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GUIDE TO GENERAL ATOMIC STUDIES OF HYPOTHETICAL NUCLEAR 
DRIVEN ACCIDENTS FOR THE FORT ST. W I N  REACTOR 

Thomas Wei* Melvin Tobias 

Abstract 

The work of the  General Atomic Company (GAC) i n  preparing 
those port ions of t he  F ina l  Safety Analysis Report f o r  t he  F o r t -  
S t .  Wain Reactor (FSV) having t o  do with hypothet ical  nuclear 
driven accidents has been reviewed and a guide t o  t h i s  l i t e r a -  
t u r e  has been prepared. The sources f o r  t h i s  study a re  the 
F ina l  Safety Analysis Report i tself ' ,  the  Quarterly and Monthly 
Progress Reports, Topical Reports, and Technical Specif icat ions.  
The problems considered and the methods used a re  outlined. An 
appendix gives a systematic analysis  which was used as  a guide 
i n  organizing the  references.  

Keywords: accidents,  r e a c t i v i t y ,  reac tor  sa fe ty ,  sa fe ty ,  
HTGR . 

I. INTRODUCTION 

The staff of Oak Ridge National Laboratory i s  engaged i n  HTGR Safety 

Studies on behalf of t he  Directorate of Licensing and f o r  the Division of 

Reactor Research and Development of ERDA. The purpose of this review 

i s  t o  provide a guide t o  the problems considered and the  methods used by 

the General Atomic Company i n  connection with the F ina l  Safety Analysis 

repor t  f o r  the  Fort  S t .  Wain reactor .  This information i s  a l so  bas ic  t o  

an understanding of t he  approach taken by GAC i n  connection with the  nu- 

c l e a r  driven sa fe ty  problems of  l a rger  HTGR concepts. 

The subjects  of t h i s  document a re  then the  following: 

1) The sa fe ty  problems considered by GAC i n  the preparation 

of the  FSAR. 

A guide t o  the  sources used f o r  physical  data .  

A guide t o  the  calculat ionalmethods used. 
2)  

3 )  

This report  summarizes work done by M r .  Wei, a graduate student a t  * 
MIT, a s  a summer pa r t i c ipan t  a t  ORNL during 1973. 



2 

11. SURVEY OF REACTIVITY RFLATED SAFETY ANALYSIS STUDIES 
BY GAC FOR THE FORT ST. VRAIN REACTOR 

React ivi ty-related sa fe ty  questions a re  discussed i n  two ways i n  the  
FSAR. 

be of a r e a c t i v i t y  addi t ion which might occur. 

c ident  i s  t y p i c a l  of this l i n e  of thought. 

r e a c t i v i t y  e f f e c t s  of incidents  no t  necessar i ly  or ig ina t ing  i n  a nuclear 

event a r e  examined. The p r inc ipa l  example of this kind of discussion i s  

the  permanent loss-of -forced c i r cu la t ion  (LOFC) hypothet ical  accident.  

One of the ways i s  t o  attempt t o  decide what the consequences may 

The rod withdrawal ac-  

I n  the other  approach, the 

The r e a c t i v i t y  and k ine t i c s  s a fe ty  questions discussed i n  the  FSAR 

are  out l ined below and, whenever possible ,  background reference ma te r i a l  

i s  c i ted .  

A. Excessive Removal of Control Poison 

1. Rod-pa.ir withdrawal during normal operakion a.t various powers 

O f  the  seve ra l  r e a c t i v i t y  incidents  examined i n  the sa fe ty  ana lys i s  

repor t s ,  this i s  the  most important and has been discussed almost con- 

t inuously over the  pas t  six years i n  the  quar te r ly  r epor t s  f o r  t he  Fort  

St. Vrain reac tor .  

GA-7086.  Discusses t r ans i en t  analysis  f o r  maximum r a t e  of with- 

drawal of highest  worth cont ro l  rod pa i r .  Scram 
assumed a t  140% power with 200 Msec delay o r  by coolant overtemperature 

I n i t i a l  power 833 MW. 

scram a t  1525°F with l5-sec delay. 

as  functions of time. 

Power l e v e l  and temperatures displayed 

GA-7314. Transient analysis  r e s u l t s  reported f o r  equilibrium cycle 

where delayed neutron f r a c t i o n  i s  l e a s t  and temperature coe f f i c i en t  l e a s t  

negative. 

Transient can be terminated by a 12076 full-power rod withdrawal p roh ib i t  

o r  by 140% overpower scram. Maximum f u e l  temperatures and gas o u t l e t  

temperatures f o r  h o t t e s t  f u e l  elements and h o t t e s t  channels reported.  

Transient analysis  described under improved pro tec t ive  

Analysis ca r r i ed  out f o r  both high power and source power. 

GA-7453. 
conditions a t  source power, 25% f u l l  power, and f u l l  power. 

problem out l ined,  giving i n i t i a l  conditions of temperature power and flow. 
Ent i re  

. 



3 

GA-7634. Asymptotic f i n a l  gas o u t l e t  temperature estimates given 

f o r  rod withdrawal accident as  a function of flow r a t e ,  temperature coef- 

f i c i e n t ,  and rod worth. 

GA-8038. Discusses s e n s i t i v i t y  analysis  of uncertaint ies  i n  f l u i d  

flow and heat t r a n s f e r  model on t r ans i en t  power leve ls  and temperatures 

calculated f o r  a rod withdrawal accident.  

mal conduct ivi t ies  of t he  kernel,  buf fer  layers ,  high dens i ty  i so t rop ic  

layer  and f u e l  bed, the  core heat capacity, and the  temperature coef- 

f i c i e n t .  

The parameters were the  the r -  

GA-8420. Presents an ''extended and improved" analysis  of source 

power accident a t  10% coolant flow, which supersedes analysis  of GA-7453. 
~ ~ - 8 6 0 0 .  Sens i t i v i ty  of s t a r tup  rod withdrawal accident t o  prompt 

neutron l i fe t ime shown t o  be small (FSAR gives l i fe t ime of 2.6 x lom4 
sec; revised estimate given here i s  4.3 x 
"surprisingly" sens i t i ve  t o  graphi te  densi ty .  

Rod worth sa id  t o  be 

GA-9720. Results given f o r  revised analysis  of rod withdrawal ac- 

c ident .  Used BLOOST point  k ine t i c s  code as  wel l  as  two-dimensional d i f -  

fusion calculat ions.  

worths of 0.01, 0.016, and 0.025 Ak. 

gas o u t l e t  temperatures computed f o r  shutdowns i n i t i a t e d  a t  140% f u l l  

power, 60 sec a f t e r  accident s t a r t ,  and 1-03 sec a f t e r  s t a r t .  

