made of aqueous additives for inhibiting corrosion of  

aliimi.r~um metal in stagnant water at temperatures up to 400°C. Aluminum 

samples f o r  the tests were cut to - 3  KMI x 1 5  rnm and seal.ed i.n Pyrex tubes 

(4-1iun ID, 6-mm OD, and GO rnm long) containing a designated aqueous solu- 

tion. A set o f  filled tubes wa.s ixise?rted vertical.1.y into a protective 

metal. vessel that was p laced  in a thermostatically-cont~olled furnace. 

The tubes were kept at particular temperatures for varying lengths of  

r ime .  The vessels were removed and the aluminum-rrieLal surfaces quickly 

examined under a low-power microscope. Tables that summarize the vari.ous 

tests and the observations made for each test are included in Appendix C .  

The analysis o f  these samples confirmed previ-ous extensive studies 

made during 1955-1965 showing that alurninum corrosion is a function o f  

acidi t;y ~ temperature I nature, a i l t i  concentration of  electrol.yte additive, 

and other  variables. 

appeared to be the best f o r  keeping aluminum c l o s e l y  to its original. con- 

dition a t  temperatures up to 1 3 0 ° C  f o r  periods up to 5.5 days (the extent 

of  the present exploratory runs) and probably longer. Additives such as 

0 .001  M H3P04 atid 0.0033 N H N 0 3  are also believed to be likely candidates 

for maintaining passivity o f  aluminum at 25 to 180°C: and even to higher 

temperatures . 

Of the add-itives explored, a 1 M NH4HCO3 s o l u t i o n  

Of course, many things must be examiiied when considering coolant 

additives. These include radiation resistance, flow velocity of about 30 

m / s  expected f o r  A N S  arid temperature gradient-s . Therefore, the conclu- 

sions of these simple tests in themselves can not be used t o  recommend 

coolant: additives. Nevertheless the apparen1:ly favorable results of 

certain additive solutions indicate that further studies be continued 

with more reliable methods f o r  evaluations on more fundamental bases In 

addition, it was recommended that some additive solution tests be conduc- 

ted as part of the corrosion loop testing program. 

2.3.2 ATR Corrosion Data Analysis (WBS 1.1.3.2) 

At: the close oC this report-  period, the development of an aluminum 

oxide ihickness data  base from the in-pile measured data available from 

ATR had just been initiated. The analytical p r o c e s s  for producing  lie 

data will be initially tested with a f e w  selected assemblies from recent 



ATR operating cycles. Typical measurements 3.n the oxide surveillance 

data base consist of oxide thickness measurements at regular 15.3-cm ( 6 -  

in.) intervals along the ATR fuel assembly in the hot channel when the 

assembly is fresh, between each of the five operating cycles that an 

assembly is typically exposed to, and also at discharge. These in-pile 

data will supplement the out-of-pile corrosion loop  data taken at ORNL t o  

form predictions of the rate o f  oxide formation expected for the A N S .  

2 . 4  THERMAL-HYDRAULIC LOOP TESTS (WBS 1.1.4) 

This task has not been initiated at this time. The present schedule 

indicates that the planning of the tests for this task and the construc- 

tion of the loop would begin in the last quarter of F'Y 1988. However, 

the corrosion loop testing program will probably be extended, thus dc- 

laying the start of the thermal-hydraulic testing program until middle 

to 1-ate FY 1989. 

2 5 REACTOR CONTROL CONCEPTS (WBS 1.1.5) 

The reactivity control system is a very important part of  the A N S  

reactor design development. This WBS task was initiated to evaluate the 

vari-ous control alternatives (type of control, location of control, con- 

trol materials, etc.) and is divided into two parts: WBS 1.2.5.1 to 

address excess reactivity control and WBS 1.2.5.2 to evaluate shutdown 

control. 

2.5.1 Excess Reactivity Control (WBS 1.2.5.1) 

To maintain a core life of 14 days, excess fissile material must be 

loaded into the core beyond that necessary t o  achieve criticality at the 

beginning of life. 

trolled throughout the fuel cycle. Based on calculations performed for 

both  the single and split cores, it would appear that this excess r e x -  

tzivity will be on the order of 15 to 20% (21-28 reactivity dollars). 

This excess reactivity can be controlled by burnable poison in the fuel 

plates, control rods that move with time, variation of a liquid poison 

concentration in the coolant system with time, or some combination of  the 

above three processes. All three opt ions  have been demonstrated in 

This produces excess reactivity that must be con- 



r e a c t o r s ,  and each has  advantages and disadvantages w h e n  app l i ed  t o  the  

A N S  . 

2 . 5 . 1 . 1  Burnable Poison 

Although s e v e r a l  ina te r ia l s  w i l l  be cons idered ,  the  burnable poison 

material .  p re sen t ly  adopted i n  the  ANS re ference  core  i s  ‘OB, which i s  

used i n  the  H F I R .  The use of t h i s  burnable poison has s e v e r a l  advan- 

tages  : 

1. 

2 .  

3 .  

4 .  

5 .  

i t  can be placed i n  the  e x i s t i n g  f u e l  p l a t e s  so  t h a t  it does n o t  
t ake  up addit:i.onal space ; 

i t  burns up with time s o  t h a t  no mechani.ca1 devices  or rnove- 
rnents are  i.ouolved; 

t he  poison i s  an i n t e g r a l  p a r t  o f  t he  fue l  element so that 
excess  r e a c t i v i t y  i s  retlwed a t  a l l  t imes ( i . e . ,  sh ipping ,  
s t o r a g e ,  f u e l  t r a n s f e r ,  e e c . ) ;  

the poison i s  an i n t e g r a l  p a r t  s f  t he  f u e l  and thus  rcp laced  
au tomat ica l ly  whenever t l i ~ b  core  f u e l  element i s  changed s o  t h a t  
one  does no t  have t o  worry about separa te  burn-up and change-out 
schedules  f o r  the  fuel and poison;  and 

the  poison placement i n  t he  fuel p l a t e s  can be optimized t o  
provide some smal1 (maybe marginal)  h e l p  i n  f l a t t e n i n g  [:he power 
d i s t r i b u t i o n s  a t  beginning of l i f e  w h e n  the  w o r s t  power peaking 
f a c t o r s  a r e  observed. 

The disadvantages o f  us ing  burnable p o i s o n  are p r imar i ly  a s s o c i a t e d  with 

the  extent< t o  which i t  can be used i n  a r e a l  r e a c t o r  con t ro l  system: 

1. the  change i n  worth o f  the poison is  not: c o n s i s t e n t  w i t h  the  
change i n  worth oE the f u e l  during the fuel. cyc le  s o  t h a t  an 
a d d i t i o n a l  compensational con t ro l  mechanism i s  requj-red; 

because the  nega t ive  worth o f  the  ‘OB decreases  slower than the 
p o s i t i v e  worr:h of  the  fuel., excess ive  boron may end up l i m i t i n g  
t h e  f u e l  cyc le  length ;  

2 .  

3 .  a burnable  poison cannot 1112 scrammed and t h e r e f o r e  r equ i r e s  an 
a d d i t i o n a l  system for  insertion o f  poison f o r  scl-ain purposes;  
anti 

4 .  i n  the case of  l o g ,  the impacts a€ heliuui product ion an t h e  f u e l  
p l a t e s  must be considered.  

The a n a l y s i s  f o r  both the  s i n g l e  and s p l i t  cores included tlae use 

o f  as a burnable  poison. In the s ingle-cone  a n a l y s i s ,  t he  use of 6 g 
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of l0B in the fresh fuel reduced the excess reactivity by about 56 at 

beginning of life, while producing a 0.5% Ak penalty at the end of cycle. 

In the split core, it was found that by using only 4 . 4  g of I 0 B  at the 

beginning of cycle the effect at the end of cycle was very small. In 

either case, attempts to control more than one-half of the excess reac- 

tivity using 'OB as a burnable could lead to reductions in the core life. 

The present reference core design assumes that some ( 4  to 8%) of the ex- 

cess reactivity will. be controlled by burnable poison in the fuel plates. 

2.5.1.2 Control Rods 

Control rods axe used routinely in light-water reactors (LWRs) to 

control reactivity and to flatten the power distribution. The advantages 

of using rods are that 

1. 

2.  

3 .  

The use 

1. 

2. 

3 .  

4 . 

poison rods can be mechanically moved to track reactivity at all 
times ; 

rods can provide rapid insertion of  negative reactivity and thus 
provide a scram capability; and 

rod movement can provide rapid insertion of positive reactivity 
that may allow for restart following a spurious reactor shut- 
down. 

of control rods, however, does introduce some problems: 

control of excess reactivity with rods requires that mechanical 
devices work properly; 

the use of rods requires space for the rods, guide tubes, and 
drive mechanisms; 

the high neutronic heating rates encountered in the ANS at 
potenti-a1 control locations may require special cooling 
arrangements for the rods; and 

control rods can vibrate resulting in a constant reactivity 
variation requiring corrections from the control system, 

The use of rods complements the use of burnable poison because the 

strong points of rod usage are the weak points in the use of burnable 

poison. Therefore, the present reference core design includes the use 

o f  control rods for the control of that excess reactivity not handled by 

the burnable poison. To avoid large impacts on the thermal flux in the 



reflector region, these control rods have been located in the central 

hole region. The limited space in the central hole region limits the 

number of control rods to eight, but preliminary results indicate that 

this is not a problem, particularly for the split-core geometry. Half of  

the rods are designed to move out of the core from the t o p ,  while the 

other half move out of the core from the bottom to limit the ax ia l  

peaking effects caused by the rod movement. The relative location of 

these control rods is shown in Fig. 2.17. 

Hafnium has been chosen as the control material in the present ref- 

This material has high resonances in the epithermal erence core design. 

spectrum as seen in the central hole region. In addition, neutron ab- 

sorption in hahiurn 'heads to daughters that are also neutron absorbers, 

thus decreasing the rate at which the worth of the rod burns up.  Europ- 

ium has very similar characteristics and is therefore an alternative 

control material being considered for the A N S .  

OWL-DWG 88-4751 ETD 

F i g .  2.17. Location of control. rods in ANS core concept 
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2.5.1. I 3 Liquid Poison 

The use of liquid poison to control excess reactivity is not pres- 

ently in the reference core design. However, it has some unique advani- 

tages and is still being considered as an option: 

1. the poison is in the coolant so no additional space for control 
is required; 

2 .  the poison concentration in the cool-ant can be controlled, and 
thus the end-of-life penalty can be reduced to essentially zero; 

3 .  with 1.iquid poison the in-core materials irradiation positions 
would not see the axial. spectrum shift associated with rod 
movement; and 

4 .  the use oC liquid poison in the coolant provides poison and thus 
criti-cality control even in the event of a severe accident where 
fuel is released into the coolant and transported to other 
regions of the coolant sys t em,  

However, problems with using liquid poison have to be addressed before it 

could be incorporated into a reference design: 

1. with poison in the coolant, there is a chance that coolant 
voi-ding will become n positive reactivity effect; 

2 .  with p o i s o n  in the primary water, the reflector coolant system 
must be a totally separate system; and 

3 .  s i n a l l  leaks from the primary system to the reflector tank become 
ii~uch more important because the introduction of posion wou1.d 
impact reflector fluxes. 

These issues will be examined in the corning months wi t :h  n decision on 

the use o f  liquid poison expected by the end of IT 1988. 

2 . 5 . 2  Shutdown Control System (WBS 1 . 2 . 5 . 2 )  

The functional. criteria for the shut;down control system includes 

the requirements to: 

1. provide rapid shutdown of the reactor; 

2. provide adequate shutdown margin f o r  all anticipated conditions; 
and 

3 .  provide diverse shutdown mechanisms 

I n  the present concept these criteria are m e t  by the rapid insertion of 



two systems: t h e  excess  r e a c t i v i t y  control. rods (hafnium rods i n  t:lit? 

presen t  r e fe rence  concept) and a sepa ra t e  poison rod system (boron -rods 

enr iched  w i t h  'OB i n  the  p re sen t  re ference  concept) l o c a t e d  i n  the  r e -  

f l e c t o r  reg ion  j u s t  ou t s ide  of t he  CPBT ( s e e  Fig .  2 .17 ) .  

Both of  t hese  systems can provide r a p i d  shutdown o f  t he  r e a c t o r .  

However, f o r  t he  case of t he  boron rods i n  the  r e f l e c t o r ,  t h e r e  i s  a 

t r adeof f  between shutdown speed and the  impact: of the  rods dur ing  normal 

ope ra t ion .  Parking them a x l a l l y  h igh  i n  the  r e f l e c t o r  tank decreases  

the  impact of  t he  rods on t h e  peak thermal f l u x  dur ing  normal ope ra t ion  

and reduces the  neut ronic  h e a t  depos i ted  i n  the  rods t h a t  must be r e -  

moved. However, t h i s  l eads  t o  the  rods being i n i t i a l l y  loca t ed  i n  what 

i s  be l i eved  t o  be a low-worth reg ion ,  so that the  f i r s t  few centimet:ers 

of movement may only provide small nega t ive  worths.  Conversely,  i.:E the 

rods a r e  parked i n  a h igher  worth reg ion ,  nuc lear  hea t ing  of the  r o d s ,  

rod burn-up,  and s i g n i f i c a n t  reduct ions  i n  peak thermal. f l u x  may become 

problems. Analysis  is under way t o  o b t a i n  a b e t t e r  understanding o f  t h i s  

phenomenon. 

Prel iminary c a l c u l a t i o n s  i n d i c a t e  t h a t  adequate shutdown margin can 

be supp l i ed  hy these  t w o  systems. The negat ive  worth a s s o c i a t e d  wi.th 

i n s e r t i o n  of the  excess  r e a c t i v i t y  c o n t r o l  rods i s  somewhat l i m i t e d  by 

the number of rods t h a t  can be loca ted  i n  the  c e n t r a l  ho le  r eg ion ,  bu t  a 

minimum insertLion Ak value  o f  -0 .1  ( -15  r e a c t i v i t y  d o l l a r s )  i s  expected 

f o r  t h i s  system. Shutdown l e v e l s  ob ta inable  by the  rods i n  the  r e f l e c t o r  

r eg ion  would be much h igher  wi th  mini.nimum Ak shutdown worths approachi.ng 

- 0 . 3  ( - 4 3  r e a c t i v i t y  d o l l a r s ) .  These values  provide r e l a t i v e l y  l a r g e  

shutdown margins,  which may be necessary because i t  appears t h a t  l i g h t -  

water leakage i n t o  t h e  primary system would g r e a t l y  reduce the  worth o f  

the rods  i n  t h e  r e f l e c t o r  reg ion .  

Rased on the  pre l iminary  d a t a  d iscussed  above, t he  two proposed s y s -  

tems w i l l  apparent ly  provide d ive r se  and sepa ra t e  shutdown capabil.i.r:y. 

Atltl:i.tional a l t e r n a t i v e  methods for shutdown, such as r a p i d  d r a i n i n g  of 

the reflector tank o r  i n s e r t i o n  of  1iqui.d poison,  are also being con- 

s i d e r e d .  
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2.6 CKTTICAL AND SUBCRITICAL EXPERIMENTS (WAS 1.1.6) 

Certain critical parameters (control worths, power peaking factors, 

critical fissi1.e loading, monitoring techni.ques, etc.) need to be experi- 

ment:ally verified. 

and subcritical experiments. This WBS task was identified to plan, per- 

f o r m ,  and analyze these experirnerits. The initial planning f o r  t h i s  task 

i.s scheduled to begin in the second half of k?r' 1989.  

This verification wi.11  be accomplished by criti.ca1 

2.7 MATERIAL DATA, STRUCTURAL TESTS, AND ANALYSIS (WBS 1.1.7) 

There are XIQ material performance data under the conditions of neu- 

tron fluence, gamma flux, and coolant velocity expected in the  ANS,  and 

this WBS task was created to evaluate materials' performance through 

analytical and experimental investigations. Six subtasks have been 

identified: 

1. detailed structural evaluation (WRS 1.1.7.1); 

2, fuel plate collapse evaluation (IJBS 1.. 1.7.2) ; 

3 .  analysis of fuel plat:e deflectj.ons caused 'by differential 
expansion (WBS 1.1 I 7.3) ; 

4 .  sore and control element vibration tests (WBS 1.1.7.4) ; 

5 .  irradiation effects on properties o f  materials f o r  various A N S  
components (WRS 1.1.7.5); and 

6 .  data package development f o r  American Society of Mechanical 
Engineers (ASME) code pressure vessel. section (bTBS 1.1.7.6). 

The work perforiiied f o r  these subtasks during this report: period is dis- 

cussed in the following sections. 

2.7.1 Detailed Structural Evaluation (WBS---l. 1.7.1). 

This task provides the general materials and stress analysis f o r  

various reactor C O I ~ ~ O ~ ~ A ~ S ,  and the initial work has concenirated on the 

CPBT. 

The choice of CPBT materials has been reduced to two alternatives: 

aluninum and zircaloy. 

pact on the peak thermal flux in the reflector. In addition, preliminary 

results indicak that with forced cooling on both sides the high nuclear 

Bot11 materials m e e t  the requirement of low im- 
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heat  depos i ted  i n  the  v e s s e l  can be removed f o r  e i t h e r  the aluminum o r  

z i r c a l o y  vessel, and s o  s t r u c t u r a l  ana lys i s  f o r  the  CPBT has proceeded 

f o r  both an aluminum (6061-T6)  and zi-ccaboy (Zircaloy-2 o r  Zircaloy-4) 

vessel. 

The allowable s t r e s s  a s  a funct.ion o f  maximeun teniperature i n  the  

wall foi- both A1-6061-Tf i  axid Zircaloy-4 falls r ap id ly  above 100°C (F ig .  

?.I$>. T h i s  means, as shown i n  F i g .  2 . 1 9 ,  t h a t  the CPBT w a l l  th ickness  

0 100 200 309 

TEMPERATURE (Oc)  

0 100 200 300 4m 

TEMPERA IlJHf ("C) 

F i g .  2 . 1 8  ~ Allowable s t r e s s  values f o r  A l - 6 0 6 1 - T 5  and Zircalloy-4 
a s  a furict i o n  o f  temperature 
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F i g .  2 . 1 9 .  Minimum wall  thickness  of ANS-CPBT with 46O-nbn 1.1). and 
5 . 5  -MPa internal .  p ressure  

requi red  t o  support  t he  design pressure  of  5 . 5  MPa increases  r ap id ly  a t  

temperatures beyond 100°C. 

the  r e f l e c t o r  more and a r e  more d i f f i c u l t  t o  c o o l ,  and the re fo re  a maximum 

temperature of  around 1 0 0 ° C  i s  proposed f o r  t he  CPBT f o r  e i t h e r  ma te r i a l  

Thicker wal l s  impact t he  thermal f l u x  peak i n  

More extzensive s t r u c t u r a l  analyses  f o r  t he  CPBT and o the r  compon- 

e n t s ,  inc luding  beam tubes and r e f l e c t o r  tank w a l l s ,  a r e  expected t o  be-  

g in  i n  the  l a s t  h a l f  of  FY 1988. 

planned f o r  ET 1989. 

A major conunitment t o  t h i s  t a s k  i s  

2 . 7 . 2  Fuel P l a t e  CollaDse Evaluation (WBS 1 . 1 . 7  .a 
This t a sk  is  composed oE two p a r t s :  (I) an a n a l y t i c a l  s tudy t h a t  

w i l l  be used t o  eva lua te  design a l t e r n a t i v e s  and a r r i v e  at a conceptual 

des ign ,  and ( 2 )  an experimental  study t h a t  w i l l  be used t o  v a l i d a t e  the  

a n a l y s i s .  
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2.7.2.1 Fuel. P l a t e  Collapse Analy t ica l  Eval-uation 

A t  s o m e  value of the  coolant  v e l o c i t y  ( c a l l e d  the  c r i t i c a l  v e l o c i t y )  

the f l u i d  pressure  d i f f e rence  ac t ing  on the  p l a t e s  a t  a given small  

deE1ect:ion i s  j u s t  equal t o  the  r e s t o r i n g  force  provided by the  plat:<! 

s t i f f n e s s .  A t  t he  c r i t i c a l  v e l o c i t y  the  pl.ates become uns t ab le ,  and 

l a rge  d e f l e c t i o n s  of the  p l a t e s  can occur .  A f in i te -e l .ement  approach 

based on M i l l e r ' s  Analogy has been developed a t  ORNL t o  ca l .cu la te  the  

c r i t i c a l  velocity f o r  var ious  p l a t e  cur 'vatuses,  t h i cknesses ,  and spans.  

I n  the  ANS core development, t h i s  approach w a s  f i r s t  used t o  eval-  

u a t e  the  invo lu te  and a rcua te  fue l  p l a t e  performance as p a r t  o f  the  core  

workshop he ld  i n  February. The ana lys i s  i nd ica t ed  t h a t  For the core  

s i z e s  under cons idera t ion  involu te  fue l  pl.ates had a s i g n i f i c a n t l y  hi.ghcr 

c r i t i c a l  v e l o c i t y  than a rcua te  ones.  

This f in i t e - e l emen t  approach, with the assumption of i n f i n i t e l y  high 

p l a t e s ,  has s i n c e  been used t o  generate  parametric curves f o r  development: 

o f  the n e w  re ference  core des ign .  Figure 2 . 2 0  is  a p l o t  of the c r i t i c a l  

QRNL-DWG 884754 EID 
. _ _  ._._._ . .- ...... 80 --- 

75 - - -  I 

1 20 130 140 150 160 170 180 

INNER RADllJS (mm) 

Fig .  2 . 2 0 .  C-ri-t ical  v e l o c i t y  a s  a function of  inner  r ad ius  f o r  15 
and 1 7 . 5 - L  ANS h a l f - c o r e s  
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velocity as a function oE inner radius for two core volumes; t k i e  cross- 

over of the two curves is not yet understood and is still being evalu- 

ated. If these calculations hold up to review, it would appear that with 

an inner fuel radius of 120 mm (present reference design) the critical 

Velocity for the fuel plates will be significantly above the required 54 

m/s (twice the expected coolant velocity, 27 m/s) value. This means that 

for the core sizes being considered the fuel element's entire radial span 

can be accomplished with one fuel annulus--a great saving in fuel fabri- 

cation costs. 

2.7.2.2 Fuel Plate Collapse Experimental Evaluation 

A s  previously stated, the initial fuel plate collapse evaluations 

will be performed using analytical methods. However, once the conceptual 

design conditions have been set (e.g., fuel plate rhickness, fuel plate 

span, coolant gap thickness), the critical velocity will be confirmed 

experimentally. The experiments will also search for the existencc of , 

fuel plate instabilities resulting from coolant velocity at the expected 

operating coolant velocity and all the way up to the critical velocity. 

Planning for these experiments has not been formally initiated, but 

several alternatives for performing them have already been identified. 

2.7.3 Anal-vsis of Fuel Plate Deflections Due to Differential Exparision 
(WBS 1.1.7.31 

Planning for this task is expected to begin in the early part of Fy 

1 9 8 9 .  

2.7.4 Core and Control Element Vibration Tests (WBS 1 . 1 . 7 . 4 )  

This task has not been initiated. Initial. planning for this task 

is expected to begin in the early part of FY 1990. 

2.7.5 Haterials Irradiation Effects on Properties of Material? 
(WBS 1.1.7.5) 

Irradiation performance data are needed €or various materials pro- 

posed for the A N S .  Although some data for A1-6061, H f ,  B ,  etc. already 

exist, new data to address rate effects and spectrum effects as well as 

higher fluence effects are needed. Initial materials irradiation evalu- 

ations will concentrate on the 6061-T5 aluminum that is proposed for 

many of the components. Design of the test capsules is expected to he 
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complete in the last half of M 1988, and initial irradiations are expec- 

t:ed to begin in the second quarter of FY 1989. 

are expected to continue for several years. 

Irradiation experiments 

2.7.6 Data Packaze Development for ASME Code Pressurexessel Section 
WBS 7.1.7.6) 

Commercial power nuclear reactor pressure vessels are required by 

law to be designed, fabri-cated, and inspected in accordance with the 

ASiYE Boiler arid Pressure Vessel Code.' DOE policy, as stated in DOE 

Order 5480.6 ,' requires that DOE reactors 'I I . 
uniform standards, guides, and codes which are consistent with those 

applied to comparable licensed reactors" and DOE Order 5480.4'' lists the 

ASME Boiler and Pressure Vessel C o d e  as a "mandatory" standard. The ANS 

CPBT must therefore be designed and fabricated to meet the Code require- 

ments and, in particular, Sect. 111, Div. 1 of the code,, The curt-ent 

Code-acceptable materials are ferritic steels, austeiiieic stainless 

steels, high-nickel alloys and copper-nickel alloys none of which 

would be acceptable €OK the CPBT because of their nuclear characteris- 

tics. The leading candidates, as previously mentioned, are 606l-T6 

aluminum and Zircaloy-4 (o r  possibly Zircaloy-2), and if one of these 

materials is to be used, it must be approved by the ASME Boiler and 

Pressure Vessel Committee. 

. he in accordance with 

Code approval could probably be obtained for either of the two can- 

didate alloys. Both 6061-T6 alumunium and Zircalray-2 are approved for 

use by Sect. VI11 of the Code, which goveriis unfired pressure vessels, 

and so allowable stress values have already been developed for them. 

Major additions that will be required f o r  Sect, I11 are data on irrad- 

iation effects and the development of a fatigue design curve. 

The process of obtaining Code approval will be initiated by making 

a formal request to the ASME Boiler and Pressure Vessel Committee to 

allow use of the selected alloy in Class 1 components. A decision on 

the choice of the CPBT material (expected in the next few months) should 

be made before the formal request is initiated because the Code Committee 

usually only acts to approve new materials if there i s  a definite plan to 

use them. The initial request will be accompanied by a package of suffi- 

cient mechanical properties data on which to base allowable stress values 
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as well as data on the weldability, structural stability characteristics, 

and the effect on properties of temperature and neutron irradiation. 

present, data are being gathered for both candidate materials. 

At 

Current plans arc. to develop a data package for the chosen material 

based on available data and submit a request to the ASME Boiler and 

Pressure Vessel Committee as soon as possible. Any additional data that 

are found to be lacking during the preparation of the data package or 

later by the ASME Committee, must be obtained, but because of the long 

history of use of the candidate materials in a nuclear environment, such 

additional data needs are expected to be minimal. 

2 . 8  COLD SOURCE DEVELOPMENT (WBS 1.1.8) 

Many of the cold source facilities at existing reactors are retro- 

fits into available beam tubes or spaces and therefore have constraints 

that limit the efficiency of the system, In the ANS project, we are in a 

position where an understanding of  the fundamental operation of a cold 

source will allow us to better the operational efficiency of existing 

cold source concepts. 

To 

1. 

2 .  

3 .  

4 .  

5 .  

reach this objective we must 

identify appropriate cold source moderator and structural 
materials ; 

understand cold source moderator geometry effects ; 

understand the location arid magnitude of heat deposited in the 
cold source; 

demonstrate a feasible technique for removing the deposited heat 
at the cryogenic temperatures; and 

understand the thermal and mechanical stresses introduced into 
the cold source structure ~ 

Five suhtasks (neutronics analysis, thermal-hydraulic analysis, experi- 

ments, materials anal.ysis, and stress analysis) are needed to produce 

this data, and the work performed for each of them during the reporting 

period is presented in the following sections. 
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2.8.1 Neutronics Analysis (WRS 1.1.8.1) 

The neutronic analysis has concentrated on an evaluation of the 

neutronic performance of various cold source moderators and an initiation 

of geometry studies. 

2.8.1.1 Neutro1ii.c Performance of Various Cold Source Moderators 

A review of data on various cold source moderators indicated that 

the most efficient cold source moderator f o r  the ANS cold source would be 

either liquid hydrogen (LH2) os liquid deuterium (LD2). Further review 

of the data indicated that for gains in neutrons with wavelengths > 0 . 4  

mm, the ED2 moderated cold source should be superior t o  an LJ32 moderated 

sys tern, Therefore, LD2 was chosen as the reference cold source mode- 

rator material f o r  the A N S  concept. 

The principle problem wi.th using LD2 (or LH2) is the explosive po-  

tenti-al of the moderator. Therefore, a search for a nonflammable cold 

source moderator material w a s  initiated. This search eventually led to 

the consideration of liquid nitrogen-15 (LNI5). 

tained from a 15-group calculation for 380- ,  420-, and 520-mm spherfcal 

cold sources using W15 (65 K) and La2 (20 K) are compared in Fig. 2 . 2 1 .  

For neutron wavelengths < 0.4 mm, the LNI5 and LD2 have similar gain fac- 

tors. However, for wavelengths > 0 . 4  mm (the energy range of  most int:er- 

est to many users) the gain factors obtained f o r  the LD2 cold source are 

significantly higher. As a result, the reference modera-tor material f o r  

the ANS cold source i s  stI.l.1. w)?, 

The gain factors ob- 

2.8.1.2 Cold Source Geometry Analysis 

Some studies of cold source geometry effects were performed during 

this report period. Starting with a spherical shape (the base shape f o r  

the ILL vertical cold  source), the gain factors vs neutlron wavelength 

were obtained for spheres of  various sizes. As shown in Fig. 2.22, 

increased gain factors are seen at higher wavelengths for larger spheres. 

H o w e v e r ,  the improvement is smaller with increasing sizes; taking into 

account the assumption in the cal.culations that the thermal. flux incident 

011 the cold source is constant over the entire surface, it appears tha t  

in the case of spheres completely filled w i t h  moderator the 380-mm sphere 

( ILL  size) is close to the optimal size, This concl.usion, of course, 
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F i g .  2.21. Gain factors obtained for 3 4 - ,  4 2 - ,  and 5O-cin spherical 
cold S O U I - C ~ S  using LN15 and LD2 

assumes that no particular problems ( e . g . ,  cooling problems) are assoc- 

iated with this size. 

The previous analysis w a s  based on the assumption of spherical georn- 

etry and produced some useful information on the impact of size. How- 

ever, based on the effectiveness of the reentrant tube introduced into 

the ILL cold source, we believe t:kiat the optimal shape for the ANS cold 

source, particularly with the high heating rates expected, is not spher- 

ical. Efforts were initiated at the end of  this report period to evalu- 

ate several other geometries, including modified cylinders. 

2 . 8 . 2  Cold Source Thermal-Hvdraulic Analyses (WRS 1.1.8.2) 

Neutronics analysis indicates that if the ANS cold source is located 

near the peak thermal flux, the cold neutron flux produced should be a 
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cooling systems for the LD2 and the cold source structure. 

will be able to remove the 20 t o  39 kW at cryogenic temperatures. 

drawing of this two-coolant-system eo 

We believe it 

A 

source is shown in Fig. 2.23. 
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Fig. 2.23. Two-coolant-system cold source 



77  

The moderator cooling system, similar to the ILL  system, would re- 

move 5 to 10 kW of heat that is directly deposited in the LD2 moderator. 

In this system the LD2 is allowed to boil, and the vapor rises to a con- 

denser where cold helium is used to condense the D2, which is then re- 

turned by gravity to the cold source moderator region. The geometry of 

the cold source will be developed to minimize the LD2 inventory and thus 

minimize the requirements placed on this part of the cooling system. 

Heat would be received from the cold source structural material by 

cold helium gas forced through channels in the structure. 

tem described in Table 2 . 8  , analysis has indicated that up to 25 kW of 
heat can be removed from the cold source structure. Thermal-hydraulic 

analysis was performed for both a magnesium and aluminum structure. 

results indicated that even though the heat load for the magnesium struc- 

ture would be lower, because of the absence o f  the /3-heating associated 

with the aluminum, the lower thermal conductivity of magnesium still 

makes it more difficult to cool than an aluminum structure. 

With the sys- 

The 

Table 2 . 8 .  Conditions for system to remove up to 25 kW 
from cold source vessel walls 

Maximum heat load 2 5  kW 

Helium mass flow rate 1 kg/s 

Helium inlet temperature 5 K  

Helium outlet temperature 9 . 8  K 

Helium inlet pressure 1.01 MPa 

Helium outlet pressure 0.91 MPa 

Heat transfer coefficient 4 9 9 4  W/m2-K 

Number of coolant passages 50 

Fluid boundary AT 15 K 
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A comprehensive computer model development was initiated to provide 

an integrated thermal-hydraulic analysis for this two-coolant system. 

This model will be benchmarked against data obtained from the ILL cold 

source and from experiments to be performed as part of the development of 

the ANS cold source (see Sect. 2.8.3). 

2.8.3 Cold Source Experiments (WBS 1.1.8.3) 

Full-scale model and prototype cryogenic model tests are planned. 

Also, neutronic testing of the cold source, possibly using a Californium 

source, has been discussed; however, the usefulness of such tests has not 

yet been established, and they are not included in the present program 

plan. 

