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PARAMETRIC REACTIVITY TRANSIENT ANALYSES FOR 
THE FFTF NUCLEAR PROOF TEST REACTOR 

ABSTRACT 

F a u l t  t r e e  techniques have been used t o  i d e n t i f y  p o s s i b l e  f a i l u r e  paths 

w i t h i n  t he  NPTR which cou ld  l ead  t o  core  disassembly. The ana l ys i s  o f  t h e  

var ious  f a u l t s  has l e d  t o  f o rmu la t i on  o f  des ign requirements,  p r o t e c t i v e  

system requi rements , and admi n i  s  t r a t i  ve r e s t r a i n t s  r equ i red  t o  p reven t  

acc iden ts  f rom these f a u l t s  . 
T rans ien t  analyses were performed us ing  t he  hea t  t r ans fe r -nuc lea r  

k i n e t i c s  codes, N u t i  g e r - I  I, FORE-I I, and MELT-I1 . To v e r i f y  r e s u l t s ,  i n t e r -  

comparison s tud ies  were made between the  codes. The codes were i n  good 

general  agreement. Each code was found t o  e x h i b i t  d i f f e r e n t  advantages and 

disadvantage. 

I nhe ren t  r e a c t i v i t y  feedback e f f e c t s  were assessed i n  the  ana l ys i s .  

With t h e  assumed core  parameters, t h e r e  appears t o  be s u f f i c i e n t  Doppler t o  

p ro long  a  nuc lea r  t r a n s i e n t  t o  a l l o w  p r o t e c t i v e  a c t i o n  t o  p reven t  f u e l  f rom 

me1 t i n g .  The use o f  average values o f  t he  feedback c o e f f i c i e n t s  smeared 

over  t h e  e n t i r e  core  does n o t  appear t o  be an acceptable method w i t h  

spac i  a1 l y  dependent temperatures. 

I n  t he  thermal ana l ys i s ,  the  f u e l  p i n  gap c o e f f i c i e n t  and sodium f i l m  

c o e f f i c i e n t  do n o t  appear t o  be h i g h l y  sens i  t i v e  parameters f o r  t r a n s i e n t  

a n a l y s i s .  Power t r a n s i e n t s  r e s u l  ti ng f rom r e a c t i v i t y  i n s e r t i o n s  o f  f rom 

2$/sec t o  20$/sec have been examined i n  d e t a i  1  . Sodi urn w i l l  be mol ten 



be fo re  f u e l  me1 t i n g  occurs f o r  acc iden ts  w i t h i n  t h i s  range. For  t he  

sma l l e r  ramp r a t e s  ( <  4$/sec),  sodium nay even reach v a p o r i z a t i o n  tempera- 

t u res  b e f o r e  any f u e l  me l ts .  

Power t r a n s i e n t s  te rmina ted  by e f f e c t i v e  p r o t e c t i v e  a c t i o n  were 

i n v e s t i g a t e d .  I t  i s  b e l i e v e d  p o s s i b l e  t o  design a  scram system, w i t h  t h e  . 
presen t  s t a t e  o f  t he  a r t ,  t o  p reven t  sodium f rom m e l t i n g  f o r  a  r e a c t i v i t y  

ramp up t o  a t  l e a s t  6$/sec. Th is  same system would p reven t  f u e l  me1 t i n g  

f o r  a  r e a c t i v i t y  ramp up t o  15$/sec. 

Sodium thermal expansion w i l l  p l a y  a  very  impo r tan t  r o l e  i n  a  core  

disassembly.  When the  average sodium temperature exceeds 250 OF, phys i ca l  

co re  d i s t o r t i o n  must r e s u l t  t o  r e l i e v e  expansion pressures.  

Ruptu r ing  o f  t he  f u e l  assembly cans d u r i n g  a  t r a n s i e n t  increases t he  

p r o b a b i l i t y  of a  sodium f i r e .  Pressures and temperatures f rom a  sodium f i r e  

cou ld  e a s i l y  exceed 20 p s i g  and 1000 O F .  

The des ign bas i s  acc iden t  has n o t  been i d e n t i f i e d .  However, t he  lower  

l i m i t  i s  a  sodium f i r e  i n v o l v i n g  h o t  l i q u i d  sodium and p o s s i b l e  sodium vapor.  

A f u e l  vapor exp los ion  would r e q u i r e  a  l a r g e  i n i t i a t i n g  r e a c t i v i t y  ramp r a t e  

( >  20$/sec) w i t h  a t  l e a s t  3$ t o t a l  r e a c t i v i t y  wor th .  No mechanism f o r  

i n t o r d u c t i o n  of a  r e a c t i v i t y  i n s e r t i o n  o f  t h i s  c h a r a c t e r i s t i c  has been 

i d e n t i f i e d  o t h e r  than a  dropped f u e l  assembly i n t o  a  vacant  co re  p o s i t i o n .  
E 

Th i s  mechanism i s  d iscounted as i t  i s  be1 ieved  t h a t  sub -c r i  t i c a l i  ty o f  t he  

r e a c t o r  can be guaranteed du r i ng  r e f u e l i n g .  

I t  i s  conceivable t h a t  a minor  acc iden t  cou ld  be aggravated i n t o  an 

exp los i ve  acc iden t  by f a i  1  u r e  o f  p r o t e c t i v e  sys tem and p o s i t i v e  feedback 

mechanisms. The p o s s i b i l i t y  o f  t h i s  o c c u r r i n g  i s  dependent upon what e f f e c t s  



t he  con f i ned  sodium has on t he  core.  I t  i s  des i r ab le  t h a t  the  sodium would 

take  the  core t o  a disassembly condi ti on o r  t e r m i n a t i o n  mode. Addi ti onal 

ana l ys i s  w i l l  be necessary be fo re  t h i s  can be guaranteed. 
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PARAMETRIC REACTIVITY TRANSIENT ANALYSES FOR 
THE FFTF NUCLEAR PROOF TEST REACTOR 

1.0 INTRODUCTION 

1 .  
1 .1 BACKGROUND 

The Nuclear  Proo f  T e s t  Reactor (NPTR) i s  a  proposed zero power . 
r e a c t o r  which, a t  i t s  nornlal o p e r a t i n g  c o n d i t i o n ,  w i l l  reproduce 

n e u t r o n i c  c h a r a c t e r i s t i c s  o f  t he  Fas t  Tes t  Reactor (FTR) . The Nuclear  

Proo f  Tes t  Reactor (NPTR) w i l l  a l s o  be capable o f  b r i e f  powered runs 

o f  up t o  severa l  k i l o w a t t s .  

A  des ign requi rement  o f  t he  NPTR i s  t h a t  i t  have t he  c a p a b i l i t y  

t o  accept  f o r  t e s t ,  FTR f u e l ,  po ison rods, and experiments i n  any o f  

i t s  g r i d  l o c a t i o n s .  Th is  r equ i  rement e s s e n t i a l  l y  requ i res  t he  NPTR t o  

have t he  same macro-geometry as t he  FTR. Cu r ren t l y ,  the  NPTR f u e l  p i n  

s i z e  and f u e l  assembly geometry a r e  analogous t o  FTR f u e l .  The major 

phys i ca l  d i f f e rence  between the  reac to r s  i s  t h a t  sodi  um w i l l  be f r ozen  

and canned i n  the  NPTR. 

Prev ious ana l ys i s  o f  NPTR s a f e t y  has been based on models which 

were r e p r e s e n t a t i v e  o f  a  shutdown FTR. I t  was recognized t h a t  acc iden t  

and power t r a n s i e n t  phenomena would be cons iderab ly  d i f f e r e n t  f o r  t he  
I 

NPTR. Wi th  t h i s  v i ewpo in t  an acc iden t  a n a l y s i s  was i n i t i a t e d  f o r  t he  

hPTK which was e s s e n t i a l l y  d i vo rced  from the  FTR acc iden t  a n a l y s i s .  
P 

1.2 OBJECTIVES 

The p r imary  o b j e c t i v e s  o f  t h i s  ana l ys i s  were: 

. I d e n t i f y  p o t e n t i a l  acc iden t  i n i t i a t i n g  mechanisnls. 



. Determine s t a t i c  and dynamic r e a c t i v i t y  e f f e c t s  f o r  i d e n t i -  

f i e d  r e a c t o r  abnormal i t i e s .  