Sens i t i v i ty  t o  control-rod worths obtained by using 

Fuel temperature r i s e s  and average 

GA-9875. Discusses s e n s i t i v i t y  of r e s u l t s  i n  rod withdrawal accident 

calculat ions t o  rod worth, temperature coef f ic ien t ,  and r e a c t i v i t y  i n -  

s e r t i on  r a t e .  

GA-10313.  Consequences of moving wrong s e t  of cont ro l  rods when ad- 

jus t ing  r e a c t i v i t y  described. 

GA-10560. Source power rod withdrawal accident reviewed under more 

r e a l i s t i c  ( l e s s  conservative) assumptions. Average f u e l  temperature r i s e  

was 300°C and maximum r i s e  i n  ho t t e s t  channel was 1 . 6 0 0 ~ ~ .  

GA-10850. Calculated consequences given f o r  a rod withdrawal ac- 

cident under end-of-cycle core conditions f o r  4%, 25%, and 10% r a t ed  

power. Temperatures r e su l t i ng  from 14% power scram, 1075°F reheat  steam 

temperature scram, and no scram, displayed f o r  the average channel. 
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GA-Al2477.  Discusses calculat ions of t r ans i en t  behavior f o r  rod 

withdrawal accident during zero-power s t a r tup  experiment i n  air .  

conditions a r e  a power of 0.08 W, temperature 10O0F, and flow a t  0.1%. 
scram occurs 50 sec a f t e r  the  s tar t  of t he  accident.  

r e s t r i c t i o n s  of the  ca lcu la t ion  t h a t  l i t t l e  oxidation w i l l  take place.  

I n i t i a l  

A 

Concludes under the  

2. Rod-break accident 

The FSAR, Sect. 14.2, dismisses the  importance of t h i s  accident on 

the grounds t h a t  average core temperatures would r i s e  l e s s  than 150°C even 

without a scram. Essent ia l ly  the  same discussion i s  found i n  GA-8038. 

3. Thir ty  - s e ve n -1" od -pair  withdrawal ac c ident  

Withdrawal of more than one-rod p a i r  acc identa l ly  i s  regarded as  i n -  

credible ,  f o r  t he  reason, as  s t a t e d  i n  FSAR 14.2, t h a t  t h e  con t ro l  system 

permits withdrawal of only one-rod p a i r  a t  a time. 

l eve l ,  average f u e l  temperature r i s e ,  and average gas o u t l e t  temperature 

r i s e  from source and lo@ power were calculated.  

However, t he  power 

GA-8270. Gives temperatures and power r e su l t i ng  from a l i n e a r  r e -  

a c t i v i t y  in se r t ion  of 0.00286 &/sec wi th  a scram a t  14@ (1161 MW) of 

ra ted  power f o r  l e a s t  negative, equilibrium cycle, temperature coe f f i c i en t s .  

4. Rod-pair e j ec t ion  a.ccident 

GA-7453. Discussion which concludes there  i s  no event sequence t h a t  

can produce t h i s  accident.  

GA-8420. Discussion of rod-e j ec t ion  accident giving descr ip t ion  and 

r e s u l t s  f o r  f u e l  temperature r i s e  and other  consequences. Concludes t h a t  

some f u e l  p a r t i c l e  f a i l u r e s  would occur. 

B. Loss of Fission-Product Poisons 

The FSAR (14.2.1.2) s t a t e s  t h a t  it i s  not possible  t o  r e l ease  noble 

gas poisons a t  i n t e r v a l s  which a re  short  r e l a t i v e  t o  con t ro l  shutdown 

times. This  type of r e a c t i v i t y  in se r t ion  "cannot lead t o  accident con- 

d i t i o n s  as  severe as  those associated with excessive removal of cont ro l  

poison. 'I 
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GA-8270, p. 80. Discusses the  r e a c t i v i t y  involved as  p a r t  of t he  

core heat-up accident (permanent loss  of cooling acc ident ) .  

Section 14.10.3.3, Appendix D.1.2.3.2,' and Appendix D.1.3.3.2 i n  FSAR. 

See a l so  

C.  Rearra&ement of Core ComDonents 

The hazards described are  adjudged much l e s s  severe than the  rod 

withdrawal accident (FSAR 14.2.1.3) and no credible  way was conceived i n  
which a core could be accidental ly  rearranged t o  cons t i tu te  a l imit ing 

r e a c t i v i t y  hazard. The geometry changes invest igated were a large ac- 

cumulation of graphi te  i n  the core coolant channels, compression of the 

core volume (due t o  earthquake f o r  ins tance) ,  and addi t ion of a f u e l  

element i n  refuel ing.  (No references f o r  these matters besides the  FSAR 

a re  known t o  us . )  

D. Introduction of Steam i n t o  the  Core 

FSAR (14.2.1.4) s t a t e s  t h a t  the r a t e  of r e a c t i v i t y  in se r t ion  i s  so 

low t h a t  t h i s  accident has not been e x p l i c i t l y  studied. The net  coef- 

f i c i e n t  of r e a c t i v i t y  addi t ion i s  given as  2 . 1  x &/lb water. 

~ ~ - 8 6 0 0 ,  p. 67 (March 31, 1968). Gives much the  same discussion 

but  somewhat d i f f e r e n t  numbers a re  c i ted .  An e a r l i e r  ca lcu la t ion  i s  

mentioned b u t  not referenced. 

E. Sudden Decrease i n  Reactor TemDera.ture 

FSAR (14.2.1.5) s t a t e s  t h a t  t h i s  accident i s  l e s s  severe than the 

rod withdrawal accident and was not studied i n  d e t a i l .  It i s  remarked 

t h a t  s ign i f i can t  core temperature changes can only occur i n  a s u b c r i t i -  

c a l  system with high coolant flow. The large heat capacity of t h e  

reac tor  makes quick changes i n  temperature impossible; t h e i r  calculat ions 

show t h a t  i f  the  e n t i r e  normal power output were deposited i n  the core 

i t s  temperature would r i s e  l e s s  than 5 "F/sec. 

i s  t o  be found i n  ~ ~ - 8 0 3 8  and GA-8420. 

addi t ion  i s  estimated i n  the  FSAR as  6 x 

Some addi t iona l  discussion 

The maximum r a t e  of r e a c t i v i t y  

&/see. 
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F. Nuclear Consequences of the Loss -of -Forced- 
Circulat ion Accident (LOFC) 

The LOFC receives  extensive a t t en t ion  i n  the  FSAR both i n  the main 

body of the repor t  (14.10) and i n  t h e  lengthy Appendix D (161 pages, 100 

f igu res ,  32 t ab le s ) .  

t i o n s  14.10.3.3, D.1.2.3, and D.1.3.3. 
sions concerning fission-product re lease  and d i s t r i b u t i o n  which are out- 

s ide the  scope of the  present  review.) Section 14.10 concludes tha t  r e -  

a c t i v i t y  removal on scram would remove 0.180 & ( rods)  plus  0 .1  Ak 

( reserve shutdown ma te r i a l ) .  The decay or escape of xenon and other  f i s -  

sion-product poisons, t he  r ed i s t r ibu t ion  of thorium and uranium, control-  

rod compaction, and cooling of the  core add an estimated 0.23 t o  t he  r e -  

a c t i v i t y ?  Boron d i f fus ion  w a s  neglected as a conservative approximation, 

but  compaction and melting phenomena were taken i n t o  account. 