2.8.3.1 Full-scale Model Cryogenic Tests 

Full-scale model cryogenic tests are planned to begin in early FY 

1989 with five major objectives: 

1. verify the computer model algorithms that will be used in the 
cold source design; 

2. verify flow patterns, flow regimes, and vapor fraction within 
the moderator region at various heat loads and wall heat flux 
conditions: 

3 .  investigate the effect of surface.features on boiling initiation 
and flow patterns within the moderator; 

4. investigate effects of cavity configuration on items (1) and 
(2); and 

5. simulate all operating conditions including: 

- cooldown and fill, 
- transient loads, 
- loss of gaseous helium cooling, and 
- loss of radiation load. 

A schematic of the concept for the characterization test apparatus 

is shown in Fig. 2.24. It is anticipated that the major item for pro- 

curement will be the gas vessel(s) for the cold source. The first test 

will use an ILL configuration (as shown in Fig. 2.24) and will simulate 

the ILL cold source loading conditions before progressing to ANS loadings 

for this configuration. 

tial spherical vessel with a configuration optimized for the ANS. The 

The facility will allow replacement of the ini- 
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Fig .  2 . 2 4 .  ANS co ld  source c h a r a c t e r i z a t i o n  t e s t  

test  appara tus  w i l l  inc lude  f lash photography and video equipment f o r  t h e  

record ing  of  t r a n s i e n t  phenomena. 

2 . 8 . 3 . 2  Cold Source Prototme Tests  

Planning f o r  t he  prototype tests that: a r e  expected to be performed 

i n  FY 1990 t o  1991,  fol lowing the conceptual design process ,  has  no t  yet 

begun. 

2 . 8 . 4  Cold Source Matsrials Analysis (WBS 1 . 1 . 8 . 4 1  

Materials data under cryogenic condi t ions  a r e  needed f o r  t he  co ld  

source, so this p a r t  of t he  ANS materials eva lua t ion  work has been sepa-  

r a t e d  f r o m  WBS 1 . 1 . 7  and included as p a r t  of WBS 1 . 1 . 8 .  The work f a l l s  

i n t o  fou r  c a t e g o r i e s :  l i t e r a tu re  search, room-temperature proper ty  



tests, cryogenic property tests, and irradiation tests. Of these four, 

only the literaturc search activity has begun. 

The initial work has concentrated on the evaluation of potential 

structural materials. Aluminum-606l-T6 is the structural material in the 

ILL cold source and appears to perform well. However, one of the major 

SOUTCF"~ for the heat deposited in the structure is the /?-decay resulting 

from neutron absorption in aluminum and the heat load could be reduced 

considerably were a suitable substitute materi a1 to be found. 

Magnesium-AZ31B (a magnesium alloy with 3% aluminum and 1% zircon- 

ium) is a potenti21 candidate. It has desirable neutronic properties 

and is one of the structural materials in the new National Bureau of 

Staiidards (NBS) cold source Certain other magnesium-zirconium alloys 

were used in early cold source components in BEPO and DIDO reactors at 

HarwellI3 and were found to have comparative7 y good mechanical properties 

and are thus also potential candidates. However, concerns have been 

raised about the cmbrittlement o f  the magnesiuiii alloys under the expected 

ANS conditions. This potential problem, along with findings from the 

thermal-hydraulic analysis (see Sect. 2 . 8 . 2 ) ,  has led to the choice of 

Al-6061-T6 as the reference material for the structure of the ANS cold 

sourcc. However, the evaluation of  alternative materials will continue 

for at least another year. 

2 . 8 . 5  Cold Source Stress Analvsis (WBS 1.1.8.5) 

The development of a comprehensive finite-element computer stress 

model for the cold source vesscl wall w a s  initiated during this reporting 

period. The initial model examines the region around a single coolant 

passage for stresses and deforrnati ons caused by the internal deuterium 

pressure and the helium coolant pressure. This same finite-element model 

w i l l  also be used to perform soiiic? of the thermal-hydraulic analysis so 

that thermal stress evaluations can also be performed. 

Both magnesium and aluminum wcre analyzed but  the results were sim- 

ilar because this is a linear-elastic model. Preliminary results indi- 

cate that the strcsses observed are acceptably small, Additional re- 

sources have been allocated to this task, and significant results are 

expected during the next reporting period. 
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2.9 BEAM TUBE, GUIDE, AND INSTRUMENT DEVELOPMENT (WBS 1.1.9) 

The ORPHEE reactor facility has demonstrated beam tube, guide, and 

instrument technology improvements that lead to substantial increases in 

the useful flux on an experimental sample. Beam transport systeins, 

polarizers, monochromators, and high-resolution area detectors are iden- 

tified by the National Steering Committee as four areas in which improve- 

ments should be pursued for the ANS. 

in the DOE budget €or this task, and thus no work in this area has been 

initiated. 

However, there has been no funding 

2.10 HOT SOURCE DEVELOPMENT (WBS 1.1.10) 

This WBS task was identified to evaluate preconceptual design and 

performance parameters of a hot source located at the edge of the re- 

flector tank and to optimize the geometry of the hot source. 

has received relatively low priority because it is not viewed as a feasi- 

bility issue. 

1989 .  

2.1.1 NEUTRON TRANSPORT AND SHIELDING (WBS 1.1.11) 

This task 

Under the present schedule, this task will begin in FY 

This WBS task was defined to deal with issues that involved. neutron 

transport analysis, including 

1. neutron and gamma heating rates for components; 

2. optimal beam tube configuration and alignment; 

3 .  impact of beam tubes on the reactor core and other components i n  
the reflector tank; 

4 .  usefulness of advanced shielding materials; 

5. light-water pool shielding effects; and 

6 .  impact of cold source on the reactor core and other components 
in the reflector tank. 

During this reporting period, work was performed only on neutron and 

gamma heating rates and optimal beam tube configuration and alignment. 
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2 . 1 1 . 1  Neutron and Gamma Heatinv Rates f o r  Components (WBS 1,Z.ll.l) 

The h e a t  depos i ted  i n  aluminum components l oca t ed  i n  and around the  

core  reg ion  w a s  examined f irst .  * 
aluminum as a func t ion  of l o c a t i o n  i n  the core  and r e f l e c t o r  tank were 

c a l c u l a t e d  €or the  s p l i t - c o r e  qua r t e r - co re  model. shown i n  F ig .  2 . 2 5 .  

Neutron and g a m a  hea t ing  r a t e s  f o r  

The ca lcu l -a ted  neutron hea t ing  r a t e s  ob ta ined  f o r  t h i s  model a r e  

shown i n  F i g .  2 . 2 6 .  

f a c t o r s  f o r  aluminum'? wi th  the  neutron f luxes  prev ious ly  c a l c u l a t e d  f o r  

t h e  s p l i t - c o r e  conf igu ra t ion .  The increase  i n  hea t ing  rate observed i n  

F ig .  2 . 2 6 ,  as one moves from the  core  reg ion  i n t o  the  heavy-water r e -  

gions o f  t h e  r e f l e c t o r  on the  plenum between the  core  h a l v e s ,  is  caused 

by t h e  increased  thermal iza t ion  of t he  spectrum and t h e  r e s u l t i n g  i n -  

c r ease  i n  neutron absorp t ion  and subsequent P-decay i n  the  aluminum. 'The 

(n-P)  r e a c t i o n  dominates the  neutron hea t ing  e f f e c t  i n  aluminum. i n  m o s t  

c a s e s ,  t he  c a l c u l a t i o n s  probably overpredic t  t he  hea t ing  rate because 

they do no t  take i n t o  account t:he flux depress ion  t h a t  would be caused by 

the  al.uminum. However, the  CPBT f l u x  depress ion  was incli.ided i n  the  cal - 

c u l a t i o n s ,  The co ld  source would probably l o c a l l y  enhance the  thermal- 

i z a t i o n  (and the re fo re  r a i s e  the  f l u x ) ,  so f o r  these  two cornponents t he  

c a l c u l a t i o n s  a r e  probably not  overyredic ted .  

These va lues  were obta ined  by fo ld ing  neutron keriiia 

Gamma hea t ing  r a t e s  were ol>tai.ned i n  a s i m i l a r  manner and a r e  shown 

i n  F i g ,  2 . 2 7 ,  As expected,  t he  garntna hea t ing  r a t e  peaks i.n the  f u e l  r e -  

gion and d i e s  o f f  r ap id ly  a s  one leaves  the core .  The peak gamma hea t ing  

r a t e  of  about 90 W/g occurred c o n s i s t e n t l y  along the  su r face  of  the  f u e l  

border ing  the  D 2 Q  plenium region t h a t  s epa ra t e s  t he  two core  ha lves  

The sum of  the  neutron and g a m a  e f f e c t s  i s  t h e  t o t a l  hea t ing  ra te  

and i s  shown i n  F ig .  2 .28.  The peak to ta l .  hea t ing  rate (about  100 W/g) 

was observed a t  t he  same l o c a t i o n  AS t he  peak gamma hea t ing  ra te .  

"This m a t e r i a l  was examined f i r s t  becairsr iiiuch of  the s t r u c t u r a l  
ma te r i a l  i s  expected t o  be f a b r i c a t e d  from the  aluminum a l l o y  A1-6061. 
Eventual ly ,  t h e  eva lua t ion  w i l l  need t o  be performed f o r  the  a l l o y  r a t h e i  
than the pure alurniriuni t o  determine the  impact  of  t he  a d d i t i o n a l  
ma te r i a l s  i n  the  a l l o y .  

fThese kerma f a c t o r s  were obtained from evalua t ions  perEorrned by 
ANT,. 
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Fig. 2.25. Geometry and mate r i a l  composition used f o r  aluminum 
heating analysis of a s p l i t  core  
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Fig. 2.26. Neutron heating rate in aluminum, including charged 
particle decay heat for a split core configuration at 343 MW: (a) entire 
reactor and ( b )  core region 



Fig. 2.27. Gamma heating rate i n  aluminum for a split-core con-  
figuration at 343 MW: (a) entire reactor and ( b )  core region 
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Fig. 2.28. T o t a l  heating in aluminum, including charged particle 
decay hest for a split-core configuration at 343 MW. 
and ( b )  core r e g i o n  

(a) entire renctoi- 
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Figures 2.26 and 2.27 show that in the core region the heating 

effect is dominated by the gamma heating, which contributes as much as 

90% of the total. However, as one leaves the core the neutron heating 

becomes a larger percentage of the: total; in the inner regLon of the re- 

flector tank, more than half of the 20 W/g total heating rate at the core 

axial midplane is due to the neutron heating effect. 

These initial heating rate calculations were the beginning of an 

effort to determine the heating rates for the materials of various com- 

ponents in and around the core region. The next s t e p  is the calculation 

of heatlng rates for materials other than aluminum. In addition, calcu- 

lated values must be compared with measured data f o r  validation; the 

results presented in this section are acceptably close to rough estimates 

extrapolated from the data obtained on heating rates for alumitium in the 

ILL facility, but more comparisons with existing data are needed. 

2.11.2 Beam Tube AI ignment (WBs....l . 7.. 11 ~ 2 )  

Three types of beam tube alignment (radial, no-line-of-sight, and 

tangential) were described and discussed in Sect. 2.1.2.4 (WBS 1-1.11.2). 

This task was initiated to evaluate the fast neutron and gamma f l u x  con- 

tamination of the beam tube flux with the different alignments. Because 

the evaluation of beam tube effects on the core (Sect. 2.1.2.4) had al- 

ready indicated that tangential beam tubes should be avoided, the analy- 

sis focused on the radial and no-line-of-sight geometries. 

An initial transport analysis, in both the single- and split-core 

configurations, was completed during this report period. The analysis 

consisted of a DORT’ 2-D RZ model for each of the two core designs and 

several TORTI4 3-D XYZ cases which modeled the beam tubes. 

and 18-gamma-ray energy group cross-section library was used fOK a l l  

calculations. The angle-dependent fluxes from the DORT cases were used 

to prepare surface .sources f o r  the 3 - D  beam tube calculations. Three 

beam tube cases were run for each core design: (1) a no beain tube, D20 

only case; (2) a radial beam tube; and ( 3 )  a no-line-of-sight beam tube. 

(Note that this same approach was recently used to calculate beam tube 

fluxes for the H F I R  beam tubes and the calculated flux Val-ues were in 

good agreement with the measured values “I5) 

A 15-neutron 



The D20-on1.y case was run  to provide a check on the intermediate 

codes that prepared the sources for the 3-D cases. If the couplings 

were handled correctly, the fluxes in the  3-D case should be the same as 

in the 2-D case, In general, the fluxes in the 3-D case were lower than 

in the 2-D case by 10 to 208, but the shape of  the flux profiles was 

essentially the same except at the D20-M20 interface. The magnitude 

difference was attributed to the lack of source normalization in the 

intermediate code and was not considered important for this analysis. 

The shape difference at the D2O-H20 interface resulted from the use of 

different boundary conditions and is also unimportant for this analysis. 

A comparison of the ratio of the thermal neutron flux to the gamma 

ray flux for both beam tube orientations and both core designs reveded 

no large differences, presumably because the low gamma attenuation 

associated wi.th the D20 and the aluminum beam tube makes streaming down 

the beam tube a relatively unimportant contribution. If the beam tubes 

were shielded on the sides to reduce the gamma flux leaking into t:he 

tube, the orientation of the beam tube mauth might become much more 

important. 

A simplistic comparison of  the ratio of the thermal neutron flux to 

the fast neutron flux appears t o  show a factor-of-two advantage for the 

axially split core f o r  both the radial and no-line-of-sight beam tubes 

as shown in Figs 2.29 and 2.30, respectively. However, much of this 

advantage is only apparent and is caused by the radial position of the 

beam tubes in Figs 2.29 and 2.30 being the same for hot31 cores. If the 

comparison were made with the beam tubes moved to the actual peak thermal 

flux position in the two models, the advantage f o r  the s p 1 i . t  core is 

reduced to an estimated 30% o r  l e s s .  

It is very important t o  understand that the flux ratios shown in 

Figs 2.29 and 2.30 are based on scalar flux values and thus do not re- 

f l e c t ~  the ratio of the thermal to fast flux streaming down the tube 

toward the experiments. During the coming months, the angular fluxes 

wi.1.Z be used to examine thermal and fast neutron as well as gamma fluxes 

that actually reach the experiment locations. 
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2.12 INSTRUMENTATION AND CONTROLS ( I & C )  DEVELOPMENT (WBS 1.1.12) 

The ME project objectives place demands on the operating regimes 

that require unusual control and plant protection system (PPS) capabil- 

ity. This task, which uses computer-dynami c simulations to examine the 

capability of different control and PPS options to meet operational and 

safety needs, has been broken into four subtasks: model development, 

safety analysis support, reaccor control system studies, and experimental 

facilities interface. The progress made in each of these subtasks for 

the report period is presented in the following sections, 

2.12.1 Model Development (WBS 1.1.l.2.1) 

The initial dynamic model of  the core neutronics and thermal hydrau- 

lics has been completed. 

rently being used to close the loop and test the core model. The folloru- 

ing processes are included in the present models: 

A simple model of the balance-of-plant is cur- 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

7 .  

neutronics based on point kinetics with a single delayed 
neutron group; 

decay heat far shutdown heat removal; 

core thermohydraulics that: include models for fuel and coolant 
in an average-channel, a hot-channel, and the hot spot; 

the core bypass region; 

upper and lower plena; 

reflector; arid 

balance-of-plant, including ho t  and cold legs, heat exchangers, 
main circulation pumps, and pressurizer circuits. 

This model, which will be used for the evaluations performed under the 

other subtasks of WRS 1.1.12, will continue to grow as more information 

is generated by the other design activities. 

2.12.2 Safety Analysis Support 

This task provides R&D support to the safety analysis studies in the 

area of dynamic analysis. 

adequacy of rod worths to provide (1) safe response to anticipated trans- 

ients, (2) a maximum safe rate for reactor startup conditions, and ( 3 )  

Initial activities are aimed at assessing the 



adequate shutdown margin f o r  a l l  design b a s i s  events .  The f ind ings  a r e  

too pre l iminary  t o  p re sen t  a t  t h i s  t i m e .  

2 .12 .3  Reactor Control System Studies  

This t a s k  addresses  preconceptual  design requirements of the con t ro l  

and plant: p r o t e c t i o n  system (PPS)  . The s imula t ion  niodeP d iscussed  i n  

Sec t .  2 . 1 2 . 1  has  been used t o  perform i n i t i a l  eva lua t ions  of t he  A N S  

r e a c t o r  c o n t r o l  requirements.  Prel iminary indi-cat ions a r e  t h a t  the f u e l  

feedback mechanisms a r e  sma l l ,  and t he re fo re  rnuclz OF the  a n a l y s i s  e f f o r t  

t o  da t e  has  concentrated on determining the  e f f e c t  of f u e l  Doppler feed-  

back on the  ANS core  dynamics. 

Because of the  high enrichment,  t he  Doppler feedback, although 

s m a l l ,  could be p o s i t i v e .  Prel iminary c a l c u l a t i o n s  were performed ( f o r  

the s i n g l e  core)  t o  determine the  maxirnunn p o s i t i v e  value t h a t  rnnj n t a i n s  

r e a c t o r  s t a b i l i t y .  Some r e s u l t s  of those preli i na ry  c a l c u l a t i o n s  a r e  

presented  i n  Figs 2 . 3 1  t o  2 . 3 5 .  Three major conclusions were reached 

from this i n i t i a l  analysis" 

1. T h e  main feedback paths  are due t o  fuel. Doppler and in -co re  
coolan t  d e n s i t y .  The r e f l e c t o r  coolan t  feedback is negat ive  and 
has  a magnitude o f  approxiiiiately o n e - t h i r d  of the  i n - c o r e  cool- 
a n t  nega t ive  feedback. The i n - v e s s e l  bypass coolan t  Ems a nega- 
t i v e ,  bu t  neg l ig ib l e  feedback. 

2 .  The Doppler feedback c o e f f i c i e n t  f o r  the s i n g l e  core  appears t o  
he  p o s i t i v e .  If the  Doppl.er feedback i s  p o s i t i v e  f o r  tlie new 
reference  s p l i t  co re ,  i t s  magnitude must be maintained below 20% 
of  the  magnitude of the in -co re  coolant: feedback r e a c t i - v i t y  i f  
inherent  i n s t a b i l i t i e s  a r e  t o  be avoided. (Note t h a t  thF c u r - -  
r e n t  c a l c u l a t i o n s  do not  account f o r  f u e l  expansion and/or bend- 
i n g ,  which would tend t o  s t a b i l i z e  the core dynamtcs. Also, the 
p resen t  a n a l y s i s  does no t  take i n t o  account the a x i a l  s p l i t t i n g  
of the  core  a s  found i n  the new reference  des ign . )  

3. In the  event that  the  fine1 Doppler coeCfLcient i s  close t o  the 
th re sho ld  value f o r  i n s t a b i l i t y ,  l a r g e  power o s c i l l a t i o n s  can be 
e s t a b l i s h e d  with a 300-s per iod .  These o s c i l l a t i o n s  r e s u l t  
from the  vessel. region being uns tab le  and having t o  r e l y  on the  
nega t ive  feedhack o f  the r e f l e c t o r  region t o  s t a b i l i z e  i t .  

Although these  c a l c u l a t i o n s  are pre l iminary ,  there is  some cause f o r  con- 

ce rn .  Under these  cond i t ions ,  the ind ica t ions  a r e  t h a t  the  A N S  core  ( o r  

a t  l e a s t  t he  o l d  s i n g l e - c o r e  designs)  would have very small inherent  

feedback and t h e r e f o r e  impose severe  requirements on the  design of the  
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c o n t r o l  system t o  ensure proper  r e l i a b i l i t y  of ope ra t ion  and adequate 

s a f e t y  margins.  

of means f o r  i nc reas ing  negat ive  r e a c t i v i t y  feedback mechanisms. For 

example, it i s  be l i eved  t h a t  reducing the  enrichment from 93% t o  80 o r  

85% would in t roduce  enough 238U i n t o  the  system t o  l e a d  t o  a nega t ive  

Doppler c o e f f i c i e n t ,  al though a t  a s m a l l  pena l ty  i n  the  e f f i c i e n c y  of the 

core. These e f f o r t s  w i l l  cont inue t o  r ece ive  a h igh  p r i o r i t y .  

A very h igh  p r i o r i t y  has  been given t o  the de termina t ion  

2 . 1 2 . 4  Experimental Faci1it:ies ' Interface 

This  t a s k  w a s  i d e n t i f i e d  t o  eva lua te  the  i n t e r f a c e  between t h e  ex-  

per imental  f a c i l i t i e s  (co ld  source ,  h o t  source ,  beam t u b e s ,  i r r a d i a t i o n  

pos i t i -ons ,  m a t e r i a l s  product ion,  e t c . )  and the  reactlor c o n t r o l  and PPS. 

The design of  the  experimental  f a c i l i t i e s  is  s t i l l  very  prel- iminary,  a.nd 

s o  t h e i r  impact on t h e  con t ro l  and PPS cannot be determined i n  detail. .  

However, some i n i t i a l  i deas  have been generated about  t h e  parameters  

r e l a t e d  .to experirnental f a c i l i t i e s  that may need t o  be  raonitored, €or  

example, co ld  source temperature .  Under t h e  p re sen t  p l a n ,  some e f f o r t  

w i l l  be devoted t o  t h i s  t a s k  i n  FY 1989, b u t  t he  major p a r t  o f  t h e  work 

w i l l  not begin u n t i l  FY 1990. 

2.13 FACILITY CONCEPTS (WBS 1 1 . 1 3 )  

2.13 .1  General 

BeEore FY 1 9 8 7 ,  a l l  ac t iv i t i e s  were organized i n t o  an R&D p l an .  

Thus, a71 pre l iminary  f a c i l i t y  design t a s k s  were conducted under t h e  

F a c i l i t y  Concepts R&I) t a s k .  

o rgan iza t iona l  s t r u c t u r e ,  based on  the  WBS e lements ,  has  been adopted.  

This s e c t i o n  r e p o r t s  progress  on those d i s c r e e t  ac t iv i t ies  t h a t  were 

funded under the  F a c i l i t y  Concepts R&D t a s k .  General design a c t i v i t i e s  

which began under t h e  R&D t a s k  i n  FY 1987, b u t  cont inued under t h e  des ign  

WBS elements i n  EY 1988, are repor ted  under the  appropr i a t e  des ign  WBS 

element.  

Beginning wi th  E'Y 1988, an expanded p r o j e c t  

2 .13 .2  Prel iminarv Descr ip t ion  Report 

A major t a s k  is t o  maintain a l i a i s o n  between the  va r ious  R&D acriv- 

i t i e s  and the  genera l  development of  the  f a c i l i t y  and hardware conf igura-  

t i o n s ,  and t u  t h i s  end a d r a f t  prel iminary d e s c r i p t i o n  document has been 
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written and issued as ORNL/ANS/INT-l. The purpose of the document is to 

serve as a comprehensive source for information on t he  overall design 

concept f o r  the facility and €or the individual. hardware elements in each 

WBS element. The document is organized along the WES structure covering 

the design and construction packages, with Chaps. 3-5 covering WBS 1 . 3  

(balance of plant), WBS l.h (reactor systems), and WBS 1.5 (experiment 

systems), respectively. 

1niti.al drafts covering the introductory Chap. 3 were issued in 

February 1988 and at the March Department of  Energy (DOE) review of the 

project. 

in June 1988. 

A milestone was set to complete a draft of the entire document 

2 . 1 3 . 3  Containment and Ventilation Concepts 

Safety studies based on worst-case fission product releases at a 

site near the HFIR provided functional criteria for a containment system 

tihat would limit, to allowable levels, doses to rricmbers o f  the public at 

the site boundary. The resulting functional criteria are for a contain- 

ment structure around the reactor and primary coolant l o o p  capable o f  

maintaining a leak rate of < 4%/day. This inner containment is s u r -  

rounded by a ventilated plenum (around the reactor building dome-), o r  

secondary containment ventilation zones (in the support building), that 

direct outleakage from the inner containment to a filtration system cap- 

able of  removing 99% of the iodine. 

Traditional approaches to hydrogen safety, based on ventilation 

with large volumes of outside air, directly conflict with reactor con- 

tainment: concepts based on restricted air f l o w .  

a concern in the ANS because of the deuterium inventories associated 

with the cold sources and the detritiation plant, as well as hydrogen 

that might be released by chemical reactions in acci-dent scenarios. 

Internal circulation through catalytic recombiners may allow removal. of 

hydrogen from building atmospheres, while maintni.ni.ng a closed contain- 

ment system (or, in the detritiation plant, a cont:rol.led confiriernent 

system). 

at the Ontario Hydro Darlington power station. 

Hydrogen safety will be 

Such a system is being installed at the new detritiation plant 



2.13 .4  Tritium._.Gggtrol, Wastes. and Ef f luen t  

T h e  h e a l t h  physics  and environmental impacts of t r i t i - u i n  con t ro l  

waste gene ra t ion ,  waste packaging and d i s p o s a l ,  and e f f l u e n t  treatment: 

and c o n t r o l  cont inued to be a focus of t h e  FacLl i ty  Concepts R&D t a s k .  

V i s i t s  were made t o  heavy-water r e a c t o r s  i n  Canada, a t  R N L ,  atid a t  t h e  

NBS. T r i t i u m  c o n t r o l  a t  t he  High Flux Breeder Reactor (HFBR) and NBS 

r e a c t o r s  has  been accomplished by pe r iod ic  replacement of past of  the  

heavy-water inventory wi th  f r e s h ,  t r i t i a q - f r e e  heavy wa. ter  supp l i ed  by 

Savannah River, but those supp l i e s  w i l l  no t  be a v a i l a b l e  i n  the f u t u r e .  

With the CANDU power s t a t i o n s  and the  NRU and NRX research  r e a c t o r s  a t  

Chalk River  Nuclear Laboratory (CmLj, much of  the Canadian r e a c t o r  t ech -  

nology i s  based o n  heavy-water r e a c t o r s ,  I n  the  p a s t ,  t he  tritium l e v e l s  

a t  t hese  r e a c t o r s  were allowed t o  b u i l d  toward equi l ibr ium,  lead ing  t o  

increased  h e a l t h  pliysics and environmental emission concerns.  Two d e t r i -  

t i a t i ox i  f a c i l i t i e s  are being commissioned i n  Canada, based on the  tech-  

nology used a t  I L L .  A new d e t r i t i a c l o r i  and upgrade plant. a t  (;hialk River 

i s  a p p r o x h ~ a t e l y  t h e  same s i z e  as the ILL (ad proyosed A N S )  p l a n t ,  The  

p l a n t  uses  a novel "wetproof" c a t a l y s t  to al low the  i n i t i a l  exchange o f  

t r i t i .um and protium from the  water t o  the g n s  phase t o  occur a t  room 

temperature.  A p lan t  a t  the  Darl ingtan power station i s  about 15 t imes 

the  s i z e  of the ILL f a c i l i t y ,  and i s  based on the s tandard  high- 

temperature catal-ys t , 

The experiences of p l a n t s  t l i a t  con t ro l  t he  l e v e l s  of t r i t i u m  i n  

coo lan t  and moderator streams, as opposed t o  p1ant.s t h a t  Z L ~ ~ Q V J  t r i t i u m  

t o  b u i l d  t o  equilibriiiiii ,  c l e a r l y  shows t h a t  d e t r i t i a t i o n  i s  the  b e s t  

approach t o  r e so lv ing  t r i t i u m  concerns i n  l i q u i d  o r  a i rbo rne  e f f l u e n t s ,  

and i n  other waste streams. 

A committee of  personnel  from the  Nucl.ear and Chemical Waste Program 

and t h e  P i s  s t a f f  wi i s  e s t a b l i s h e d  to ensure an e f f e c t i v e  i n t e r f a c e  be-  

tween long-  range OWL planning f o r  waste d i s p o s a l  and e f f l u e n t  control. 

and the  A N S  des ign .  Altihough q u a n t i t a t i v e  c r i t e r i a  f o r  wast:ei forms, 

effluent l i m i t s ,  and personnel exposure l i m i - t s  have r i o t  y e t  been set, 

t h i s  i n t e r a c t i o n  has  a l r eady  provided qualita(: i-ve guidance f o r  deveiop- 

ment of  pre l iminary  design concepts .  



100 

2 . 1 3 . 5  RefuelinP Concep-ts 

A pre l iminary  concept €or  r e f u e l i n g  the  A N S  is  shown i n  F i g .  2 . 3 6 .  

The f i r s t  f i g u r e  shows the  r e a c t o r  assembled €or ope ra t ion .  A pressure  

f lange  i s  removed f i r s t ,  l eav ing  a low-pressure s e a l .  A r e f u e l i n g  ma- 

chine ( f i l l e d  wi th  heavy water) is  brought over the  core  and mates onto 

the pressure  f lange  f a c e .  Light  water trapped a t  the  f l ange  is  pumped 

o u t ,  t he  gap i s  d r i e d ,  and heavy water is admit ted.  The f l ange  a t  the  

bottom of the  r e f u e l i n g  machine can thet i  be opened, and the  low-pressure 

seal  is  i infastened and withdraim i n t o  a s to rage  posi.ti.on. The f u e l  and 

the upper support  assei’oly can now be l i f t e d  i n t o  the  r e f u e l i n g  machine: 

c i r c u l a t i o n  f o r  decay h e a t  removal and nuc lear  poison f o r  prevent ion  of 

c r i t i c a l i t y  (luring handl ing a r e  provided by the  r e f u e l i n g  machine i t -  

s e l f .  The low-pressure seal. i s  rep laced ,  the  bottom f l ange  of t he  r e -  

f u e l i n g  machi.ne i s  c losed ,  and the gap i.s again  purged and ref looded 

with l i g h t  water from the  pool .  The core  i s  c a r r i e d  t o  a handl ing c e l l ,  

where a si.milar s e t  of opera t ions  i s  used t o  t r a n s f e r  the  f u e l  assembly 

to a s m a l l  heavy-water pool .  Here, the core  is  disassembled, i r r a d i a t i o n  

experiments are loaded i.nto sh i e lded  c a r r i e r s ,  and the  core  i t i se l f  i s  

loaded i n t o  a heavy-water decay c a n i s t e r  and placed i n  t he  f u e l  s to rage  

pool .  
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(a) FULLY ASSEMBLED (15) REMOVE BLIND FLANGE 

(c) LOWER REFUELING MACHINE (4 ATTACH AND PURGE GAP 

F i g .  2 . 3 6 ,  Sequence f o r  removing s p e n t  fue l  f r o m  the ANS reactor 
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I 

(e) OPEN PASSAGE 

(g) CLOSE AND PURGE GAP 

ORNL-DWG 884769(PART B) ETD 

(0 ATTACH AND LIFT FUEL 

(h) DETACH AND MOVE AWAY 

F i g .  2 .36 (continued) 
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3 .  BALANCE OF PLANT (WRS 1.3) 

3 . 1  OVERVIEW 

Any major comprehensive effort leading up to a conceptual design of 

the balance-of-plant structures and systems was deferred because of 

funding constraints. Design efforts were instead focused on developing 

the reactor systems concepts and on ensuring that experiment faciliries 

can indeed meet: the project objectives. Several discrete tasks in sup- 

port of the balance-of-plant design were completed however. 

studies are discussed under the Facility Concepts R&D task. Activities 

discussed here include work o n  layouts of  the overall complex, on plan- 

ning a formalized site selection process, and on  developing flowsheets 

arid interfaces for the reactor cooling systems. 

A number o f  

3 .7 .  FACILITY 

A si.gnif 

architect, to 

ibility study 

reactor opera 

LAYOUTS 

cant effort was undertaken by H. Shapira, the project 

revise the facility layout developed during the 1984 feas- 

The overall objective of separating experiment areas from 

ions areas was maintained. This approach provides control 

of  personnel and contamination and enhances the ability to establish 

security and ventilation zones.  Noise and vibration control in experi- 

ment areas is also enhanced by separating the scattering instruments and 

major reactor equipment, such as coolant pumps and heat exchangers 

Sketches of the layout are shown in Figs 3 . 1  and 3.2. These lay- 

o u t s  i.mprove material and personnel. flow patterns. A central focal 

point was established at the main entry. From this point, personnel can 

enter the office building to the left o r  the guide hall to the right. 

Also located at the focal point is a security control center through 

which experimenters can gain access to the experiment areas of the reac- 

tor building, and through which authorized personnel can gain access to 

the reactor operations aseas. Additional access points for reactor ope- 

rations personnel are located at the rear of  the reactor support: build- 

i ng .  Material flow corridors are established at varioiis points through- 

out the facility. 
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Fig. 3 . 2 .  Second f l o o r  p l a n  of the reactor complex 
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3 . 3  SITE SELECTION 

Alt1~01~gl-t oti'rier e f f o r t s  on the  balance of plant: are r e s t r i c t e d  t o  

genera l  s t u d i e s  o f  key elements ,  planning f o r  e a r l y  execut ion of  t he  de-  

t a i l e d  s i t e  s e l e c t i o n  process  has  begun. This approach ensures  t h a t  t he  

conceptual. design is  i n  fac t  based on a c r e d i b l e  s i t e  and reduces the  

r i s k  of a s i t e  change a f t e r  s i g n i f i c a n t  e f f o r t  i s  expended on the hui.1.d- 

i ng  conceptual  design.  