. P a r a m e t r i c a l l y  i n v e s t i g a t e  power t r a n s i e n t s  f o r  a  range o f  

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

. P a r a m e t r i c a l l y  i n v e s t i g a t e  e f f e c t s  o f  var iances i n  d i f f e r e n t  

co re  parameters. 

. Determine scram sys tem requi rements . 

. I d e n t i f y  des ign bas is  acc iden t .  

With the  excep t ion  o f  t he  l a s t  i t e m  a l l  o b j e c t i v e s  were ob ta ined .  

D e f e r r a l  o f  t he  NPTR p r o j e c t  t o  a  l a t e r  da te  te rmina ted  t he  NPTR 

acc iden t  a n a l y s i s  be fo re  t h i s  phase was complete. 

1.3 METHOD OF ANALYSIS 

A d e t a i l e d  mechan is t i c  approach was a p p l i e d  i n  t h e  p r e l i m i n a r y  

s a f e t y  a n a l y s i s  o f  t he  NPTR. I d e n t i f i c a t i o n  o f  acc iden t  i n i t i a t i n g  

mechanisms was through t he  development o f  f a u l t  t r e e  l o g i c  diagrams. 

A f t e r  t h e  i n i t i a t i n g  mechanisms were i d e n t i f i e d ,  t h e i r  s t a t i c  and 

dynamic r e a c t i v i t y  e f f e c t s  were q u a n t i f i e d .  A  paramet r i c  a n a l y s i s  was 

then performed b r a c k e t i n g  t h e  i d e n t i f i e d  range o f  r e a c t i v i t y  i n s e r t i o n s  

and i n s e r t i o n  r a t e s .  The r e s u l t s  were analyzed f o r  i n t e r p l a y  of 

r e a c t i v i t y  feedbacks, core phys i ca l  behavior ,  and poss ib l e  a c c i d e n t  

aggrava t ion  e f f e c t s .  

The hea t  t r a n s f e r - n u c l e a r  k i n e t i c s  codes NUTIGER-11, FORE-11, and 
a . 

MELT-I1 were u t i  1  i z e d  f o r  t he  r e a c t i v i t y  t r a n s i e n t  s t ud ies  and determina- 

t i  on o f  scram sys tern r e q u i  rements . 



2.0 SUMMARY OF RESULTS AND CONCLUSIONS 

F a u l t  t r e e  techniques were found t o  be ext remely  use fu l  i n  i d e n t i f y i n g  

acc iden t  i n i t i a t i n g  mechanisms. Once these f a u l t s  were i d e n t i f i e d ,  design 

requirements,  p r o t e c t i v e  system requirements,  and a d m i n i s t r a t i v e  r e s t r a i n t s  . L 

were fo rmu la ted  t o  p reven t  acc iden ts  f rom o c c u r r i n g  . 

T r a n s i e n t  analyses were performed us ing  t h e  hea t  t r a n s f e r - n u c l e a r  

k i n e t i c s  codes NUTIGER-I I, FORE-I I ,  and MELT-I I. Base case comparisons 

i n d i c a t e  t h a t  they  can e s s e n t i a l l y  be used on an in terchangeable b a s i s  w i t h  

o n l y  minor  d isc repanc ies  which a r e  exp la i nab le .  Each code was found t o  

e x h i b i t  d i f f e r e n t  advantages and disadvantages. A comprehensive a n a l y s i s  

would r e q u i r e  t he  u t i l i z a t i o n  o f  a l l  t h r e e  codes. 

I nhe ren t  r e a c t i v i t y  feedback e f f e c t s  were assessed. With t he  assumed 

dk core  parameters, t h e r e  i s  s u f f i c i e n t  Doppler (T af = -0.004) t o  t u r n  over  a 

nuc lea r  t r a n s i e n t  t o  a l l o w  p r o t e c t i v e  a c t i o n  t o  p reven t  f u e l  f rom m e l t i n g  

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

Power t r a n s i e n t s  r e s u l  t i n g  f rom r e a c t i v i t y  i n s e r t i o n s  o f  f rom 2$/sec 

t o  20$/sec were examined i n  d e t a i l .  Sodium w i l l  be mol ten be fo re  f u e l  

me1 t i n g  occurs f o r  acc iden ts  w i t h i n  t h i s  range. For  sma l l e r  ramp r a t e s  

(Q 4$/sec),  sodium may even reach v a p o r i z a t i o n  temperatures be fo re  f u e l  

me1 t i n g  begins.  

Scram parameters were analyzed and i t  i s  be1 ieved  p o s s i b l e  t o  design a 

scram system, w i t h  t he  p resen t  s t a t e  o f  t he  a r t ,  t h a t  w i l l  p reven t  sodi  um 

f rom me1 t i n g  f o r  a r e a c t i v i t y  i n s e r t i o n  o f  up t o  6$/sec. Th i s  same system 

would p reven t  f u e l  me1 t i n g  f o r  r e a c t i v i t y  ramp up t o  15$/sec. 



Sodium thermal expansion w i l l  p l a y  a very  impor tan t  r o l e  i n  a  core  

disassembly.  When the  average sodium temperature exceeds 250 O F ,  phys i ca l  

co re  d i s t o r t i o n  must r e s u l t  t o  r e l i e v e  expansion pressures.  The r u p t u r i n g  

o f  a  f u e l  assembly can d u r i n g  a t r a n s i e n t  would g r e a t l y  inc rease  t h e  

p r o b a b i l i t y  o f  a  sodium f i r e .  However, i t  i s  poss ib l e  t h a t  sodium expansion 

f o r ces  may d i s r u p t  t he  core t o  a  mode which w i l l  te rmina te  a t r a n s i e n t .  

The des ign bas i s  acc iden t  has n o t  been i d e n t i f i e d .  However, t h e  lower  

l i m i t  i s  a  sodium f i r e  i n v o l v i n g  h o t  l i q u i d  sodium and p o s s i b l e  sodium vapor .  

A f u e l  vapor exp los ion  would p robab ly  r e q u i r e  a  l a r g e  i n i t i a t i n g  r e a c t i v i t y  

ramp r a t e  ( >  20$/sec) w i t h  a t  l e a s t  3$ r e a c t i v i t y  wor th .  No mechanism f o r  

i n t r d u c t i o n  o f  r e a c t i v i  ty i n s e r t i o n  o f  t h i s  c h a r a c t e r i s t i c  has been i d e n t i f i e d  

o t h e r  than a f u e l  assembly dropped i n t o  a  vacant core p o s i t i o n .  Th i s  

mechanism i s  d iscoun ted  as i t  i s  b e l i e v e d  t h a t  s u b c r i t i c a l i t y  o f  t he  r e a c t o r  

can be guaranteed d u r i n g  r e f u e l i n g .  

I t  i s  conce ivab le  t h a t  a  minor  acc iden t  cou ld  be aggravated i n t o  a  f u e l  

vapor exp los ion  acc iden t  by the  f a i l u r e  o f  p r o t e c t i v e  systems and p o s i t i v e  

feedback mechanisms. The p o s s i b i l  i ty o f  t h i s  o c c u r r i n g  i s  dependent upon 

what e f f e c t s  the  con f i ned  sodium has on t he  core.  A d d i t i o n a l  a n a l y s i s  i s  

recommended i n  t h i s  area. 



3.0 ACCIDENT IDENTIFICATION AND ANALYSIS 

To s t a r t  t h e  NPTR acc iden t  ana l ys i s ,  a  f a u l t  t r e e  was cons t ruc ted  f o r  

co re  d isasseo~bly .  Th is  f a u l t  t r e e  was expanded downward u n t i l  t h e  b a s i c  

i n i t i a t i n g  acc idents  o r  events were i d e n t i f i e d .  Each i n d i v i d u a l  branch o f  
* 

t h e  t r e e  was analyzed t o  d e t e r ~ ~ i i  ne what design requ i  rements , p r o t e c t i v e  sys tem 

. requ i  re~nents  and/or admi n i  s  t r a t i  ve procedures cou ld  be used t o  reduce t h e  

p r o b a b i l i t y  o f  t he  i n i t i a t i n g  event  f rom o c c u r r i n g  o r  p rogress ing  t o  a  core  

disassembly. 