The r e a c t i v i t y  consequences a re  discussed i n  Sec- 

(There a re  add i t iona l  discus-  

GA-8270, - p.  80. An older  discussion of t he  same matter  bu t  much 

b r i e fe r .  

111. CRITICALITY SAFETY QUESTIONS OUTSIDE OF THE REACTOR 

The conclusion i n  a l l  of t h e  following i s  t h a t  adequate design has 

averted ser ious sa fe ty  questions. We have confined ourselves here there-  

fo re  t o  simply c i t i n g  the  references.  

A. Flooding of t he  Fuel Storage Wells 

GA-74537 P* 650 
GA-7939, P *  53. 
~ ~ - 8 2 7 0 ,  p.  82. 

B. Flooding of the Fuel Ha.ndling Machine 
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C.  Misce1la.neous Cr i t i ca . l i t y  Problems 

1. C r i t i c a l i t y  of f r e sh  f u e l  shipping container 

GA-9720, p. 29. 
GA-987% P. 25- 

2. Cr i t i ca . l i t y  of spent f u e l  shipping 'cask 

GA-9440, p. 40. 

3. Cr i t i ca . l i t y  of f r e s h  f u e l  element a.rra.y 

GA-10313, p.  33. ' 

See a l s o  GAMD-10493 concerning sa.fe stora.ge c r i t e r i a .  f o r  f u e l  under 

various conditions.  

I V .  SOURCES OF DATA NECESSARY FOR CRITICALITY 
AND KINETICS STUDIES 

The p r i n c i p a l  purpose of t h i s  sec t ion  i s  t o  indica.te  where ba.sic 

informa.tion f o r  physics ca.lcula.tions ma.y be found. Except where some 

unusua.1 o r  important f ea tu re  needs ca l l i ng  a t t e n t i o n  t o ,  only reference 

ci ta . t ions a r e  given here. 

A. Nuclides and Ma.teria.ls 

1. Fuel, coola.nt 

GA-7086, p. 14. 

2. Ref l ec to r .  modera.tor 

~~-8270, p. 61. 

3. Control rods 

GA-8420. 

4. Incolov shock absorbers 

GA-9261, p.  18. 

5 .  Reserve shutdown, poison rods 

GA -926 1. 
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6. Fiss ion products 

FSAR 3.5, p.  47. 
GA-A-10850, Table 2.2. 

7. Impurit ies 

G A - 1 0 0 1 0 ,  p. 20 a.nd Table 2.3. 
GA-7634, Table 2.9. 
GA-10202, p.  10. 

B. Dimensions and Geometrv 

1. Core - 
GA-9130, p. 30. 
~ ~ - 8 0 3 8 ,  p. 77. 
FSAR, Tables 3.1-1, 3.3-2, Figs. 3.1-2, 3.1-3, and p. 3.3-1. 

2. Fuel pa . r t ic les  

FSAR, p.  3.4-2 and Fig. A.1-8. '  

GA -10444 
GA-8725, Table 2.6. 
~ ~ - 8 6 0 0 ,  Table 2 . 1  - Reference Design No. 6. 
GA-7453 mentions the " f i l l e r  p a r t i c l e .  ' I  

3. Fuel elements 

EAR, p. 3.4-1, Figs. 3.4-1 and 3.4-4. 
GA-7634, p. 36. 
GA-7453, Table 2 .1  (Design No. 4 ) .  

4. Control element 

FSAR, Figs.  3.4-2 and 3.4-3. 
GA-10444, Fig.  2 . 1  (Control element i n  buf fer  zone). 

' 

3.  Reflector blocks 

FSAR, p. 3.4, Figs.  3.4-5, 3.4-6 and 3.4-7. 
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6. Control rods 

FSAR, Figs. 3.5-4 and 3.8-4; Tables 3.5-7 and 3.5-8; p. 3.5-7. 
~ ~ - 8 2 7 0 .  
G A - 8 0 3 8 ,  Table 2.9. 

7. Poison rods 

FUR, Fig. 3.5-3 and p. 3.5-13. 
GA-Al2559, p. 2. 

GA-Al-2447, Fig. 2.2 and Table 2.4. 

GA-Al0850, Table 2.1. 

GA-Al0754, Table 2.8. 

GA-9875, Fig. 2.3. 

8. Reserve shutdown 

FSAR, p.  3.5-13 
GA-7086, p. 10. 

C. Mater ia l  Content and Nuclide Concentrations 

1. Fuel 

GA-Al2477, p. 2. 

GA-A12200 

Fig. 2.1. 

Table 2.1. As-built i n i t i a l  compositions. 

Table 2.2. I n i t i a l  f u e l  load. 

Regions refueled and reloads 1 through 6. 

Table 2.3. 
Table 2.4.  

Reload loadings f o r  an 8-yr period. 

Axial zoning i n i t i a l l y  and f o r  reload number 1. 

F SAR 
Table 3.5-1. T o t a l  f u e l  load i n i t i a l l y  and equilibrium. 

Table 3.5-2. Fuel loading fo r  reference design, i n i t i a l  core.  

Table 3.5-3. 
Fig. 3.4-8. Side view of the  core and locat ion i d e n t i f i c a t i o n  

Refueling sequence f o r  a 6 - y ~  cycle.  

system. 
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GA -A10754 

Table 2.9. 

Fig. 2.6. 

Reference design 12, 6-yr cycle reload data .  

Core region refueled i n  reloads 1 through 6. 
GA - 105 60 

Table 2.1. Material  const i tuents  obtained from chemical 

analysis  of a composition number 2 f u e l  rod. 

Table 2.3. Adjusted f u e l  loading, i n i t i a l  core (reference 

design number 12). 

Fig. 2.2. I n i t i a l  core f u e l  loading d i s t r ibu t ion .  

GA-9261, p. 20. 

FSAR 

Isotopic  content of uranium. 