Thus far, s i t e  s e l e c t i o n  a c t i v i t i e s  have focused on e s t a b l i s h i n g  a 

s u i t a b l e  methodology f o r  t he  s i t e  s e l e c t i o n  process  f o r  a research  r eac -  

tOK t h e  s i z e  of  A N S .  S i t e  s e l e c t i o n  a c t i v i t i e s  f o r  both power and r e -  

s ea rch  r e a c t o r s  were reviewed, as were DOE,  Nuclear Regul-atory Commission 

( N K C )  , and indus t ry  s tandards  and regul-ations ~ The recommended method- 

ology f o r  the  ANS is  model.ed a f t e r  guidance developed by the  Atomic I n -  

d u s t r i a l  Forum. This process  involves  d e f i n i t i o n  o f  a " reg ion  of  i n t e r -  

e s t "  ( i n  our case, the  Oak Ridge r e se rva t ion )  and a narrowing of t h a t  

reg ion  i n t o  candidate  areas and candidate  si tes us ing  a number of selec- 

t i o n  c r i te r ia .  Ul t imate ly ,  t he  s e l e c t i o n  c r i t e r i a  a r e  used t o  de f ine  the  

optimum s i t e  and the  b e s t  a l t e r n a t i v e s  t u  t h a t  s i t e .  The o v e r a l l  process  

i s  r e a d i l y  app l i ed  t o  the  ANS and meets a l l  c r i t e r i a  f o r  r e a c t o r  l i c e n s -  

i n g  and f o r  environmental impact s ta tements .  The a c t u a l  l i s t  of  sel.ec- 

t i o n  c r i t e r i a  is  being modified t o  take i n t o  account t he  s p e c i f i c  cha r -  

a c t e r i s t i c s  of  the A N S  r e a c t o r .  

The s i t e  s e l e c t i o n  process  w i l l  cont inue i n t o  L h c  next  r epor t ing  

pe r iod ,  wi th  f i n a l i z a t i o n  o f  t he  s e l e c t i o n  c r i t e r i a  and wi th  the a c t u a l  

development of candida te  areas and s i tes .  A t  p r e s e n t ,  che s i t e  near  t he  

I-IFIK, used i n  the f e a s i b i l i t y  s tudy ,  cont inues t o  appear as an  a t t r a c t i v e  

pos s i b  il i t y  . 

3 . 4  COOLING CONCEPTS 

S i g n i f i c a n t  a t t e n t i o n  was given to o u t l i n i n g  a poss ib l e  f lowsheet  

f o r  r e a c t o r  cool ing  and i d e n t i f y i n g  the  i n t e r f a c e s  between the  cool ing  

w a t e r  systems atid o the r  systems i n  the  A N S  f a c i l i t y .  This effor t :  re- 

ce ived  s i g n i f i c a n t  input  from the  p r o b a b i l i s t i c  r i s k  assessment (PRA) 

efCort (d iscussed  i n  Chap. 7 ,  Safe ty  Tasks) ,  A summary f lowsheet  of  t he  

r e a c t o r  cool ing  c i r c u i t s  i s  shown i n  F i g ,  3 . 3 .  
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I n  the  cu r ren t  concept f o r  the  A N S  r e a c t o r ,  heavy-water coolant  

flows through a s m a l l  diameter CPBT loca ted  immediately outs ide  the coin- 

pac t  core. As a r e s u l t ,  the  coolant  en te r ing  and leaving the core is  

confined t o  a s i n g l e  piping system. This s ec t ion  o f  p i p h g  i s  kept  sub- 

merged under the  pool water ,  so a s i n g l e  break of t h i s  p ip ing  would not  

prevent the c i r c u l a t i o n  of water through the  core (although it would 

allow the  interchange of  pool  and primary water ) .  The coolant  o u t l e t  

branches i n t o  four  main coolant  pipes  before  it leaves the  pool .  Each 

branch can be i s o l a t e d  ind iv idua l ly  should a break appear outs ide  thc  

p o o l .  A separa te  shutdown and emergency c i r c u i t  c a r r i e s  primary water 

from the r eac to r  i n l e t  and o u t l e t  headers t o  a p a i r  of h e a t  exchangers 

loca ted  i n  the  pool .  No valves  a r e  present  on t h i s  c i r c u i t ,  wi th  the  

exccptiion of check valves  t o  prevent backflow through the system under 

normal opera t ion .  A re l ief  mechanism w i l l  a l l o w  a bypass t o  open around 

the  check valve i f  the main flow is  l o s t .  This mechanism w i l l  al low thc 

shutdown loop t o  operate  i n  a na tu ra l  c i r c u l a t i o n  mode after an i n i t i a l  

per iod of  r e s idua l  hea t  decay. 

A number of add i t iona l  quest ions have been i d e n t i f i e d .  Among these 

is  whether the e n t i r e  primary system should be submerged o r  whether the  

r ap id  leak  de tec t ion  of fe red  by airborne tritium re leases  provides bctt-er 

reduct ion of the  r i s k  of  a major r eac to r  acc ident .  Evaluation of these 

tradeoEfs w i l l  continue a s  both the design o f  t he  p l a n t  and development 

of  t he  PRA evolve.  
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4 .  REACTOR SYSTEMS (WBS 1 . 4 )  

4 . 1  OVERVIEW 

A f t e r  a series of  s ca l ed  ske tches  o f  1Aie r e a c t o r  assembly were gen- 

e r a t e d  i n  FY 1987, a major e f f o r t  on developing a complete des ign  concept 

f o r  the r e a c t o r  systems hardware was in i t i a t : ed  i n  EY 2988. This  e f f o r t  

is  seen  as provid ing  a complementary design t o  the  feasibi.'l.ity s tudy  f o r  

t h e  balance of  pl.a.nt, completed i n  1.984. During the  f i r s t  half  of E'Y 

1988, a set of des ign  sketches was generated for  t he  r e a c t o r  systems 

hardware. An overal.1 ske tch  of t he  r e a c t o r  systems is  shown i n  F ig .  4 . 1 .  

These ske tches  w i . 1 1  se rve  t o  i d e n t i f y  the equipment i tems arid r e q u i r e -  

ments f o r  d r a f t i n g  conceptual  design c r i t e r i a  i n  support  of  t he  next  

p r o j e c t  phase.  They a l s o  serve fro ident i . fy  some key problem areas,  and a 

ser ies  of s t u d i e s  are being i n i t i a c e d  t o  evalv.ate alte.rr).at:tves and recom- 

mend the  b e s t  s o l u t i o n  t o  these problems, 

4 . 2  REACTOR CORE ASSEMBLY 

A s  dlsc i issed i n  o the r  sect:i.oris o f  t h i s  r e p o r t ,  a major e f f o r t  f o -  

cused on  eva lua t ing  two major op t ions  f o r  t:he r e a c t o r  core  asseiilbly, 

w i th  t h e  approach f i n a l l y  s e l e c t e d  be ing  a cornbi.nation o f  t he  two con- 

c e p t s .  ORNk and Martin Mar ie t ta  Engineering Divis ion des igners  provitletl 

s i g n i f i c a n t  support  to t h i s  e f f o r t ,  inc luding  genera t ion  o f  a s e r i e s  o f  

ske tches  of the  two base cores  arid var ious  cornbinations of  t he  two con- 

c e p t s .  Because the. concept was s e l e c t e d  a t  [he end of ?:he r e p o r t i n g  

peri.od and was i n  f a c t  a combination of the e a r l i e r  ones, no d e t a i l e d  

physics  and thermal -hydraul ic  c a l c u l a t i o n s  a r e  a v a i l a b l e  t o  de f ine  the  

optiimal di.mensi0n.s of  t he  re ference  co re .  Those c a l c u l a r i o n s  are no t  

expected t o  be completed f o r  s e v e r a l  months. To maintain progress  on 

developing concepks Cor the  r e a c t o r  systems hardware, a ske tch  of a re f -  

erence core was genera ted ,  base-d on the o v e r a l l  dimensions of  the INEZ 

s p l i t  core  wi th  the f u e l  p l a t e  geometry o f  t he  OWL s i n g l e  co re .  These 

dimensions are sh41wn i n  F i g .  4 . 2 .  A p l an  view of the  reference core  

concept i s  given i n  F i g .  4 . 3 .  

I K ~  a d d i t i o n  t o  the  re ference  c o r e ,  the core  eva lua t ion  s tudy  recorn- 

mended i n v e s t  ignt: ion i n t o  an enhanced c o r e  concept ,  i n  which coolan t  i s  

d i v e r t e d  so  t h a t  each core  half  rece ives  a sepa ra t e  coolant f l o w .  
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Current efforts on the reactor systems hardware are based primarily on 

the reference core. However, an attempt is being made t o  fit the h n e r  

control and irradiation hardware into a 90-mnn radius shroud in the cen- 

tral hole of the fuel element. 

central hardware and the inner side plate of the fuel, which is one of 

the requirements o f  the enhanced core concept. Differences in other 

di-mensions between the reference and enhanced concept should be minor in 

the context of a yreconceptual des-lgn effort. 

This allows for a bypass gap between the 

4 . 3  PRESSURE BOUNDARY ASSEMBLIES 

The .4NS reactor concept is based on a close-in CPBT, located iimed- 

iately outside the fuel elements. The CPBT is then surrounded by the 

heavy water reflector. 

flows through the CPBT. Early design work was based 011 downflow, as is 

used at the HFIR and other research reactors, but more recent design con- 

cepts are attempting to accommodate flow up through the core. Upflow 

offers advantages in transition to passive circulation modes at some time 

after shutdown, eliminating the need for flow reversal before natural 

circulation modes can be considered, or before refueling operations can 

commence. 

Heavy-water coolant at about 4.1 MPa (600 psi) 

Because of the high neutron doses received by the CPBT, it would be 

replaced regularly (current: assumptions are based on replacement every 

six months). The initial concept for the pressure boundary assemblies 

consists of a removable GPBT, with upper and lower permanent pressure 

boundary assemblies connected to the primary coolant piping, as shown in 

Fi.g. 4 . 4 .  

The major design features of the pressure boundary assemblies are 

the actual pressure-retaining walls, the opening at the top of  the upper 

permanent assembly for refueling, and the two connections between the re- 

movable GPBT and t:he permanent assemblies. The CPBT is currently assumed 

to be constructed of Type 6061 aluminum, although a zircaloy option is 

also being considered. The permanent assemblies are to be stainless 

steel, as is the primary piping. The transition between aluminum and 

stainless steel is thus at the mechanical connections of the CPBT, and 

dissimilar metal welds are avoided. 
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Fig. 4 . 4 .  Pressure boundary asselliblies and c o r e  supports 

Several key issues have been identified for further study. The 

lower connection of the CPBT poses particular problems, both in desi.gning 

a connection tha t  allows withclrawal of the CPRT up through the overall 

assembly and that satisfies the requirements of Sect. 111, Class 1 of 

the ASME code, and in developing a test and inspection p lan  for ensuring 
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the  qual i.ty of  t he  cotinection during opera t ion .  

CPBT need f u r t h e r  s tudy ,  as does the sub jec t  of r a d i a t i o n  damage. An 

ASME code case  w i l l  be requi red  f o r  the use of  e i t h e r  aluminum o r  z i r -  

caloy i n  an ASME Sect.  111, Class 1 component. 

Cooling concepts Tor the 

4 . 4  REFLECTOR TANK ASSEMBLY 

The primary requirement f o r  the r e f l e c t o r  tank assembly is  t o  sur-  

round the  core with heavy water f o r  at l eas t  1 . 5  m its. any dirt2cti.o-n. 

The r e s u l t i n g  r e f l e c t o r  tank i s  seen i n  Fig.  4 .1 .  Addit ional  irequire- 

ments f o r  t he  r e f l e c t o r  tank assembly a r e  ev ident .  As much as 7% of the  

h e a t  generated by the r eac to r  is deposi ted i n  the  r e f l e c t o r  assembly, and 

must be removed by the  r e f l e c t o r  water system, Because the r e f l e c t o r  

water temperature i s  t o  be considerably lower than the coolant  outl .et  

temperature (which approaches lOOOC), the  f l o w  r a t e  of  the  r e f l e c t o r  

w a t e r  i s  s u b s t a n t i a l .  An attempt w i l l  be made t o  use the r e f l ec to r  water 

f l o w  f o r  component cool.ing i n  the r e f l e c t o r  assembly. 

used t o  d i r e c t  f l o w  along the  outer  sur face  of' the  CPBT, the  ou te r  con- 

t r o l  rods ,  the beam tube t t g s ,  and o ther  monitoring and experiment 

f a c i l i t i - e s  l oca t ed  i n  the  r e f l e c t o r  t;arik t o  mai.ntai.xi acceptable  tempera- 

t u r e s  i n  these  components. 

r a d i a t i o n  hea t ing  data, and begin c a l c u l a t i o n  of the thermal and hydrau- 

l i c  requirements f o r  cool ing of  key coinponents" 

Baff les  will be 

1 n i t i . d  work i s  m w  under way t o  compile 

An add i t iona l  r o l e  of the  r e f l e c t o r  tank assembly is  t o  provide the 

c e n t r a l  mechanical s t r u c t u r e  that t i es  the r eac to r  assembly toget'her. 

Nearly a l l  of  the reactlor components (wj.th the poss ib le  except-i.on o f  the  

pressure  boundary assemblies) a r e  supported by the  r e f l e c t o r  tank assem- 

b l y .  In  many cases ,  some p a r t  o f  another system w i l l  mechanically be 

p a r t  of  the r e f l e c t o r  assembly ( e . g . ,  the end secti-ons of  the  bean tubes) 

and are considisred t o  be part of the r e f l e c t o r  tank assembly. 

4 . 5  CONTROL AND MONITORING SYSTEMS 

IJmlike the othrx- elements of  the r eac to r  syskrns bJBS, the  ncactor  

con t ro l  system includes not  only the  mechanical hardware assoc ia ted  with 

the  r eac to r  assembly, but  a l l  o f  the  monitoring and da ta  handl.ing systems 

up t o  the  operator  i n t e r f a c e .  
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The c u r r e n t  concept f o r  con t ro l  elements i n  the  ANS i s  based on 

eight: inner  con t ro l  rods and t e n  ou te r  rods .  A n  e l e v a t i o n  view of the  

con t ro l  assemblies  i s  given i n  Fig.  4 . 5 ,  and the  l o c a t i o n s  of t he  rods i n  

p l an  vi.ew can be seen i n  Fig.  4 . 3 ,  The inner  c o n t r o l  rods are used f o r  

t he  operational.  con t ro l  of  t he  r e a c t o r ,  as w e l l  as t o  provide a r a p i d  

scram system. Four of  these  rods e n t e r  the  core  from above, and four  

from below.  During ope ra t ion ,  these  rods w i l l  be ad jus t ed  t o  balance the  

ORNL-DWG 884776 ETD 

... 

1 
1 

CONTROL RODS 
AROUND CORE 

Fig.  4 . 5  Control rod e l eva t ions  
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i n s e r t i o n  of the upper K O &  and the  lower rods.  The lower Lour rods w i l l  

be grouped toge ther  and operated by a servo mechanism. The upper four  

rods wi1.l. be ac tua ted  sepa ra t e ly ,  and each rod w i l l  be provided with an 

independent r e l ease  iiiechanism t o  provide a s p r i n g - a s s i s t e d  scram capab i l -  

i t y .  Because of  the  small  diameter ava i l ab le  f o r  the  assemblies i n  the 

c e n t r a l  ho le  of  the  c o r e ,  a new l a t c h  mechanism i s  being considered t o  

rep lace  the  b a l l - l a t c h  used i n  o ther  ORNL r e a c t o r s .  The d r ive  assemblies 

extend d o m  through the  lower pressure  boundary assembly, wi.ch access  Eor 

mai.nt:ennnce i n  a suhpi le  room below the  r eac to r  p o o l .  

The o u t e ~  c o n t r o l  rods serve  as an independent sys^i.em for  f a s t  r e -  

a c t o r  shutdown and provide excess r e a c t i v i t y  con t ro l  during r e a c t o r  shu t -  

down. They a r e  loca ted  i n  the r e f l e c t o r  tank, as near t o  the r eac to r  

core  as p r a c t i c a l .  Because c r i t i c a l i t y  o f  the r eac to r  i s  sus ta ined  

mainly by neutrons,  which are modc?rated i n  the r e f l e c t o r  and migrate hack 

t o  the  core ,  the  worth o f  rods i n  t h i s  region is very high.  However, the 

impact on the f l u x  a t  the  beam tubes i s  a l s o  h igh ,  thus i.t i s  undesirable  

t o  use these rods f o r  con t ro l  during normal. opera t ion .  

The outer  rods are therefore  designed f o r  scram only .  Any r e s e t  

mechanism t h a t  passes  below the core t o  the subpihe  room must be angled 

around the lower f lange o f  the CPBT. Thfs Eentxre appears des i r ab le  t o  

maximize access  t o  the r e f l e c t o r  from above f o r  i r r a d i a t i o n  experiiiients . 
Ei ther  f l e x i b l e  leads  o r  hydraul ic  ac tua t ion  a r e  being considered f o r  

r e s e t t i n g  the ou te r  cont ro l  rods.  

The use o f  upflow through the  co re ,  r a t h e r  than downflow, has a 

s ign i . f i can t  impact on the des ign  o f  the  c e n t r a l  con t ro l  assemblies ,  I t  

i s  undesirable  LO scram e i t h e r  aga ins t  gravi.ty o r  aga ins t  f l o w .  Reso1.u- 

t i o n  of the  impact on  t he  cont-rol system design and on con t ro l  rod cool -  

ing wi1.l. provide a major i.nput i n t o  the  eva lua t ion  of  the f e a s i b i l i t y  of 

upf 1097. 

4 . 6  REFUELING AND MAINTENANCE SYSTEMS 

ment of an i n i t i a l  concept of  a r e fue l ing  machine and 

procedure f o r  hie ANS was discussed under the F a c i l i t y  Concepts R&D 

task ,  WBS element 1.1.13. 
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Although in many ways the development o f  refueling and maintenance 

procedures for the ANS would seem to be too detailed an effort for the 

preconceptual design phase, the overall maintenance procedures impose 

significant constraints on the design concept. The current concept is 

based on the use of a machine €or refueling, for replacement of the L'PBT, 

and probably for replacement of spent control elements. 

be designed so that more extensive maintenance can be accomplished by 

removing the heavy water from the in-pool coolant system and the reflec- 

tor tank and reflooding the assembly with light pool water. 

will then be designed so that disassembly and maintenance can be accom- 

plished from above, using long-handled tools and pool  water for shield- 

ing. The design of reactor hardware must accommodate these maintenance 

requirements. For example, the upper lid o f  the reflector tank is lo- 

cated above the upper primary coolant line, so that it can be drawn up 

over the refueling access port to provide clear access to components 

inside the reflector tank. 

The system will 

Hardware 

4 . 7  COLD AND HOT SOURCES 

Preliminary design work on the cold sources is being carried out 

under the cold source development task, WBS 1.1.8. Activities of the 

reactor system design team are concentrated on the integration of the 

cold source concept into the overal.1 reactor assembly configurations. 

No significant development o f  the hot source design was undertaken 

during the reporting period. Installations at the ILL and ORPHEE reac- 

tors are being used as a basis to date f o r  the overall ANS design 

concept . 

4 . 8  SPECIAL STUDIES 

A number of  special studies have been identified near the end of 

this reporting period and will continue into the next period. The first 

of  these is the evaluation o f  upward flow through the core. Because one 

of the primary notivations €or this change is establishing passive decay 

heat removal patterns arid this evaluation involves other plant systems 

beyond the reactor systems WBS, the overall evaluation is being covered 

under the Facility Concepts R&D task. However, impacts on the core and 

pressure boundary assemblies, the control rod assemblies, and refueling 
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and maintenance systems w i l l  be addressed by the reactor systems design 

team. 

Another study i s  being i n i t i a t e d  t o  determine whether the current 

c lose- in  C’PBT concept is bes t  for  the A N S .  Major a l te rna t ives  include 

placi-ng the pressure boundary a t  the outside of the r e f l ec to r  tank (as a t  

the HFIR) and a CPBT concept: i n  which flow proceeds down through a bypass 

annulus and up through the core. The l a t t e r  could e l l i nha te  the lower  

CPBT connecti.on, but  a s  yet  the interface with the  cent ra l  control rod 

assemblies has not been resolved. 

Studies a re  continuing to optimize the reactor control concepts, 

including control rod and reactor monitoring hardware data handling, and 

the operator in te r face .  Another study i s  evaluating options for  fue l  

handling during the refueling option. 

core,  i n  which e i the r  fuel element by i t s e l f  i s  subc r i t i ca l ,  i s  whether 

it i s  b e t t e r  t o  handle each eleiiient separately and assemble the core 

remotely o r  t o  assemble the  core i n  a more accessible location and deal 

with the c r i t i c a l i t y  issue by design. 

A par t icu lar  focus with the s p l i t  
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5 .  EXPERIMENT SYSTEMS (WBS 1 . 5 )  

5 . 1  OVERVIEW 

Early work on experiment systems i s  focused on demonstrat ing t h a t  

t h e  overall design of the l i N S  can meet the  s c i e n t i f i c  o b j e c t i v e s  s e t  

f o r t h  f o r  t h e  p r o j e c t  and on de f in ing  the f l u x ,  space ,  b u i l d i n g ,  and 

support  requirements f o r  the experiments.  I n  gene ra l ,  i t  i s  d e s i r a b l e  t o  

de fe r  t he  a c t u a l  design o f  experiment f a c i l i t i e s  a s  l a t e  i n t o  the p r o j e c t  

schedule as is  p r a c t i c a l  t o  ensure t h a t  t he  s c i e n t i f i c  needs of t he  2 1 s t  

centu'cy are being met: with s ta te-0.E-  t h e - a r t  equipment. 

s c a t t e r i n g  i s  the  main s c i e n t i f i c  j u s t i f i c a t i o n  f o r  t he  A N S ,  more a t t e n -  

t i o n  has  been given t o  de f in ing  requirements f o r  s c a t t e r i n g  instruments  

and bearit t r a n s p o r t  systems than t o  o the r  experiment f a c i l i t i e s .  A focus 

on the  transplutonium production systerns is  planned next  , because t h e  

l o c a t i o n  c u r r e n t l y  envis ioned f o r  product ion rods may r e s u l t  i n  a con- 

f l i c t  between e f f e c t i v e  transplutonitun product ion and rnaxi.mum f l u x  a t  the 

beam tubes .  

Because neutron 

5 .2  BEAMS, SCATTERING, AND PHYSICS INSTRUMENTS 

A pre l iminary  beam layout  is  shown i n  F i g .  5 . 1 .  This l ayou t  i s  

responsive t o  t he  Natrional S t ee r ing  Committee's Eirst i t e r a t i - o n  a t  the  

process  o f  spec i fy ing  the  necessary f a c i l i t i e s .  These inc lude  fi.ve t an -  

g e n t i a l  thermal t u b e s ,  one through thermal tube ,  one r a d i a l  thermal neu- 

t r o n  guide ,  f o u r  tubes emanating from a h o t  source on t h e  o u t e r  edge of 

the r e f l e c t o r ,  and two co ld  sources e.ach wi th  si .x neutron guides  extend-  

ing  i n t o  t h e  guide h a l l .  Tangent ia l  thermal tubes a r e  o r i e n t e d  so they  

have no l i n e - o f - s i g h t  110 the  CPBT and t h e i r  en t rances  are a t  a r ad ius  

from the  core  c e n t e r l i n e  o f  430 me, which i s  a rough e s t ima te  of t h e  p e r -  

tu rbed  thermal f l u x  peak p o s i t i o n .  The r a d i a l  thermal guide ,  f o r  which , 
supermirror  technology i s  assimed ~ a l s o  ends at: the per turbed  tshermal 

peak. The through tube is  s h i f t e d  s l i g h t l y  away from t h e  c o r e ,  r e s u l t i n g  

i n  a sigrrif . icant decrease i n  the  gamma f l u x  wi th  only a minor r educ t ion  

i n  thermal f l u x .  The through tube i.s a l s o  a t  a d i f f e r e n t  e l e v a t i o n  t o  

avoid int :erferences with the  thermal guide and a t a n g e n t i a l  tube .  

A t  t h i s  t i m e ,  beam tubes are assumed t o  have an e l l i p t i c a l  c ros s  

s e c t i o n ,  150 mm t a l l  and 100 mm w i d e .  Guides are assumed t o  be 
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r ec t angu la r ,  with an i n t e r i o r  c ross  sec t ion  o f  1 5 0  mi11 t a l l  and 50 mm 

wide. Mort: s p e c i f i c  c r i t e r i a  w i l l  be developed i n  the  next  repor t ing  

per iod ,  w i t h  an i n i t i a l .  focus on e s t ab l i sh ing  angul-ax divergence and 

monochronometer s i z e  f o r  var ious c l a s ses  of experiments. 

L i s t ings  o f  des i red  s c a t t e r i n g  instruments and pos i t ions  f o r  nu- 

cl-ear and fundamental physics are based pr imar i ly  on the  recommendations 

of t he  Nationi3.l. S teer ing  Committee fOK the  ANS (NSCANS). To provide dat:a 

on  phys ica l  dimensions and support  requirements f o r  these complex i n s t r u -  

ments, "prototype" instruments a t  the ILL and o ther  f a c i l i t i - e s  have been 

i d e n t i f i e d  to correspond t o  the  recormendations o f  N S C M S .  I n i t i a l  i n -  

strument 1.ayouts on the beam f l o o r  of  the r eac to r  bu i ld ing  and i.n the  

guide h a l l  a r e  given i n  Figs .  5 . 2  and 5 . 3 .  

The 1.ayout of instruments arouncl. the  b io log ica l  s h i e l d  i n  the  r e -  

a c t o r  bu i ld ing  shows a general  problem o€ overcrowding, with many physi-  

c a l  i n t e r f e rences  between instruments and many instruments pushed away 

from the  r e a c t o r .  Ind ica t ions  a r e  t h a t  the nwnber of ho t  beam tubes may 

be reduced from four  t o  t w o ,  i n  p a r t  t o  r e l i e v e  t h i s  s i t u a t i o n .  Another 

quest ion is  the  a b i l i t y  t o  u t i l i z e  thermal guides t o  remove instruments 

from the  shie1.d w a l l .  Extensive use of  such guides r equ i r e s  assumptions 

that  ongoing developiiienf: programs w i l l  be successfu l ;  such guides do no t  

cu r ren t ly  e x i s t .  Even with e f f e c t i v e  supermirror guides ,  many i n s t r u -  

ments may not: be s u i t e d  for use on t:hc: guides;  a f u r t h e r  reduct ion of t he  

number of  beams and instruments i n  the r eac to r  bui.lding may be requi red .  

Further  guidance is  being sought from the  NSCANS. 

The overcrowding s i t u a t i o n  i n  the guide h a l l  i s  not  a s  severe as 

t h a t  around the b io log ica l  s h i e l d .  The guide h a l l  i s  not  envisioned as a 

rec tangular  s t ruc ture ,  but  a s  a pie-shaped s t r u c t u r e  served by po la r  

br idge cranes passing across the  guides.  Thus, wider angular divergences 

between guides a r e  poss ib le  than a t  o ther  guide h a l l s ,  and more room i s  

available for instrument: statzions. Issues on the  guide h a l l  f a c i l i t i e s  

focus on whether t o  provi.de one co ld  and one cool source o r  two co ld  

sources and whether t o  use curved guides f o r  co ld  instruments .  

guidance is t o  provide the  maximum f l e x i b i l i t y  by providing two co ld  

sources and s t r a i g h t  guides ,  Ef fec t ive  use of some o f  the  cool i n s t r u -  

rnents i n  the guide h a l l  may a l so  requi re  the  development of supermirror 

technology f o r  some gui.des. 

Current 
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5 . 3  TMNSPIJJTONIUM PRODUCTION 

Work on transplutonium product ion f a c i l i t i e s  cen te red  around devel -  

opment of  fundamental c r i t e r i a  and on i n t e g r a t i o n  o€ a b a s i c  conf igura-  

t i o n  and handl ing  scheme i n t o  the  r e a c t o r  systems des ign  e f f o r t .  The 

fundamental c r i t e r i a  provided through NSCANS f o r  t ransplutonium produc- 

t i o n  is  based on the  Large Ei.nsteixiium Ac t iva t ion  Program (LEAP) ,  which 

is  t o  provide 2 5 4 E s  sources  f o r  heavy element r e sea rch ,  and on c u r r e n t  

demand f o r  "'Cf sources  f o r  itiedical, radiography,  and a n a l y t i c a l  appl i . -  

c a t i o n s .  The c r i t e r i a  are t o  provide the  c a p a b i l i t y  f o r  annual produc- 

t i o n  of  1 . 5  g o f  252Cf and 40 pg o f  2 5 4 E s ~  

A t  p r e s e n t ,  t he  design concept i s  based on 20 transplutonium p r o -  

duc t ion  t a r g e t  rods loca t ed  i n  t h e  primary coolant  flow between the  f u e l  

and the  CPBT,  as seen  i n  Fig.  4 . 3 .  The b a s i c  p e l l e t  and handl ing conf ig-  

u r a t i o n s  of  t he  e x i s t i n g  rods a t  the  WFIR wi.l.1. be r e t a i n e d  to minimize 

the  impact on the  Transuranium Processing P l a n t .  If p o s s i b l e ,  t h e  rods 

w i l l  f i t  int:o a s t r u c t u r e  t h a t  can be locked t:o the  CPBT o r  the fuel. e l e -  

ment dur ing  r e f u e l i n g ,  and thus  the rods can e i t h e r  be l e f t  o r  removed at: 

t he  end o f  each cyc le .  The l o c a t i o n  j u s t  outsi .de the  f u e l  appears t o  

provide the  best. balance of epi . thrmal .  and thermal f l u x .  Because the  

product ion rods p l ace  a neutron absorber  between t h e  fue l  and tAe beam 

tubes ,  there w i l l  be some c o n f l i c t  between the  requirements f o r  t r a n s -  

plutoniuoi product ion and optimal use  o f  t he  s c a t t e r i n g  f a c i l i t i e s .  A t  

p r e s e n t ,  t h e  p r o j e c t  philosophy i s  t o  provide the  c a p a b i l i t y  f o r  the 

f u l l  product ion c r i t e r i a  and dec ide ,  based on the  p r i o r i t i e s  a t  t h a t  

t ime,  t o  what e x t e n t  t he  f a c i l i t i - e s  are used €or each ope ra t ing  c y c l e .  

Work w i . 1 1  be i n i t i a t e d  next  per iod  t o  c a l c u l a t e  both the a c t u a l  

product ion r a t e s  and cool ing  characteristics f o r  va r ious  l o c a t i o n s  i n  the  

core  and t h e  e f f e c t  o f  transplutonium product ion faci1i t i .e .s  on the  f l u x  

a t  t he  beam .tubes and on o t h e r  f a c i l i t i e s .  

5 . 4  MATERIALS AND ISOTOPES IRRADIATION 

Only very pre l iminary  e f f o r t s  were devoted t o  inaterials and i s o t o p e s  

i r r a d i a t i o n  f a c i l i t i e s ,  wi th  an emphasis on ensur ing  t h a t  r e a l i s t i c  

f a c i l i t i e s  can be incorporated i n t o  the  evolving r e a c t o r  concept .  Mate- 

r i a l s  i r r a d i a t i o n  f a c i l i t i e s  are focused on providing f a s t  i r r a d i a t i o n  

p o s i t i o n s ,  wi th  t a r g e t s  model.ed after t he  pe r iphe ra l  t a r g e t  p o s i t i o n s  a t  
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the H F I R .  A s  seen in Fig. 4 . 3 ,  the current concept for materials irrad- 

iation targets consists of nine positions in the central hole of the 

core, inside the control rod positions. Targets are roughly 1 6  mm in 

diameter and extend for the length of the core (target loading in the 

plenum of the split-core concept has yet to be resolved). 

the targets inside the circle of control rods, the control rods serve as 

a filter of thermal neutrons and further harden the spectrum at the tar- 

get positions. At this time, no design has been devised that would per- 

mit instrumentation of  fast materials irradiation targets. Larger in- 

strumented materials irradiation targets may be located in the reflector, 

just inside the CPBT. This will provide a high thermal flux, with sig- 

nificant epithermal and lesser fast flux components. 

flector positions at the HFIR are being used as a model for these 

facilities. 