For  the  purpose o f  d iscuss ion ,  t ne  MPTR core  disassenlbly f a u l t  t r e e ,  

(F igures  l a - l d )  , was broken i n t o  f i v e  acc iden t  ca tegor ies .  

I n~p rope r  Cont ro l  /Sa fe ty  Rod Mot ion  

Improper S t a r t u p  Opera t ion  

Neutron Spectrur~l S h i f t  

Shutdown C r i t i c a l i t y  

Core Corrlpaction 

Each ca tegory  was analyzed i n  de ta i  1  t o  determine t he  s t a t i c  and dynamic 

r e a c t i v i t y  c h a r a c t e r i s t i c s  assoc ia ted  w i  t n  i t .  These r e s u l t s  were used i n  

t he  subsequent parar i ietr ic t r a n s i e n t  ana l ys i s .  The r e s u l t  o f  t he  f a u l t  t r e e  

ar ia lys i  s  were: 

3.1 IMPROPER CONTROL/SAFETY ROD MOTIOLI 

Co r i t r o l / sa fe t y  rod  ~ l o t i o n  c rea ted  by an o b j e c t  f a l l i n g  onto t he  

co re  can be  prevented by des ign requ i  rements coupled w i t h  a d m i n i s t r a t i v e  

c o n t r o l s  and ope ra t i ona l  procedures. The i n d i v i d u a l  wor th  o f  a  s i  ng l  e  

r o d  shou ld  n o t  exceed 50% o f  t h e  shutdown margin.  



Expu ls ion  o f  a  c o n t r o l / s a f e t y  r o d  by i n t e r n a l  fo rces  i s  cons idered 

i n c r e d i b l e .  Due t o  t he  low hea t  genera t ion  r a t e s  a t  ope ra t i ona l  

c o n d i t i o n s  no mechanism can be i d e n t i f i e d  which i s  capable o f  generat -  

i n g  s u f f i c i e n t  energy t o  expel  a  r o d  by i n t e r n a l  f o r ces .  The inadver -  

t e n t  u n i n h i b i t e d  wi thdrawal  o f  a  c o n t r o l / s a f e t y ( s )  a t  normal w i thdrawa l  . . 
speeds would g i v e  r e a c t i v i t y  i n s e r t i o n  r a t e  o f  f rom 0.05$/sec t o  

0.60$/sec depending upon the  number o f  rods i nvo l ved .  For  t h i s  acc iden t  

t o  occur and proceed t o  core damage would r e q u i r e  ope ra to r  e r r o r  and 

f a i  1  u re  o f  p ro tec  ti ve sys tenls . 
3.2 IMPROPER STARTUP ACCIDENT 

C r i t i c a l  i ty d u r i n g  s a f e t y  r o d  w i  thdrawal would r e q u i r e  a  gross f u e l  

l o a d i n g  e r r o r  and f a i l u r e  t o  no te  improper neut ron response d u r i n g  

i n i t i a l  w i thdrawa l .  For t h e  acc iden t  t o  proceed t o  core  damage would 

requ i  r e  f a i  1  u re  o f  p r o t e c t i  ve sys tem. 

A t e r t i a r y  r e a c t i v i t y  c o n t r o l  system has been proposed f o r  NPTR f o r  

use d u r i n g  core  l oad ing .  For  c r i t i c a l i t y  t o  occur d u r i n g  movebent o f  

t h e  t e r t i a r y  system would r e q u i r e  a  g ross l y  over loaded core  o r  t he  

i n a d v e r t e n t  removal o f  p a r t  o r  a l l  o f  t he  o the r  po ison systems. I f  

c r i t i c a l i t y  was achieved d u r i n g  t e r t i a r y  system movement f rom a  g ross l y  

over loaded core t h e r e  would be no p r o t e c t i v e  system scram as a l l  po ison  

rods would be i n .  However, t he  r a t e  o f  wi thdrawal  coupled w i t h  t he  

l a r g e  Doppler s a f e t y  margin would a l l o w  ample t ime f o r  e i t h e r  automat ic  

o r  manual r eve rsa l  o f  t he  t e r t i a r y  system. I t  i s  i n c r e d i b l e  t h a t  t he  

s e r i e s  o f  e r r o r s  needed t o  over load  the  core  t o  t h i s  e x t e n t  cou ld  occur 

and go unnot iced.  



3 . 3  NEUTRON SPECTRUM SHIFT 

A neutron spectrum s h i f t  could resul t  from a moderating material 

being accidentally inserted into the core. This could be in the form 

of an experimental error  or core flooding , e i ther  internal or external . 
The introduction of a 1 iquid moderator (H20 or hydrocarbon, e tc .  ) into 

the core voids and the flooding of one "dry" (sodium absent) fuel 

assembly could give a reactivity input of up t o  12$.  Flooding of core 

voids would give only 9$. 

The reactivity insertion rate  would be dependent upon the method 

of moderator insertion. I t  i s  possible that a transient resulting from 

spectrum shif t ing would be se l f  terminating as the 1 iquid moderating 

material in the flooded void spaces would be forced out by thermal 

expansion effects .  The possibil i ty of a sodium f i r e  would s t i l l  ex is t .  

The possibil i ty of accidental insertion of a liquid moderator into 

the core must be limited by design. The quantity of liquid moderator 

allowed into the reactor cell  nlust be limited to safe amounts. All 

potential moderating materials must be under d i rec t  administrative 

control with s t r i c t  accounting procedures. 

3 . 4  SHUTDOWN CRITICALITY 

A shutdown c r i t i c a l i t y  accident occurring from a dropped fuel 

assembly can be precluded by the guaranteed subcri t ical i ty  of the 

reactor. A dropped fuel element during the 1 i f e  of the reactor i s  

deemed to be credible; however, the resulting reactivity ramp rate  can 

be design limited to  a certain degree. 

Credit may be taken from contact loading, i . e . ,  knowledge of 



c o n t r o l  r o d  1  oca t i on ,  v i s u a l  co re  observa t ion ,  e t c ;  however, unce r ta i n -  

t i e s  a r e  i n t r oduced  by unknown worths o f  new f u e l  and t e s t  assembl ies.  

I n  a d d i t i o n ,  t h e  t e r t i a r y  shutdown system prov ides the  r e q u i r e d  assurance 

o f  guaranteed s u b c r i  t i c a l  i t y .  For the  r e a c t o r  t o  go c r i t i c a l  d u r i n g  

t e r t i a r y  sys tem wi thdrawal  would r e q u i r e  gross 1  oadi  ng e r r o r s  and f a i  1  u re  • - 
t o  mon i to r  r e a c t o r  s t a t u s .  

3.5 CORE COMPACTION 
#' 

Core compaction due t o  e x t e r n a l  f a l l i n g  ob jec t s  can be made 

i n c r e d i b l e  by des ign requirements coupled w i t h  a d m i n i s t r a t i v e  c o n t r o l s  

and ope ra t i ona l  procedures. 

Core compaction f rom a  l o s s  o f  coo lan t  acc iden t  i s  p o s s i b l e  o n l y  

w i t h  gross overpower. Fuel me1 ti ng can be avoided and thus core  

compaction due t o  a  power/heat imbalance a t  normal ope ra t i ona l  o r  shut -  

down c o n d i t i o n  i s  n o t  poss ib l e .  The maximum s h o r t  term f i s s i o n  power 

o f  t he  NPTR i s  2 kW. The i n h e r e n t  hea t  generat ion o f  the  Pu fuel  .wi 11 

be about 3 kW. Th is  g ives a  maximum power o f  5 kW. Therefore,  the  

temperature w i  1  1  depend on thermodynami c  r a t h e r  than neu t ron i  cs 

condi t i o n s  . 
An a n a l y s i s  (BNWL-766)' has shown t h a t  the  r e a c t o r  o p e r a t i n g  a t  a  

power 1  eve1 o f  5 kW wi t h o u t  cool  i ng w i  11 res  u l  t i n  no more than 6 OF 

temperature r i s e  per  hour.  Th is  i s  a  f a i r l y  conserva t i ve  es t imate ,  as 

t he  c a l c u l a t i o n a l  model assumed t h a t  t h e r e  was very  1  i t t l e  r a d i a l  hea t  

f l ow .  The balance o f  t he  hea t  was assumed t o  f l o w  o u t  t he  ends. 