Fig.  3.5-1. I n i t i a l  core f u e l  loading d i s t r ibu t ion .  

Page 3.3-1. 
Page 3.5-4. 

93.15$ f u e l  enrichment used. 

Iden t i f i ca t ion  system top a x i a l  zones a r e  odd 

numbered and bottom zones a re  even numbered. 

GA-10444. Buffer zone adjacent t o  r e f l e c t o r .  Five rows of f u e l  

holes of composition number 13. 
Page 13. Modification of design, making a l l  s i x  control-rod 

columns next t o  core-ref lector  i n t e r f ace  contain only f u e l  

mixture number 13. 
Some information on changes i n  C and Si  content,  uranium 

i so top ic  content,  and matrix carbon densi ty .  

GA-10202. 

GA-10313, p. 15. Effective packing f r ac t ion  f o r  f i s s i l e  and 

Graphite dens i ty  of  f u e l  block. 

f e r t i l e  p a r t i c l e s  assumed t o  be 0.63; bonded matrix ma te r i a l  

has a dens i ty  of 0.7 g/cm3. 

2. Control rod 

GA-7939. Absorber bodies contain 30 w t  % boron as  B4C i n  a 

g raphi te  matrix. 

3 .  Reserve shutdown system boron loading 

GA-9720, p. 26. 

4 .  Fresh f u e l  element c r i t i c a l i t y  storage 

GA-10313,  p.  33. 
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Core 5. - 
FSAR, Table 3.3-1. Weights of core components. 

D. Nuclear Reaction Da.ta. 

GA-10313, p. 13. 
FSAR, Tables 3.5-14, 17, 16, 1-8, and p. 3.5-30. 

Dimensional Cha.nges of Materials Under Reactor E. 
Operating Conditions 

GA-8555. Data concerning neutron exposure e f f e c t  on pyro ly t ic  

carbon dimensions. 

GA-8888.  
GA-10011. 

Thermal and i r r a d i a t i o n  induced dimensional changes. 

Temperature h is tory  and i r r a d i a t i o n  e f f e c t s  on dimen- 

sions of graphi te .  

GA-6888.  
GAm-8738. 
GA-9919. 
FSAR, p. 3.4-8. 

Fast  neutrons and graphi te  dimensional changes. 

Ehpir ical  correlat ions of graphi te  propert ies .  

Dimensional changes i n  graphi te  due t o  i r r ad ia t ion .  

Graphite dimensional changes. 

Table 3.4-1. Core graphi te  propert ies .  

Fig. 3.4-10. Percent contraction versus time, a x i a l l y  and 

r ad ia l ly ,  f o r  graphi te .  

GAMD-8619. 
GA-Al2035 (CONF-720420-8). 

boronated graphi te .  

I r r ad ia t ion  dimension change i n  boronated graphi te .  

I r r ad ia t ion  dimension change i n  

F. Heat Transfer Data 

GAMD-7911. Film coef f ic ien t  of heat t r ans fe r .  Measurements 

during r i s e  t o  power f o r  Peach Bottom reac tor .  

Startup t e s t s  f o r  Peach Bottom reactor .  GA-8025. 
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V. CROSS-SECTION PREPARATION PROCEDURES FOR 
FEW-GROI.JP CALCULATIONS 

A. Fuel P a r t i c l e  

-- GA-7077. Calculation of resonance absorption i n  doubly hetero- 

geneous media incorporated i n t o  GAROL. 

GA-8879. Grain e f f e c t s  mentioned as not having been considered 

before.  

GA-9130. Thorium resonance cross-section s e n s i t i v i t y  study d i s -  

cussed. 

GAMD-10134. Grain shielding f ac to r s  evaluated. 

GA-10444. Discussion of thermal f l u x  shielding f o r  f u e l  p a r t i c l e .  

B. Fuel Rods and Reflector 

GA-Al0754, p. 34. Effect  of end caps on r e a c t i v i t y  shown i n  

Table 2.10. 

GA-7453. 
GA-10313. 

Methods f o r  calculat ing Dancoff f ac to r  compared. 

Dancoff f a c t o r  of  0.42 obtained by d i r e c t  numerical 

i n t eg ra t ion  of the moderator transmission p robab i l i t y  taking i n t o  ac- 

count i r r e g u l a r i t y  of fuel-rod a r r ay  including cont ro l  hole and hex- 

agonal block edges. The GAM-GAROL sec t ion  of GGC-5 ca lcu la tes  f a s t  

cross sec t ions  and GATHER port ion ca lcu la tes  thermal cross sect ions.  

Few-group cross  sect ions computed f o r  various values of f u e l  tempera- 

t u r e  and thorium dens i ty  i n  the  f a s t  range and f o r  various values of 

carbon-to-uranium r a t i o  and moderator temperature i n  t h e  thermal range. 

In te rpola t ion  can then be used t o  obtain intermediate poin ts .  The 

e f f e c t  of 233U and 238U resonance s t ruc tu re  upon the  thorium resource 

i n t e g r a l  e x p l i c i t l y  taken i n t o  a.ccount. 

GA-10202. Indicates  correct ion of Dancoff coef f ic ien t .  

GA-9130. Asserts t h a t  while the  e f f ec t ive  cross sec t ions  of most 

nuclides depends only on the  energy spectrum, 232Th i s  a major exception 

requir ing accounting f o r  se l f - sh ie ld ing  f o r  both f u e l  rod lumping and 

g ra in  s t ruc tu re .  Scat ter ing kernels  f o r  graphi te  were obtained w i t h  

GASKET and HEXSCAT. Reflector cross  sect ions obtained with 26-group 

GAZE calculat ions.  
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V I .  CALCULATIONS RELATED TO NEUTRONIC SAFETY ANALYSIS 

A. Temperature Coeff ic ients  of React ivi ty  

FSAR, Table 3.5-9, Figs. 3.5-13 and 3.5-14. 
GA-9875, p. 11 ff .  Coefficients given f o r  4-yr and 6-yr equilibrium 

cycles a t  the  time of reference design 9. 
GA-9440, p.  28. 

GA-7086. 

The same a t  the  time of reference design 7. 
Figures 2.5 and 2.6 show temperature coef f ic ien ts  versus 

temperature from below 500°K t o  near ly  3000°K f o r  an unstated reference 

design a t  the  beginning of cycle and f o r  the equilibrium cycle. 

GA-Al0754. Describes r e s u l t s  of one -dimensional radial TEMCO calcu- 

l a t i o n  t o  pred ic t  t o t a l  r e a c t i v i t y  change a t  various times during the  

i n i t i a l  core cycle. 

par ison with other codes BUGTRI, GAMBLE, -RZ, and SCANAL, t o  obtain 

. multidimensional r e s u l t s .  No control-rod inser t ion .  Reference design 

Adequacy of one-dimensional model checked by com- 

12. 