By locating 

Instrumented rc- 

Isotopes irradiation facilities (aside from the transplutonium pro- 

duction program) are assumed to require a good thermal flux, and access 

during a cycle is a desirable feature. Because the thermal flux profile 

in a heavy-water reflector is rather flat, the flux available at the edge 

of the reflector should be very useful for isotopes irradiation. Only 

very rough sketches of potential facilities have been generated thus far, 

but it is expected that interferences in these regions will be few and 

that providing the desired facilities will not be a problem. 

In some cases, it will be desired to irradiate isotopes targets in 

fast or epithermal fluxes, materials irradiation targets in thermal or 

epithermal fluxes, or isotopes targets in rabbit tubes. These irradia- 

tions will be accommodated by designing targets to fit into other facil- 

ities, such as materials irradiation targets fitting into the transplu- 

tonium production positions or isotopes targets fitting into rabbit tubes 

for activation analysis purposes. 

5.5 ANALYTICAL CHEMISTRY 

Again, the only work on analytical chemistry facilities was oriented 

towards identifying project requirements and on ensuring that the reactor 

and facility concepts can meet those requirements. Guidance from NSCANS 

provides general requirements for traditional activation analysis facil- 

ities and €or prompt gamma analysis and depth-profiling facilities uti- 

lizing a cold guide. 
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Activation analysis facilities require rabbit tubes in a thermal 

flux, and a laboratory with shielded unloading facilities and counting 

systems. Four rabbit tubes were recommended by NSCANS. One would be a 

large-bore tube, containing 50 to 100 small sample capsules in a 100-mX. 

rabbit. Three small-bore rabbit tubes were also recommended. Two of 

these would be graphite rabbits, located so the heating rate at the 

irradiation position does not exceed 5 W/g, and plastic: rabbits would be 

used at 1 W/g. 'These heating rates indicate a location in the reflector 

tank. At present, there appears to be no reason why the recommended 

facilities cannot be provided. Loading and operating stations would be 

located on the second floor of the reactor building, with remote handl-ing 

cells and counting laboratories completing the system. 

A prompt gamma anal.ysis laboratory is currently envisioned on the 

second floor of the reactor building, utilizing a slant cold guide from 

one of the cold sources. T h e  use of  a slant: guide avoids conflict with 

requireinents for scattering facilities on the first floor. Depth- 

profiling equipment may utilize the same guide or may require a second 

one. 

5 . 6  SUPPORT FACILITIES 

Work on support facilities for experiment systems has been confined 

to identifying the basic support requi.reinents and their impact on plant 

structures and sys tems . 
One o f  the major support systems (included in the experiment syst:ems 

WBS) is the network of computers and data collection systems serving the 

experiments. Discussions are being initiated to identify the desired 

characteristics of  the system. The early trend appears t o  lie with dis- 

tributed computing systems associated with individual experiments, with 

the possibility of a central system primarily for collection of  large 

data sets. 

Some attention was given to the personnel and laboratories needed 

to support the experiment programs. This information w a s  factored into 

the architectural development of the office building and guide hall. 

Further elaboration of these requirements will take pl-ace during the next 
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r epor t ing  per iod .  I d e n t i f i c a t i o n  of the  services and any s p e c i a l  s t r u c -  

t u r a l  requirements ,  such as s p e c i a l  i s o l a t e d  foo t ings  f o r  v i b r a t i o n -  

f r e e  experiments,  w i l l  a l s o  be i d e n t i f i e d  and incorpora ted  i n t o  the  

f ac  i 1 i t y  conceptual. design cr i t e  r i  a .  
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6 .  SYSTEMS INTEGRATION (WBS 1.7) 

Systems integration activities were primarily oriented towards fur- 

ther development and acceptance of the project work breakdown structure, 

in support of the general project management activities (WBS l . 2 ) .  The 

current overall project work breakdown structure is given in Fig. 6.1, 

with a further breakdown of the balance-of-plant element given in Fig. 

6 . 2 .  Attention was given to defining the boundaries of the top level WBS 

elements and implementing this division in the assignment of tasks. Sup- 

port was provided to project management in structuring a cost. accounting 

system which is based on the work breakdown structure. T h i s  cost ac- 

counting system is compatible with "CS2 'I criteria and is intended to last 

throughout the duration of the project . 
Some attention is being given to quality assurance, environmental, 

and permitting issues. Present activities are covered by standard organ- 

izational QA procedures. 

will be developed during the next reporting period. 

Documentation of project-specific procedures 
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F i g .  6 . 1 .  P ro jec t  summary work breakdown s t r u c t u r e  
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F i g .  6 . 2 .  Further breakdown of the balance of plant: 
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7 .  SAFETY TASKS 

Progress  during t h e  per iod  of t h i s  r e p o r t  includes the  examination 

of regula tory  c r i t e r i a  t h a t  the ANS r e a c t o r  must meet, t h e  c a l c u l a t i o n  

of containment loads a s soc ia t ed  wi t:h hypothe t ica l  severe acc iden t s ,  t he  

i n i t i a t i o n  o f  subtasks  t o  examine the  severe-acc ident  t op ic s  such as the  

r e c r i r i c a l i t y  and cool ing  o f  core  d c h r i s ,  and ground-breaking PRA work 

a r e a  a t  BNL. 

7 . 1  D E S I G N  CRITERIA FOR SAFETY-RELATED SYSTEMS 

The purpose of t h i s  t a s k  is  t o  spec i fy  the  r egu la t ions  t h a t  must be 

followed t o  produce an acceptab le ,  l i censab le  f a c i . l i t y  des ign .  Even 

though the  ANS i s  t o  be a DOE r e a c t o r  and t he re fo re  exempt from the NKC 

l i c e n s i n g  p rocess ,  t he  DOE o rders  spec i fy  t h a t  r e g u l a t i o n s ,  s t anda rds ,  

and guides t h a t  are appl ied  t o  con-iparab1.e l i censed  f a c i l i t i e s  shal l .  a l s o  

be appl ied  to  DOE r e a c t o r s .  The main ob jec t ive  of  t h i s  e f f o r t  is  t o  

genera te  a p o s i t i o n  s ta tement  on the  need €or compliance wi th  each p a r t  

of  the  f e d e r a l  r egu la t ions ,  NRC regul.at:ory guides ,  and NRC po l i cy  s t a t e -  

ments, such as the  s tandard  review p l a n .  

Progress t o  da t e  includes the  completion of "Advanced Neutron Source 

Regulatory Requirements and Safe ty  Related Consi-derat ions."  This docu- 

ment expl-ains how the ANS p r o j e c t  interids t o  meet no t  only DOE r e a c t o r  

o rde r s  b u t  a l s o  t o  meet o r  exceed the  r e g u l a t i o n s ,  gu ides ,  and s tandards  

t h a t  would be requi red  f o r  l i c e n s i n g  by NKC.  

s a f e t y - r e l a t e d  systems i s  i d e n t i f i e d ,  and s a f e t y - r e l a t e d  "considera-  

t i o n s "  (suggested design c r i t e r i a )  are given f o r  each system. The docu- 

ment has  undergone i n t e r n a l  and e x t e r n a l  review and i s  being puhl.ished as 

an ANS p r o j e c t  document: (ORNL/ANS/INT-2). 

An i n i t i a l  s e l e c t i o n  of  

A newly i n i t i a t e d  subtask i s  t o  be performed by personnel  o€  ORNL's 

Nuclear Operations Analysis Center (NOAC) a t  ORNL. The purpose o f  t h i s  

new subtask w i . 1 1  be t o  survey,  i n  g r e a t e r  de t a i l .  than has  been completed 

to d a t e ,  t he  DOE and NRC r e g u l a t i o n s ,  NRC regula tory  guides ,  and o the r  

codes and s tandards  and t o  recommend which should be app l i ed  t o  the ANS 

t o  ensure l i c e n s a b i l i t y .  

Act ivi t ies  of the NOAC personnel have included f a m i l i a r i z a t i o n  with 

the  ANS design and with NRC research  r e a c t o r  r e g u l a t i o n s .  An informal 
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telephone contxc t  w a s  made wi.th the  NKC ' s nonpawer r e i l ~ t o r  p r o j  ec t i .  

Resu l t s  of t h i s  conversa t ion  i n d i c a t e  t h a t  NRC would c l a s s i f y  the  ANS 

f a c i l i t y  as a "t:est" r e a c t o r  i n s t ead  of  R "research"  r e a c t o r ,  prima-r-i.1.y 

because the  intended power l e v e l  i s  i n  excess  of  10 MW. The impl ica t ions  

of' t h i s  c l a s s i f i c a t i o n  are ,  a t  t h i s  p o i n t ,  soinewhat ambiguous, bu t  one 

l i -ke ly  p o s s i b i l i t y  i s  that: some of the NRC power r e a c t o r  s tandards  and 

r egu la t ions  may need t o  be app l i ed  t o  the  ANS r e a c t o r .  

The ind iv idua l  contac ted  a t  the  nonpower r e a c t o r  p r o j e c t  suggested 

t h a t  t he  NRC Project  Manager's Handbook should be consul ted  t o  determine 

what: would be the 1ikel.y response of NKC i f  t h e r e  were n DOE request: f o r  

s a f e t y  review of a proposed r e a c t o r .  Sec t ion  3 . 9 ,  "Research and Tes t ing  

Reactors"  o u t l i n e s  NRC procedures f o r  t he  review and approval o f  such 

f a c i l i t i e s  l-hat: must be l i c e n s e d ,  and Sect:. 3.10 "Review o f  Government- 

Owned and Operated Nuclear F a c i l i t i e s "  i n d i c a t e s  t h a t  procedures a r e  

a l r eady  i n  place f o r  NRC to review DOE r e a c t o r s  i f  so reques ted  by D O E .  

The s ta tement  i s  made t h a t  i f  the  s t e a d y - s t a t e  power leve l  is  10 MW o r  

g r e a t e r ,  I t . .  . the case must be r e f e r r e d  t:o the ACRS (Advisory  Committee 

f o r  Reactor Safeguards) . "  

7 . 2  PRECONCEPTUAL ACCTDENT ANALYSlS 

This WBS element cor is is ts  of t a s k s  necessary t o  achieve two major 

g o a l s :  (1) t o  produce bounding es t imates  of t he  major loads t h a t  hypo- 

t h e t i c a l  acc iden t s  coi-ild p l ace  upon the  containment and ( 2 )  t o  do scoping 

analyses  t o  determine what. s o r t  o f  f e a t u r e s  the  r e a c t o r  coolan t  system 

should have t o  enable  i t  t o  withstand a range of l o s s - o f - c o o l a n t  a c c i -  

dents  (LOCAs) wi thout  severe  f u e l  damage. 

7.7."  1 Calcu la t ion  of Severe-Accident-Related Contai.nment Loads._ 

7 .  2 .  1. 1 Lat-r-oduction 

The ANS r e a c t o r  and pri.mary coolant: system are t o  be housed i n  a 

t i g h t  (<4%/day leakage a t  design pressure)  contaimntari t bui ].ding that: 

would p r o t e c t  t he  pub l i c  i n  the  event  of  a severe  f u e l  damage acci-dent:. 

T h i . s  s e c t i o n  desc r ibes  in i t i . a l .  scoping c a l c u l a t i o n s  performed t o  def ine  

the inc rease  i.n containment pressure and temperature t h a t  could take 

p l ace  a f te r  a hypo the t i ca l  severe  acc iden t .  

s e l e c t e d  f o r  t h e  c a l c u l a t i o n s .  CONTAIN was developed by Sandia 

The CONTAIN code16 bras 
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Laboratory for t h e  prediction of containment thermal-hydraulic conditions 

dusing light-water reactor severe accidents. 

Two groups o f  calculations were performed: short-term calculations 

of containment response to hydrogen burn events and long-term calcula- 

tions of containment response to decay heat dissipation within contain- 

ment fol.lowing severe fuel damage and release of fission products. The 

rationale for the selection of input conditions for each group of cal- 

culations is given below. 

Hvdrogen burn rationale. It is hypothetically possible for hydrogen 

or deuterium t o  be released to containment atmosphere in the event of  a 

severe accident involving the reactor core or the co1.d sources. ( N o t e :  

The present preconceptual desi-gn utilizes LD2 as the cold source but a 

nonflammable cryogenic moderator is presently under consideration.) The 

potential releases are specified here in teriiis of hydrogen (1 mol o f  D 2  

assumed to be equivalent to 1 m o l  of 112). 

fraction, 5.27 kg of H2 (2635 g mol) could be generated by the chemical 

reaction of molten aluminum with water: 

For a 35-L core with 50% fuel 

Al + 1.5 H20 >> 1 . 5  112 + 0.5 Al2O3. 

This is a very slow reaction for solid aluminum but becomes rapid as the 

temperature is raised above the melting point. Therefore, the 5.27 kg of 

hydrogen equivalenr could be generated in a short period only in the 

event of total core melting. 

The cold source design currently being considered can be approxi- 

matLed as a sphere of  380-mm diameter, filled wi-th LD2 at: a temperature o f  

20 K. Considering that there are two cold sources, the hydrogen equiva- 

lent of the potential deuterium release (including a 2 5 %  uncertainty 

all-owance) would be 6.22 kg H2 (3110 g mol). 

CONTAIN calcu1.ations of cont:ainment at:mosphere pressure and tempera- 

ture during and fo1.l.owing deflagration were calculated f o r  a release of 

5.27 kg H? and f o r  the maximum potential release of 5.27 -t 6.22 = 1 1 . h 9  

kg H 2 .  

Decay heat rationale. Following a severe accident the decay heat: of 

the core would be released within the containment. How this heat wou1.d 
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be r e l e a s e d  wi th in  containment depends, o f  course ,  on the  spec i - f ic  

circumstances of each acc ident  sequence. To bound t h e  range of  

p o s s i b i l i t i e s ,  two types of cases  were considered:  

(1) The r e l e a s e  o f  some f i s s i o n  products  I:(> t he  containment atmos- 

phere]  wit:h the  r e t e n t i o n  o f  t he  bal.ance of  the  f i s s i o n  products  w i th in  

the  p o o l .  The f rac t i .ons  r e l eased  t o  the  atmosphere a r e :  100% o f  noble 

gas nuc l ides ,  25% of the  iod ine  group,  and 1% of a l l  o the r  nuc.l.ides, as 

suggested by the  NRC Reactor S i t e  Cri ter ia  r u l e s  oE 10 CFR 1O0.l7 

b a s i s  f o r  t he  10 CFR 100 r e l e a s e  f r a c t i o n s  is  the assumptioil of a "dry" 

meltdown of  an LWR core  ( l a rge -b reak  X,OCA fol.lowed by f a i l u r e  o f  a l l  

emergency coolant  i n j e c t i o n  systems) ~ Therefore ,  because a core damage 

acc iden t  o f  t he  ANS would take p lace  under wa te r ,  t h i s  assumpt:i.on i s  

boundi.ng wi th  respect: t o  the  ra te  o f  f i s s i o n  product  h e a t  genera t ion  i n  

the  cont:airunent atmosphere. 

The 

( 2 )  The r e t e n t i o n  of a l l  the. decay-heat-producing nucl.i.des wi th in  a 

s m a l l  p a r t  of the  pool ,  such t h a t  a l l  o f  t he  decay h e a t  i s  absorbed i n  

t h e  product ion of steam. This  s e r i e s  of cases  may not be very r e a l i s t i c ,  

b u t  i s  bounding with r e spec t  t o  th: p r e s s u r i z a t i o n  o f  the containment by 

steam. 

7 . 2 . 1 . 2  Input  Data and Assumptio-ns 

Containment desi-gn is  d iscussed  and i l . l u s t r a t e d  i n  Sec t .  2 .13.2 of 

the m o s t :  r ecen t  ANS p r o j e c t  report.lR 

containment parameters t h a t  were used as input  f o r  t he  CONTAIN code c a l -  

c u l a t i o n s .  Table 7.3.  l i . s t s  input  d a t a  and assumpt:ioas t h a t  a r e  gene ra l ly  

common Lo the CONTAIN c a l c u l a t i o n s  r epor t ed  h e r e .  

Table  7 . 1  l i s t s  the  m o s t  i.niportant 

For t:he decay h e a t  d i s s i p a t i o n  cases, i t  w a s  necessary  t o  be ab le  t o  

analyze the  decay h e a t  genera t ion  rates i n  s e v e r a l  d i f f e r e n t  ways t o  

bound the  severe acc ident  hea t  d i s s i p a t i o n  wi th in  containment.  Spec i f -  

i c a l l y ,  the f i s s i o n  products had t o  be d iv ided  i n t o  t h r e e  d i f f e r e n t  

groups : noble gas ( v o l a t i l e )  , iodine/bromine ( v o l a t i l e  i f  the  tempera- 

t u r e  i s  high enough),  and s o l i d s  ( n o n v o l a t i l e ) .  The decay heat: gene- 

r a t e d  by each group w a s  determined by re ference  t o  a d e t a i l e d  O R I G E N  

c a l c ~ l a t i o n ' ~  of f i s s i o n  product nuc l ide  accumulation as a r e s u l t  of 

ope ra t ion  f o r  2 weeks a t  a r e a c t o r  power of 270 MW, For  example, t he  
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Table 7.1. Significant parameters f o r  the reactor high-bay area 

Dimensions and volumes 

Diameter of  inner containment = 55.5 m 
Height of straight cylindrical section - 10.67 m 
Height of  inner containment at center l ine  = 17.67 m 
Free volume = straight cylinder + truncated hemisphere 

= 25,780 m3 t 8,650 m3 = 34430 m3 

Inside surface area = sides + top - 1,859 m2 + 2,571 m2 
o f  inner containment 
steel wall = 4430 HI* 

Thickness of inner containment s t e e l  w a l l  .--.x 1 cm 
Mass of  inner containment steel w a l l  = 348,500 kg 
Surface area of  operating area concrete floor = 2103 m2 
Thickness of concrete f l o o r  = 0.9 m 

Po0l.s 

Reactor pool: Volume above reflector tank = 353.5 m3 
Mass = 353,500 kg 

2 Surface area = 35.7 m 

Refueling Pool: Volume = 426 m 3 
(tYP. of 2)  Mass = 426,000 kg 

Equiymenc Pool: Volume = 280.2 m3 
Mass = 280,200 kg 

Total, all 4 pools: Volume = 1485.7 m 3 
Mass = 1,485,700 kg 

2 Surface area = 1.73.1. m 

Fan Coolers for Containment Atmosphere 

Design point: 1 MI7 of heat removal when T-air = 65.6"C, and 

Design Point Flows: Air flow = 4 7  kg/s 
T-water - 35°C 

= 44.4 m3/s (940fi0 ft3/min) 

-= 0.0366 m3/s (581 gal/min) 
Water flow = 36.5 kg/s 



137 

Table 7.2. Input data axid assumptions 

Topic Data or assumption 

Initial conditions Containment temperatures (pool, heat sinks, 
arid atmosphere) = 300 K 
Containment pressure = 98 kPa 

Heat generation 

Heat deposition 

Heat sinks 

Heat removal 

Mass gene ra t i on/ 
removal 

Hydrogen burn cases: combustion only 
Decay heat cases: decay heat only (aftxrt: 

2 weeks at full power) 

Atmosphere: 100% of decay heat of volat- 

Pool:  all the decay heat of the fissfon 
ilized fission praduc.ts 

products not volatilized 

Steel walls and ceiling of containment and 
concrete floor area under dome 

1-MW fan coolers o r  nothing unless other- 
wise specified. 
No heat transfer from outside surface of 
inner containment unless otherwise 
specified. 

No removal from OK addition of mass to the 
containment (note: CONTAIN tracks mass 
exchange within containment via evaporation 
or condensation) 

total decay heat generation rate following shutdown is 8 . 6  MCJ after 1 

min, 5.08 Mw after 10 m i n ,  2.31 MM after 100 min, and 0.82 MW a f t e r  1000 

min. 

7.7.1.3 Results 

Hydrogen - burn cases. T h e  CONTAIN inodel for the hydrogen burn calcu- 

lations utilizes a small control volume, occupying about 2% of the con- 

tainment free volume, that receives all thc hydrogen arid i n  which the 

hydrogen remains until combustion. 

the hydrogen concentration would not reach combustible levels and there 

would be no burni-rig. For each of the hydrogen b u m  calculations, a 

deflagration occurs as soon as the  local hydrogen concentration reaches 

If a larger control volume were used, 
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7 v o l  % ,  t h e  minimum concent ra t ion  f o r  spontaneous i g n i t i o n  of hydrogen 

i n  dry a i r .  Af t e r  i g n i t i o n ,  the CONTAIN r e s u l t s  p r e d i c t  t h a t  burning 

lasts f o r  about 1 . 5  t o  2 . 0  s .  This process  i s  slow enough t:hat no shock 

wave is  propagated wi th in  containment such as would be the  case  wi th  a 

de tona t ion  (which would r equ i r e  hydrogen concent ra t ion  exceeding 14 v o l  % 

i n  dry  a i r ) .  Therefore ,  t he  pressures  of t he  volumes i n t o  which t h e  

containment atmosphere i s  divided Eor modeling purposes are e s s e n t i a l l y  

equal  throughout the  s imula t ion .  The CONTAIN c a l c u l a t i o n s  are extended 

t o  15 min a f t e r  acc ident  i n i t i a t i o n  t o  t r a c k  the  energy r e d i s t r i b u t i o n  

and cooldown a f t e r  t he  de f l ag ra t ion .  

The r e s u l t s  a r e  summarized i n  Table 7 . 3 .  The c a l c u l a t e d  tempera- 

t u r e s  a r e  given f o r  each o f  the th ree  containment atmosphere nodes: T I  

i s  the  temperature of the sma1.l node t h a t  rece ives  the  hydrogen, T2 i s  

t h e  temperature o f  t he  containment atmosphere a t  the  top of t he  con ta in -  

ment dome, and T3 i s  the tempera!-ure of the  balance of  t he  containment 

Table 7 . 3 .  Summary of  CONTAIN code r e s u l t s  f o r  hydrogen burn events  
i n  the  ANS containment dome 

(Initial Conditions f o r  all cases: T1 = T2 = T3 = 300 K 
Pressure = 98 kPa) 

Burn Te~g.. P r e s .  at 1 2  s T e m p . .  P re s .  a t  1.5 min 
added begins  T I  T2  T3 P T l  T:! T3 P 
H2 

Run (kn) ( S )  ( K )  (K) ( K )  ( k P 4 2  ....... -fK) ( K )  (Ha) 

HB-1 5.27/10 s 9 . 3  785 320 307 PO2 330 31.7 305 1-01 

H B - 2  l l . 49 /10  s 4 . 2 , 7 . 8  1865  350 322 109 347 343 3'18 106 

HB-3 1.1.49/5 min 130,267 993 340 313 106 352 336 310 104 

Note: The atmosphere of the  containment h igh  bay volume i s  d iv ided  i n t o  
imaginary volumes (nodes) f o r  c a l c u l a t i o n  purposes.  T 1  i s  tAe temperature 
of t h e  836-m volume t h a t  rece ives  the  hydrogen, T2 i s  the  ternperature o f  
a n  8650-m- node t h a t  r ep resen t s  the  upper p a r t  of the  high-bay volume, and 
T3 is  (:lie temperature o f  the  24936-in3 remainder o f  t he  containment volume. 

3 
3 
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atmosphere. Only one pressure  i s  given because the  p re s su res  o f  t he  

three nodes do n o t  d i f f e r  s i g n i f i c a n t l y  throughout each run.  Somewhat 

highex: p re s su re  i s  experienced i n  t he  actual .  burning ~ but t h i s  i s  not  

i n d i c a t i v e  of the  p re s su re  a t  t he  p re s su re  bsiirsdary ( i . e . ,  i n  t:he '62 and 

T3 nodes) .  

The CONTAIN r e s u l t s  show t h a t  peak atmosphere temperature a.nd pres -  

s u r e  are approximately p ropor t iona l  t o  the  amowit: of hydrogen r e l e a s e d ,  

provided t h a t  a l l  o the r  f a c t o r s  are he ld  cons t an t .  For run  I-IB-1, 5 . 2 7  kg 

of  M2 i s  introduced over a 10 - s  pe r iod ,  and t h e  r e s u l t i n g  d e f l a g r a t i o n  

(at 3 . 3  s )  r a i s e s  contai-nment p re s su re  by 4.4% ( i . e . ,  by about 4 . 3 1  kPa) , 

About 568 of t he  5.27 kg of hydrogen undergoes combustion i n  run H B - 1 .  

I n  riln H R - 2 ,  11.49 kg of H2 i s  added over t h e  same pe r iod ,  and the  re- 

s u l t i n g  burns t h a t  occur a t  4 .2  s and a t  7 . 8  s combine t o  inc rease  con- 

tainment: p re s su re  by 1.1..2%. A b o u t  678 of the  11.49 kg of hydrogen i s  

burned i n  run H B - 2 .  The increased  e f f i c i e n c y  (percent  burned) seen i n  

run  HB-2 is explained by the  higher  r a t e  o f  a d d i t i o n  of  hydrogen gas 

(1.149 kg/s compared t o  0.547 kg/s) . 
In case HR-3, '1.1.43 kg of hydrogen i s  added to t he  r ece ive r  node 

over  a 5-min pe r iod - -a  much slower a d d i t i o n  than the  10 s of  case I-IB-2. 

The burns t h a t  occiir at: 130 s and a.t: 267 s consume only 49% of che 11.49 

kg ,  and the  peak pressure i s  o n l y  about 6% above i t s  i n i t i a l  va lue .  The 

lower e f f i c i e n c y  and smaller pressure  inc rease  r e s u l t  d i r e c t l y  f rom the  

slower a d d i t i o n  of hydrogen. A f t e r  t he  first: burn a t  130 s ,  n a t u r a l  ci.r- 

c u l a t i o n  processes  tend t o  d i s t r i b u t e  energy t o  h e a t  s i n k s  i n  con tac t  

w i th  the  containment atmosphere and also transport:  hydrogen fscm t he  

s m a l l  hydrogen recei-ver c o n t r o l  volume t o  the o the r  much l a r g e r  atmos-  

phere volimes where i t  becomes t o o  d i l u t e  t o  burn.  

L 0 n s - m  decsxheat d i s s  i . ~ ! a t ~ o n ~ - a . ~ ~ - ~ ~ - ~ - :  hea tr... s o u x e  t o  both 

I__-- t he  containment atiiiosyhere and t o  the  p o o l s ) .  For t h i s  s e r i e s  o f  CONTAIN 

ca lcu la t i .ons ,  s o m e .  f L s s i o n  produc 1:s escape t o  the containment atmosphere 

and t h e  rest remain behind i n  the p o o l .  The nucl ide  vo1at i l iza t : ion  

f r a c t i o n s  used (100% of  noble gases, 258  o f  the iod ines ,  and 1% o f  the 

s o l i d s )  are intended t:o be a conserva t ive  upper e s t ima te  of the d i r e c t  

heat load  of f i s s i o n  products  i n  the  containment atmosphere under hypo-  

t h e t i c a l  severe  acc ident  cond i t ions .  
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Table 7 . 4  summarizes the results of seven different CONTAIN cases 

coiiipleted to test the effect of various factors. Case D H - 1 . 1  is tihe base 

case without pool or containment atmosphere cooling. Case DH-1.2 is the 

same case except that a 1-MU fan cool.er is assumed to be running to c o o l  

the containment air. These two cases are plotted together on Figs 7 . 1  

arid 7.2. The fan cooler effectively controls the containment temperature 

and pressure. With the €an cooler running, pressure peaks at about 109 

kPa after 48 h, whereas without the fan cooler the pressure is at 130 kPa 

and still increasing at the end of 48 h. The 1-MW cooling capacity is 

Table 7.4. CONTAIN results summary: 
long-term decay heat dissipation within containment 

(Initial and ambient conditions for a l l  cases: 
temperatures - 300 K and pressure - 98 M a .  

No pool cooling or atmosphere cooling unless noted.) 

Peak responses 
Fan durinp first 24 h Resoonses af_t_e.r-.iL8& 

Pools cooling Special Pressure T-atm T-pool Pressure T-athn T-pool 
Case (1 or 4) (Mu) conditions (kPa) (K) (K) (kPa) (K) -&.I.-. 

DH-1.1 1 0 None 118 333 364 130 340 368 

DH - 1.1. a 1 0 a 109 330 319 108 326 319 

113 318 368 D H - 1 . 1 .  b 1 0 b 109 323 361 

D H - 1 . 1 .  c 1 0 C 109 323 361 114 320 368 

DH-1.2 1 1 None 108 316 360 109 312 366 

DH-1.3 4 0 None 110 330 315 111 326 3 2 2  

DH-1.4 4 1 None 104 316 315 107 310 321 

DH-2.1 NA 0 d 159 351 NA 

DH-2.2 NA 1 d 119 324 NA 

165 354 NA 

109 312 NA 

aPool cooling after 3 h. 

bNoninsulated containment walls  and roof (all cases assume outer surface 
insulated) to simulate "passive" cooling. 

CSteel (1-cm-thick) containment walls and roof replaced by steel-lined 
concrete walls. 

dlOO% of decay heat expended for steam production, no decay heat to 
reactor pools. 
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(NOTE: 1 STANDARD ATMOSPHERE = 101.325 kPa) 

TIME (s) 
(I) SITE SUITABILI-W SOURCE TERMS ASSUMED 
(2) CONTAINMENT ATMOSPHERE VOLUME = 34,430 ( 7 1 ~  

(3) INITIAL POOL MASS = 335,500 kcj 

F i g ,  7 . 1 .  Containment pressure response for severe acci.dent cases  
DH-1.1 (no fan  cooler  used) and DH-1.2 (1-MW fan  coo le r  used) 

g rea t e r  than t h e  hea t  generat ion r a t e  of the airborne f i ss i -on  products 

throughout all but  the  f i r s t  2 min and is  g rea t e r  than the  t o t a l  ( a i r -  

borne plus  r eac to r  pool) decay hea t  a f t e r  14 h .  

Case Dtl -  1.1. a demonstrates the e f f e c t  o f  pool  coo1.i ng.  The CONTAIN 

input  for t h i s  case i s  the  same a s  f o r  t h e  base case, D H - 1 . 1 ,  except t h a t  

e f f e c t i v e  pool cooling is  assumc:d t o  begin a f t e r  3 hours ( i . e ~ ,  no f u r -  

ther p o o l  temperature increase a f t e r  3 h)  . The 109-kPa peak containment 

pressure reached in t h i s  case i s  the same as that f o r  the  case w i . t l r  tAe: 

1-MW fan. cooler  (Case D H - l . 2 ) ,  b u t  the maximum containment a i r  'iernpera- 

t u re  i.s 1.5 K h igher .  The p o o l  cooling has a l.arge e f f e c t  on containment 

p re s su r i za t ion  because i t prevents steaming ( e v a p o r a t i o n )  from the  sur- 

face o f  the  pool. ,  which becomes a signif icant .  i-nfluence i f  the pool. 

empera tu re  increases  by about 40 K or more. 6. 
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Case DH-l.1.b explores the effect of  allowing heat transfer from 

the outer surface of the 1-cm-thick steel containment wall (and ceiling) 

to the air in the plenum between the inner and the outer containment 

walls; all other input conditions are the same as Case D H - 1 .  This conl- 

ing path relies on passive heat transfer mechanisms but would require a 

ventilation flow in the plenum between inner and outer containments to 

maintain an essentially constant ambient temperature in the plenum. The 

results (Table 7.4) show that this heat removal path is not quite as 

effective as the 1-MW fan coolers, but the pressure is controlled to a 

peak o f  113 MPa (occurring after about 48 h). Case DM-1.l.c is a varia- 

tion on the heat transfer characteristics of the containment wall for 

which the 1-cm-thick containment wall and ceiling are replaced with a 

steel-lined concrete wall and ceiling. The results are similar to those 

of the steel wall case with the cooled outer wall (DH-l.l.b), but the 
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containment p re s su re  of 114 kPa i s  somewhat h igher  a t  48 h and s t i l l  

inc reas ing .  The concre te  w a l l  provides s i g n i f i c a n t  h e a t  s to rage  p o s s i -  

b i l i t i e s ,  b u t  t h e  a c t u a l  removal o f  h e a t  through a t h i n  s t e e l  w a l l  i s  

much p r e f e r r e d .  