Th i s  low temperature r i s e  w i l l  a l l o w  the  core t o  be unloaded i n  

t he  even t  t h a t  t h e r e  i s  a  complete l o s s  o f  core c o o l i n g  capac i t y .  I f  



the core remained without cooling for  a prolonged period, only localized 

sodium me1 ting would resu l t .  There i s  insufficient heat generation t o  

do extensive me1 ting. I t  has been calculated that  18 kW of heat would 

be required to  hold the core a t  a temperature of 250 O F .  

The scope of experimental accidents which could lead t o  react ivi ty  

insertions were also reviewed. I t  i s  d i f f i cu l t  to  conceive an experi- 

ment tha t  could lead t o  gross core fa i lure .  





COLLAPSL 
R t A C T l V i T Y  

FtLUIIACI,  

P U S l T l V t  
P WORTH ON 
COMPACTION 

FALLING OhJECT 
FALL ING OBJECT 

FIGURE 1 b . 



LARGE RAPID 
REACTIVITY 
INSERTION I I 

FIGURE I c . 



I SHUTDOVN 
C R I T I C A L I T Y  

ACCIDENT I 

FIGURE I d. 



TABLE 1. Fault Tree Symbols 

Events : 

An event ( usually a f a u l t  o r  malcondition) 

axpressed i n  funct ional  terms. 

Gates : 

Other Symbols: 

An event of which f a u l t  sequence i s  terminated 

fo r  lack of information or consequences. 

An event described by a basic  component or  

pa r t  f a i l u r e  ( these  a re  the "independent" 

events ) . 

An event t h a t  is normally expected t o  occur. 

AND gate - Requires coexistence of a l l  gate  

inputs  for  output. 

OR gate - Requires anyone gate input f o r  output. 

I nh ib i t  Gate - I f  input event occurs and the  

condition i s  s a t i s f i e d  an output event w i l l  

be generated. 

Transfer symbol used t o  t ransfer  an e n t i r e  

sequence of events t o  another pa r t  of t ree .  



4.0 FUEL PIN GAP COEFFICIENT AND SODIUM FILM COEFFICIENT 

4.1 SODIUM FILM COEFFICIENT 

Several  t r a n s i e n t s  were i n v e s t i g a t e d  t o  assess t he  importance o f  

t he  sodium f i l m  c o e f f i c i e n t .  A pseudo -coe f f i c i en t  was used as the  

sodium i s  s tagnant  i n  t he  NPTR. The va lue  used corresponds t o  t he  

va lue  es t imated  f o r  a  conduct ion model. 

NUTIGER-I1 was used t o  compare the  pseudo- f i  l m  c o e f f i c i e n t  w i t h  

t he  conduct ion model . No s i  gn i  f i c a n t  d i f f e r e n c e  r e s u l t e d  as temperature 

d i f f e r e n c e s  were i n  terms o f  1  o r  2 OF i n  t he  sodium. 

k cons tan t  film c o e f f i c i e n t  o f  30,000 BTU/hr ft2 OF was used i n  

NUTIGER-I1 and MELT-11. A v a r i a b l e  film c o e f f i c i e n t  was used i n  FORE-11. 

I t s  magnitude ranged f rom 50,000 a t  160 OF t o  25,000 a t  Ma temperature 

j u s t  below 1650 OF. The choice o f  f i l m  c o e f f i c i e n t  i n  the  NPTR i s  

r e l a t i v e l y  un impor tant ,  as t he  dominat ing l i n k  i n  the  cha in  i s  the  gap 

c o e f f i c i e n t .  

4.2 FUEL PIN GAP COEFFICIENT 

The iiPTR w i l l  have e s s e n t i a l l y  green f u e l  . (No burnup and no 

s i n t e r i n g ) .  I t s  gap c o e f f i c i e n t  cou ld  be as low as 300 BTU/hr ft2 OF 

a t  170 OF. For  the  normal zero power ope ra t i on  o f  t he  NPTR, t h i s  w i l l  

n o t  c rea te  any f u e l  temperature problems. 

Dur ing  a power t r a n s i e n t  t h e  gap c o e f f i c i e n t  w i l l  increase due t o  

f u e l  s w e l l i n g .  F igures  2, 3, and 4 show the  c o r r e l a t i o n  between t he  

h o t  spo t  f u e l  temperature and t h e  gap c o e f f i c i e n t  assoc ia ted  w i t h  t he  



h o t  s p o t  segment. Th is  c a l c u l a t i o n  was made w i t h  F O R E - 1 1 .  Resu l ts  a r e  

compat ib le  w i t h  hand c a l c u l a t i o n s .  A  gap c o e f f i c i e n t  o f  1000 BTU/hr 

ft2 O F  i s  c a l c u l a t e d  f o r  the  h o t  s p o t  node j u s t  be fo re  m e l t i n g  begins.  

As me1 ti ng progresses, t he  gap c o e f f i c i e n t  increases qu i  t e  r a p i d l y  as 

the  f u e l  expands o u t  t o  t he  c lad .  The c o e f f i c i e n t  may inc rease  t o  

5000 BTU/hr ft2 O F .  

The use o f  a  cons tan t  gap c o e f f i c i e n t  o f  1000 does n o t  g i v e  

app rec iab le  d i f f e r e n c e  i n  the  f u e l  temperature o r  power t r a c e  when 

compared t o  t h e  v a r i a b l e  c o e f f i c i e n t .  

However, sod i  um temperatures a r e  i n i t i a l l y  overes t imated  be fo re  

f u e l  me1 t i n g  and then underest imated a f t e r  f u e l  me1 t i n g  occurs.  

I f  the  sodium feedback c o e f f i c i e n t  gives a  l a r g e  nega t i ve  feedback, 

t he  d i f f e r e n c e  i n  sodi  urn temperatures cou ld  c rea te  s i g n i f i c a n t  e r r o r .  

However, c a l c u l a t i o n s  have i n d i  catea t h a t  the sodi  um feedback c o e f f i c i e n t  

does n o t  appear t o  be an impo r tan t  feedback c o n t r i b u t o r .  Also, t h e  t ime  

t o  s i g n i f i c a n t  co re  d i s t o r t i o n  due t o  sodium expansion e f f e c t s  may be 

premature ly  es t imated  when a  l a r g e  gap c o e f f i c i e n t  i s  used. 
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5.0 FEEDBACK EFFECTS 

5.1 DOPPLER FEEDBACK 

To assess t he  importance o f  l a r g e  negat i ve  Doppler c o e f f i c i e n t  runs 

were made where TdK/dt was v a r i e d  froni  -0.0025 t o  -0.004. (F igures  5 

and 6 ) .  

FORE-I1 was used f o r  t h i s  ana l ys i s  as i t  a l l ows  t he  Doppler 

c o e f f i c i e n t  t o  be r a d i a l l y  weighted. MELT-I1 has p rov i s i ons  f o r  a corn- 

p l e t e  spac ia l  we igh t i ng  o f  t he  Doppler e f f e c t ,  b u t  a t  the  present ,  

a d d i t i o n a l  i n f o r m a t i o n  i s  necessary be fo re  t he  Doppler e f f e c t  wor th  can 

be adequately descr ibed  as t o  i t s  spac ia l  dependency. 

A Doppler c o e f f i c i e n t  o f  -0.004 (compared t o  -0.0025) increases t he  

t ime t o  h o t  spo t  f u e l  m e l t i n g  by 150 msec (25%) and decreases power a t  

disassembly by a f a c t o r  o f  2. Sodium temperatures a t  disassembly t ime 

a r e  s l i g h t l y  h i g h e r  f o r  t h e  -0.004 Doppler.  The a d d i t i o n a l  t ime t o  

disassembly a l l ows  more hea t  t o  be t r a n s f e r r e d  t o  t he  sodium. 

A t  t h e  t ime o f  me1 t i n g  o f  h o t  spo t  f u e l ,  t he  t o t a l  energy i n p u t  t o  

t he  core f rom the  t r a n s i e n t  and t h e  average core  temperature were 

cons tan t  and independent o f  t he  Doppler  c o e f f i c i e n t .  