GA-Al2030. Results f o r  temperature coef f ic ien ts  from 8 0 0 ~  t o  1700°F 

f o r  a va r i e ty  of rod configurations from f u l l y  inser ted  t o  withdrawn 

using TEMCO (one-dimensional code). 

s i o n a l  FEVER code was used. 

For e f f e c t  of xenon, the  one-dimen- 

FSAR, p. 3.5-98 and Table 3.5-30. Compare experiments with calcu- 

l a t ions .  

GA-8025. Physics s t a r tup  t e s t s  f o r  Peach Bottom reactor; '  see a l so  

GAMD-7357 i n  which calculat ions a re  compared with experiments; GAMD-7358 
f o r  Peach Bottom measurement descr ipt ions;  GAMD-7359 where zero power 

noise analysis  and a scram t e s t  are  used f o r  measuring temperature coef- 

f i c i e n t  a t  Peach Bottom. 

GA.8270. The uncertainty i n  the temperature coe f f i c i en t  estimated 
t o  be about 7 x 10'6/oC over the e n t i r e  temperature range. 
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B. Rea.ctivity Worths of Various Materials 
(Pa, Sm, Xe, He, € L O )  

GA-Al0754. Describes methods and r e s u l t s  f o r  design number 12 and 

swmnarized i n  Table 2.2. 

lslXe concentrations.  Figure 2.3 shows r e a c t i v i t y  represented by these 

versus time as  wel l  a s  excess r e a c t i v i t y  and cont ro l  poison a s  rods and 

burnable poison. 

f ec t ive  core temperature. 

s u l t s  compared. 

Figure 2.2 shows buildup of 233U, 233Pa, 14’Sm, 

Figure 2.4 shows 14’Sm and 135Xe r e a c t i v i t y  versus e f -  

GAUGE 4-group and TEMCO 4 - and T-group r e -  

GA-Al2200. Xenon rea .c t iv i ty  worths ca.lcula.ted f o r  use during r i s e  

t o  power program. 

f a s t  and four  thermal groups. P a r t i a l l y  rodded configurations a re  mocked 

up by adjust ing control-rod boron dens i ty  t o  obtain agreement with a two- 

dimensional ca lcu la t ion .  Beginning-of-cycle ca lcu la t ions  used f o r  a l l  

r e s u l t s .  React ivi ty  worth of xenon p lo t t ed  as  a funct ion of power and 

temperature (Fig. 2.5), as  a funct ion of rod in se r t ion  (Fig. 2 .6) .  

up and decay of xenon worth a l s o  shown. 

The one-dimensional FEVER code was used with three  

Build‘- 

FSAR, p. 3.5-48 and Table 3.5-27. Gives comparisons of ca lcu la t ions  

and experiments i n  Peach Bottom. 

GA-9875.  
GAMD-7910. Gives a comparison of ca lcu la t ion  and experiment f o r  

S ta tes  t h a t  complete helium inventory i s  worth 1.45 x 

xenon worth i n  the  Peach Bottom reac tor .  

GAMD-7356. Gives r e s u l t s  of measurements of helium r e a c t i v i t y  e f -  

f e c t s  i n  Peach Bottom caused by flow. 

G A a ? O O ,  Fig. 2.7. Shows rea .c t iv i ty  a.ddition due t o  steam addi t ion  

t o  core. The worth i s  2.2 x &/lb of water. Calculations done f o r  

core composition corresponding t o  one year of operation. 

water asser ted  t o  be l e s s  i n  subsequent cycles because of reduced thorium 

load. 

The worth of 

C. Control Rod Worth 

GA-7086, p. 70. Refers t o  2-D multigroup t ranspor t  ca lcu la t ions  for 
Asserts t h a t  f l u x  shielding f a c t o r s  f o r  a mutual shadowing of rod p a i r s .  

s ing le  rod and f o r  a rod p a i r  a r e  e s s e n t i a l l y  the same. 
f r a c t i o n a l  worth of one rod p a i r ,  t o t a l  cont ro l  system and of scram system. 

Figure 2.4 shows 



GA-7634, p. 39. The a s se r t ion  i s  made t h a t  the  e f f e c t s  of a 

p a r t i a l l y  inser ted ' rod  can be t r ea t ed  i n  a two-dimensional ca lcu la t ion  

by preserving the worth of the  p a r t i a l l y  inser ted  rod. 

Table 2-10 gives r e s u l t s  of a multigroup t ranspor t  calcu- GA-8038. 

l a t i o n  of rod worths using nine groups (four thermal).  

GA-8270. Tables 2.4, 2.5 and 2.6 give rod worths for various rod 

configurations f o r  an unstated reference design. Table 2.3 gives  rod  

withdrawal programs. 

GA-8420, p. 83. 
GA-8879. Discusses lumped burnable poison design. Points out shor t -  

(This appears t o  have undergone changes.) 

Discusses heat generation i n  the rod. 

comings of GAUGE code which smears cont ro l  rod oGer a f u e l  element. 

s e r t s  t h a t  GAMTRI code allows a considerably f i n e r  reso lu t ion  of core 

geometry. Two-dimensional transport-theory treatments a r e  discussed; d i f -  

fusion calculat ions with GAMTRI i n  which boundary conditions and shielding 

A s -  

f ac to r s  obtained from t ranspor t  calculat ions a re  described. 

GA-9876. Asserts t h a t  method of smearing of poison over whole f u e l  

volume i s  adequate f o r  s t a t i c  and deplet ion calculat ions concerning lumped 

poisons. Reviews previous work concerning control-rod calculat ions i n -  

ves t iga t ing  adequacy of assumptions which neglect top and bottom ref  l ec -  

t o r s  and a x i a l  f u e l  var ia t ions .  

GA-A10010. Compares treatments of GAUGE, SCANAL, BUGTRI-GAMBLE. 

The following repor t s  a re  concerned with e r ro r s  a.nd the s e n s i t i v i t y  

of control-rod worth calcula.t ions t o  various fa.ctors . 
GA-8038. Effect  of temperature, inter-rod p a i r  dis tance,  f u e l  com- 

pos i t ion ,  gaps, and s t e e l  canning on rod worths. 

GA-8270. Dependence of rod worth on temperature and upon km of  

various regions. 

GA-8879.  Table 2.5 compares r e s u l t s  of t r e a t i n g  the cont ro l  rod as  

(The prec ise  meaning (I)  a smeared region versus an e x p l i c i t  treatment. 

of the "expl ic i t  treatment" o r  of an associated boundary conditions i s  not 

c l ea r  from the t e x t . )  

~ ~ - 8 6 0 0 ,  p. 64. Discusses the  s e n s i t i v i t y  of control-rod worth t o  

graphi te  densi ty .  