Cases DH-1.3 and DH-1.4 are exac t  analogues t o  Cases DH-1.1 and DH- 

1 . 2  ( i . e . ,  t he  base  case  with and without  t he  1-MW f a n  c o o l e r s ) ,  except: 

t h a t  t h e  m a s s  of t he  pool  is g r e a t e r  by a f a c t o r  of 4 .26 .  The basi .s  f o r  

t he  l a r g e r  pool h e a t  s i n k  f o r  t hese  two cases  i s  t h e  assumption t h a t  t he  

r e a c t o r  pool communicates effect : ively wi th  the o t h e r  t h r e e  pools  : t he  

two s p e n t - f u e l  pools  and the  equipment pool .  The o t h e r  necessary  assump- 

t i o n  i s  t h a t  t he  aggregate  decay h e a t  of  spent  Euel i n  t h e  included pools  

i s  n e g l i g i b l e  compared wi th  t h a t  o f  t he  acc ident  co re .  The r e s u l t s  f o r  

t hese  cases  i n d i c a t e  t h a t  having more than  fou r  t i m e s  as much pool water 

i n  p l ace  t o  absorb decay h e a t  i s  about as good as having pool coo l ing  

(case DI-I- 1.1. a )  . 
I,orir,-term decay h e a t  d i s s i p a t i o n  ( D H - 2  s e r i e s :  cases  with a l l  decay 

h e a t  depos i ted  wi th in  a very small. area of  t he  p o o l  t o  maximize the  pro-  

._l__l_ duct ion  of steam t o  the  containment atmosphere. 

steam maximized, even t h e  r e l a t i v e l y  voluminous ANS containment undergoes 

s i g n i f i c a n t  p r e s s u r i z a t i o n .  The CONTAIN r e s u l t s  (Table 7 . 4 )  p r e d i c t  a 

containment pressure  of  165 kYa a f t e r  2 days f o r  t he  case  without  f a n  

coo le r  and 109 kPa f o r  the  case with the  1-MW f a n  c o o l e r .  The con ta in -  

ment f a n  coo le r s  c o n t r o l  containment pressure  by condensing steam from 

the  containment atmosphere. For the  no- fan-coolers  c a s e ,  t he  p re s su re  

inc reases  cont inuously throughout the  48-h pos tacc ident  per iod  and i s  

s t i l l  inc reas ing  a t  the  end of  t he  pe r iod .  The peak p res su re  f o r  t he  

case wi th  f a n  coo le r s  occurs  only about 100 min a f te r  acc iden t  i n i t i a -  

t i o n ,  when the  h e a t  removal by the  f an  coo le r s  p lus  the  h e a t  t r a n s f e r  t o  

containment su r faces  exac t ly  balances the  t o t a l  decay h e a t  ( 2 . 3 1  1IW a t  

100 min) . Contairunent pressure  decreases  s t e a d i l y  and cont inuously a f t e r  

100 min f o r  the  1-MU f an  coo le r s  case .  

With t h e  product ion of 

7 . 2 . 1 . 4  Conclusions and Recommendations 

The CONTAIN r e s u l t s  descr ibed  i n  t h i s  r e p o r t  g ive  a pre l iminary  

e s t ima te  of sho r t - t e rm,  containment atmosphere, p ressure  and temperature 

loads  a s s o c i a t e d  wi th  hydrogen combustion and those a s soc ia t ed  with the  
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long-term d i s s i p a t i o n  of f i s s i o n  product decay heat:. P o t e n t i a l  o r  p o s s i -  

b l e  containment loads no t  considered i.nclude hydrogen de tona t ion  and the  

genera t ion  o f  noncontlensable gases ;  these  a r e  c u r r e n t l y  under s tudy  and 

w i l l  be r epor t ed  l a t e r .  

CONTAIN r e s u l t s  show t h a t  a hydrogen d e f l a g r a t i o n  acc iden t  coul.d, 

even i n  the  l i m i t i n g  case ,  cause o v e r a l l  containment pressure  t o  inc rease  

by no more than 10%.  

made t o  l e a d  t o  such an even t ,  inc luding  the  r ap id  l o s s  o f  a l l  co ld  

source deuterium (D2) and a l l  t he  p o t e n t i a l  moltcm core  aluminum-water 

r eac t ion  H2 o r  D 2  t o  a small volume i n s i d e  containment.  

crease of  10% would pose no p a r t i c u l a r  t h r e a t  t o  even a low-pressure 

contairunent . 

Several  very conserva t ive  assumptions had t o  be 

A pres su re  i n -  

The CONTAIN r e s u l t s  f o r  the long-term decay h e a t  d i s s i p a t i o n  cases 

p r e d i c t  modest pressure  and temperature i n c r e a s e s ,  bu t  t he  exac t  va lues  

reached depend s t rong ly  on the h e a t  removal mechanisms p r e s e n t .  

DH-1 s e r i e s  of c a l c u l a t i o n s ,  the  d i r e c t  r e l e a s e  of f i s s i o n  products  t o  

the  containment atmosphere i s  maximized. I n  the base c a s e ,  t h e r e  i s  no 

means t o  remove h e a t  from the  containment,  and by tilrit: 48-h p o i n t  t h e  

pressure  i s  a t  130 kPa (a 3 3 %  increase  over the  i n i t i a l  ambient,  atmos- 

phe r i c  pressure)  and s-till increas ing .  If  pool cool ing  o r  t he  atmos- 

phere fan coo le r s  a r e  a v a i l a b l e ,  the  pressure  does no t  exceed 109 kPa (an  

11% i n c r e a s e ) .  A semipassive h e a t  removal path ( n a t u r a l  circiilat:iora on 

the  i n s i d e ,  b u t  forced v e n t i l a t i o n  of  the plenum between inner  and o u t e r  

containment wa l l s )  would l i m i t  the  peak containment p re s su re  t o  113 kPa. 

For the  DH-2 ser i .es  o f  decay h e a t  c a s e s ,  the  product ion of steam i s  

For the  

maximized. For the  base case ,  t he re  i s  no means t:o remove h e a t  froin con- 

ta inment ,  and by the  48-h po in t  pressure  i s  a t  165 kPa ( a  68% inc rease )  

and still inc reas ing .  The same case  wi th  1 MW of atmosphere cool ing  r e -  

s u l t s  i n  a peak pressure  of 1 1 9  kPa t h a t  occurs  dur ing  the  first 3 h o f  

t he  acci-dent . 
The p resen t  work i s  not  adequate t o  support  a recommendation o f  a 

s p e c i f i c  design pressure  for the  containment. Addit ional  containment 

des ign ,  i n  conjunct ion with more d e t a i l e d  thermal-hydraul ic  c a l c u l a t i o n s  

of  containment response are requi red  and recommended. For example, t he  

present: c a l c u l a t i o n s  considered only the  high-bay ope ra t ing  a r e a  (main 
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dome) and the  containment pools .  The experiment,  s p e c i a l  equipment and 

beam rooms, and the  r e a c t o r  support  b u i l d i n g  could no t  be cons idered  

because i t  has  no t  y e t  been determined how these  are t o  be connected t o  

the  atmosphere of the  containment dome, I t  is p o s s i b l e  t h a t  t h e  recom- 

mended, more d e t a i l e d  c a l c u l a t i o n s  would p r e d i c t  lower peak p r e s s u r e s .  

I n  a d d i t i o n ,  c a l c u l a t i o n s  must be performed t o  provide a bounding e s t i -  

mate of the  product ion of  noncondensable gases  dur ing  h y p o t h e t i c a l  

acc iden t s  ( see  S e c t .  7 . 2 . 2 ) .  

One t h i n g  t h a t  is  very  c l e a r  from the  p re sen t  work is t h a t  con ta in -  

ment h e a t  removal systems are v i t a l  t o  the  p r o t e c t i o n  of  containment 

i n t e g r i t y .  I t  i s  the re fo re  recommended t h a t  r e l i a b l e  pool  and atmosphere 

cool ing  systems be incorpora ted  i n  the  ANS containment des ign .  

7 . 2 . 2  Severe Accident Debris Cooling, 

T h i s  t a s k ,  t o  be a c t i v a t e d  l a t e r  i n  FY 1988, w i l l  determine t h e  

e f f e c t  of the  core  d e b r i s  r e s u l t i n g  from severe  acc iden t s  upon the  p r i -  

mary coolan t  system pressure  boundary and, i f  mel t - through of the  coolan t  

system pi-ping i s  pred ic t ed  t o  occur ,  w i l l  determine the  e f fec t  o f  t he  

d e b r i s  upon the concre te  f l o o r  of the  pool  o r  subp i l e  room. One d e l i v -  

e r a b l e  from t h i s  t a s k  w i l l  be a bounding estimate of  the  noncondensable 

gas genera t ion  t h a t  could r e s u l t  from the  hypothesized concre te  degrada- 

t i o n .  The containment must be desi-gned t o  accommodate without  c a t a s t r o p -  

h i c  f a i l u r e  o r  excessive leakage any gases  t h a t  could be generated during 

a severe  acc iden t .  

7 . 2 . 3  R c c r i t i c a l i t v  of Severe Accident Debris 

This suh ta sk ,  t o  be a c t i v a t e d  l a t e r  i n  FY 1988,  addresses  the poten-  

t i a l  f o r  the. core  d e b r i s  from a severe  acc ident  t o  c o l l e c t  i n  a c r i t i c a l  

conf igu ra t ion  a f t e r  t h e  acc iden t .  

f o r  t he  containment of severe  acc iden t s  is  t h a t  the h e a t  producing f i s -  

s i o n  r e a c t i o n  be shu t  down a f t e r  t he  acc iden t ,  l eav ing  only the  r e s i d u a l  

heat r e l eased  by b e t a  and gainma decay o f  f i s s i o n  products .  I f  s u b c r i t i -  

c a l i t y  of  t he  d e b r i s  cannot be guaranteed,  the  t a s k  of designing the 

containment t o  wi ths tand  severe  acc iden t s  becomes much more d i f f i c u l t  

because o f  t he  r e s u l t i n g  unce r t a in ty  i n  the  containment h e a t  l oads .  

necessary,  f e a t u r e s  w i l l  be designed i n t o  the  r e a c t o r  coolan t  o r  pool 

systems t o  preclude the  c r i t i c a l i t y  of core  d e b r i s .  

An e s s e n t i a l  t e n e t  of t he  ANS s t r a t e g y  

I f  



Phase one of t h i s  t a s k  i.s t o  perform survey c a l c u l a t i o n s  t o  es t imate  

the  p o t e n t i a l  f o r  r e c r i t i c a l i t y  o f  t he  core  d e b r i s  a f t e r  a severe  a c c i -  

den t .  The second phase wi.11 be t o  perform c a l c u l a t i o n s  t o  provide the 

b a s i s  f o r  a n t i c r i t i c a l i t y  s t r u c t u r e s  should the  r e s u l t s  of t h e  phase one 

survey c a l c u l a t i o n s  determine that they are necessary I 

7 . 2 . 4  LOCA Anal-ys i s  

The purpose of  t h i s  t a s k  i s  t o  analyze T..OCAs t o  determine what de-  

s i g n  f e a t u r e s  are needed t o  e.nsure the  appropr ia te  degree o f  LOCA su rv iv -  

a b i I i t y  i n  the  design of t he  A N S  primary cool.ant system. G a s  accumula- 

t o r s ,  h igh-  o r  low-pressure j n j e c t i o n  o r  f looding  systems, o r  fas t -ac t i ing  

i so la t i -on  va lves  can be einployed t o  improve the a b i l i t y  oE the  primary 

coolan t  system t o  adequately cool  the f u e l  dur ing  a pi.pe break acc iden t .  

Ca lcu la t iona l  work must be done t o  eva lua te  which of t hese  f e a i x r e s  

should be incorporated i n t o  the  ANS primary coolan t  syst:em. The p r e -  

f e r r e d  method f o r  performing the  needed c a l c u l a t i o n s  i s  t o  use  the  K E I A P  

t r a n s i e n t  thermal-hydraul ic  code. This code, developed a t  INEL,  has  been 

widely app l i ed  t o  analyze L O C A  acc iden t s  of  commercial power r e a c t o r s  as 

well as research  r e a c t o r s .  

Progress  during the  per iod  o f  i n t e r e s t  has  cons i s t ed  of review and 

s tudy o f  t he  RELAP code u s e r s  manual. 

opera t iona l  on the  OWL computing system. Coinpletion o f  t h i s  t a s k  has 

been delayed u n t i l  FY 1989 because of t he  rev ised  schedule f o r  i ncep t ion  

of the  conceptual  design e f f o r t .  Therefore ,  LOCA c a l c u l a t i o n s  w i 7 . 1  no t  

be completed f o r  the  ANS r e a c t o r  i n  J?Y 1988. 

The RELAP-5 code has been made 

7 . 2 . 5  Deve1op.g-rn-nt of a Simulation Program f o r  React iv-~_ty_~.nser t ion 
Accidents 

A s imula t ion  program was wri- t ten t o  analyze the  t r a n s i e n t  behavior 

of t he  r e a c t i v i t y  i n s e r t i o n  acc iden t .  The r e a c t o r  model. adopted he re  was 

based on the  set  of h e a t  removal and one-point: neutroni-c equat ions des-  

c r ibed  i n  the  H F I R  s a f e t y  ana lys i s  r epor t . 20  

neutron and energy conservat ion equat ions us ing  the  numerical  i n t e g r a t i o n  

techniques provi-ded by Advanced Continuous Simulat ion Langauge (ACSL). 

The same s e t  of equat ions w a s  previously sol.ved €or the  o r i g i n a l  H F I R  

s a f e t y  a n a l y s i s  by means of an analog computer. 

This  program so lves  the  



The ACSL simulati.on program was demonstrated by applyi-ng it to reac- 

tivity insertion accidents considered in the HFIR analysis. The two 

cases were chosen from among those that resulted in the most:. severe con- 

ditions. Both accidents were initiated with 1 . 3 8  Ak reactivitzy inserted 

over 30 ins; this would represent a very severe reactivity accident and 

would not be anticipated to occur over the life of the facility. The 

input values for neutronics, thermal-hydraulics, and safety rod dynamics 

were extracted from the HFTR sa fe ty  analysis reports .'*J' 
The present results are summarized in Table 7.5, along with those o f  

the earlier H F I R  safety analysis. The results agree well with those of 

HZFR, and no attempt w a s  made t o  adjust input coefficients to force exact: 

agreement. The fuel plate temperatures at the hot s p o t  exceed the melt- 

ing teiaperature (about G G O " C ) ,  but the average Core temperatxres are we.11  

below the melting temperature I Because neitAier the original MFIR analog 

computer program nor the CLIKK~I-IC digital computer code axe programmed to 

model the melting of fuel, some interpretation is required to gain a f u l l  

understanding of the results in Table 7.5. For example, cal.culat;ed hot 

spot temperatures between 660°C and 1066°C i.ndicare various degrees o f  

melti.ng, and calculated temperatures over 1066" C indicate complete h o t  

Table 7.5. Comparison o f  simulation eode results 
to the analog computer results r epor t ed  

i n  the HFIR s a f e t y  analysis r e p o r t  

'Time 
Peak Fuel plate Average core i n t e g r a t e d  

Case Core power t e m p e r a t u r d  " C )  bu1.k water power 
l__l No. s t a t u s  Analysis (Fd) tlot-s.poo..Avg. core temperature ( " C )  (MJ . s .... 

HFIR 1075 1010 2 8 7  
1 ROC 

Present 1151 1097 310 

HFIR i 4 0 0  1987 471 

P r e s e n t  1493 2160 501 
2 EOC 

117 28 

117 31 

148 5 2  

168 59  
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spot  melting with an increase i n  temperature t o  above the  melt ing t x r n p -  

e r a t u r e .  Therefore,  the ca l cu la t ion  f o r  Case No. 2 i nd ica t e s  t h a t  the 

hot  spot  completely m e l t s ,  achi-eving a temperature about 1040°C above the 

l iqu idus  poin t  f o r  the f u e l .  

No ana lys i s  was done f o r  the ANS core  f o r  which design work i s  

cu r ren t ly  i n  progress .  However, the ANS core  has one des i r ab le  charac-  

C e r i s t i c  f o r  r e a c t i v i t y  insertLon accidents  i n  comparison t o  the  HFIR 

core :  i t  has a longer neutron generat ion time resul t i .ng from the  D 2 0  

moderator. An ana lys i s  was performed changing the neutron generat ion 

time t o  700 p s ,  which i s  the value reported i n  the f i n a l  s a f e t y  ana lys i s  

r epor t  f o r  the Brookhaven High Flux Beam Keactor (IIE'BK). 22 

smal l -core ,  high f l u x  beam reac tor  with D 2 0  a s  moderator and r e f l e c t o r  

and would therefore  be an t i c ipa t ed  t o  have a s imi l a r  neutron generati.on 

time. The generat ion t i m e  of the H F I R  core  ranges from 35 t o  70 p s  

between beginning and end of each f u e l  cyc le .  This ana lys i s  was pe r -  

formed f o r  Case No. 2 mentioned previously.  The r e s u l t  i s  presented i.n 

Table 7 . 6 ,  wi th  the o r i g i n a l  r e s u l t s  from the  H F I R  s a f e t y  ana lys i s  

r epor t .  In  t h i s  case of much longer neut:ron generat ion t i m e ,  the  f u e l  

p l a t e  temperature a t  the hot  spot  i s  predic ted  t o  be only about one-half  

(:hat ca l cu la t ed  fo r  the  nominal H F I R  case .  The peak value o f  the  r eac to r  

power is  reduced t o  approximately one-si-xth.  The longer neutron genera- 

t i o n  time a c t s  t o  moderate the  t r a n s i e n t  behavior considerably following 

r a p i d  addi t ions  o f  r e a c t i v i t y .  

The HFBK i s  a 

Table 7 . 6 .  E f fec t  of neut ron  gene ra t ion  t ime 
on t r a n s i e n t  response t o  severe  r e a c t i v i t y  i n s e r t i o n  acc iden t  

T i m e  
Neutron Fuel p l a t e  Average co re  i n t e g r a t e d  

No. s t a t u s  time ( s )  powe.r--mdZ-Hot spo t  core  temperature  ( " C )  ..(.MJJ.:.s.)..- 
Case Core genera t ion  Peak temperature  ( " C )  bu1.k water p owe r 

70 1493 2160 5 0 1  1 6 8  5 9  

700 247 1034 1 8 2  8 8  2 7  

2 EOC 
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7 . 2 . 6  b s i d e n t s  Involving LiRht-Water Cont-gai.nation of  t he  Hcavv-Wa.te.E 

Unin ten t iona l  a d d i t i o n  of l i g h t  water i s  always a cnncerri i n  a 

heavy-water moderated r e a c t o r .  T n  tihe ANS f a c i l i t y ,  it; is planned t h a t  

the r e a c t o r  cool.ant and the  moderator i n  the  moderator tank t h a t  s u r -  

Coo Ian  t ut: Modera tor_ 

rounds the  CPRT w i l l  both be heavy water .  However, because of t he  need 

i o  minimize human i n h a l a t i o n  o f  heavy-water vapor ,  t he  r e a c t o r  and spent -  

f u e l  pools w i l l  use  light wate r ,  and t h e r e  w i l l  be o t h e r  sources  of l i g h t  

water i n  the  f a c i l i t y .  This  s e c t i o n  does n o t  p o s t u l a t e  s p e c i f i . ~  acc ident  

sequences i n  which t:he primary coolan t  o r  the  moderator could h.- "come COII- 

Laminated, Rather t he  genera l  e E.f'ec:t of l i g h t - w a t e r  admixture on the  

c r i t i c a l i t y  of t he  ANS core i s  cons idered ,  The work w a s  performed us ing  

the  geometry of the  re ference  sing1.e core i n  e f f e c t  duri.ng J.ate 1987 and 

w i l l  have tro be repea ted  when the re ference  design is  avai.1.abZe €or  the 

new s p l i t - c o r e  concept adopted i n  February 1988. 

7 .2 .6 .1 .  K e p l a c m e n t  o f  D30 by I-I?Q 

This s e c t i o n  p resen t s  t he  r e s u l t s  ca7.culated wi.th the  KENO code t o  

eva lua te  the  e f f e c t  on shutdown inargin o f  replacement o f  t he  primary 

coolan t  o r  r e f l e c t o r  tank D 2 0  by 1170. A l s o ,  v a r i a t i o n s  o f  c o n t r o l  rod 

worth t h a t  depend on l o c a t i o n  and rod r ad ius  are shown, 

-- Shutdown margin. The core  analyzed he re  i s  the  simp1:i:Eieti core  with 

uniform uranium loa.ding and is composed o f  235U ( 2 5  kg), 238U,  "€3 ( 6  g) , 
S i ,  A l ,  and D20 ( o r  H 7 0 ) .  But t he  georneti-icnl d e s c r i p t i o n  is  summarized 

as Eollows: 

f r a c t i o n  i n  core  of  0 . 5 ,  deuterium t o  235U aP:oin r a t i o  o f  2 5 ,  r e f l e c t o r  

th ickness  of  7.50 cm, and a 19-1, i s l a n d  region volume. The c o ~ t 1 - 0 1  rods 

i n  che i s l a n d  reg ion  c o n s i s t  o f  six hafnium r o d s  with  a r ad ius  o f  1 . 5  cm. 

The s a f e t y  rods a r e  t en  n a t u r a l  boron rods  (also 1 . 5  c m  i-n r a d i u s )  t ha t  

are loca ted  i n  the  r e f l e c t o r  j u s t  ou t s ide  the pressure  v e s s e l .  The 

cy l inde r - type  c o n t r o l  and safety rods a r e  the  same as those i n  previous 

d i scuss ions .  

core  a c t i v e  volume o f  35 L ,  23sU mass of 25 k g ,  D20 volume 

KENO-5.a i.n SCALE is  used with the  s tandard  parameters i n s t a l l e d  i n  

the  SCALE system. A l s o ,  the  nuc lear  l i b r a r y  is  tllie s tandard  one i n  

SCALE--a 26-group l i b r a r y  based on ENDF/B-4. (ENDF/B-5 l i b r a r y  could not- 

be used because s i l i c o n  c ross  s e c t i o n  could no t  be a t t a c h e d . )  
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Calcula ted  r e s u l t s  are summarized i n  Table 7 . 7 .  Case 1 i s  the  r e f -  

erence nominal ANS conf igu ra t ion ,  with only D20 i n  and surrounding the  

co re .  Case 7. i s  a somewhat extreme, probably phys ica l ly  u n r e a l i z a b l e ,  

case with H20 i n  the  core  bu t  pure D20 above and he1 .o~ the  co re .  

has  H20 i n  and above the  core  but  D20 below the  core and i n  the  s i d e  

r e f l e c t o r ,  as might occur i f  the D20 primary coolan t  were being rep laced  

by pumping H20 i n t o  the  primary cool-ant; loop.  Case 4 d e p i c t s  the t o t a l  

replacement: o f  t he  primary coolant  by H20, b u t  the  r e f l e c t o r  moderator i s  

s t i l l  D20. 

Case 3 

Table 7 . 7 .  E f f e c t  of  l i g h t - w a t e r  moderation 
O T ~  the  ANS core  r e a c t i v i t y  

Case 
worth Core 

No. Rod shape I s t a t u s a  ._.. ..... 

1 Rod- type D/D/D/D 

k- ef f e c  t ive All - rods 
All-rods All-rods worth  

-. ou t  i n  Ak 

1.174 0 . 6 4 9  0 . 5 2 5  

1 , 1 7 4  0 . 5 2 2  0 . 6 5 Z b  

1.013 

0 . 9 8 3  

1.171 0.957 0.214 

aCore / t o p  r e f .  / bottom r e f .  / s i d e  r e f .  
VENTURE c a l c u l a t i o n ,  rod worth is 0 .576 .  

Both k-ef f  of the  Case 1 core  (al l -D20) and the  Case 4 core  (H20 i n  

core  and t o p  and bottom r e f l e c t o r )  with a l l - r o d s - o u t  i s  about 1 . 1 7 ,  which 

i s  almost the same as the VENTURE c a l c u l a t i o n  r e s u l t s  (1.15 f o r  both 

cores)  r epor t ed  i n  the ANS P r o j e c t ’ s  December 1987 monthly report- .  The 

shut-down margin, t h a t  i s ,  a l l - r o d s - i n  k - e f f ,  is  a l s o  shown i n  Table 1 . 7 .  

The k-eff remains under 1 . 0 ,  except f o r  the  phys ica l ly  u n r e a l i s t i c  Case 

2 .  This r e s u l t  i nd ica t e s  t h a t  t he  ANS core  i s  provided adequate shutdown 

margin by the  s i x  rod-type con t ro l  rods i n  the  c e n t r a l  i s l a n d  and the  t e n  

s a f e t y  rods along the  ou te r  circumference o f  t h e  core.  
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Rod radi-us dependency. Table 7 . 8  shows the  KENO r e s u l t s  ob ta ined  by 

changing the  s a f e t y  r o d  r ad ius  f o r  t he  a l l - D 2 0  co re .  

worth becomes l a r g e r  w j  t h  i nc reas ing  rod r a d i u s .  

The c o n t r o l  rod  

Rod l o c a t i o n  dependency. Location dependency of the worth of the 

s a f e t y  rods i s  given i n  Table 7 . 9 .  These r e s u l t s  a r e  c a l c u l a t e d  by 

VEN'I'URE f o r  t3ie cy l inde r  con t ro l  and s a f e t y  rods.  The core  and rods a r e  

exac t ly  the  same as i n  previous d i scuss ions .  

Table 7 . 8 .  E f f e c t  o f  s a f e t y  rod radius on i n s e r t e d  wor th  

k-  e f f e c t i v e  A1 1 - r-ods 
All-rods All-rods wor th  

Sa fe ty . - rp_Lrad ius  ____I_ out i n  (Ak) 

1 . 5  Clll 1.174 0 .649  0 . 5 2 5  

2 . 5  cm 1" 1 7 4  0 .558  0 .616  

3 . 5  c m  1 . 1 7 4  0 .519  0 .655  

Tab le  7 . 9 .  E f f e c t  of s a f e t y  rod l o c a t i o n  on i n se r t ed  wor th  

k - e f f e c t i v e  A l l  - rods  
All - rods A11 - rods wor th  

S a f e t v  rod locationa out .I-.__ i n  Ak 

0 . 7  cm 1 , 1 5 8  0 .582  0 . 5 7 6  

5 . 0  c m  1 .158  0 . 6 7 6  0 . 4 8 2  

10.0 c m  1 . 1 5 8  0 .766  0 . 3 9 2  

aDistance from o u t s i d e  surface of t h e  CPRT. 

The worth decreases  monotonically wi th  inc reas ing  d i s t ance  from the 

pressure  vesse l  (i.e., the  c o r e ) .  As t he  r a d i a l  s e p a r a t i o n  of tlre s a f e t y  

rods from the  core  ou te r  circumference is i nc reased ,  the power density i n  

the o u t e r  element i s  observed t o  i n c r e a s e .  This  r e s u l t s  i n  a h igher  
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r e a c t i v i t y  of the core and the re fo re  lower net. c o n t r o l  rod worth as the  

s a f e t y  corttirol rods hccome separa ted  from the  c o r e .  

7 . 2 . 6 . 2  J.,iEht-Water Contamination 

I n  t h i s  s e c t i o n ,  the  e f f e c t  of var ious  concent ra t ions  of H20 i n  the  

core  and the r e f l e c t o r  a r e  analyzed and the  k - e f f e c t i v e  v a r i a t i o n s  with 

and without  c o n t r o l  rods and the  a l l - r o d  worth a r e  d iscussed .  

The core  analyzed here  i s  composed of 2351J ( 2 5  kg) , 238U, l o B  ( 6  g )  , 

S i ,  A l ,  D 2 0 ,  and H 2 0 .  The s a f e t y  rods a r e  t e n  n a t u r a l  boron rods loca t ed  

i n  the  r e f l e c t o r  j u s t  ou ts ide  the  pressure  v e s s e l  CPBT, The c o n t r o l  rods 

i n  the  c e n t r a l  i s l a n d  region c o n s i s t  of s i x  Hafnium rods .  Both c o n t r o l  

and s a f e t y  rods have a 3-cm diameter .  KENO-5.a, with t h e  nuc lear  l i b r a r y  

based 01-1 t he  ENDF/B-4 l i b r a r y  i n  SCALE, i s  used for all cases. 

Calculated cases  a r e  summarized i n  Tables 7 . 1 0  and 7 . 1 1 .  The cases  

i n  Table 7 .10  correspond t o  H 2 0  contamination i n  the  primary coolan t  

loop. The 1120 f r a c t i o n  i n  the  core  and the  bott:om and top  r e f l e c t o r  i s  

changed. The cases  with pos tu l a t ed  contamination i n  the  r e f l e c t o r  tank 

a r e  shown i n  Table 7 . 1 1 .  The "Uniform" l a b e l  in the  "Mixing condi t ion"  

column o f  Table 7 . 1 1  means t h a t  t he  I120 leaked i n t o  the  r e f l e c t o r  and 

mixed homogeneously wi th  the D20 throughout t h e  r e f l e c t o r  tank (Cases 1- 

3 ) .  O n  tihe o the r  hand, f o r  Case 4 ("Film 5 cm") i t  i s  pos tu l a t ed  t h a t  

an H 2 0  f i lm  would form as the r e f l e c t o r  tank coolan t  i n l e t  flow is 

d i r e c t e d  along the  su r face  of the CPRT. The th ickness  of 5 c m  i s  based 

on the  d i s t ance  between the  CPBT and the shroud. 

Table 7 . 1 0 .  Contamination in primary coolant loop 

_- .............I__ 

Case 
No. 

1 

2 

H20 - k-effective All - rods 
fraction A l l - r o d s  A l l  - rods worth 

( % I  ......... o u t  i E-.-- (Ak) 

0 . 0  1 . 1 7 4  ? 0 . 0 0 9 4  0.649 :!: 0.0047 0.525 

0 . 1  7..175 ? 0.0088 

1.1 1.166 k 0 . 0 0 9 8  0.650 + 0.0046 0.516 

10.0 1 .158  Lt 0.0071 0.696 f 0.0045 0.462 

50.0 1 .157  t 0.0058 0 .831  It- 0.0051 0.326 

1 0 0 . 0  1 . 1 7 1  k 0 . 0 0 8 4  0.957 f 0.0047 0.214 



Table 7 . 1 1 .  Containination i n  ref lector  

kreffect ive _._..______..I A l l - r o d s  
Case fraction Mixing A l l  - rods ' A l l  - rods w o r t h  
No. ( % )  cond i t ion  o u t  i n  AkJ .....- 

H 2 0  

1 0 .0  Uniform 1.174 It 0.0094 0.649 4 0.0047 0 . 5 2 5  

2 1 . 0  Uniform 1 . 1 4 7  +_ 0.0079 0 .638  4. 0.0049 0.509 

3 1 0 . 0  Uniform 1,030 ? 0.0055 0.616 k 0.0034 0.414 

4 Fi lm 5 cm 0.4395 k 0.0070 0.619 t 0.0055 0 . 2 7 6  

The r e s u l t s  f o r  t he  primary coolan t  loop i n d i c a t e  that: the  k - e f f e c -  

t i .ve o f  the  uncont ro l led  ( a l l - r o d s - o u t )  ANS core  i s  no t  s e n s i t i v e  t o  H2Q 

contaminat ion.  For t he  ANS c o r e ,  t he  p o s i t i v e  e f f e c t  of t h e  a d d i t i o n a l  

moderation provided by the  l i g h t  water is  counterbalanced by the  nega t ive  

e f f e c t  o f  t he  H 2 0  absorp t ion .  Note t h a t  t h i s  f e a t u r e  is  no t  gene ra l .  

When the  design parameters of  the  core  are changed, t h e  k - e f f e c t i v e  

v a r i a t i o n  should be expected t o  change, 

On the  o the r  hand, the k - e f f e c t i v e  of the a l l - r o d s - i n  core  i s  seeri 

t o  i nc rease  monotonically with the f r a c t i o n  of  H 2 0 .  The t o t a l  rod worth 

decreases  t o  about 0 .2  Ak because the  absorp t ion  e f f e c t  of c o n t r o l  and 

s a f e t y  rods is  cancell-ed by the neutron absorp t ion  i n  the  l i g h t  water .  

The c o n t r o l  and s a f e t y  rods  were assumed f o r  t he  c u r r e n t  c a l c u l a -  

t i o n s  to p e n e t r a t e  both the core  and the  r e f l e c t o r .  Actual. rods, w h e n  

f u l l y  i n s e r t e d ,  would n o t  extend s ign i f i can t : ly  above the  top  o r  helow the  

bot tom o f  t h e  core  and would t h e r e f o r e  be s h o r t e r .  Moreover, the con t ro l  

rods ( i n  t h e  c e n t r a l  i s l a n d )  art? envis ioned i n  t h e  c u r r e n t  preconceptual. 

f a c i l i t y  des ign ,  as cor i s i s t ing  of an upper th ree  rods and a lower t h r e e  

rods .  The n e t  number of con t ro l  r o d s  of  such a design would be th ree  i n  

the f u l l y  i n s e r t e d  condi t ion .  Because the  a l l - r o d s - i n  k - e f f e c t i v e  w i t h  

100% 1120 i.s 0 . 9 6 ,  t he  k - e f f e c t i v e  would be over 1.0 if t h i s  worth de-  

c rease  1.s r e a l i z e d .  The A N S  core  may f a l l  into the s i t u a t i o n  i n  which 

a l l  rods could n o t  maintain s u b c r i t i c a l i t y  . The contaminarian o f  the  

pr imary coolan t  loop i s  an important: i s s u e  f o r  t he  D20 moderated co re .  
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The contamination of the  ref l -ector  r e s u l t s  i n  a k - e f f e c t i v e  decrease 

f o r  the uncontrolled core.  The decrease of the rod worth i.s cancel led by 

the increased neutron absorption i n  the l i g h t  water.  The a l l - r o d s - i n  

core keeps the k -e f f ec t ive  approximately constant  a t  about 0 . 7  a s  the H 2 O  

concent:ration i s  increased.  These r e s u l t s  indi.cate t h a t  the  l i gh t -wa te r  

contamination of the r e f l e c t o r  i s  not  a s a f e t y  i s sue .  The r e s u l t  of Case 

L: (Tab1.e 7.11) a l s o  backs t h i s  conclusion. 