The Doppler w i l l  have l i t t l e  e f f e c t  upon scram parameters i f  the  

scram system i s  r e q u i r e d  t o  p reven t  sodium f rom me l t i ng .  A l a r g e  Doppler  

w i l l  de lay h i g h e r  sodi  um temperatures, and f o r  a bounded ramp, h o l d  t h e  

f u e l  and sod i  urn t o  s u b s t a n t i a l  l y  1 ower temperatures. 

A l a r g e  Doppler c o e f f i c i e n t  increases t he  t ime a v a i l a b l e  f o r  thermal 



expansion e f f e c t s  t o  p rov ide  o t h e r  sources o f  nega t i ve  ( o r  p o s i t i v e )  

feedbacks. Up t o  1.75$ Doppler feedback i s  a v a i l a b l e  f o r  a t r a n s i e n t  

o c c u r r i n g  a t  170 OF t o  t h e  h o t  spo t  f u e l  me1 t i n g .  

5.2 SODIUM FEEDBACK 

The e f f e c t s  o f  sodi  um densi  ty change ( sod i  UK temperature c o e f f i  - - 
c i e n t )  have been i n v e s t i g a t e d .  (F igures  7 and 8) .  Three cases were r u n  

w i t h  MELT-I1 where the  sodium c o e f f i c i e n t  was v a r i e d  f rom 0.0 t o  

-2.2 x nk l °F .  I n  these runs, t he  sodium c o e f f i c i e n t  was assumed t o  

be a core average va lue  w i t h  no spac ia l  dependency. The Doppler was s e t  

a t  -0.004 t o  a l l o w  t h e  nlaximum amount o f  heat  t o  t r a n s f e r  t o  t he  sodium. 

From the  r e s u l t s  o f  these runs i t appears t h a t  a 1 arge negat i ve  sod i  um 

c o e f f i c i e n t  cou ld  s i g n i f i c a n t l y  reduce the  power a t  t he  disassembly.  

Time t o  h o t  spo t  f u e l  me1 t i n g  cou ld  be increased 10%. However, sodium 

feedback would have l i t t l e  e f f e c t  on scram parameters i f  sodium me1 t i n g  

i s  t o  be prevented.  

Sodium feedback a t  the t ime o f  h o t  spo t  f u e l  m e l t i n g  f o r  t h e  

-2 .2  x 1 0 ' ~  dk/'F was over  -0.759. 

F u r t h e r  i n v e s t i g a t i o n s  were then  c a r r i e d  o u t  t o  a s c e r t a i n  s p a c i a l  

e f fec ts .  FORE-I1 a l l ows  the  sodium feedback t o  be weighted a x i a l l y .  

2 Using t h e  sodium v o i d  wor th  curves from BNWL-760, a x i a l  we igh t i ng  f a c t o r s  

were ob ta ined .  For  the  e q u i v a l e n t  base case; s i g n i f i c a n t l y  l e s s  sodium 

feedback was ob ta ined  f rom FORE-I I. Less than -0.10$ o f  sodi  um feed- 

back was a v a i l a b l e .  

MELT-I1 was mod i f i ed  t o  c a l c u l a t e  sodium feedback by use o f  a 



complete ly  s p a c i a l l y  dependent we igh t i ng  c o e f f i c i e n t .  Resu l ts  f rom 

MELT-I1 i n d i c a t e d  t h a t  sodium feedback cou ld  be p o s i t i v e ,  as i t  gave 

a  feedback o f  +.05$. 

The use o f  an average sodium feedback c o e f f i c i e n t  appears t o  be 

a  poor approx imat ion.  The p o r t i o n  o f  the  core hav ing  a  p o s i t i v e  sodium 

feedback i s  t he  r e g i o n  o f  t he  core t h a t  exper iences the  l a r g e r  tempera- 

t u r e  inc rease .  Th is  l a r g e r  temperature inc rease  enhances t he  p o s i t i v e  

p o r t i o n ' s  importance i n  r e l a t i o n s h i p  t o  t h e  negat i ve  wor th  p o r t i o n .  

F u r t h e r  s tud ies  a re  recommended t o  determine sodium d e n s i t y  change 

r e a c t i v i t y  e f f e c t s .  U n t i l  b e t t e r  i n f o r m a t i o n  i s  a v a i l a b l e  no at tempt  

t o  take c r e d i t  f o r  t he  sodium d e n s i t y  feedback c o e f f i c i e n t  should be 

made. 

An area i n  which 1  i t t l e  i n f o r m a t i o n  i s  a v a i l  ab le ,  b u t  p o t e n t i a l l y  

may be very  impor tan t ,  i s  feedback due t o  core a x i a l  and r a d i a l  expan- 

s i on .  Ca l cu la t i ons  have i n d i c a t e d  t h a t  a  feedback o f  -0.19$ w i l l  be 

a v a i l a b l e  f o r  a  0.1% expansion i n  c ross-sec t iona l  area and 1.23$ f o r  

0.84% expansion. A  100 OF temperature inc rease  i n  the  sodium g ives  a  

sodium volume expansion o f  Q 1.5%. Assuming t h e  a x i a l  and r a d i a l  

expansion due t o  sodium expansion i s  t he  same (ah = n r ) ,  t h i s  co r res -  

ponds t o  0.6% inc rease  i n  c ross -sec t i ona l  area ( a r  = 0.080 i n . )  o r  

Q -18 feedback. 

Clad a x i a l  expansion due t o  i t s  thermal expansion c o e f f i c i e n t  i s  

0.040 i n .  per  100 OF temperature r i s e .  Sodium a x i a l  expansion cou ld  

be up t o  a  f a c t o r  of f i v e  l a r g e r  depending upon t he  amount o f  r a d i a l  



expansion. P rov i s i ons  cou ld  be i nco rpo ra ted  i n t o  t he  f u e l  subassembly 

des ign which would r e q u i r e  f u e l  movement ou t  o f  t h e  core  upon a x i a l  

sodium movement. 

It i s  p o s s i b l e  t h a t  up t o  3-4$ o f  nega t i ve  feedback w i l l  be a v a i l -  

ab le  d u r i n g  a  t r a n s i e n t .  Th is  w i l l  g r e a t l y  negate the  e f f e c t s  o f  any 

conceivable acc iden t .  
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FIGURE 7. Transient Power as Function o f  Sodium Density Change Feedback 
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FIGURE 8.  Hot Spot Transient  Temperature as Function 
of  Sodiwn Density Change Feedback 



6.0 REACTIVITY TRANSIENTS WITHOUT SCRAM 

A s e r i e s  o f  power t r a n s i e n t s  were i n v e s t i g a t e d  where t h e  r e a c t i v i t y  

i n s e r t i o n  r a t e  was v a r i e d  f rom 2$/sec t o  20$/sec. (F igures  9 and 10) .  Th i s  

a n a l y s i  s was done w i  t h  MELT-I I. . . 
Opera t ing  Power 10 W 

Opera t ing  Temperature 170 OF 

Doppler C o e f f i c i e n t  (TdK/dT) -0.004 

Na Temp. C o e f f i c i e n t  (Average) -2.2 x dk/OF 

Constant gap C o e f f i c i e n t  1000 B T U / ~ ~ - f  t 2 - ' ~  

Several  observat ions and conc l  us ions were ob ta ined  f rom t h i s  a n a l y s i s .  

. Up t o  2.75$ o f  Doppler t u r n  around i s  a v a i l a b l e .  

. For  t he  range o f  ramps i n v e s t i g a t e d  sodium w i l l  me1 t. 

For  ramp r a t e s  < 4$/sec, sodi  um may b o i l  be fo re  f u e l  me1 t s .  

. Subs tan t i a l  t ime i s  a v a i l a b l e  f o r  a scram system t o  p reven t  f u e l  

me1 ti ng. 

. A f a s t  scram may p reven t  sodium f rom m e l t i n g  f o r  ramps 5 6$/sec. 

. Independent o f  ramp r a t e  when 3.7$ o f  r e a c t i v i t y  has been i n s e r t e d  

i n t o  the  core, h o t  s p o t  f u e l  w i l l  beg in  t o  me l t .  

. Time t o  h o t  f u e l  me1 t i n g  i s  r e l a t e d  t o  r e a c t i v i t y  ramp r a t e  by 

a hyperbol  i c  re1  a t i o n s h i p .  

. Sodium feedback cou ld  be s i g n i f i c a n t  f o r  s lower  ramp r a t e s .  