GA-A10202. GATT-2, BUGTRI/FEVER, GAMBLE/RZ, SCANAL treatments com- 

pared. Additional comparisons found i n  GA-Al0754. 
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FSAR, p. 3.5-40 ff and Tables 3.5-22 and 3.5-23. Compares experi-  

mental and calculated control-rod, worths. 

GAMD-7354 and 7368. Control-rod worths f o r  the Peach Bottom reac-  

t o r  presented. 

D. Burnable Poison Rod Worths 

GA-8038 and ~ ~ - 8 6 0 0 .  Calculation of shielding f ac to r s  on the  bas i s  

of a simple formula discussed but  do not say how the key constants i n  the  

formula a re  obtained. 

GA-8879,  p. 13. Discusses t ranspor t  c e l l  and d i f fus ion  theory analy- 

s is .  
GA-9130, p. 42. 

GA-10010, p. 24. 

Poison rod heating. 

Boron-10 cross sect ions averaged over core spectrum. 

Comparison of SCANAL and BUGTRI poison rod treatment. 

GA-9875. Compares two methods of poison rod worth ca lcu la t ion .  Ma- 

t e r i a l  d i scon t inu i t i e s  a re  sa id  t o  have negl ig ib le  e f f e c t  on worth. 

GAMD-9187. Uses two-dimensional t ranspor t  code 2DF t o  ca lcu la te  flux 

sh ie ld  f a c t o r  f o r  poison rods. Effect  of smearing poison rod on control-  

rod effect iveness .  

FSAR, Table 3.5-25. Rod worths. 

E. Peaking Factors 

FSAR -, Fig. 3.5-11. Local peaking f ac to r s  due t o  unfueled graphi te .  

Figure 3.5-l-2. shows e f f e c t  of unfueled graphi te  on a x i a l  power d i s t r i -  
bution. Section 14.2.2.5 gives peaking f ac to r s  f o r  rod withdrawal ac- 

c idents  (see Fig. 14.2-1). 
GA-10560. Peaking f a c t o r  ca.lculation included no temperature feed- 

back. 

GA-10313, Fig. 2.4. Maximum power dens i ty  increase during rod i n -  
se r t ion .  

GA-9720. Peaking f ac to r s  f o r  rod withdrawal obtained from 2-D s t a t i c  

d i f fus ion  ca lcu la t ion  neglecting temperature feedback. Average center l ine  

temperature of seven ho t t e s t  elements. 

GA-9261. Power peaking due t o  unfueled gaps. 



F. Kinetic Parameters 

FSAR, Table 3.5-10. L i s t s  prompt neutron l i fe t ime,  e f f ec t ive  de- 

layed neutron f r ac t ions ,  delayed neutron decay constants and delayed 

neutron f rac t ions .  

GA-7086, Table 2.8. 

~ ~ - 8 6 0 0 ,  p. - 48. 
Kinetics parameters given f o r  various cores. 

Describes e f f e c t  of S i c  i n  TRISO p a r t i c l e s  on 

c e r t a i n  k ine t i c s  parameters. 

GA-Al2559. Describes t r ans i en t  parameter ca.lcula.tion using BUGTRI- 

GAMBLE. 

G. Scram React ivi ty  Analysis 

FSAR, 14.2.2.3. Describes scram r e a c t i v i t y  assumptions and c i t e s  

t y p i c a l  examples. Scram r e a c t i v i t y  i s  sa id  t o  be su f f i c i en t  t o  leave 

core a t  l e a s t  0.01 ak s u b c r i t i c a l  with due regard f o r  possible  rod p a i r s  

out of service and f o r  subsequent reductions i n  temperature. 

FSAR, 3.5.6.2. States  a t  l e a s t  0.2-sec scram delay time assumed i n  
t r ans i en t  calcula.tions . 

FSAR, 14.2.2.1. Describes pro tec t ive  ac t ion  taken by cont ro l  sys- 

tem t o  minimize consequences of a rod withdrawa.1 a.ccident. 

GA-9875 and FSAR, 14.2.2.2. Control rod r e a c t i v i t y  a.ddition ra.te 

discussed. See Also GA-7314. For e f f e c t s  of d i f f e r e n t  scram times, 

see GA-7086 and FSAR .3.5.3. 

H. Transient Accident Ana.l-vsis 

Much of the  informa.tion f a l l i n g  under t h i s  heading has alrea.dy been 

discussed i n  Section I I A  above,and w i l l  not be repea.ted here except t o  

c i t e  the  reference number. 

1. Genera.1 

FSAR, Sect. 3.5.6.2. Assumptions underlying k ine t i c s  analysis  

l i s t e d .  See also GA-8676. 

2. Rod accidents 

~ ~ - 8 6 0 0 .  The s e n s i t i v i t y  of calculat iona, l  r e s u l t s  t o  A discussed. 



GA-A-12977. Rod worths tabula.ted i n  Table 2.3. 
GA-12325. Control rod withdra.wa1 sequence and rod worth l i s t e d  i n  

Table 2.8. 

GA-BlC872. Topical repor t  on maximum rod worth and rod withdrawal 

accidents from 2% t o  100% power. 

GA-10980. Table 2.4 displays i n i t i a l  conditions and t r a n s i e n t  

r e s u l t s ;  peak temperatures appear t o  be found by extrapolation. 

withdrawal accident from source power. 

GA-10560, p. 40. Table 2.10 displays r e s u l t s  of analysis  f o r  rod 

GA-9720. Presents r e s u l t s  of calculat ions f o r  rod withdrawal ac- 

cidents f o r  & = 0.01, 0.016, and 0.025. 
FSAR, p. 14.2-10. Discussion of maximum worth cont ro l  rod p a i r  

discussion of maximum worth withdrawal a t  f u l l  power; page 14.2-12: 
control-rod p a i r  withdrawal a t  source power with p a r t i a l  coolant flow; 

page 14.2-13: 
p a i r s .  

discussion of simultaneous withdrawal of a l l  37-rod 

See a l s o  the  following: GA-7086, p. 22; GA-7314, p. 17; GA-8038,  
p. 86; GA-8270; GA-8420, Table 2.3; ~ ~ - 8 6 0 0 ;  GA-9720, p. 22; GA-9875; 
GA - 105 60 ; GA - 108 50 ; GA -A124 77. 

I. Xenon Osci l la t ion Studies 

GA-8420, p .  67. Discusses a x i a l  xenon s t a b i l i t y .  
GAMD-7213. Presentation of l i n e a r  analysis  of xenon i n s t a b i l i t y .  