7 . 2 . 6 . 3  Conclusions atid Recommendations 

The r e s u l t s  o f  t h i s  study show t h a t  the ANS s ing le  core i s  not 

e spec ia l ly  vulnernl>l e t o  l igh t -water  inleakage ; however, these r e s u l t s  

a r e  s e n s i t i v e  t o  core design. T h i s  ana lys i s  should be repeated when 

design parameters become ava i lab le  f o r  the s p l i t  core design t h a t  was 

adopted i n  February 1988. 

7 .3  PROBABILISTIC R I S K  ASSESSMENT (PRA) 

The dec is ion  was made ea r ly  i n  E'Y 1.987 t o  i n i t i a t e  a PRA of the 

evoI.vi.-ng design of  the ANS f a c i l i t y .  BNL w a s  s e l ec t ed  as (:he subcontrac- 

t o r  t o  take advantage o f  t h e i r  extensi-ve experience i n  reviewing PRAs f o r  

NRC.  S ign i f i can t  work has been completed during FY 1987, and i t  i s  i n -  

tended t h a t  the PRA w i l l  continue through cons t ruc t ion .  There a r e  t w o  

advantages t o  doing PKA during the design process:  (1) it hel .ps  t o  min- 

imize the  p o s s i b i l i t y  o f  expensive hackf i t s  and ( 2 )  i t  wi1.1 enable the  

p ro jec t  t o  demonstrate compliance with NRC's policy on s a f e t y  goa ls  f o r  

nuclear power p l a n t s .  This task  includes the  process o f  descr ib ing  the  

f a i l u r e  ratres of  components and systems and the dependencies between s y s -  

terns and subsystem and determining and enumerating accident  i n i t i a t o r s  

t h a t  could lead  t o  core damage. Methods f o r  ca l cu la t ing  p r o b a b i l i t i e s  of 

unacceptable consequences a r e  se lec ted  and the  r e s u l t s  expressed i n  such 

a way t h a t  the  dominant accident sequences a r e  apparent .  The r e s u l t s  

must  be communicated t o  p ro jec t  desi-gners who can e f f e c t  design changes 

i f  necessary t o  ensure t h a t  the design meets the NRC s a f e t y  goals po l icy .  

, ~~, 

Progress during FY 1987 has included concept f a m i l i a r i z a t i o n ,  the 

i d e n t i f i c a t i o n  of accident i n i t i a t o r s ,  the p r i - o r i t i z a t i o n  o f  systems f o r  

s a f e t y  and f o r  a v a i l a b i l i t y ,  a survey of the  methodology f o r  common 
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cause and system interactions, and event tree modeling of accident re- 

sponse. The F i n a l  R e p o r t  on Bdork Performed During FY  1987 on the  

Advanced Neutron Source Project for the Oak Ridge Nat ional  Laboratory by 

the Brookhaven National. Laboratory is currently in publication as ANS 

Project document ANS/TNT-3 

is reproduced below. 

The sunmary from this FY 1987 final report 

Progress during EY 1988 has included a survey of the inet:hods for 

assessing pipe break probabilities to determine trends and scaling rela- 

tionships that might be useful to designing the ANS reactor cooling sys -  

tem piping to have a very low probability of a large-break LOCA. 

summary from the "Review of Pipe-Break Probability Assessment iiiethods and 

Data for Applicability to the Advanced Neutron Source Project for Oak 

Ridge National Laboratory by Brookhaven National Laboratory'~ is repro- 

duced below. 

7.3.1 Summary of  BNL...E 1987 PKA Work on the ANS 

The 

This is a report: of P M  work performed by BNI, over a 6-month period 

in support of  preconceptual design activities f o r  OREaL's ANS Project. 

This work has resulted in 

1. . 

2 .  

3 ,  

4 . 
5 .  

Formation of a P'ELA team at BNL familiar with the p r o j e c t ,  the 
preconceptual design concepts, and similar research reactors, 
in particular H F I R  (the A N S  predecessor) and HFBR (a similar 
but lower power and power- density reactor at B N L ) .  Such an 
independent FEU team provides separate and possibly more objec 
tive perspectives on the risk assessment chaia a combined design 
and P M  team and provides the experience of BNI, i n  PRA, neu- 
rronics, and HFBR experience in D20, tritium, and cryogenic 
neutron sources. 

Review and identification of algorithms t o  allocate resources 
for risk reduction and availability opt-iinizatiot-r . 

Search €or accident initiators at ANS, Completeness w a s  ap- 
proached i.n three ways: drawing on initiator lists presented 
in power plant: YWs and PRA guides, energy balance, and prelim- 
inary hazards analysis me1:hodology. T h i s  search resulted in 
t:he idcntiXication of  30 initiators that: were subsequently 
grouped into 1 7  categories. 

Qualitative assessment of initiator frequencies. 

Identification of fron1:line and support systems. 
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6. Rank-order prioritization of frontline and support systems 
according to their importance to safety. An approximate meth- 
od, which will require revision as the design matures, is  used 
for the rank ordering. 

7. Preparation of a reliability block diagram for ANS availability 
assessment. 

8. Rank ordering of top-level systems f o r  their importance to 
availability. 

9. Investigation of PRA methodology suitable for common-cause 
analysis and the selection of  a phased approach consistent with 
the ANS design evolution. 

10. Preparation of system interaction matrices relating in i t i -a tors  
to frontline systems, frontline systems to support systems, 
initiators to support systems, and support systems to s u p p o r t  
sys tems . 

11. Estal>lishment of an accident sequence nomenclature based on the 
WASH-1400 precedence, but adapted and extended to A N S .  

12. Preparation of event trees for transients, large unsubmerged 
LOCA, large submerged LOCA, medium unsubmerged LOCA, medium 
submerged LOCA, small LOCA, and anticipated transient without 
scram (ATWS). 

1 3 .  Qualitative categorization of fuel damage states 

14. Identification of the need for categorizing LOCAs according to 
whether they are submerged in pool water, as well as the break 
size. 

15. Selection of  the SETS code f o r  systems analysis and 
establishment of fault tree analysis procedures. 

16. Preparation of fault trees f o r  the following systems: primary 
cooling, secondary cooling, poolwater cooling and cleanup, 
auxiliary cooling water, cold sources, tritium removal, and 
480-V electrical distribution, These analyses were based on 
A N S ,  HFIR-11, and HFIR information sources and must be revised 
as the design evolves. Other systems will be modeled as the 
information becomes available. 

17. Analysis and plotting of the fault trees using the SETS code 
(with the exception of the primary cooling system). 
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Based on t h i s  work, the  fol lowing comments and proposals  may be 

made : 

1. The p resen t  A N S  preconceptual  design i s  no t  as robus t  i n  sur- 
v iv ing  a l a r g e  LOCA i.n unsubmerged pip.i.ng as i t :  i s  i n  submerged 
p ip ing .  I f  a break in unsubmerged p ip ing  were t o  occur ,  t he  
l i n e  i n  which the  break i.s loca txd  must be quick ly  determined 
and i s o l a t e d  before  t h e  primary pumps d ischarge  s u f f i c i e n t  D20 
t h a t  the flow through the  core  is  l e s s  than  the  ininimum r e -  
qu i red  for the  h e a t  remo-v-al. These two s t e p s  c o n t r i b u t e  an 
es t imated  order  o f  magnitude t o  the  r i s k  i n  respondi.ng to a 
l a r g e  I.OCA. Flow i-n the primary pumps may be stoppc?d t o  reduce 
coolant: I.oss (as wel l  as t:o prevent  c a v i t a t i o n  at t he  core  
o u t l e t )  upon depres su r i za t ion .  Flow wi .11  lie maintained by the  

., shutdorm cool ing  systems wi th  suff ic ie r i t  f low capac i ty  fol low- 
ing  S C K ~ M .  Although check va lves  prevent flow through an i d l e  
loop ,  p r e s s u r i z a t i o n  of tlie system by the shutdown cool ing  
system r e s u l t s  i n  some backflow thorough the  f a i l e d  loop ,  and 
thus  some l o s s  of cooI.axlr: u n t i l  f:he i s o l a t i o n  oE the  f a i l e d  
loop i s  completed. The n e c e s s i t y  f o r  r a p i d  break d e t e c t i o n  and 
i so l a t i . on  is avoided wi th  submerged p ip ing .  However, e a r l y  
d e t e c t i o n  o f  small l eaks  is more d i f f i c u l t ,  and the p r o a b i l i t y  
o f  a l e a k  progressi.na t o  major propor t ions  i s  i-ncreased. T h e  
advantages i n  a damaged s ta te  encountered i n  a t o t a l l y  f looded 
system must be eva1uat:ed a g a i n s t  L h e  h p r o v e d  1.eak d e t e c t i o n  o f  
a dry system t o  s e l e c t  the optimal design f o r  the  A N S .  

2 .  A common-cause f a i l u r e  t h a t  could s t o p  coolan t  flow i s  the  
acc iden ta l  c l o s i n g  o f  of t he  va lves  used f o r  pri.mary l o o p  
i s o l a t i o n ,  a long wi th  the  f a i l u r e  of the  shutdown cool ing  
c i r c u i t  f l o w  con t ro l  system t o  open. I f  the shutdown cooli.ng 
system c i r c u l a t e s  i n  f u l l  f 1 0 ~  a.t: a l l  t imes ,  t h i s  f a i l u r e  i s  
no t  p o s s i b l e .  Submersion o f  a l l  of t he  primary coolan t  system 
p ip ing  wou1.d e l imina te  the  need for f a s t - c los i . ng  va lves  on t he  
main primary loops  and a l s o  render  t.his scena r io  impossible .  

3 .  I f  a s u f f i c i e n t l y  r ap id  dep res su r i za t ion  of the  primary coolan t  
system were t o  0~~111 :  a t  f u l l  power, poss ib ly  as a r e s u l t  of a 
EOCA,  t:he c r i t i c a l  h e a t  f l u x  might: be exceeded l.ong enough for 
Euel damage t o  occur .  The r e s u l t a n t  inadequate cool ing  would 
damage the  f u e l  and r e s u l t  i n  f u e l  channel bl.ockage, and 
n e i t h e r  normal cool ing  11or the  shutdown cool ing  systein (SCS)  
would be a b l e  t o  cool  the  po r t ion  o f  t he  core i n  t h e  reg ion  of 
flow blockage. Analyses are needed t o  determine i f  t h i s  
s cena r io  i s  p o s s i b l e .  If s o ,  a poss ib l e  so1.ution i s  t o  design 
a p r e s s u r i z e r  o f  s u f f i c i e n t  flow and capac i ty  t h a t  t.he pressure  
can be maintained u n t i l  t he  r e s i d u a l  h e a t  can decay t o  the  
p o i n t  t h a t  it i s  no t  poss ib l e  t u  exceed the  c r i t i c a l  h e a t  f l u x .  

4 .  The preconceptual  desi.gn of ANS uses redundant mechanical 
shutdown rod-drop i n s e r t i o n  t o  scram the  r e a c t o r ,  Although 
d ive r se  systems a r e  used f o r  the  ind iv idua l  scram systems f o r  



158 

the three central scram rods or the ten peripheral scram rods, 
a common-cause failure might be found that impedes mechanical 
action in general. Alternative scram methods, such as liquid 
neutron injection or draining of the reflector tank, might be 
considered. Liquid neutron absorber injection is being con- 
sidered for A N S ,  but it has deficiencies associated with the 
speed of injection and possible chemical effects on the primary 
circuit marerial. Draining the reflector tank poses compli- 
cations in cooling components inside the tank and might result 
in positive reactivity insertions, should the tank refill. with 
light water. 

7.3.2 Summary of BNI, Work on Pipe Break Probability . 

This report summarizes methods for assessing pipe break probabil- 

ities to determine trends and scaling relationships that might be useful 

to designing the ANS reactor for maximum safety and availability. A 

secondary purpose is a review of calculational procedures and codes for 

USC in constructing a PC interactive code for parametric studies. 

This work reviews pipe leaks at the BNL HFBR and accelerated embrit- 

clement that has been observed at the HFIR at OWL. The regulatory back- 

ground and supporting studies related to pipe and vessel failure are 

presented, along with pipe break statistics based on field incidents. 

Models for assessing vessel and pipe break are organized into two clas- 

ses: phenomenological and theoretical. Representing the phenomenologi- 

cal method is the work of Thomas, from which the scaling relationships 

are obtained. Theoretical models are of three types. Two types are 

represented by the codes OCTAVIA and PRAISE-B. OCTAVIA calculates the 

probability of a transient event that results in pressure exceeding the 

strength of the vessel that has a preexistent flaw distribution. Other 

codes of  this type are OCA-P, V I S A ,  and an unnamed code used in NUREG- 

0778. 

PRAISE-B differs from these by beginning with a small initial flaw dis- 

tribution resulting from manufacture and grows the flaws to a critical 

s i z e  as the result of cyclic and residual stress and other factors. The 

l a s t  theoretical model is the stress-strength distribution overlap method 

that is exemplified by application to calculating the rupture probabil- 

ity of a steam line passing through a BWR wet-well. 

A l l  of these are designed for pressure vessel weld analysis. 

The report defines a figure of merit (FOM) as being the product of 

the flow volume and the break probability. From this it is deduced that 
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the FOM is optimized by large-diameter short length piping. A reason f o r  

the strong (2.5) power dependence on pipe diameter is that wall thickness 

is taken as proportional to the diameter. While this is true of the 

rnini.mum wall thickness, the A N S  piping could be designed with thicker 

than necessary walls from strength considerations and achi-eve high re- 

liability with small pipe (data show that smaller pipe has a higher per- 

length failure rate than larger piping). Rased on the F’OM, the H F I R  

configuration with a large manifold connecting the reactor vessel with 

the heat exchangers is good. 

The report reviews other data on parametric dependencies as well as 

the leak-before-break studies and provides suggestions (some rather ob- 

vious or well-known) for guiding the ANS design. It a l s o  outlines the 

form of a PC code that uses phenomenological and theoretical methods. 

Guidelines from the reviews regarding the reduction of pipe failures 

include the following: 

8 minimize the length of piping, 

a maximize the diameter and/or wall thickness, 

if stainless steel piping is chosen, the carbon content should be 
< 0.05 wt % ,  

minimize the presence of oxygen in the coolant, 

a relieve residual stresses as far as possible, 

a design out any potential for water hammer that could result f r o m  
valve opening ~ 

a reduce vibratory stress as far as practical, 

make the replaceable pipe that encompasses the reactor as l o n g  as 
practi.cal to reduce the fast neutron flux damage to the non- 
replaced pipe and flanges, 

II optimize both the reliability and minimum flaw size detectability 
of inspection, 

m preservice and in-service inspections are effective, but the 
frequency of the 1att:er was not determined, and 

n reliable and sensitive leak detection, when acted upon, are 
effecti-ve in reducing the probability of  a pipe break (tritium 
detection provides a signature that should provide A N S  with a more 
sensitive leak detection capability than is available in nuclear 
power plants). 
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Some t o p i c s  no t  resolved were leak-hefore-break  (LBB) and a l t e r n a -  

t i v e  pipe mater i -a l s .  Regarding LBB, i t  appears t h a t  the p r o b a b i l i t y  of  

leaks i.s about 10 times t h a t  of  breaks .  While it. appears c l e a r  t h a t  t o  

go from a no- leak  s i t u a t i o n  t o  a break s i t u a t i o n ,  t he re  must be a cran- 

s i t i o n  through l e a k ,  no data  were found concerning the  r a p i d i t y  of the  

t r a n s i t i o n ;  t h a t  i s ,  whether s u f f i c i e n t  time is  a v a i l a b l e  af ter  l e a k  

d e t e c t i o n  t o  act  v.pon the  information before  it becomes a break.  Thih 

does 1-10t mean t h a t  l eak  d e t e c t i o n  should no t  be used bu t  r a t h e r  t h a t  a 

100% leak  det:ection c a p a b i l i t y  does not  prevent  breaks.  I t  does,  how- 

e v e r ,  g r e a t l y  reduce the  p r o b a b i l i t y  of breaks .  

No pipe f a i l u r e  da t a  or f l a w  information were found on n o n f e r r i t i c  

o r  a u s t e n i t i c  m a t e r i a l s .  Considering the 1-ow-capture cross s e c t i o n  of 

aluminum, the  ques t ion  o f  i t s  usefulness  i n  t h i s  a p p l i c a t i o n  a rose  b u t  

was not: reso lved .  I t s  comparative weakness would r equ i r e  t h i c k e r  p i p e  

w a l l s  bu t  the  s c a l i n g  information ind ica t  [:Ilat t h i s  would reduce the  

break probabi 1 i t y  . 
The i n t e r a c t i v e  PC model i s  expected t o  be a combination of phenom- 

enology and f r a c t x r e  mechanics theory with the  main emphasis on the  

former. More s p e c i f i c a l l y ,  it:  may be an implementation of  the  Thomas 

model i n  a PC code t o  provide the  normalizati-on f o r  a pipe break e s t ima te  

w i t h  t he  parametr ic  t rends  taken from a de te rmin i s t i c  form of PR4ISE-B 

and/or the  OCTAVIA group. The Thomas model was i n t e r p r e t e d  and appl ied  

t o  e s t ima t ing  the  p robab i l ty  of ca t a s t roph ic  pipe break i n  the  H F I R  PRA, 

which w a s  conducted by Pickard,  Lowe, and GarrTck, Inc .  ( Y L S t G ) ,  I n  i t s  

assessment,  PL,&G t r e a t e d  th ree  cases: base metal ,  c i r cumfe ren t i a l  welds,  

and long i tud ina l  welds ,  We be l i eve  t h a t  t he  l a t t e r  were,  a t  l ea s t  t o  

some e x t e n t ,  included i n  the  pi.pe d a t a .  N o  a t tempt  has  been made t o  s s -  

t imate  the pipe break frequency f o r  A N S .  However, t he  conceptual design 

has e i g h t  pipe runs connecting the  r e a c t o r  t o  h e a t  exchangers as compared 

wi l :h  two l a r g e r  diameter p ipes  i n  H F I R .  T h i s  design would inc rease  t h e  

ANS p r o b a b i l i t y  by a f a c t o r  of 4 f o r  t he  e x t r a  l eng th  and something more 

f o r  t he  smal.l.er diameter ,  except f o r  the fac t  t h a t  t he  IIFIK a n a l y s i s  i s  

domi.riated by the  p ip ing  a s soc ia t ed  wi th  t:he h e a t  exchangers,  s o  the re- 

s u l t s  iiiay be s imi l a r  f o r  the  two r e a c t o r s .  
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APPENDIX A 

REVIEW OF ORNL AND I N E L  
lzNS NEUTRONIC CALCUIATIONS 





___ -I . .. _I I . .. _I . . . . . . I_ . . . 

ASSOCIATED UNIVERSITIES. INC. 

Department of NiJclear Energy 

January 26, 1988 

M r .  C.D. West 
Oak Ridge Na t iona l  Labora to ry  
P.O. Box X 
Oak Ridge, Tennessee 37831 

Subject :  Review o f  t h e  ORNL and INEL  AFIS Neut ron ics  C a l c u l a t i o n s  

Dear C o l i n :  

As you requested (Reference 1) we have reviewed t h e  ORNL and INEL  n e u t r o n i c s  
c a l c u l a t i o n s  o f  bo th  t h e  s p l i t - c o r e  and s i n g l e - c o r e  ANS designs. The rev iew 
c o n s i s t e d  o f :  (1) an i n i t i a l  rev iew of t h e  1NEL and ORML c a l c u l a t i o n s ,  ( 2 )  
d iscuss ions  w i t h  J.M. Ryskamp o f  INEL and R.T. P r i m  o f  OWNL (References 2-3), 
( 3 )  a request  f o r  a d d j t i o n a l  i n f o r m a t i o n  v i a  a s e t  o f  ques t i ons  (References 
4 -5 )  and ( 4 )  t h e  rev iew o f  t h e  ORNL and IWEL responses (References 6-71 and 
t h e  remain ing a v a i l a b l e  documentat ion (References 8-19), 

The ques t i on  addressed by t h i s  + rev iew was - Do t h e  ANS n e u t r o n i c s  c a l c u l a t i o n s  
p r o v i d e  a r e l i a b l e  bas i s  f o r  comparing t h e  proposed s i n g l e  and s p l i t - c o r e  ANS 
designs? The rev iew focused p r i m a r i l y  on t h e  d i f f u s i o n  t h e o r y  des ign c a l c u l a -  
t i o n s ,  and on t h e  t r a n s p o r t  c a l c u l a t i o n s  and measurements t o  t h e  e x t e n t  t hey  
providc!  benchmarks o f  t h e  des ign c a l c u l a t i o n s .  No ma jo r  f l aws  i n  t h e  approach 
were i d e n t i f i e d  and i t  i s  concluded t h a t  t h e  methodologies p r o v i d e  an adequate 
b a s i s  f o r  comparing t h e  proposed AWS designs. 

The t i m i n g  and fund ing  o f  t h e  rev iew  d i d  n o t  a l l o w  f o r  independent B 
l a t i o n s  and, consequent ly,  t h e  emphasis has been on t h e  va r ious  methods ap- 
prox ima t ions  and t h e  benchmark comparisons made t o  j u s t i f y  these approxirna- 
t i o n s .  We have made an es t ima te  o f  t h e  p o t e n t i a l  accuracy o f  these methods i n  
de te rm in ing  t h e  ANS core parameters; however, w i t h o u t  independent c a l c u l a t i o n s  
t h i s  es t i i nd te  must be considered seml-qual i t d t i v e .  

The r e s u l t s  o f  our  rev iew i n c l u d e :  ( 1 )  t h e  i d e n t i f i c a t i o n  o f  t h e  methods ap- 
p rox ima t ions  which cou ld  s i g n i f i c a n t l y  impact t h e  c a l c u l a t i o n  o f  t h e  ANS core 
and r e f l e c t o r  f l u x e s  and co re  l i f e t i m e ,  ( 2 )  t h e  rev iew o f  a v a i l a b l e  benchmark 
comparisons and ( 3 )  a s e m i - q u a l i t a t i v e  es t ima te  o f  t h e  p o t e n t i a l  accuracy o f  
t h e  ANS n e u t r o n i c  c a l c u l a t i o n s .  These results are  summarized i n  the f o l l s w -  
ing.  

TELFX 0852516 BNL DOE FACSIMILE (516)282-3000 h S  666-3000 CABLE BROOKlAS UPTCNNY 
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I. APPROXIMATIONS I N  ANS CALCULATIONS 

Both t h e  ORNL and INEL n e u t r o n i c s  methods used t o  c a l c u l a t e  t h e  ANS r e a c t o r  
parameters employ g e n e r a l l y  s tandard codes and methods. However, because 
o f  t h e  scoping na tu re  o f  some aspects o f  these c a l c u l a t i o n s  and because of 
t h e  unique design f e a t u r e s  o f  t h e  ANS reac to rs ,  t h e  a p p l i c a t i o n  o f  these 
techniques i s  n o t  s t r a i g h t f o r w a r d .  We have reviewed both t h e  ORNL and INEL 
ANS procedures and data i n  some d e t a i l  and have i d e n t i f i e d  severa l  app rox i -  
mat ions which cou ld  r e s u l t  i n  s i g n i f i c a n t  u n c e r t a i n t  
ANS pa rarneters. 

Fuel  P l a t e  U n i t  C e l l  C a l c u l a t i o n s  

Fuel  p l a t e  u n i t  c e l l  c a l c u l a t i o n s  a re  g e n e r a l l y  requ 
s p a t i a l  s e l f - s h i e l d i n g  o f  t h e  f u e l  m ic roscop ic  cross 

es i n  t h e  c a l c u l a t e d  

red  t o  account f o r  
sec t i ons  and t o  ac- 

count  f o r  t h e  hardening o f  t h e  spec t ra  used i n  c o l l a p s i n g  t h e  f u e l  c ross  
sec t i ons .  INEL performs these c a l c u l a t i o n s  t o  process t h e  c ross  sec t i ons  
produced by COMBINE f o r  i n p u t  t o  t h e  SCRABL core model. 
performed a f u e l  p l a t e  u n i t  c e l l  c a l c u l a t i o n  i n  process ing t h e  CSRL-Y 1.i- 
h r a r y  f o r  i n p u t  t o  t h e  XSDRNPM co re  model. However, a recen t  ORNL s tudy  
(Reference-3) suggests t h a t  t h e  thermal f l u x  depress ion i n  t h e  f u e l  p l a t e  
i s  ininimal and t h e  f u e l  p l a t e  c a l c u l a t i o n  i s  n o t  requi red,  We recommend 
t h a t ,  be fo re  t h i s  i n t e r m e d i a t e  s tep  i s  e l i m i n a t e d ,  t h e  e f f e c t  o f  t h i s  sim- 
p l i f i c a t i o n  on t h e  l o c a l  power and f l u x  be i n v e s t i g a t e d  i n  d e t a i l  i n c l u d i n g  
t h e  e f f e c t s  o f  f u e l  dep le t i on .  

ORNL i n i t i a l l y  

De te rm ina t ion  o f  Region Dependent Cross Sect ions 

The few-group reg ion  dependent cross sec t i ons  a r e  determined u s i n g  a one- 
dimensional  (1-0) t r a n s p o r t  c a l c u l a t i o n .  The use o f  a 1-0 model n e g l e c t s  
t h e  a x i a l  core dimension and in t roduces  a s u b s t a n t i a l  u n c e r t a i n t y  i n t o  t h e  
cross s e c t i o n  c a l c u l a t i o n s .  The INEL procedure employs a c y l i n d r i c a l  model 
which r e q u i r e s  e f f e c t i v e  a x i a l l y  averaged nuc lea r  concen t ra t i ons  and buck- 
l i n g s ,  The ORNL procedure employs a s p h e r i c a l  model i n  which t h e  r a d i i  
( n o t  volumes) o f  t h e  f u e l  reg ions a re  preserved and t h e  a x i a l  dimension i s  
neglected. The approx imat ions i n t roduced  by these s i m p l i f i e d  1-D models i s  
expected t o  r e s u l t  i n  a s u b s t a n t i a l  u n c e r t a i n t y  i n  t h e  co l l apsed  few group 
cross sect ions.  

Region Dependent Cross Sect ions 

The hardening o f  t h e  spec t ra  t h a t  occurs i n  t h e  ANS f u e l  reg ions r e q u i r e s  
t h a t  few group c a l c u l a t i o n s  employ reg ion  dependent cross sect ions.  The 
U-235 thermal abso rp t i on  cross sec t i on ,  f o r  example, decreases by a f a c t o r  
o f  - 3  across t h e  f u e l  reg ion  i n  a f o u r  group c a l c u l a t i o n .  INEL accounts 
f o r  t h i s  c ross  s e c t i o n  s p a t i a l  dependence by u s i n g  f o u r  d i s t i n c t  f u e l  c ross  
s e c t i o n  s e t s  which a re  determined by a 1-D SCRABL c a l c u l a t i o n  and d e f i n e d  
by t h e i r  f l u x  spectra.  The OKNL procedure employs e i g h t  f u e l  cross sec- 
t i o n s  d e f i n e d  by t h e i r  r a d i a l  l o c a t i o n  i n  a 1-D XSDRNPM model. To account 
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f o r  t h e  s p e c t r a l  s o f t e n i n g  t h a t  occurs i n  t h e  D,O reg ions,  ORNL d e f i n e s  two 
d i f f e r e n t  D,O c ross  s e c t i o n  s e t s  and I N E L  d e f i n e s  f i v e  D,O cross s e c t i o n  
sets .  

ORNL employs r e g i o n  dependent cross s e c t i o n s  f o r  U-235 and D,O, w h i l e  TNEL 
uses r e g i o n  dependent cross s e c t i o n s  f o r  these m a t e r i a l s  and a l s o  H,O, 
AL-27 and AL-6061. N e i t h e r  INEL or ORNL employ r e g i o n  dependent cross sec- 
t i o n s  f o r  Xe-135 o r  Sm-149. 

Assignment sf Region Dependent Cross Sect ions 

The r e g i o n  dependent c ross  s e c t i o n s  a re  determined from a one-dimensional 
m u l t i - g r o u p  r e a c t o r  t r a n s p o r t  c a l c u l a t i o n ;  ORNL uses a spher i ca l  XSDRNPM 
model w h i l e  INEL employs a c y l i n d r i c a l  SCRABL model. Since t h e  p h y s i c a l  
geometry i s  n o t  f u l l y  represented i n  these 1 - D  c a l c u l a t i o n s  (e.g., t h e  
a x i a l  r e f l e c t o r s  and t h e  c e n t r a l  m i x i n g  plenum i n  t h e  s p l i t - c o r e  des ign) ,  
t h e  r e g i o n  assignment o f  t h e  1 - D  c a l c u l a t e d  cross s e c t i o n s  t o  t h e  two-d i -  
mensional co re  model i s  approximate. This  i s  e s p e c i a l l y  t r u e  f o r  t h e  ANS 
co re  designs where t h e r e  i s  a s t r o n g  s p a t i a l  v a r i a t i o n  o f  t h e  cross sec- 
t i o n s .  

I n  t h e  INEL procedure f u e l  c ross  s e c t i o n  se ts  a re  e x t r a c t e d  from f o u r  re -  
g ions i n  t h e  SCRABL c a l c u l a t i o n  hav ing a hard, medium-hard, medium-soft, 
and s o f t  spectrum. Then u s i n g  an es t ima ted  spectrum ( f r o m  a p rev ious  PDQ 
c a l c u l a t i o n )  f o r  t h e  2-D r e g i o n  o f  i n t e r e s t ,  t h e  l i n e a r  combinat ion o f  t h e  
b a s i c  spec t ra  r e q u i r e d  t o  match t h e  es t ima ted  r e g i o n  spec t ra  i s  determined. 
The r e s u l t i n g  l i n e a r  c o e f f i c i e n t s  a re  then  used t o  combine t h e  f o u r  b a s i c  
c ross  s e c t i o n  s e t s  t o  determine t h e  r e g i o n  dependent cross s e c t i o n s  f o r  
i n p u t  t o  t h e  two-dimensional  four-group PDQ model. 

I n  t h e  ORNL procedure e i g h t  d i s t i n c t  f u e l  c ross  s e c t i o n  se ts  a re  determined 
by averaging over  one o f  e i g h t  r a d i a l  XSDRNPM regions. The r e g j o n  depend- 
e n t  cross s e c t i o n s  f o r  i n p u t  t o  t h e  two-dimensional  four-group VENTURE c a l -  
c u l a t i o n s  a r e  determined by s e l e c t i n g  one o f  these e i g h t  cross s e c t i o n  
sets .  

Because o f  t h e  l a r g e  v a r i a t i o n  i n  t h e  r e g i o n  dependent cross s e c t i o n s  
(e.g., a f a c t o r  o f  - 3  i n  U-235 thermal  a b s o r p t i o n  c ross  s e c t i o n )  and t h e  
l a c k  o f  an a x i a l  d imension i n  t h e  m u l t i - g r o u p  c a l c u l a t i o n  used t o  c o l l a p s e  
t h e  c ross  sec t i ons ,  these assignment procedures a r e  b e l i e v e d  t o  be a m a j o r  
source o f  u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n  o f  t h e  A I S  co re  parameters, 

Cross Sec t ion  Exposure Dependence 

The few-group ANS c ross  s e c t i o n s  undergo s i g n i f i c a n t  v a r i a t i o n  d u r i n g  core 
l i f e ;  e.¶., t h e  U-235 and U-238 thermal a b s o r p t i o n  cross s e c t i o n s  decrease 
by -15% and 30% f rom BOC t o  MQC, r e s p e c t i v e l y .  
g l e c t s  t h i s  dependence and performs t h e  core d e p l e t i o n  c a l c u l a t i o n s  w i t h  
BOG c ross  sect ions.  The I N E L  procedure uses BOL cross sec t i ons  except f o r  
U-236, Pu and t h e  f i s s i o n  products .  INEL has determined t h a t  % h i s  proced- 
u r e  w i l l  have s u b s t a n t i a l  e f f e c t s  on t h e  core power d i s t r i b u t i o n  and may 
reduce t h e  expected core l i f e  by -1 day (Reference-6).  