Except f o r  power excurs ions from very  l a r g e  ramp r a t e s ,  ( >  50$/sec) 

sodium w i l l  be mol ten when t he  disassembly s tage i s  reached. For  a gap 



c o e f f i c i e n t  l e s s  than  1000 ~ ~ ~ / h r - f t * - ' ~  i t  i s  poss ib l e  t h a t  t h e  d i v i d i n g  

range cou ld  be s l i g h t l y  lower,  p o s s i b l e  > 40$/sec. For  a l l  r a t e s  o f  

r e a c t i v i t y  i n s e r t i o n s  f o r  which mechanisnl have been i d e n t i f i e d  i n  t he  

NPTR, sod l  l;m would be mol t en .  

For  smal l  ramps < 4$/sec, sod i  um may reach v a p o r i z a t i o n  temperatures . - 
be fo re  s i g n i f i c a n t  f u e l  me1 t i n g  has occurred.  For  ramps expressed i n  terms 

of t / sec ,  sod i  um w i  11 b o i  1  be fo re  f u e l  me1 ti ng temperatures a r e  reached. 

Th is  leads t o  t he  poss i  b i l  i ty o f  Na becoming t h e  work ing  mechanism i n  t he  

NPTR and p o t e n t i a l  e x i s t s  f o r  a  sodium f i r e  f o r  l i m i t e d  acc iden ts  where the  

excu rs i on  i s  t u rned  around be fo re  f u e l  m e l t i n g .  

I t  appears t h a t  s u f f i c i e n t  t ime i s  a v a i l a b l e  be fo re  f u e l  m e l t i n g  

c o n d i t i o n s  a r e  reached f o r  a  scram system t o  te rmina te  t h e  excurs ion  f o r  

q u i t e  l a r g e  ramps. To p rec lude  core  damage, a  scram system t h a t  i s  f a s t  

enough t o  p reven t  sodium me1 t i n g  i s  d e s i r a b l e .  Such a  system appears t o  

be f e a s i b l e .  

I f  the  sodium me1 t s  i t  may n o t  be p o s s i b l e  t o  guarantee t h e  i n t e g r i t y  

o f  t he  cans. S p i l l e d  sodium g r e a t l y  increases the  sodium f i r e  p r o b a b i l i t y .  

Independent o f  t h e  ramp r a t e ,  when 3 . 7 $  o f  r e a c t i v i t y  have been 

i n s e r t e d  i n t o  t he  core,  t he  h o t  spo t  f u e l  w i l l  have reached m e l t i n g  tempera- 

t u r e .  There i s  a  h y p e r b o l i c  r e l a t i o n s h i p  between h o t  spo t  f u e l  m e l t i n g  

t ime and ramp r a t e .  

The t ime f rom t r a n s i e n t  i n i t i a t i o n  t o  beg inn ing  o f  h o t  spo t  f u e l  

m e l t i n g  may be expressed e m p i r i c a l l y  as 



where: 

t = t ime, sec. 

y = r e a c t i v i t y  ramp r a t e  $/sec. 

a = cons tan t  which i s  a f u n c t i o n  o f  system phys ics,  geometry, 

thermodynamic p r o p e r t i e s  and feedback c o e f f i c i e n t s .  

a = 3 . 7 $  f o r  t h e  t e s t  cases. 

For  a g i ven  r e a c t i v i t y  ramp r a t e ,  t he  t o t a l  feedback as a f u n c t i o n  o f  

t ime i s  independent o f  t he  feedback c o e f f i c i e n t s .  That  i s ,  f o r  sma l l e r  feed- 

back c o e f f i c i e n t s ,  the  power increases more y i e l d i n g  h i g h e r  temperatures, 

which g ives  an e q u i v a l e n t  feedback. Therefore,  i t  appears t h a t  t he re  i s  

a f u n c t i o n :  

a ' f (feedback c o e f f i c i e n t s )  t = -  
Y 

where: 

a '  = a cons tan t  independent o f  feedback e f f e c t .  

f = a feedback term. 

Ana l ys i s  o f  runs where t h e  Doppler c o e f f i c i e n t  were v a r i e d  i n d i c a t e  t h a t  

When the  spac ia l  dependence o f  t he  sodium temperature c o e f f i c i e n t  i s  

taken i n t o  account, y decreases t o  3.31$. 

Therefore,  the  es t imated  t ime t o  h o t  s p o t  f u e l  m e l t i n g  f o r  a g iven  ramp 

r a t e  and Doppler c o e f f i c i e n t  i s  



T i m e ,  Msec 

FIGURE 9. Transient Power as Function 
of Reactivity Insertion Rate 



MELT-I1 Runs 

Time, msec 

FIGURE 10. Transient Temperatures as Function of  React iv i ty  Inser t ion Rate 





7.0 POWER TRANSIENTS WITH SCRAM 

To determine what c a p a b i l i t i e s  a scram system would r e q u i r e  t o  p reven t  

co re  damage, a s e r i e s  o f  t r a n s i e n t s  w i t h  scrams were r u n  w i t h  NUTIGER-11. 

(F igures  11 and 12) .  . < 

Response t imes and r o d  a c c e l e r a t i o n  were va r i ed .  

Tes t  Case Parameters 

1. Nominal power = 10 W 

2. Operat ing power = 170 OF 

d k 3. Doppler  C o e f f i c i e n t  = -0.004 T 

4. 6$/sec, 4$ bounded ramp 

5. 6.67$ scram wor th  

6. Na feedback = 2.2 x bk/OF 

7. Response t ime = 50 t o  200 n l i l  sec 

8. Rod acce le ra t i ons  = 1 and 2 G 

Response Rod Accel-  Ho t  Spot HS Na. 
T i  me e r a t i o n ,  G Fuel  Temp. , O G  Temp. ,OF 

5 0 1 625 375 

100 1 1000 11600 

200 1 2000 111200 

50 2 170 170 

100 2 580 350 

A second a n a l y s i s  was performed u s i n g  FORE-I1 and MELT-11. The r e q u i r e -  

ment was p laced  on t h e  scram system t h a t  t h e  sodium was t o  be k e p t  f rom 

m e l t i n g  f o r  an i ns t rumen t  scram a t  power. 



Core Model 

1 . Operat ing power = 10 W 

2 .  Operat ing temperature = 170 O F  

3 .  keff = 1.00 @ t i m e  zero 

The t r a n s i e n t  was a 6$/sec ramp bounded a t  4$ t o t a l  i n s e r t i o n .  This  . - 
t r a n s i e n t  i s  more severe than any t h a t  has been i d e n t i f i e d .  The f o l l o w i n g  

* 

scram parameters adequately terminated the t r a n s i e n t  w i thou t  sodium me l t i ng .  

Scram Parameters 

1 . Rods 10 cm above core 

2. 125% overpower f a c t o r  

3 .  100 msec scram system response t ime 

4. Scrammable worth 10$ 

5. Rod acce lera t ion ,  36 constant  f o r  314 s t roke  

I f  t h e  rods were even w i t h  the top  o f  the  core ins tead o f  10 cm above 

the core, the f o l l o w i n g  cou ld  be gained. 

1. 150% overpower f a c t o r ,  o r  

2 .  130 msec response time, o r  

3 .  Scram worth o f  on ly  6.67$, o r  

4. Rod acce le ra t i on  o f  26 

With t h i s  scram system, f u e l  me1 t i n g  could be prevented f o r  power 

excursions i n i t i a t e d  by ramp r a t e s  i n  excess o f  6$/sec. The p r a c t i c a l  upper 

bound appears t o  be 15$/sec. 

A power excurs ion cou ld  occur du r ing  a power change. I f  the  scram 

comes from a l i n e a r  power inst rument  and i t  i s  assumed t h a t  the  power must 

change by a f a c t o r  o f  f o u r  be fore  a scram t r i p  occurs, the  delay would be 



approx imate ly  120 msec f o r  a 6$/sec ramp. I n  a d d i t i o n ,  t he re  a re  p e r i o d  scram 

backups which w i l l  a l s o  scram the  r e a c t o r ,  b u t  t ime delays may be i n  excess 

o f  120 msec. I f  the  r e a c t o r  was scrammed under these cond i t i ons  h o t  spo t  

f u e l  cou ld  reach temperatures i n  excess o f  1650 O F .  However, t he  b u l k  

. . teniperature o f  t he  core  would n o t  exceed t h e  sodium me1 t i n g  temperature.  A 

sodium f i r e  would be a d i s t i n c t  p o s s i b i l  i ty under these cond i t i ons .  