VII. MISCELLANEOUS INFORMATION 

A. Radiation Damage ' 

GA-10468. Reports performance of BISO and TRISO coated p a r t i c l e s  

i n  275 t e s t s  a t  burnups up t o  75% FIMA and fluences up t o  8 .7  x 1021 
neutrons/cm2 (E > 0.18 MeV) and tempera.twes up t o  1327°C. 
and reference needle coke a l s o  tes ted .  

Fuel rods 



GAMD-2361 (Par t s  25, 26, 27, 28, 29, 30).  Describes coated par-  

t i c l e  development f o r  FSV and i r r a d i a t i o n  t e s t s .  Analyt ical  s tud ies  of 

coated p a r t i c l e  mechanical i n t e g r i t y  reported.  States  t h a t  t e s t  con- 

d i t i ons  f o r  i r r a d i a t i o n  were equivalent or beyond peak FSV conditions.  

(These reports  a l so  include f u e l  s tud ies  re levant  t o  fas t  r eac to r s . )  

GAMD-7377. Series of t e s t s  of exposure of candidate core p l a t e  

and thermal insu la t ion  mater ia ls  t o  impure helium a t  1 6 5 0 0 ~  t o  1 8 5 0 0 ~  

f o r  3000 hr. Results showed 430 s t a i n l e s s  s t e e l  bes t  choice as  metal- 

l i c  thermal insu la t ion  mater ia l  i n  an HTGR. 

by HTGR environment but  considered prohib i t ive ly  expensive i n  f o i l  th ick-  

ness mater ia ls .  

Hastelloy X l e a s t  affected 

GA-10099. Describes Charpy impact t e s t  r e s u l t s  of i r r a d i a t i o n -  

damage survei l lance program on reac tor  vesse l  s t e e l  car r ied  out i n  Peach 

Bottom reactor .  

B. Protect ive Actions by Control System 
i n  Rod Withdrawal Accidents 

FSAR, pp . 14.2-5 f f .  L i s t s  p ro tec t ive  act ions taken t o  l imi t  con- 

sequences of rod withdrawal accidents.  Conditions f o r  withdrawal pro- 

h i b i t s  described, as  wel l  as  automatic and manual scrams and manual i n -  
s e r t i on  of reserve shutdown system. 

GA-7453, p. 58. Gives l i nes  of 

dent.  Discussion i s  s imi la r  t o  t h a t  

defense i n  a rod withdra.wa.1 acc i -  

i n  FSAR. 

VIII. GLOSSARY OF COMPUTER PROGRAMS USED BY 
GENERAL ATOMIC COMPANY FOR NUCLEAR DESIGN 

The most recent document on t h i s  subject ,  which we spec ia l ly  com- 

mend t o  the reader i s  Gulf-GA-Al2652, "Nuclear Design Methods and Experi- 

mental Data i n  Use a t  Gulf General Atomic" by Meldon H. Merr i l l ,  Ju ly  

1973 - 
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A. Neutron Distr ibut ion,  Kinetics,  and 
Depletion Computer Programs 

Code name 

BLOOST-6 

BUG-2/BUGTRI 

DCALC 

DTF-IV 

FEVER 

FEVER/M~ 

GAKIN 

GAMBLE-? 

GAMTRI 

Report No. 

GAMD -8 119, 
GA -84 16 

~ ~ - 8 2 7 2  

~ ~ - 8 2 8 6  

LA-3373 

GA-2749 

GA-9780 

GA-7453 

G A - 8 l 8 8  

GA-9201 

GAPOTKIN GA -8204 

GARGOYLE-I1 GA-9477 

GAROL GA-6637 

GASKET GA -74 17 

GATT/GATT-2 GA-8547 

Description 

Point k ine t i c s  with thermal model of 

coated p a r t i c l e .  Time-dependent, 2-D, 

heat t r a n s f e r  code with sphe r i ca l  code 

f o r  p a r t i c l e .  

2-D burnup code, rectangular  and 

hexagonal geometry. 

Subroutine f o r  1-D d i f fus ion  shared by 

FEVER-7, GASP-7, and TEMCO-7. 

Multigroup t ranspor t  code with aniso-  

t rop ic  sca t t e r ing .  

1 - D  d i f fus ion  code. 

1 - D  diffusion-deplet ion code. 

1 - D  multigroup, d i f fus ion ,  k ine t i c s  

ca l c  u l a t  ion.  

Multigroup, d i f fus ion ,  2-D code w i t h  

a r b i t r a r y  group sca t t e r ing .  

Triangular geometry, multigroup d i f -  

fusion code. Arbi t ra ry  group s c a t t e r -  

i n g .  Unit  mesh = hal f  s ide  of a 

hexagon. 

Point k ine t i c s  code with gene ra l  r e -  

a c t i v i t y  function. 

Infinite-medium fuel-cycle  ana lys i s  

code with f u e l  and poison searches.  

Ca lcu la  t e s e f fec t ive  r e  s onance cross  

sec t ion  including overlap e f f e c t s .  

Thermal neutron sca t t e r ing  kernels  

calculated.  

3-D, few-group, d i f fus ion  code with 

hexagonal mesh. 
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Code name Report No. 

GAZE-2 

GGC -5 

HEXSCAT 

SCANAL 

GAUGE ' G A - 8 3 0 7  (See 
a l s o  G A a 8 7 9 ,  
GA-9261,GA- 
1 0 0 1 0 , G A -  
A 1 0 7 5 4  ) 
GA -3 152 

TAP 

TEMCO 

F R E V A P ~  

FREVAP -9 

GALAHAD 

NEFIRS 

TAMER 

~ ~ - 8 8 7 1  

GA-6026 

G A - 9 4 2 3  (See 
a l s o  GA-9261, 
G A - 9 1 3 0  and 
GA -10010 ) 

GAMD -7248 

GA -6734 

Description 

2-D, f e w  group, diffusion,  deplet ion 

code with uniform t r i angu la r  mesh. 

1-D, multigroup, d i f fus ion  code. 

Includes c r i t i c a l i t y  searches. 

Multigroup cross-section code combining 

GAM and GATHER. 

Calculates coherent e l a s t i c  sca t te r ing  

of neutrons i n  hexagonal l a t t i c e s .  

Single channel synthesis deplet ion 

code. 

Transient analysis  of HTGR power p l an t  

performance. 

Calculates temperature coef f ic ien t .  

B. Miscellaneous Other Codes 

~ ~ ~ ~ - 8 4 7 6  Calculates re lease  of meta l l ic  f i s s i o n  

products. 

Calculates re lease of meta l l ic  f i s s i o n  

products from HTGR cores. 