The ORNL procedure ne- 
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F i  s s i  on Product  R q r e s e n t  - a t  i on 

Two approx imat ions a r e  made i n  t h e  INEL t rea tmen t  o f  f i s s i o n  p roduc ts :  (1) 
MOC f i s s i o n  product  c ross  sec t i ons  are used and ( 2 )  t h e  f i s s i o n  product  
c ross  s e c t i o n s  a r e  n o t  r e g i o n  dependent. These approx imat ions w i l l  r e s u l t  
i n  a f a c t o r  o f  - 4  u n d e r p r e d i c t i o n  i n  t h e  f i s s i o n  product  thermal absorp- 
t i o n  c ross  s e c t i o n  a t  BO1 (18 vs. 72 b a r n s / f i s s i o n ) .  Whi le  t h e  ORNL f i s -  
s i o n  product  c ross  sec t i ons  a r e  exposure dependent, t h e  f a c t o r  o f  -3 
r e g i o n  dependent v a r i a t i o n  i n  f i s s i o n  product  thermal a b s o r p t i o n  c ross  sec- 
t i o n  i s  neglected. 

C o n t r o l  Rod Cross Sect ions 

The c a l c u l a t i o n  o f  t h e  d e p l e t i o n ,  r e a c t i v i t y  wor th and l o c a l  peaking e f -  
f e c t r  o f  t h e  H f  c o n t r o l  shim tubes r e q u i r e s  a t r a n s p o r t  c a l c u l a t i o n  w i t h  an 
e x p l i c i t  r e p r e s e n t a t i o n  o f  t h e  absorber m a t e r i a l .  The INEL. c a l c u l a t i o n  o f  
t h e  PDQ e f f e c t i v e  c o n t r o l  rod c ross  s e c t i o n s  i s  based on a c y l i n d r i c a l  
seven r e g i o n  SCAMP t r a n s p o r t  c a l c u l a t i o n  i n  which t h e  H f  absorber r i n g  i s  
i n c l u d e d  (Reference-8).  The ORNL c a l c u l a t i o n  o f  t h e  VENTURE e f f e c t i v e  con- 
t r o l  rod c ross  s e c t i o n s  does not i n c l u d e  t h e  H f  absorber t u b e  geometry, and 
w i l l  r e s u l t  i n  an o v e r p r e d i c t i o n  o f  t h e  c o n t r o l  rod wor th and l o c a l  peak- 
i ng. 

N e i t h e r  t h e  ORNL o r  INEk procedure accounts fo r  t h e  s h i e l d i n g  by neighbor-  
i n g  c o n t r o l  tubes. 

n i  f f m i o n  Theory S p a t i  a1 Mesh 

The s e l e c t i o n  o f  t h e  d i f f u s i o n  t h e o r y  s p a t i a l  mesh i s  i n tended  t o  achieve 
t h e  d e s i r e d  balance between s o l u t i o n  accuracy and c a l c u l a t i o n  execu t ion  
t ime.  Steep thermal  f l u x  g r a d i e n t s  which r e q u i r e  a f i n e  s p a t i a l  mesh a r e  
i n h e r e n t  t o  t h e  ANS co re  designs. INEL employs an -25x20 ( r , z )  f u e l  
mesh f o r  t h e  s p l i t - c o r e  des ign  and an .. 50x35 ( r , z )  fue l  mesh f o r  t h e  
s i  n g l  e-core des i  gn. 
and i n d i c a t e  an accuracy o f  -10% i n  l o c a l  power and -1% i n  k,ff 
(Reference-3) .  

INEL mesh s e n s i t i v i t y  c a l  c u l  a t i o n s  have been performed < < 
ORNL uses a s i m i l a r  mesh w i t h  comparable accuracy. 

Resonance Cross S e c t i o n  Data 

The r e l a t i v e l y  f a s t  spectrum i n  t h e  ANS fuel r e s u l t s  i n  an increased sens i -  
t i v i t y  t o  t h e  resonance cross sec t i ons .  An ORNL r e v i e w  o f  t h e  ENDF/B-V re- 
sonance data has i n d i c a t e d  t h a t  t h e  U-235, S i  and A1 resonance a b s o r p t i o n  
c ross  s e c t i o n  da ta  i s  incomplete (Reference-9).  I n  v iew o f  t h e  o v e r a l l  ac- 
curacy o f  t h e  n e u t r o n i c s  methodology, however, t h i s  l a c k  of  c r o s s  s e c t i o n  
da ta  i s  no t  cons idered t o  be a major  source o f  ANS c a l c u l a t i o n a l  uncer- 
t a i n t y .  
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D i f f u s i o n  Theory Group S t r u c t u r e  

Both t h e  INEL PDQ model and t h e  ORNL VENTURE model use a four-group ( r e g i o n  
dependent) c ross  s e c t i o n  rep resen ta t i on .  Th is  r e p r e s e n t a t i o n  has been used 
i n  ORNL VENTURE c a l c u l a t i o n s  o f  t h e  HFIR and I L L  r e a c t o r s  and i n  t h e  INEL 
PDQ c a l c u l a t i o n s  o f  t h e  11-group TPT t r a n s p o r t  t h e o r y  benchmark. Whi le  t h e  
use o f  r e g i o n  dependent c ross  s e c t i o n s  reducer t h e  e r r o r  i n  few group c a l -  
c u l a t i o n s  i t  i s  b e l i e v e d  t h a t  a s u b s t a n t i a l  p a r t  o f  t h e  remain ing uncer-  
t a i n t y  i n  t h e  VENTURE and PDQ c a l c u l a t i o n s  i s  due t o  t h e  use o f  o n l y  f o u r  
groups (see, e.g., t h e  TPT/PDQ comparisons i n c l u d e d  i n  t h e  enc losures o f  
Reference-8). 

11. BENCHMARKING OF ANS METHODS 

I n  o r d e r  t o  es t ima te  t h e  e f f e c t  o f  t h e  v a r i o u s  approx imat ions employed i n  
t h e  d i f f u s i o n  t h e o r y  des ign c a l c u l a t i o n s  o f  t h e  ANS co re  parameters, a re -  
v iew o f  a v a i l a b l e  benchmark comparisons has been made. 
benchmark comparisons f a l l  i n t o  t h r e e  ca tegor ies :  (1) design methods vs. 
measurements, ( 2 )  des ign methods vs.  re fe rence  c a l c u l a t i o n s  and ( 3 )  
comparison o f  t h e  ORNL and INEL design c a l c u l a t i o n s .  Table 1 l i s t s  
re ferences t h a t  c o n t a i n  a v a i l a b l e  benchmarking i n f o r m a t i o n  be long ing  t o  
these t h r e e  c a t e g o r i e s  and t h e  benchmarking comparisons a r e  suinmarized i n  
t h e  f o l l o w i n g .  

The a v a i l a b l e  

r------------ 1 

Table 1. Reference f o r  Benchmark Data 

Design Methods vs. Measurements 

Design Methods vs. Reference C a l c u l a t i o n s  9, 12, 15 

ORNL vs. INEL Design C a l c u l a t i o n s  
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Design Methods vs. Measurements 

ORNL has performed d e t a i l e d  comparisons between measured HFIR power d i s t r i -  
b u t i o n s  and c a l c u l a t i o n s  made w i t h  27-group and &group d i f f u s i o n  t h e o r y  
model s (Reference 9 ) .  The qual i t y  o f  agreement between c a l  c u l  a t i o n  and 
measurement over most o f  t h e  c o r e  i s  good ( t o  w i t h i n  - lo%) ,  a l though  t h e  
power i n  t h e  f u e l  elements ad jacen t  t o  t h e  upper and lower  r e f l e c t o r  i s  
o f t e n  underest imated by 20% o r  more. There a re  no s i g n i f i c a n t  d i f f e r e n c e s  
between t h e  . q u a l i t y  o f  p r e d i c t i o n s  us ing  t h e  27-group and 4-group models. 

Comparisons o f  measured and c a l c u l a t e d  f a s t  and thermal f l u x e s  a t  se lec ted  
l o c a t i o n s  i n  t h e  HFIR (e.g., i s l a n d ,  h y d r a u l i c  tube, Be r e f l e c t o r ,  e tc . )  
have a l s o  been made. The q u a l i t y  o f  agreement between measured and ca l cu -  
l a t e d  da ta  v a r i e s ,  p a r t l y  r e f l e c t i n g  t h e  f a c t  t h a t  t h e  measurements a r e  
taken  from f o u r  d i f f e r e n t  sources and are sometimes i n c o n s i s t e n t .  For  
example, t h e  c a l c u l a t e d  thermal f l u x  o f  10.3 x lo1" n/cm2-s i n  t h e  remov- 
ab le  BE shows good agreement w i t h  t h e  measurement of  10'' n/cm2-s, w h i l e  
be ing  a t  va r iance  with t h e  t h r e e  o t h e r  measurements o f  12.2, 8.5 and 
4.7~10'"  n/cm2-s. 
a c t o r  i s  a f a c t o r  o f  two h i g h e r  t h a n  t h e  measurement. 

Measured peak f a s t ,  ep i the rma l  and thermal neu t ron  f l u x e s  i n  t h e  ILL and 
HFIR cores have been used t o  benchmark t h e  VENTURE code w i t h  t h e  GAM/ 
THERMOS and ENDF/B-V l i b r a r i e s  (Reference 9). The peak thermal  f l u x  i n  t h e  
ILL  c o r e  i s  a c c u r a t e l y  p r e d i c t e d  by t h e  VENTURE code us ing  e i t h e r  l i b r a r y .  
The peak thermal f l u x  i n  t h e  HFIR co re  i s  p r e d i c t e d  w i t h  VENTURE t o  w i t h i n  
40% u s i n g  t h e  GAM/THERMOS l i b r a r y ,  and t o  w i t h i n  15% u s i n g  t h e  ENDF.lf3-V li- 
brary .  The ENDF/B-V l i b r a r y  i s  t h e  da ta  se t  used i n  t h e  ANS des ign  c a l c u -  
l a t i o n s .  The summed ep i the rma l  and f a s t  f l u x  peak i n  t h e  HFIR c o r e  i s  pre- 
d i c t e d  t o  w i t h i n  15%. 

The c a l c u l a t e d  f a s t  f l u x  i n  t h e  same r e g i o n  o f  t h e  re -  

The l i f e t i m e s  o f  b o t h  t h e  I L L  and HFIR co res  a r e  p r e d i c t e d  t o  w i t h i n  -10% 
u s i n g  t h e  GAM/IHERMOS l i b r a r y  i n  VENTURE. The accuracy o f  t h e  c o r e  l i f e -  
t i m e  p r e d i c t i o n  s u f f e r s  somewhat when t h e  ENOF/B-V l i b r a r y  i s  used i n  
VENTURE, and t h i s  i s  b e l i e v e d  t o  be due t o  t h e  n e g l e c t  o f  lumped f i s s i o n  
products  i n  t h e  ENDF/B-V l i b r a r y .  Th is  shortcoming o f  t h e  ENDF/B-Y l i b r a r y  
has been r e c t i f i e d  i n  more recen t  c a l c u l a t i o n s .  

Design vs. Reference Methods 

ORNL has determined t h e  e f f i c i e n c y  ( thermal  f l u x  per neutron per second 
produced i n  t h e  co re )  i n  a 1-0 s i n g l e  c o r e  r a d i a l  model us ing  bo th  a 27- 
group t r a n s p o r t  t h e o r y  c a l c u l a t i o n  and a s i x -g roup  d i f f u s i o n  t h e o r y  ca l cu -  
l a t i o n .  The agreement i n  t h e  c a l c u l a t e d  e f f i c i e n c i e s  i n  t h e  o u t e r  annulus 
and r e f l e c t o r  i s  e x c e l l e n t .  I n  t h e  i n n e r  annulus near t h e  c e n t r a l  plenum 
d i f f u s i o n  t h e o r y  underp red ic t s  t r a n s p o r t  t h e o r y  by about 25%. I n  t h e  i n -  
t e r f u e l  zone, t h e  u n d e r p r e d i c t i o n  i s  as much as a f a c t o r  o f  three.  The 
power d e n s i t i e s  c a l c u l a t e d  w i t h  d i f f u s i o n  and t r a n s p o r t  t heo ry ,  however, 
a r e  i n  good agreement throughout  t h e  r e a c t o r  core.  

O R N  comparisons o f  t h e  ANS f a s t  f l u x  c a l c u l a t e d  w i t h  one-dimensional 
( r a d i a l )  t r a n s p o r t  and d i f f u s i o n  t h e o r y  models show good agreement w i t h i n  
t h e  core,  b u t  d i f f u s i o n  t h e o r y  c o n s i s t e n t l y  and i n c r e a s i n g l y  u n d e r p r e d i c t s  
t h e  t r a n s p o r t  t h e o r y  f l u x  w i t h  i n c r e a s i n g  r a d i a l  d i s t a n c e  i n  t h e  r e f l e c t o r .  
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ORMI- has per formed VENTURE c a l c u l a t i o n s  o f  t h e  CNR kef f ,  peak thermal  
f l u x  and peak power d e n s i t y ,  as f u n c t i o n s  o f  exposure us ing  b o t h  t h e  GAM/ 

OS and ENDF1B-Y l i b r a r i e s ,  The FNDF/B-V l i b r a r y  was augmented w i t h  
two 1 urnped f i  s s i o n  p roduc ts  f rom t h e  GAM/TNERMO§ 1 i b r a r y  i n  these c a l  c u l  a- 
t i o n s .  The k e f f ' s  i n  t h e  two c a l c u l a t i o n s  d i f f e r  by -4% A k / k  a t  zero 
exp~surc t ,  w i t h  t h e  d i f f e r e f i c e s  decreas ing t o  between 1% and 2% 6k/k a t  
h i g h e r  exposures. The agreement i n  t h e  c a l c u l a t e d  peak thermal f l u x e s  i n  
t h e  r e f l e c t o r  i s  b e t t e r  t han  7%, w h i l e  t h e  agreement i n  t h e  c a l c u l a t e d  peak 
power d e n s i t y  i s  b e t t e r  t han  -4X, 

INEL has performed a s e r i e s  o f  benchmark c a l c u l a t i o n s  o f  kef f ,  peak 
the rma l  f l u x ,  and co re  average f a s t ,  ep i the rma l  and thermal f l u x  f o r  t h e  
UWFR. The c a l c u l a t i o n s  employed two-dimensional  T P I  t r a n s p o r t  t h e o r y  mod- 
e l s  u s i n g  11 and 4 energy groups, and two-dimensional  PDQ d i f f u s i o n  t h e o r y  
models u s i n g  4 energy groups. The c a l c u l a t e d  beg inn ing  o f  l i f e  k e f f ' s  
ag ree  t o  w i t h i n  -1% Ak/k. 
r e f e r e n c e  and d e s i g n  methods agree t o  w i t h i n  -3%. The c a l c u l a t i o n s  o f  
t h e  c o r e  average f l u x e s  i n  t h e  four  energy groups sliow d i f f e r e n c e s  o f  up t o  
-MI%, t h e  l a r g e s t  d i f f e r e n c e s  o c c u r r i n g  f o r  t h e  ep i the rma l  energy group 
between 0.683 and 5530 eil. 

The peak thermal  f l u x  c a l c u l a t e d  us ing  t h e  

ORNL vs. INEL Design Methods 

A comparlson o f  r e c e n t  ORNL and INEL des ign  c a l c u l a t i o n s  o f  t h e  ANS s i n g l e -  
c o r e  has a l so  been made, 
BOC and by 1.5% i ik /k  a t  EOC. 
-10%. The d i f f e r e n c e  i n  t h e  c a l c u l a t e d  f a s t  f l u x  i n  t h e  i n t ra -e lemen t  
zone i s  -20% a t  BOC and -15% a t  EOC. 
f l u x e s  i n  t h e  D,O r e f l e c t o r  agree t o  w i t h i n  5%, w h i l e  t h e  d i f f e r e n c e  i n  t h e  
c a l c u l a t e d  maximum power d e n s i t y  i s  less t.han 10%. 

The c a l c u l a t e d  k,ff's d i f f e r  by -3% Ak/k a t  
The es t ima ted  c o r e  l i f e t i m e s  d i f f e r  by 

The c a l c u l a t e d  peak thermal  

I 11. ACCURACY OF THE CALCULATED I----- ANS CORE PARAMETERS 

I n  comparing c a l c u l a t i o n s  o f  t h e  s p l i t - c o r e  and s ing1 @-core ANS designs, 
o n l y  t h e  r e l a t i v e  accuracy o f  t h e  c o r e  parameters i s  requ i red ;  f o r  example, 
i f  a g i v e n  approx ima t ion  r e s u l t s  i n  an i d e n t i c a l  o v e r p r e d i c t i o n  o f  co re  
l i f e  f o r  b o t h  des igns,  t h e  r e l a t i v e  e r r o r  i s  zero and t h e  s p l i t - c o r e /  
s i n g l e - c o r e  l i f e t i m e  comparison i s  exact,  
r e v i e w  has been t o  determine t h e  ~~12h accuracy o f  t h e  n e u t r o n i c s  meth- 
ods used i n  p r e d i c t i n g  t h e  ANS c o r e  des ign parameters. 

The v a r i o u s  ANS methods approx imat ions d iscussed i n  S e c t i o n - I  and benchmark 
comparisons desc r ibed  i n  S e c t i o n - I 1  suggest t h a t  t h e  absol Ute u n c e r t a i n t i e s  
i n  t h e  c a l c u l a t e d  ANS c o r e  parameters may be s u b s t a n t i a l .  
a r e  two f a c t o r s  t h a t  reduce t h e  e f f e c t  o f  t hese  approx imat ions on t h e  
r e l a t i v e  accuracy o f  t h e  c a l c u l a t i o n s :  (1 )  The s i m i l a r i t i e s  i n  t h e  two 
c o r e  des igns  i n c l u d i n g  m a t e r i a l  i s o t o p i c s ,  neu t ron  f l u x  spect ra,  e x t e r n a l  
moderat ion and c o r e  geometry and ( 2 )  t h e  cons is tency  ma in ta ined  i n  

The p r imary  o b j e c t i v e  o f  t h i s  

However, t h e r e  
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t he  two sets  of ca l cu la t i ons  w i t h  respect t o  b a i i c  data sets, codes and 
neutron ics methods. I n  add i t ion ,  s ince the  ORNL and INEL methodologi-es are 
d i f f e r e n t  (e.g., the  d e f i n i t i o n  o f  reg ion dependent cross sect ions) ,  the  
e f f e c t  o f  these approximations on the  comparison may be f u r t h e r  reduced by 
averaging the  ORNL and INEL predic t ions.  

The accuracy o f  the  c a l c u l a t i o n  o f  the l o c a l  power and f l uxes  i s  determined 
p r i m a r i l y  by the  se lec t i on  o f  region-dependent cross sect ions and cross 
sec t ion  group s t ructure.  As discussed above the  e f f e c t  o f  these approxima- 
t i o n s  has been minimized and the r e l a t i v e  uncer ta in ty  i p  the  peak core 
power (independent o f  l oca t i on )  i s  expected t o  be -15%. 
group-wise l o c a l  f l u x  r e l a t i v e  uncer ta in ty  i s  expected t o  be -20%. The 
power uncer ta in ty  i s  smal ler  because i t  i s  no t  a l o c a l  value and i s  a sum 
over several groups. The r e l a t i v e  accuracy o f  the  l o c a l  r e f l e c t o r  f l uxes  
i s  a l so  expected t o  be -20%. 

The accuracy o f  the core l i f e t i m e  p r e d i c t i o n  i s  determined by the  uncer- 
t a i n t y  i n  t h e  ca lcu la ted  cyc le  r e a c t i v i t y  loss. 
day cyc le  r e a c t i v i t y  loss Ak may be ca lcu la ted  t o  w i t h i n  -10%. It then 
fo l l ows  t h a t  the core l i f e t i m e  p r e d i c t i o n  should be good t o  w i t h i n  -1.4 
days.? The r e l a t i v e  (i.e. , s p l i t - c o r e  versus s ing le-core)  l i f e t i m e  pre- 
d i c t i o n  i s  expected t o  be w i t h i n  1 day. 

The core 

It i s  expected t h a t  the  14 

s i  nce r e  1 y , 

' Group Leader 
Core Performance Group 

P. Neogy ' L /  
Core Performance Group 

JFC/1 r 

cc: R.A. Bar i  (BNL) J.G. Guppy (BNL) 
H.J. Kouts (BNL) W.Y. Kat0 (BNL) 

R.T. Primm, I11 (ORNL) J.M. Ryskamp (EG&G Idaho) 

* i.e., the  r a t i o  o f  t he  ca lcu la ted  s p l i t - c o r e  and single-core peak powers 
i s  c o r r e c t  t o  w i t h  -15%. 

t It i s  assumed here t h a t  the  f r a c t i o n a l  e r r o r  i n  p r e d i c t i n g  the  cyc le  re- 
a c t i v i t y  loss  6Ak/Ak i s  constant. If the absolute e r r o r  aAk ( r a t h e r  
than the  f r a c t i o n a l  e r r o r )  i s  constant and equal t o  -.01, then the  
s ing le -core  uncer ta in ty  i s  -1.4 days (Ak-. lo) and the  s p l i t - c o r e  un- 
c e r t a i n t y  i s  -2.8 days (Ak -.05). 
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CORE COMPARISON WORKSHOP SUMlifARY 

On February 2 3 - 2 4 ,  1988, an Advanced Neutron Source (ANS) Core Com- 
parison Workshop was held in Oak Ridge (see attached list of attendees). 
The purpose of this workshop was to 

1. examine the proposed core designs from Idaho National 
Engineering Laboratory (INEL) and Oak Ridge National 
Laboratory (OKNL) ; 

2 .  agree upon a set of performance figures and cost differences 
that could be used for a comparative evaluation of the two 
particular design concepts; 

3 .  make recommendations to the A N S  Project Director concerning the 
characteristics o f  a reference core concept, based on the 
strengths of both laboratories’ proposals; and 

4 .  recommend some design and research and deveZopment (R&D) d i rec-  
tions for the optimization o f  the chosen reEelrence and the 
minimization of technical risks and uncertainties. 

The workshop activities were divided into three parts. The first 
segment of the workshop dealt with the comparison of  the various per- 
formance parameters as calculated by both  laboratories for both cores. 
Table 1 i s  a summary of the  single-core calcrilations as perforrnrd by INEL 
and OWL. 
thermal. to fast neutron ratio at the peak thermal flux position and the 
spectral parameters at the in-core irradiation positions. The thermal/ 
fast difference can easily be explained by differences in m e s l t  spacing, 
given the very steep slope of the fast neutron flux near the thermal f lux  
peak. The spectrum differences at irradiation positions can also be 
explained by steep flux slopes in the regions and are not considered to 
be significant. 

The only differences greater than a few percent were the 

Table 2 is a summary of the split-core calculations. The differ- 
ences are the epithermal flux values at the irradiation positions and, 
once again, the thermal to f a s t  neutron ratio at the thermal peak. As 
before, these differences were considered to be insignificant considering 
the slope of the epithermal and fast. neutron fluxes, respectively, i n  
these regions. Note that the close agreement between the calculated 
values at the two laboratories represents a significant improvement over 
comparisons performed six months ago and indicates that good collabora- 
tion has existed between INEL and ORNL over the last f e w  months. Table 3 
lists the performance values to be used in making a comparison of the 
split and single cores, and Table 4 suinmarizes the resulting differences 
between the t w o  cores. 

The second segment of the workshop focused on discussion of Khe 
perceived relative advantages and disadvantages of each concept. In 
this discussion, concept characteristics were identified and classified 
as being 
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1. a l a r g e  advantage t o  the s p l i t  co re ,  

2 .  a s m a l l  advantage t o  the s p l i t  co re ,  

3 .  same o r  unknown advantages, 

4 .  a small  advantage t o  the  s i n g l e  co re ,  and 

5 .  a l a rge  advantage t o  the  s i n g l e  core .  

Some of  these  rankings wese debated a t  length ,  bu t  agreeinent was reached 
on almost a l l  i s sues .  The success of t h i s  workshop segment can be 
a t t r i b u t e d  t o  the  good ins igh t s  t h a t  t he  working s t a f f  w e r e  ab le  t o  
present  and, i n  most cases, the  profess iona l  and unbiased approach t o  
eva lua t ion  of t he  c h a r a c t e r i s t i c s .  The c h a r a c t e r i s t i c s  i d e n t i f i e d  and 
the pos i t i ons  taken by each of the  two l abora to r i e s  a r e  presented i n  
Tables 5 - 7  f o r  performance, R&D, and r i s k  i s s u e s ,  r e spec t ive ly .  

The t h i r d  segment of the  workshop was an eva lua t ive  e f f o r t  by D .  L.  
Selby ( A N S  Pro jec t  R&D Manager) and J .  A .  Lake (Task Leader f o r  the INEL 
work) t o  examine the  meaning o f  the  da t a  presented i n  Tables 5 - 7 .  The 
ob jec t ives  of t h i s  examination were t o  i d e n t i f y  elements of each concept 
that  could be combined t o  r e s u l t  i n  the b e s t  ove ra l l  re fe rence  core f o r  
f u t u r e  R&D. S p e c i f i c a l l y ,  the eva lua tors  sought t o  determine whether i t  
was advantageous t o  s p l i t  the  core  and whether i t  w a s  advantageous t o  use 
involu te  o r  a rcua te  geometry f u e l  p l a t e s .  

T h e  f i r s t  s t e p  i n  t h i s  process was t o  examine each ins tance  where a 
c h a r a c t e r i s t i c  d i f fe rence  was i d e n t i f i e d  t o  determine i f  t he  d i f f e rence  
was an e f f e c t  of s p l i t t i n g  the  c o r e ,  an e f f e c t  of f u e l  p l a t e  geometry, o r  
an e f f e c t  t h a t  was  independent of e i t h e r .  A f t e r  t h i s  eva lua t ion  w a s  com- 
p l e t ed ,  s i m p l e  weighting f a c t o r s  were appl ied to the  var ious  p o i n t s ,  and 
the po in t s  f o r  and aga ins t  s p l i t t i n g  the  core were added. 
t o t a l s  obtained from t h i s  exerc ise  were i d e n t i c a l  f o r  both s p l i t t i n g  and 
no t  s p l i t t i n g  the  core. 
involu te  f u e l  p l a t e  i s sues  with a rcua te  f u e l  p l a t e  i s sues .  

The weighted 

A s imi l a r  r e s u l t  was obtained when comparing 

The next s t e p  was t o  d iv ide  the  design i.ssues i n t o  th ree  ca t egor i e s :  
performance, R&D, and r i s k .  When the  r e s u l t s  were categorized i n t o  these  
th ree  a reas  ( see  Tables 8-10) and t o t a l e d ,  a p a t t e r n  began to  appear.  
The ind ica t ions  a r e  t h a t  s p l i t t i n g  the core leads  t o  an increase  i n  p e r -  
formance with an increase i n  the K&D required.  I n  o ther  words, i n -  
creased performance could be obtained by s p l i t t i n g  the  c o r e ,  bu t  more 
R&D i s  requi red  t o  demonstratx the performance o f  a s p l i t  co re .  I n  the  
case of the f u e l  p l a t e  comparison, the  performance advantage was t o  the  
involu te  f u e l  geometry. 

The performance advantages i d e n t i f i e d  f o r  the s p l i t  core w e r e  

1. an increase i n  neutron e f f i c i ency  by about l o % ,  
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2 .  an increase  of 20% i n  the value of  the  volume o f  the  r e f l e c t o r  
i n  which the  f l u x  i s  80% o r  more of t he  peak, 

3 .  a decrease i n  the fast: f l u x  contamination a t  the  e x i t s  of the 
beam tubes by 20  t o  50% depending on the  loca t ion  of the beam 
tube en t rance ,  

4. an increase  i n  the  ava i l ab le  worth o f  the  con t ro l  rods i n  the 
c e n t r a l  ho le  reg ion ,  and 

5 .  a 30 t o  50% decrease i n  tzhe neutron and gamma hea t ing  effectis 
for componenets i n  the  r e f l e c t o r  region ( co ld  source,  p ressure  
v e s s e l ,  e t c . ) .  

Although most of the disadvantages i d e n t i f i e d  f o r  the spli t :  core  were 
associatred with the R&D requirements,  there  were t w o  p r i n c i p a l  perform- 
ance p e n a l t i e s :  

1. s h o r t e r  rad ius  f o r  the loca t ion  of t he  peak thermal f l u x  
( i . e * ,  t he  f l u x  peak i s  c l o s e r  t o  the r eac to r  v e s s e l ,  and 
the re fo re  there i s  less room €or beam tubes a t  t:he peak);  and 

2.  increased pumping power requirement-s t h a t  could add as much a s  
$0.8 mi l l i on  per  year  t o  the  opera t ing  cos t s .  

The add i t iona l  R&D a s soc ia t ed  with s p l i t t i n g  the  core focuses on the  
thermal-hydraul ic  analyses  and t e s t s  t h a t  must be performed t o  qua l i fy  
the  s p l i t - c o r e  flow cond i t ions ,  The t o t a l  add i t iona l  cost. o f  t h i s  work 
was not  determined a t  t h a t  t i m e .  

The performance advantages of  the involu te  p l a t e  conf igura t ion  a r e  
pr imar i ly  a s soc ia t ed  with the improvements i n  c r i t i c a l  v e l o c i t y  and p l - a t e  
d e f l e c t i o n  cons idera t ions .  The p r inc ipa l  disadvantage was a s soc ia t ed  
with the  need t o  have double grading of the f u e l .  

These f ind ings  prompted th ree  recommendations: 

1. The core development work should focus on an a x i a l l y  s p l i t - c o r e  
concept e 

2 .  T h i s  concept should encompass the use o f  invo1ut.e €uel p l a t e s  i n  
each core hn1.f. 

3 .  Subs tan t i a l  reduct ions i n  core  coolant  temperat:ure, and hence, 
improved s a f e t y  margins may be achievable i n  the  s p l i t  core  i f  
the upper and lower core segment flows are phys ica l ly  separa ted  
by a d i v e r t o r  p l a t e .  
been performed and f e a s i b i l i t y  i s sues  have not  y e t  been tho r -  
oughly explored,  the  improved s a f e t y  performance of such an 
arrangement leads  us  t o  recommend t h a t  such a d ive r t ed -  flow 
design be pursued as an enhancement t o  the re ference  ANS s p l i t -  

Although no such mechanical design has  y e t  
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core design and that the original coolant mixing concept be 
regarded as a fallback approach to enhancement, 

Finally, note that the ground rules for making these decisions are 
based almost entirely on performance considerations because at this stage 
o f  the design development that is our principal data base, Therefore, 
it would be prudent to provide some minimal support to the single-core 
concept in the event that at a later date major stumbling blocks are 
encountered with this new split-core reference concept. 

"J . A .  I.ake, INEL 
i/ 
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Table 1. Single-core calculations 

Results calculated by 

Parameter INEL ORNL Difference 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Peak thermal 
flux, EOC, 1020/m2*s-1 

Maximum power, Mw 

Reactor power for 
1020/m2. s -1 

Efficiency 
1017/&~-i per MW 

Thermal/f as t 
ratio at peak 

Midplane perimeter 
o f  peak, m 

Midplane perimeter 
at 80% of peak, m 

Axial span of 
80% peak, m 

Volume with >80% 
peak flux, L 

Flux at the in-core 
irradiation positions,a 
1019/,2. - 1 
Fast 

Epithermal 

Thermal 

Approximate fuel cost 

Pumping power,’ W(e) 

Critical velocity for 
an outer fuel plate, m/s 

Critical velocity for 
inner plate, m/s 

1.06 

360 

340 

2.94 

50 

2.3 

3.2 

0.56 

217 

1.05 

359 

342 

2.92 

42 

2.3 

3.2 

0 .58  

231 

8 . 7  9.2 

1 .6  2.2 

0.16 0.12 

2.7 2.9 

65 

114 

<5 % 

4 5  % 

<5% 

<5 % 

Within numerical 
uncertainties 

<5 % 

4% 

<5 % 

<5% 

6% 

40 % 

25% 

B6W values used 

<5% 

aAt position of peak fast flux. 
bCore and bypass annulus only. 
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Table 2. Split-core calculations 
I___---.-.-.. -_.. 