FIGURE 2 1 .  Transient Power as Function of 
Scram System Parameters 
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FIGURE 12 .  Transient Temperatures as Function 
of Scram System Parameters 



8.0 SODIUM THERMAL EXPANSION 

Sodium w i l l  p l a y  a very  impor tan t  p a r t  i n  any disassembly model f o r  

t he  NPTR. Except f o r  ve ry  f a s t  p r imary  ramps, ( i n  a l l  p r o b a b i l i t y  a t  l e a s t  

g r e a t e r  than 20$/sec) t he re  i s  s u f f i c i e n t  t ime f o r  hea t  t o  t r a n s f e r  t o  t h e  

sod i  um. 

3 A. P a d i l l a  has performed an a n a l y s i s  o f  sodium thermal expansion e f f e c t  

H i s  r e s u l t s  may be sunimarized as f o l l  ows: 

. A t  an average sodium temperature o f  % 250 O F  a l l  a v a i l a b l e  i n - c o r e  

v o i d  space w i l l  be f i l l e d  f rom expansion e f f e c t s .  

. Pressures i n  t he  r e s t r a i n e d  sodium w i l l  r i s e  r a p i d l y .  A t  400 O F  

r e s t r a i n e d  sodi  um woul d e x e r t  a pressure o f  18,000 p s i .  

. Core d i s t o r t i o n  must r e s u l t  t o  r e l i e v e  these pressures.  

I t  i s  p o s s i b l e  t h a t  t he  core cou ld  be designed t o  u t i l i z e  sodium thermal 

expansion t o  f o r c e  t he  phys i ca l  removal o f  f u e l  f rom the  core. Concepts a re  

a v a i l a b l e  t h a t  niay s u c c e s s f u l l y  u t i l i z e  sodium expansion, b u t  none have been 

eva lua ted  as y e t .  The assembly cou ld  a l s o  be designed t o  a l l o w  more expan- 

s i o n  volume. 





9.0 DESIGN BASIS ACCIDENT 

The analysis of the preliminary f a u l t  trees and the parametric analysis 

led to  formulation of a sequence of events that  could occur during an 

accident and t o  the determination of areas needing further study. A second - - 
ser ies  of f a d  t trees were generated as a resu l t  of th i s  study. 

Failure paths do ex i s t  which show the potential for  small ramp rates to 

lead to  violent core disassembly accidents. These paths can be broken in 

several places depending upon what happens to the sodium. I t  appears that 

a hypothetical fuel vapor expl~s ion  could be ruled physically incredible i f  

sodium forces are suff ic ient  t o  disassemble the core to a shutdown mode. 

However, pressure i n  the reactor cell  that  could resul t  from a sodi um f i r e  

may be substantial and may become the basis for  containment requirements. 

A family of f au l t  trees shown in Figure 13 has been prepared to  inves- 

t iga te  the sequence of events which could lead t~ core disassembly. The 

potential threats t o  the integri ty  ~f the NPTR core range in order of 

increasing severity from (a )  sudden expulsion of liquid sodium from driver 

subassemblies by thermal expansion of melted sodium; (b) sudden expulsion 

release of sodium vapor i f  the subassemblies are not ruptured by ( a ) ;  

( c )  core disassembly molten fuel mixing with sodium i f  disassembly doesn't 
5 

occur i n  ( b ) ;  and (d) violent core disassembly fuel vaporization in the 

conventional Bethe-Tait accident. 

The basic events necessary to  get to the top event in fau l t  trees ( a )  

and ( b )  include a slow reactivity ramp with fa i lure  of protective action 

(reactor scram), or a transient ramp greater than 6$/sec with scram. The 



l a t t e r  ramp when te rmina ted  by scram would d e p o s i t  enough energy i n  t h e  f u e l  

t o  me1 t sod i  um b u t  n o t  f u e l  i t s e l f .  Fa i  1  u re  t o  scram w i t h  a  r e a c t i v i t y  

i n s e r t i o n  l i m i t e d  t o  about 2$ would l e a d  t o  sodium m e l t i n g .  No f u e l  m e l t i n g  

would occur  un less s i g n i f i c a n t  p o s i t i v e  feedback occurs as i n  f a u l t  t r e e  ( c )  

and then t he  t o t a l  i n s e r t i o n  would e f f e c t i v e l y  exceed 2$. A bound i s  con- 
- - 

s i de red  s i n c e  2.75$ i s  a v a i l a b l e  as nega t i ve  feedback f rom the  Doppler  

e f f e c t  b e f o r e  f u e l  m e l t i n g .  A l though l o s s  o f  coo lan t  i s  shown i n  f a u l t  t r e e  . 
( a ) ,  t he  t h r e a t  i s  n o t  s i g n i f i c a n t  s i nce  ample t ime i s  a v a i l a b l e  t o  un load 

t he  core  p r i o r  t o  sodium m e l t i n g .  

I f  sodium v a p o r i z a t i o n  does n o t  e f f e c t i v e l y  t e rm ina te  t he  excurs ions,  

an unbounded r e a c t i v i t y  i n s e r t i o n  o f  < 2$/sec, and a  f a s t  i n s e r t i o n  bounded 

a t  2$, bo th  w i t h o u t  scram, cou ld  l e a d  t o  t he  t o p  event  i n  ( c )  o r  ( d )  depend- 

i n g  upon t h e  magnitude o f  ramp re in fo rcement  by the p o s i t i v e  sodium v o i d i n g  

e f f e c t  and/or f u e l  compaction feedback. The u n c e r t a i n t i e s  i n  t h i s  e f f e c t  

must be reso l ved  t o  determine i f  t h e  excu rs i on  cou ld  i n i t i a t e  f u e l  vapor iza-  

t i o n .  The t op  event  i n  ( c )  cou ld  a l s o  be reached by a  f a s t  ramp o f  2-20$/sec, 

w i t h  no scram and a  t o t a l  i n s e r t i o n  i n  excess o f  3$. The t o p  even t  i n  f a u l t  

t r e e  ( d )  cou ld  a l s o  be reached by a  very  f a s t  ramp > 20$/sec w i t h  3$ t o t a l  

i n s e r t i o n .  Th i s  i s  t he  f u e l  drop acc iden t  which cou ld  presumably be avoided 

by  design. 

I t  shou ld  be no ted  t h a t  no c l e a r  mechanism has been i d e n t i f i e d  f o r  t he  

ramps cons idered here. The most r e a l  i s t i c  i s  the  slow r e a c t i v i t y  i n s e r t i o n  

w i t h o u t  scram which would i n v o l v e  gross c o n t r o l  r o d  wi thdrawal  e r r o r s  and 

p r o t e c t i o n  systems f a i l u r e s .  

A  sequence of  events has been o u t l i n e d  i n d i c a t i n g  p o s s i b l e  modes o r  

c o n d i t i o n s  t h a t  may e x i s t  d u r i n g  a  DBA acc iden t .  The i n i t i a t i n g  mechanisms 

a r e  n o t  n e c e s s a r i l y  cons idered t o  be c r e d i b l e .  



FIGURE 13. Core Disassembly Family of Fault Trees 
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APPENDIX A 

CODE CHOICE 

With t h e  u l t i m a t e  goal  o f  de te rm ina t i on  o f  minimum scram system r e q u i r e -  

ments and de te rm ina t i on  o f  t he  NPTR DBA, a  paramet r i c  a n a l y s i s  was i n i t i a t e d  

f o r  NPTR v a r i a b l e s  . 
Three nuc lea r  k i  n e t i  cs-heat t r a n s f e r  codes were avai  1  a b l e  f o r  t h i s  

4  ana l ys i s :  NUTIGER, FORE-11 ,' and MELT-11~. Each code has s l i g h t l y  

d i f f e r e n t  c a p a b i l i t i e s ,  advantages and disadvantages. 