Results calculated by 
~ 

Par ame te r INEL QRNE 

1 

2 

3 

4 

5 

5 

7 

8 

9 

10 

11 

12 

13 

Peak thermal 
flux ~ EOC , 1020/,2. s -1 

Maximum power ,  Mw 

Reactor power for 
1020/m2-s-1 

Thermal/fas t 
ratio a t  peak 

Mi dp 1 arie per ime t er 
of peak, m 

Outer midplane 
perimeter at 808 
of peak, m 

Axial span of 
80% peak, mm 

Voltme w i t h  >80% 
peak flux, La 

Flux at the in-core 
irradincion p s i t i o n s ,  b 

1019/,2. - 1 

Fast 

Ep ithermal 

Thermal 

Approximate fuel. c o s t  

Pumping powerPC m(e) 
Critical velocity €or 
outermost (limiting) 
plate (m/s) 

1.05 

325 

311 

3 . 2 

75 

2.1 

2.9 

1 . 0 6  

32 5 

307 

3 . 3  

6 0  

2.0 

3 . 1  

0 . 6 3  0.63 

267 

6 . 2  

1 . 6  

1.4 

l r . 6  

4 0 

6 . 6  

2.1 

1.3 

4 . 6  

23 

<5 % 

<5% 

<5% 

Within 
numerical 
uncertainties 

4% 

7 %  

<5% 

Use INEL value 

6% 

35% 

7% 

B&W values used 

43% 

aThe 267-L volume with flux >BO% o f  the peak represents only the portion 

b A t  position of peak fast flux. 
CCore and bypass annulus only. 

of the volume that is outside o f  the pressure vessel. 
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Table 3 .  Single- and split-core performance 

Consensus numbers 
for comparison 

Split Single D i f ferencea Parameter 

1.05 1.05 None 1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Peak the rmal 
flux, EOC , 1020/m2 s -1 

Reactor powerb €or 
1020/m2* s-1 

310 340 10% 

Efficiency 
1017/m2*s-' per MW 

3.2 2.9 10% 

60-75 40-50 30% Thermal/fas t 
ratio at peak 

Midplane perimeter 
of peak, m 

2.1 2.3 10% 

Midplane perimeter 
at 80% of peak, m 

3.0 3.2 10% 

0.63 0.57 10% Axial. span of 
80% peak, m 

Volume with >80% 
peak flux, L 270 225 20% 

Flux at the in-core 
irradiation positions, 
1019/d. - 1 

6 9 50% 

2 2 

1 0.15 85% 

Fast 

Epithermal 

Thermal 

Fuel fabrication cost B&W values used 

Fuel capital cost ($lM+) extra cost 
for split design 

Pumping power, W(e) 

Ratio of critical velocity 
for limiting plate to actual 
coolant velocity 

4.6 2.8 40% 

0.8' 2.4= 
1.5d 

aDefined as: (split - single) -+ split x 100. 
b202 MeV/fission total nuclear heat deposition in the system. 
'OWL calculations. 
dINEL calculation (including plate-length effect). 
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Table 4 .  Differences in performance figures and costs 

Difference between 
single- and split- 

Parameter core designs 

1 Peak thermal 
flux, EOC 

2 Reactor power for 
1O*O/m2*s-l 

None 

10% advantage to split 

3 Efficiency 10% advantage to split 

4 Thermal/fast -25% advantage to split 
ratio near peak 

5 Midplane perimeter 
of peak 

6 Midplane perimeter 
at 80% of peak 

7 Axial span of 
80% peak 

8 Volume with >80% 
peak flux 

9 Flux at the in-core 
irradiation 
positions 

10% advantage to single 

10% advantage to single 

10% advantage to split 

20% advantage to split 

Design criteria are 
greatly exceeded in all 
cases 

10 Annual fuel cost Same 

11 Capital fuel cost ($lM+) advantage to single 

12 Annual U235 cost 
($25/g) 

13 Annual pumping power 
cost 

$0.35M advantage to splita 

$0,8M advantage to single 

%ut, under present DOE accounting practices no U235 costs are charged 
to DOE'S own reactors. 
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Table 5. Summary of the differences in performance 
of the current coresa 

_.. I..__ 

Large S m a l l  Small Large 
advantage advantage Same advantage advantage 

Item or issue for split for split or for single for single 
for comparison core core unknown core core 

.._ 

1 

2 

3 

G 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Peak thermal neutron flux 

Reactor power 

Thermal neutron efficiency 

F a s t  neutron flux at thermal 
peak 

Thermal neutron flux location 

Thermal neutron flux vol~me 
>80% peak 

Neutron fluxes at in-core 
irradiation position 

EEfect o f  beam tubes on 
reactivity 

Fast n contamination at exit 

Gamma contamination at exit 

Space for control drives 
in central hole 

Control rod worth 

Annual fuel fabrication 
labor cost 

Annual U235 cost sensitivity 

Capital cost 

Cost sensitivity to design 
changes 

R M  cost 

Coolant plenum mixing 
(required R&D/risk) 

Critical velocity 

1,0 

I 0 

I ,o 
U 

U 
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Table 5 (continued) 

_I 

Large Small Small Large 
advantage advantage Same advantage advantage 

Item or issue for split €or split or €or single €or single 
for comparison core core unknown core core -- 

20 

2 1  

22 

23  

2 4  

25 

26 
27 

28 

29 

30 

3 1  

32 

33 

34 

35 

36 

37 

38 

39 

Double gradient in involute 
fuel 

Fuel plate thickness 

Coolant channel width 

Fuel thermal stress 

Fuel pressure loading 

Fuel element tes tab il i ty 

Reactor pressure 

Reactor pressure drop 

Pumping power 

Pressure vessel material 
and thic knes s 

Split-core collapse 

Steady-state thermal- 
hydraulic safety margins 

Single element criticality 

Decay heat removal 

Oxide growth rate 
uncertainty 

Fission density/fuel 
swel.ling 

Plate deflection (effect on 
coolant gap 

Pressure vessel heating 

Hot stlreak statistics 
uncorrelated 

Refinement by improved 
neutronies methods 

0 

0 

I1 

I 0 

1 ,o 

0 

- 

= INEL rating. 
0 = O W L  rating. 
U - Unquantified at this time. 
S a Same 
U = Unknown 
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Table 6 .  Summary of the differences in R&D costs' 

Item or issue 
for comparison 

Large Small Small Large 
advantage advantage Same advantage advantage 
for split for split or €or single for single 
core core Unknown core core 

1. Reactor core development 

a. Cross sections 

b. Neutronic analysis 

c. Thermal-hydraulics 

d. Safety support 

analysis 

2. Fuel development 

a. Irradiation tests 

b. Fuel manufacturing 

3 .  Corrosion tests (number o f  
materials) 

/t. Core flow cests 

5. Control. concepts 

Control options 
Kinetics analysis 

6 .  Critical experiments 

7. Materials and structural 
analysis 

a. Vibration tests 

b. Irradiation tests 

c. Mechanical stress analysis 

d. ASME code qualification 

I 

0 

0 
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Table 6 (continued) 

Large Small Small Large 
advantage advantage Same advantage advantage 

Item or issue for split €or split or for single for single 
€or comparison core core Unknoirn core core 

._x__~_._II 

8. 

9 .  

10. 

11. 

12. 

13. 

Cold SQUrCe 

a. Analysis techniques 

b. Efficiency optiml.zat ion 

c. Cooling concept 

d. Stress analysis 

e .  Haterials analysis 

Beam tube, guide and 
instrument development 

Hot source development 

Transport and shielding 
analysis 

1nstrwnentati.on and 
control system 
development 

Facil i ty  Concepts U 

a~ = INEL rating. 
0 = ORNL rathg. 
U = Unquantified at this time 
S = Same 
U * Unknown 
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Table 7. Risksa 

Large Small Small Large 
advantage advantage Same advantage advantage 

Item o r  issue f o r  split for split or for single f o r  single 
for comparison core core Unknown core core 

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

Criticality issues 

Impacts of perturbed 
conditions (beam tubes, 
cold sources, and 
irradiation materials) 

Fuel swelling problems 

Source terms 

Decay heat removal 

Design flexibility 

U 0 

I 

0 

aI INEL rating. 
0 * ORNL rating. 
U Unquantified at this time. 
S Same 
U Unknown 
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Table 8 .  Comparison of performance advantagesa 

Core geometry Fuel geometry 

S p l i t  Single Arcuate Involute Comments 

Reactor power + 
eff ic iency 

Flux locat ion and 
per turbat  ions 

Flux volume 

Neutron f luxes a t  
a t  in-core i r r a d i a -  
t i o n  posi t ions 

F a s t  neutron 
contamination 

3 

1 

1 

Control rod worths 1% 

C r i t i c a l  ve loc i ty  

1 

10% higher e f f i c i ency  
leads t o  10% lower power 
f o r  same f l u x  

Peak f l u x  a t  a l a rge r  
radius  f o r  si-ngle core,  
making it a l i t t l e  mora 
aeees s i.b 1 e 

Volume of flux greater  
than 808 of the peak is  
20% higher f o r  the s p l i t  
C O  RCep t 

15 Harder spectrum loca- 
t i ons  avai lable  f o r  i n -  
core i r r a d i a t i o n s  ( i f  
two involute r ings  a r e  
used) 

There is on the order o f  
20% l e s s  f a s t  f lux  con- 
tamination, when beam 
tubes are placed a t  peak 
thermal f l u x  locat ion.  
I f  the comparison is 
made at the same r a d i a l  
pos i t i on  f o r  each core,  
t he re  is a 50% advantage 
t o  the s p l i t  core 

The worth ava i l ab le  f o r  
con t ro l  is s i g n i f i c a n t l y  
higher i n  the case o f  
the s p l i t  core 

1 Almost a f a c t o r  of 2 
improvement i n  c r i t i c a l  
ve loc i ty  margin f o r  the 
involute  core 
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Table 8 (continued) 

Core geometry Fuel geometry 

S p l i t  Sing1.e Arcuate Involute Comnlents 

Thermal s t r e s s  

Pumping power 

Component heating 

Hot- spot s t a t i s t i c s  r, 

'i 

1 

Heat deposited i n  any 
given p l a t e  of the 
arcuate  design i s  uni- 
form along the a r c  of 
the plate 

The increased m a s s  flow 
and l a rge r  pressure drop 
across the core fOK the 
split core produces an 
estimated 1.8-MW(e) 
higher pwnping power 
requ€rement 

The r edwed  Past and 
gama flux i n  the inside 
ha l f  of the r e f l e c t o r  
tank f o r  the s p l i t  core 
reduces the heating 
e f f e c t s  wichin campo- 
nents (pressure ves se l ,  
cold source ~ beam tubes,  
e t c . )  

I n  the s p l i t - c o r e  con- 
cep t ,  the ac tua l  hot 
spot i n  one-half would 
most l i k e l y  not be a t  
the same pos i t i on  in  the 
bottom half 

__I 

aThe higher values i n  the table  imply a perceived higher r e l a t i v e  advantage. 
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Table 9. Comparison of R&D cost advantagesa 

Core geometry Fuel geometry 

Split Single Arcuate Involute Come nt s 

Plenum mixing 
experiments 

Double grading 

Thermal-hydraulic 
analytical modeling 

Materials and 
stress analysis 

Fuel swelling 

Total 

1 

1 

1 s, 

Split core requires 
an R&D task tci demon- 
strate and quantify 
mixing conditl.ons 

Use of invo1ut:e plates 
requires R&D to validate 
the grading technique 
and tolerances in two 
directions 

A mixing model must be 
developed for the split- 
core concept €or use in 
numerical analysis 

Stress analysts is be- 
lieved to be more com- 
plex in the split core 
and thus requires more 
R&D efforts. The invo- 
lute concept appears to 
have an advantage be- 
cause there are only 
two types of plates to 
consider 

The higher fission rate 
densities associated 
with the split core 
could lead to some in- 
creased fuel swelling 
effects 

aThe higher values in the table imply a perceived higher relative advantage. 

.... .. .. 
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Table 1.0. Comparison of r i s k  advantagesa 

....._̂ __II ~ -. ... .. .. . . . 
Core geometry Fuel geometry 

.-. . . . .- 
S p l i t  Single Arcuate Involute c omme x1 c s 

$35 cos t s  % 

Plenum rni.xEng 

Sp l i t - co re  collapse 

Single element 
c r t t i c a l i c y  

Oxide growth r a t e  

Plate  def lect ion 

1 

% 

S lit core has 
u1535 inventory 
burnup 

No mixing, requ 
s ing le  core 

lower 
and lower 

red i n  a 

In the s p l i t - c o r e  con- 
cep t ,  the collapse of 
the top core could be a 
pos i t i ve  reactive e f fec t  

The arcuate type  f u e l ,  
by nature ,  leads t o  sev- 
e r a l  elements which, as  
a r e s u l t ,  a r e  each sub- 
c r i . t i ca l .  The s p l i t t i n g  
of the care a l so  leads 
t o  each core half  being 
s u b c r i t i c a l .  Con- 
ve r se ly ,  the ou te r  
element o f  the s ingle  
core is c r i t i c a l  by 
i t s e l f .  

I f  Ehe oxide growth r a t e  
i s  higher than a n t i c i -  
pated ,  i t  may afFect the 
s p l i t  core more because 
o f  the higher heat  f l u x  

% The e f f e c t  of  p l a t e  de- 
f l e c t i o n  appears t o  be 
l e s s  severe i n  the i n -  
volute p l a t e  f u e l  
arrangement 
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Table 10 (continued) 

. .. 

Core geometry Fuel geometry 

Split Single Arcuate Involute Comments 

Source term 

Design flexibility 

Total 

1 

I I_ - - 
2h 2 1 h 

Lower megawatt-day 
associated with the 
split: core leads to 
about a 10% decrease in 
the source term 

The option of varying 
the distance be tween 
Core halves and changing 
mixing conditions in the 
hot channel increased 
the number of degrees o f  
freedom for optimization 
purposes 

aThe higher values in the table imply a perceived higher relative advantage. 

I 

.. .. 
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APPENDIX C 

TABLES DESCRIBING THE EFFECT OF 
AQUEOUS SOLUTION ADDITIVES 

ALUUMTNIJM FOl I, AT VAKlOUS TEMPERATURES 
ON CORROSION-PASSIVATION BEHAVIOR OF 
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The tables in this appendix were taken from ORNL/TM-10794, Explors-  

tion of Aluminum Passivity by Aqueous Additives 25-400°C; Potential 

Application to ORNL Advanced Neutron Source (ANS),  by William L. Marshall 

of ORNL's Chemistry Division. 

... 
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Table C . l .  E f f e c t  o f  Aqueous SaluJtion Additives on Corrosion-bassivat?sn 
Behavior o f  Aluminum Foil , 25 to 400°C ( 6  table pages). 

Experiment Tempo Aqueous Approximate Observations 
Sol uti on T ime Aluminum 

(Hours, Non- Specimen 
No. ("C) 

C~~~~ ' a t  i ._........._.... . .. . . . - ..I.- 

32 -4-46 308-350"C H 2 0  8 Initially a few gas 
bubbles, then none; 
qrey metal finish, 
blisters on both 
si der i nd i cat i wg 
corros3on. 
NFC" 1700 25°C 

33-4-93 230"-350°C 3 H t .  $d H20? 

25°C 

33-4 --30 220-488°C 16-5 M WHO, 

3 3- 4 .- 3 1 260-400°C 10-4 M HH03 

25°C 

25°C 

33-4-32 250-400°C 10-3 Fd 11NC13 
25°C 

33-4-34 343-400°C 0.0818 t.l HNO3 

25°C 

33-4-47 260-400°C 0.0033 M HNO, 

25°C 

33-4-44 400 C Q,OI M lit403 
71-350°C O,Ql M HMO3 

1.5 

1700 

0.35 
1700 

0.35 

1708 

0.25 
1700 

0,25 

1700 

8 

1780 

2 
6 

nul 1 surface, 
indicatjng carrosian. 
WFC' 

Du 1 1  -grey surf ace 
WFC" 

Initially much gas 

suyface i n  less than 
0-05 hour. 
MFC" 

bklbbl i ng d~ 11 -grey 

Dull-grey surface. 
NFC" 

Some i n i t i a l  gas 
bubbling, then none; 
d u l l - g r e y  surface on 
ahout 90% o f  metal. 
NFC' 

Sample unchanged, 
shiny-bright surface. 
NFC* 

No apparent reac t i on. 
No apparent reaction. 
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Table C.l (Continued), page 2 of 6. 

Experiment Temp. Aqueous Approximate 0 b se rv a t .i on s 
So 1 uti on Time on Aluminum 

(Hours, Non- Specimen 
No. ("C) 

32-133-17 330-400°C 0.01 W HNO, 2 No detectable change; 
like original aluminum; 
shiny-bright surface. 

25°C 2700 NFCf 

32-133-12 173-350°C 0.01 M HNO, 0.1 Perfectly shiny-bright; 
25°C 1200 Smooth holes have 

developed (corrosion). 

32-133-13 167-350°C 0.10 M HNO, 0.3 Slow gas bubbling at 167°C; 
bubbling stops at 200°C; 
some bubbling at an edge o f  
metal at 250°C gelatinous 
buildup at 305 C; patchy 
corrosion but still shiny 
parts: gel converts to 
compacted form at. 328-350°C; 
no bubbling at 300-350°C; 
but bubbles below 300°C; 
appears to be passivating 
at 300-350°C. 
Many holes are observed 
(corrosion). 

.. . 

25°C 1440 

32-133-14 325-350°C 0.10 M HNO, 1 .0 

25°C 1440 

32-133-16 145-305°C 0.10 M HNO, 1.2 

25°C 1440 

Initial bubbling, then stops 
quickly. Some gelatinous 
(Al,O,) buildup ?; metal is 
shiny-bright, but it appears 
to have dissolved somewhat 
because machine 'I ines appear 
to be not so sharp (?). 
Many holes are observed 
(corrosion). 

Much bubbling in cycling 
sample from 275 to 305°C; 
metal 50% dissolwed to 
form alumina gel; still 
some smooth shiny-bright 
portions. 
NFC" 
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Table C.l (Continued), page 3 o f  6.  

E xper i men t Aqueous Approximate Observations 

-- Cumulative 

Sol uti on Time on Aluminum 
(Hours, Idon- Spec i ne n 

No. 

32-133-15 

32-133-5 

32-133-5 

33-4-48 

32 - 133- 19 

32-133-20 

33-4-24 

33-4-92 

33-4-38 

325-350°C 

170°C 

230°C 

2 5 - 3 50°C 

350-400°C 

25°C 

357°C 

25°C 

347-350~ 

36(4"-400"C 

2 20- 400 " C 
25°C 

1.0 M HN03 

1.0 M HN03 

1.0 M HN031 

0.010 M HC1 

0.005 M HCT 
4- 0.005 F.P HN03 

0.05 H HC1 
+ 0.05 M KH03 

0.0001 M H 3 P Q 4  

0.01 M H,PO, 

0.2 

0.5 

0.5 

3 

0.5 

1440 

0-05 

1440 

1.5 

0.25 

2.4 
2 40 

Vigorous bubbling as Temp. 
rises; stops when solution- 
vapor turns ye1 low-brown 
(W204); but now most o f  
f o i l  has dissolved; abundant 
M203 white gel has formed; 
About 20% o f  metal remaining 
after run. 

Fast reaction 

Fast reaction 

90% converted t o  A 1 2 0 3  
gel (remainder appears to 
be ' l ike  original aluminum). 

Slight bubbling then stops; 
bubbling s ta r t s  vigorously 
at 2 spots: gel buildup; 
other parts dull-shiny. 
A h o l e  has formed, 
(corros i on) . 
Vigorous bubbling a t  several 
spats; much gel buildup. 
Extensively corroded; 
many holes. 
Extensive reaction; gel 
hui ldup. 

Immediate few bubbles, then 
stop; light bronze; 
corrosion evidenced by 
blister formation. 

No apparent reaction. 
Bronze-bright surface. 
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Experiment 
Nos 

33-4-27 

Table C . l  (Continued), page 4 of 6. 

I 

33-4-28 

3 3 - 4-80 

33-4-85 

33-4-86 

33-4-74 

33-4-67b 

33-4-70 

Temp. Aqueous Approximate Observations 
Solution Time on Aluminum 

(Hours, Non- Spec i men 
( " C )  

- Cumu 1 at i we 

360-400°C 

25°C 

360-400°C 

25°C 

70-374°C 

200-310" C 

200°C 

250°C 

330-400°C 

200-400°C 
75°C 

240-400°C 

90 I' c 

1.0 H H3POI, 

0.10 M NH,HCO, 

1.0 M NH,HCO, 

1.0 M NHJCO, 

0.01 M NH,N03 

0.10 H NH,NO, 

1.0 M NH,N03 

0.2 

7 20 

0.2 

720 

2 

0.6 

0.2 

4.5 

1.5 
16 

2 

16 

No apparent reaction, 
shi ny-bright as original 
aluminum foil. 
Metal has bronze-dull 
surface; no holes. 

No apparent reaction, 
microscopic examination: 
much apparent reaction 
but no aluminum oxide gel; 
perhaps gel disso lved  ? 
Much gel; no holes. 

White gel formation and 
some dark and white spots. 
corrosian. 

Blisters on shiny-bright 
surface; internal 
corrosion. 

Still shiny-bright, 
no apparent corrosion. 
Dull appearance develops; 
apparent corrosion. 

Small blisters throughout 
shiny-bright surface, 
i nd i c a t  'i ng corros ion. 

Appears unchanged. 
NFCf 

Gas bubbling; then stops, 
aluminurn shiny-br ight; 
no gel formation. 
Shiny-bright surface 
covered by corrosion holes. 
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Table C . l  (Continued), page 5 o f  6. 

Experiment Temp Aqueous Approximate Observations 
Sol ut ion T l m e  on Aluminum 

(Hours Nan- Specimen 
No. ("C) 

Cumu 1 ati ve 

3 3 - 4- 7 1 333-400 O C 

90.e 

33-4-43 347 -400 C 

170-371 "C  

33-4-72 115-274°C 

33-4-25 350°C 

32-133-21 356°C 

33-4-37 260-400°C 

25°C 

32- 133-8 280 O c 

25°C 

33-4-22 2 13-390~ 

25°C: 

0.10 M NCa2SOq 

1.0 M LiN0, 

0.10 M NaNO, 

1.0 M NaMO, 

0.010 M WNO, 

1.0 M NaC1 

1.0 M NaCl 

2 

1s 

0.35 

4 

0.95 

0,05 

0.2 

4 

720 

1.5 

1440 

0.5 

1440 

Initial bubbling then stops, 
yellow colored liquid-vapor 
indicating N20, gas; No 
apparent corrosion. 
Shiny-bright surface covered 
with corrosion holes. 

No detectable corrosion; 
still shiny-bri ht. 
Metal is converted to Al,O, 
gel, 95%. 5% remaining is 
shiny-bright. 

Rapid gas bubbling; 50 % 
dissolved (L iA lO , ,  Al(OH), 
gels?)  

Extensive reaction; foil 
splits; gel buildup, 

Rapid reaction; reaction 
stops; on examination: 
extensive gel formation on 
surface until Free metal 
can no longer be reached, 
so reaction stops. 

No detectable change; metal 
remains shiny-bright. 
NFC* 

Initially a few gas 
bubbles form, then stop;  
dull-grey surface. 
Large hole covered with 
apparent A1203 gel. 

Dull-grey surface but some 
apparent Al20, gel. 
Hole has developed 
(corrosion). 



2 13 

Table C.1 (Continued), page 6 o f  6. 

Experiment Temp. Aqueous Approximate Observations 

-- Cumu 1 ati ve 

33-4-23 280-400°C 5.0 molal NaCl 0.9 Initial bubbling then stops; 

Sol uti on Time on Aluminum 
(Hours, Non- Spec i men 

No. ("C) 

no apparent change; under 
microscope, sti 11 shiny. 

25°C 1400 Two holes have developed. 

33-4-?3 275-400°C 1.0 M McJ(NO,), 0.3 Slow reaction. Metal becomes 

33-4-51 25-222°C 0.010 M NaOH 0.5 Many (expected) bubbles 

32-133-10 130-350°C S i  1 ica Gel 1 Shiny-bright surface; 

greatly dulled, troth sides. 

o f  hydrogen. Rapid reaction. 

i H20 machine marks (initially 
visually unchanged); 
no observed corrosion. 

25°C 1440 Corrosion holes. 

33-4-45 245-340°C S i l i c a  gel 2 Holes o r i g i n a l l y  developed 
(Orig. +H,Q after f i r s t  run (and time 
32-133-10) at 25°C) have enlarged. 

32-133-11 170°C Silica Gel Rapid reaction to form 
+ 1 t4 HN03 0.1 H, and A1,0, gel. 

f Aluminum analysis in Table 1. 

* NFC = - -  No further (observed) - change from previous observation. 
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Table C.2. Effect of A ~ ~ ~ x u s  Sylution Additives on Corrosion-Passivation 
Behavior of Aluminum at 25 to 90°C (3  table pages) 

E xpe r  i ment Temp. Aqueous Approximate Observations 
Sol ut i on  T ime  on Aluminurn 

(Hours, Nola- Specimen 
No. ("C) 

. . . . . .. Cumulative _._.I.____ 

33-4-69 

33-4-66 

3 3 - 4 - 6 5 

33-4-64 

33-4-63 

33-4-62 

33-4-61 

33-4-35 

33-4-60 

75" -90" c 

25°C 

25°C 
75"  -90°C 
75" -90°C 

25°C 
75"  -90°C 

75"  -90°C 

25°C 
75 " -90 O c 
75" -90°C 

25°C 

75"  -90°C 
75" -90°C 
25°C 

25°C 
75" -90°C 
75"  -90°C 

25°C 

75 " -90 C 

25°C 
25°C 

25°C 
75 -90" c 

75" -90°C 

75" -90°C 

0.0001 M HNO3 

0.00033 M HN03 

0.001 M HN03 

0.0033 M H N D j  

0.01 M HMO, 

0.033 M HNO, 

0.10 M HNO, 

0.10 w HNO, 

24 

96 
1600 

24 
24 
96 

24 
24 

96 

24 
24 

96 

24 

24 
96 
1608 

24 
24 
96 

24 
24 
96 

17 
720 

24 
24 

96 

Oark and whitish 
spots; surface dull grey. 
NFC* 
Some holes.  

Visually perfect. 
Whitish-grey and dark spots. 
NFC* 

Visually perfect. 
Apparent corrosion; dark 
spots. 
N F  C* 

Cloudy ring. 
Corrosion; dark spots;  
A1,03 gel. 
NFC 

Visually perfect; 
no corrosion. 
NFC* 
NFC* 
Some dark spots.  

Slightly dull surface. 
Small holes, corrosion. 
Additianal holes. 

Corrosion. 
Extensive corrosion; holes. 
NFC* 

Du 1 1 surf ace. 
Mostly dissolved. 

Dull appearance. 
70% dissolved; rest shiny- 
bright as original. 
Mostly dissolved. 
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Table C.2 (Continued), page 2 o f  3. 

Ex per i men t Temp. Aqueous Approximate Observations 
Sol u t i  on Time on Aluminum 

(Hours, Non- Specimen 
No. (“C) 

Cum1 ati ve 

33-4-36 

33-4-89 

33-4-88 

... 

33-4-90 

33-4-91 

32- 133-9 

32-133-2 

33-4-87 

33-4-78 

33-4-77b 

33-4-77a 

33-4-82 

33-4-81 

25°C 

80°C 

80°C 
25°C 

80°C 
25°C 

80°C 

100°C 

25°C 

80°C 

80°C 

80°C 

25°C 

80°C 

25°C 

80°C 

80°C 

1 M HNOS 72 

0.0001 M H3P0, 14 

0.01 M H3P04  14 
1600 

0.10 M H,PO, 14 
1600 

1.0 H H,PO, 14 

0.10 M HC1 12 

1 M HCI 2 

0.0001 M NH,HC03 96 

0.01 M NH,HC03 24 
120 

0.10 M NHQHCO, 24 

120 
1600 

1 M NH4HC03 24 

1820 

0.001 M NHbNO, 22 

0.01 M NHQNO, 2 

22 

Aluminum dissolved. 

Bronze-like color. 

Appears untouched. 
Dull bronze; corrosion. 

D u l l  bronze. 
NFC* 

Aluminum dissolves. 

Reaction occurs. 

Dissolves rapidly 

Corrosion; dark spots. 

Dull finish; bronze color. 
NFCf 

Dull finish; some bronze 
color. 
NFC* 
NFC* 

Shiny-bright, just like 
original; apparently no 
corrosion; acidity: pH 9.2. 
NFCf 

Corrosion; bronze finish 
on parts o f  aluminum. 

Most shiny-bright; some 
dark areas. 
Bronze-like appearance 
i n  some areas; corrosion. 

.... 
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Table C.2 (Continued), page 3 o f  3 pages. 

Experiment Temp. Aqueous Approximate Observations 
Sol uti on T i  nie on Aluminum 

(Hours, Non- S p cc i me ii 
No ("C) 

Cumulative 

33-4-67 75" -90°C 0.10 H NHQN03 24 some dark spots. 

33-4-84 80°C 0.01 M NIi,HCO~ 14 Corrosion. 

33-4-75 80°C 1.a M N ~ N O ,  1 Corrosion. 

33-4-83 80°C 1 M k I ( ~ O 3 ) *  24 Corrosion; hole through 

+ 0.81 M NH,+NO, 

a 1 urni num 

33-4-68 25°C 0.10 Al (N03) ,  24 Alum? num di ssol wed, 

33-4-76 80°C plod. Conc. NH,OH 24 Corrosion; dull appearance. 

inum analysis i n  Table 1. 

* NFC = - -  No Further (observed) change Prom previous observation, 
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Table C.3. Effect o f  Aqueous Solution Additives on Corrosion- 
Passivation Behavior of Aluminum Foil at 180°C (2 table pages) 

Experiment Solution Observations o f  aluminum specimens 
NO I Add i t i ve (time in hours, and temperature) 

33-55- 18 

33-55-1 

33-55-2 

33-55-3 

33-55-4 

33-55-5 

33-55-6 

33-55-7 

33-55-8 

33-55-9 

33-55-10 

33-55- 11 

33-55-12 

H 2 0  

10-5 M H,P04 

10-4 M H,PO, 

10-3 M H ~ P O ~  

0-10 M H3P04 

1.0 M H3P04 

10-5 M HNO, 

1 0 - 4  M HNO, 

10-3 M HNO, 

0.0033 M HN03 

0.01 M HNO, 

0.10 M HNO, 

(60,180"C) Dull surface of 
original shiny-bright. 

(60, 180°C) Bronze color; 
some dark spots; 
shiny side dull. 

(60,180"C) Bronze color. 

(60,180"C) Perfect appearance; no change 
from original. 
(900,25"C) White, adhering thin solid; many 
dark spots. 

(60,130"C) A l m o s t  perfect; 
some whitish rings. 

(60,180"C) Du 11 appearance; 
dark spots. 

(60,180"C) A 1  umi num d i ssol ved ; 

(60,180"C) Some whitish 
solid on shiny 
side. 

(60,180"C) Dull, whitish 
solid on 
surf ace. 

(60,18OoC)0ull, whitish 
s o l i d ,  indicating 
attack. 

(60,130"C) Much better than 33-55-3 and 
33-55-9 specimens, but still some 
whitish solid. 

(60,180"C) Much corrosion; 
One large hole. 

(60,180"C) Aluminum nearly dissolved; 
covered with holes 
and white oxide. 

... 
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Table C.3. (Continued), page 2 o f  2. 

Ex per i ment 
_I___....I No. Additive ( t i m e  in ~ O U P S ,  and tempefgture) 

Sol u t  ion Observations o f  aluminum specimens 

33-55- 13 

33-55-14 

33-55-15 

33-55-16 

33-55-19 

33-55-19 

33-55-28 

33-55-21 

33-55-22 

3 3 -- 5 5 -2 3 

33-55-24 

33-55-25 

0.01 M I\IH,HCO3 

1.0 M Nt-l,,WC03 

0.01 M H61 

0.001 Iwl H3P0, 
-1-O.OQ1 Ia4 NaCl 

0.001 bl H,PO, 
+0.01 M NaCl 

1.0 IM NH,WC03 
4 . 0 1  M NaCl 

0.001 w Wac1 

0.01 M NaCl 

0.001 KH2P0, 

(60,180"C) Bronze color; gelatinous 
particles on tube walls; 
d u l l ,  indicating corrosion. 

(60) Still shiny-bright, but same 
whitish substance 017 dull side. 

(130,180"C) Per fec t ;  no change from o r i g i n a l .  
(900,25"C) Perfect; no change from original (. 

(60 , 180OC) Mi 1 ky-whi te suspension; 

s t i  I 1  some shiny-bright 
fragments left. 

o s t  sf aluminum dissolved; 

(60,180"C) Mi lky-white suspens 
bronze colored A l ;  
pitting; lots o f  white 
salid. 

(36,180"C) Much pitting; 5 sma 
hales surrounded by gelatinous 

on; 

1 
solid; most o f  

metal looks perfect: shiny-bright. 

(36,180"C) One large hole and 
one small hole, corraded through; rest o f  
metal looks perfect. 

(36,180"C) Metal looks perfect, 
+0.001 M Hac1 b u t  bronze tinge. 

(20,180"C) Metal looks perfect, 
but  bronze t inge, 

(36,180"C) B u l l  ; corrosi on. 

(36,180"C) Dull; corrosion. 

(2O,18OoC) Perfect; like original. 
(900,25"C) klhltish solid; many spots. 
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