7 NUTIGER i s  a  hea t  t r a n s f e r  code (TIGER V )  t o  which a  nuc lea r  k i n e t i c s  

code has been added. I t s  b i g g e s t  advantage i s  t h a t  i s  has been i n  p roduc t i on  

s t a t u s  a t  BNW f o r  over  two years  and r e s u l t s  a re  considered r e l i a b l e .  One 

o f  NUTIGER's i n i t i a l  drawbacks was t h a t  i t  was l i m i t e d  t o  problems o f  400 

nodal capac i t y  o r  l e s s .  

FORE-I1 was r e c e n t l y  ob ta ined  f rom GEAPO. Several  cases had been r u n  

p r i o r  t o  t he  s t a r t  o f  t h i s  ana l ys i s  and t h e  r e s u l t s  appeared t o  be acceptable.  

However, no comprehensive s tudy  o f  t he  code had been made. FORE-I1 was 

w r i t t e n  s o l e l y  f o r  t he  f u n c t i o n  o f  nuc lea r  k i n e t i c s - h e a t  t r a n s f e r  a n a l y s i s  

and con ta ins  many d e s i r a b l e  op t i ons .  I t s  l a r g e s t  disadvantage appeared t o  

be i t s  exac t  p roduc t i on  s ta tus .  

MELT-I1 i s  a  BNW code capable o f  c a r r y i n g  a  t r a n s i e n t  s tudy  i n t o  the  

f u e l  s lumping s tage.  A t  t he  beg inn ing  o f  t h e  s tud ies  repo r ted  here  i t  was 

s t i l l  i n  t he  debugging stage. 

It was decided t o  s e t  up a  base case and program i t  f o r  each o f  t he  

t h ree  codes. The r e s u l t s  would be compared and t h e  ana l ys i s  cont inued w i t h  

t he  code most a p p l i c a b l e  t o  the  problem. 



I n  t he  l i g h t  o f  t h i s  approach, work was begun on the  t h ree  codes. 

NUTIGER's nodal capaci  ty was doubled and t he  capabi 1  i t y  t o  do mu1 ti p l e  p i n  

runs s imu l taneous ly  was added. P rov i s i ons  such as a l l o w i n g  more than one 

m a t e r i a l  t o  me1 t and inc rease  i n  t ime l i b r a r i e s  were added. A method a l l o w -  

i n g  s t e p  changes i n  the  t ime s tep  was added. 

Considerable d i f f i c u l t y  was encountered i n  us ing  FORE-I1 . Ex tens ive  

debugging and m o d i f i c a t i o n  was necessary. A s e r i e s  o f  r e v i s i o n s  were 

ob ta ined  f rom GE and i nco rpo ra ted  i n t o  t h e  code. The code i s  now ope ra t i ona l ;  

however, some o f  i t s  op t i ons  a re  n o t  f u n c t i o n a l  on t he  CSC UNIVAC 1108 system 

o r  have n o t  been checked o u t .  

Du r i ng  the  a n a l y s i s  MELT-I1 reached a  stage where i t  cou ld  be i nco rpo ra ted  

i n t o  t h e  s tudy .  To inc rease  i t s  usefu lness,  i t  was mod i f i ed  t o  i n c l u d e  

temperature v a r i a b l e  m a t e r i a l  p r o p e r t i e s .  Problems a re  s  ti 11 appear ing as 

var ious  c a p a b i l i t i e s  o f  t he  code a r e  checked ou t ,  b u t  t he  b a s i c  l o g i c  o f  t h e  

code i s  f u n c t i o n i n g  c o r r e c t l y .  

Advantages, disadvantages, l i m i t a t i o n s  a r e  l i s t e d  i n  Table A-1 f o r  t he  

t h r e e  codes. 

Due t o  t he  cumbersome na tu re  o f  NUTIGER-11, i t  i s  p robab ly  b e s t  used as 

a  hea t  t r a n s f e r  program and as a  base l i ne  comparison f o r  the  o t h e r  two codes. 

FORE-I1 and MELT-11, due t o  t h e i r  v a r i e d  c a p a b i l i t i e s ,  a re  bo th  necessary t o  

do a  complete s tudy .  



Probl  em Setup 

Problem F l e x i b i l i t y  
- 

Problem S ize  . 

M a t e r i a l  C a p a b i l i t i e s  

Output Formats 

Time Step ( T r a n s i e n t )  

Run Time ( R e l a t i v e )  

Scram I n p u t  

Time Step ( A f t e r  
Scram) 

Hot  Spot P i n  
Treatment 

Doppler Feedback 

Na Temperature 
Feedback 

Na Vo id ing  Feedback 

TABLE A-I . Code Properties 

NUTIGER FORE- I I 

Extens i  ve F i xed  Loca t i on  
Geometry Cards 

F l e x i b l e G e o m e t r y  F ixedGeomet ry  
Va r i ab le  Voids 

800 Node 7 A x i a l  Nodes 
L i m i t a t i o n  10 Rad ia l  Nodes 

3 Channels 

10 M a t e r i a l s  + To ta l  o f  F i v e  
2 Coolant 

Poor Good 

Cons tan  t Power Va r i ab le  

5 4 

Poor F a i r  

Cons t a n  t Good 

Feedback i s  Feedback i s  
Independent Independent 

Spaci a1 l y  Radi a1 l y  
Constant V a r i a b l e  

Spaci a1 l y  Ax i  a1 l y  
Cons t a n  t Va r i ab le  

None L i  mi t e d  

MELT- I I 

Name L i s t  

F i xed Geometry 

20 A x i a l  Nodes 
10 Radia l  Nodes 
10 Channels 

Fuel , Coolant  
Clad, Bond 

Excel l e n t  

Feedback V a r i a b l e  

Excel l e n t  

Good 

Feedback i s  
Dependent 

Spaci a1 l y  
V a r i a b l e  

Spaci a1 l y  
Va r i ab le  

Spacia l  l y  
Va r i ab le  





APPENDIX B 

BASE CASE COMPARISON 

To assess t he  r e l a t i v e  c a p a b i l i t i e s  o f  each code and t o  compare r e s u l t s ,  

a  base case was formulated.  The base case was f o r  the  con i ca l  co re  concept.  

Recent comparison s tud ies  have i n d i c a t e d  t h a t  no s i g n i f i c a n t  d i f fe rences  i n  

t r a n s i e n t  s t ud ies  e x i s t  when compared t o  a  v e r t i c a l  co re  geometry. 

Resu l ts  f rom t h e  comparison runs a re  shown i n  F igures B-1 and B-2. Even 

though minor  d i f fe rences  a r e  ev iden t ,  t h e  r e s u l t s  a re  q u i t e  s i m i l a r .  Powers 

a t  t ime o f  f u e l  m e l t i n g  vary  over  a range o f  30% and h o t  spo t  f u e l  m e l t i n g  

t imes vary  by  l e s s  than 7%. Consider ing t h a t  t h e  power has changed 9 o rders  

o f  magnitude and temperature increased 5000 O F ,  agreement w i t h i n  these bounds 

i s  q u i t e  s a t i s f a c t o r y .  

One n o t i c e a b l e  r e s u l t  i s  t h a t  FORE-I1 p r e d i c t s  lower  power and tempera- 

t u res .  M i  n o r  d i f f e r e n c e s  a r e  exp l  a i  nab1 e  f rom severa l  reasons. 

. D i f f e r e n t  e x t r a p o l a t i o n s  and approx imat ion techniques a re  used. 

. It was n o t  p o s s i b l e  t o  mockup t h e  base case e x a c t l y  t he  same f o r  

each code. 

. Each code uses a  d i f f e r e n t  method t o  p r e d i c t  o r  choose i t s  t ime  s tep .  

NUTIGER uses a  cons tan t  t ime s tep  ( o r  one which i s  capable o f  s t ep  

changes). FORE-I1 se ts  i t s  maximum t ime s tep  by a  power change c r i t e r i a .  

MELT-I1 uses a  compl icated feedback method. Runs w i t h  NUTIGER where d i f f e r e n t  

t ime s teps were used, i n d i c a t e d  t h a t  as t he  t ime s t e p  was increased, power 

and temperatures were overest imated by s i g n i f i c a n t  amounts. A t  t he  t ime o f  

these runs no s e n s i t i v i t y  s tudy had been made on t he  e f f e c t  o f  t ime s t e p  

on s t a b i l i t y .  
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FIGURE B-1. Comparison o f  Trans ient  Power From Three Computer Codes 
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