Code f o r  optimization of cont ro l  of 

xenon t rans ien ts .  

1 -D survey calculat ion of f l u x  i n  

shields. 

GAMD -88 13 

GA-9166 

~ ~ - 8 0 6 9  

GAMD - 739 7 Calculates flow and temperature d i s t r i -  

bution f o r  coolant and f u e l  element 

during t r ans i en t  including n a t u r a l  and 

forced convection. 
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C. Program Comparisons 

GA-10202. Describes t e s t  of GATT-2 using cross sect ions from 

T-group BUGTRI calculation. 

with BUGTRI-GAMBLE-RZ-SCANAL. The a x i a l  d i s t r ibu t ion  i s  compared with 

Compared GATT-2 transverse d i s t r ibu t ion  

SCANAL-BUGTRI -FEVER 

GA-8879. Synthesis checked against  2-D R-Z calculations.  

GA-9261. GAUGE, SCANAL compared with GAMTRI. Use of a f i n e r  mesh 

investigated and multithermal group e f f ec t s  studied. 

. 

\ 
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APPENDIX 
. 

THE STRUCTURIZ OF ACCIDENT ANALYSIS STUDIES 
FOR HIGH-TEMPERATURF: GAS-COOLFD REACTORS 

A s  p a r t  of the foregoing review, an out l ine  of the ove ra l l  nature 

and s t ruc ture  of accident analysis  s tud ies  was constructed a s  a guide. 

A t o t a l  p ic ture  i s  presented of the  re la t ionships  between the accident 

scenario, t he  methods of accident calculat ion,  the  use of physical  data ,  

and the  ult imate goa l  of public protect ion.  

analysis  described here involves any o r i g i n a l  method. Rather, it i s  

presented t o  a i d  the reader i n  obtaining an ove ra l l  p ic ture .  

It i s  not claimed t h a t  the  

I. GENERAL REMARKS 

A s  shown i n  Fig. 1, an accident ana lys i s  may be conceived of a s  a 

scenario introduced i n t o  a ca lcu la t iona l  procedure. The l a t t e r  s t a r t s  

w i th  raw data and embodies a processing method f o r  converting the  data 

i n t o  a form usable i n  the  accident calculat ion which may cons is t  of 

aniything from a pencil-and-paper operation t o  the  use of a co l lec t ion  

of computer codes organized i n  modular fashion. We s h a l l  discuss below 

the  p r inc ipa l  fea tures  of each of these p a r t s  f o r  the  diagram w i t h  

spec ia l  reference t o  the  needs of HTGR sa fe ty  s tudies .  

11. ACCIDENT SCENARIOS 

I n  a nuclear power s t a t i o n  the  f u e l  i s  the  primary source of radio-  

( In  the case of the Fort  S t .  Vrain reactor ,  f u e l  i s  regular ly  a c t i v i t y .  

located i n  the  core i t s e l f ,  the  storage wells,  temporary storage areas ,  

and the f u e l  handling machine.) 

sequences of events - scenarios -which may lead t o  re lease  of rad ia t ion ,  

i n  order t o  seek out ways of preventing t h e i r  occurrence. These scenarios 

One i s ,  therefore ,  l ed  t o  construct 

a re  e a s i l y  the  most controversial  aspect of s a fe ty  analysis  f o r  they d e a l  

with p robab i l i t i e s  r a the r  than ce r t a in t i e s .  If something "can" happen - 
t h a t  i s ,  i f  a sequence of events does not involve a v io la t ion  of na tu ra l  
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0 RESULT 

Fig. 1. Safety analysis structure. 
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5 )  maintenance, t e s t s  and inspections 

n 

.' 

. 

laws - then it " w i l l "  happen - t h a t  i s ,  there  i s  a f i n i t e  p robab i l i t y  

t h a t  t he  sequence w i l l  occur. 

i t i e s  i n  order w i t h  respect  t o  one another. 

gested by reference t o  Fig. 2. 

l a t i o n a l  procedure and a sequence of events associated with i t  which 

could be used t o  produce a graph of p r o b a b i l i t i t y  versus extent  of 

It i s  necessary t o  place these probabil-  

A way of doing t h i s  i s  sug- 

Every node i n  t h i s  f igure  has a calcu- 

I n  t h i s  repor t  we concern ourselves w i t h  nuclear driven accidents 

i n  the  Fort  S t .  Vra.in reac tor  during i t s  service l i fe t ime.  The c lasses  

of ma.teria1 which a re  of neutronic s ignif icance a re :  coolant, f u e l ,  

r e f l e c t o r ,  moderator, water-steam, cont ro l  rods, poison rods, s t r u c t u r a l  

mater ia l ,  f i s s i o n  products, reserve cont ro l  spheres, and impuri t ies .  
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. .  

Fig. 2. Hypothetical rea.ctor f a i l u r e  modes. 
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The f u e l  handling machine, temporary storage areas,and the storage 

wel l  use no cont ro l  rods; sand i s  used i n  connection w i t h  the  storage 

wells. 

The s t a t e  of the system can be characterized by the  following 

parameters: 

1) 
2 )  quant i ty  of t he  mater ia l ,  

3) the  operating conditions: temperature, pressure,  and 

pos i t ion  and dimension of  each of the  above mater ia ls ,  

power leve l .  . 

The various possible  combinations of these parameters cons t i t u t e  the 

i n i t i a l  phase of the  accident scenario.  

111. ANALYSIS OF NUCLEAR DRIVEN ACCIDENTS 

The pa t t e rn  of accident ca lcu la t ion  i s  outlined below: 

1. Collection of data.  

For those nuclides and mater ia ls  t o  be considered, the  following 

information i s  needed. 

( a )  Basic nuclear data  (cross sect ions,  delayed neutron f rac t ions ,  

y ie lds ,  decay constants,  e t c .  ) . 
(b )  Basic non-nuclear data:  dens i t i e s ,  weights, and dimensions: 

Dimensional change propert ies  

Thermal coef f ic ien ts  of expansion 

I r r ad ia t ion  dimensional e f f e c t  data  

Compressibility coef f ic ien ts  

Heat t r a n s f e r  cha rac t e r i s t i c s  

Spe c i f  i c he a t  s 

Conductivities 

Heat t r ans fe r  cor re la t ions  

2. Analysis of da ta  t o  estimate e r r o r  bounds. . 
3. Calculations common t o  a l l  neutronic analyses. 

Calculation of k ine t i c  parameters: prompt neutron l i fe t imes  A, 
e f fec t ive  delayed neutron f r ac t ions  pi, 
coef f ic ien ts .  

and temperatwe feedback 



4. Accident scenario.  

5 .  S t a t i c  calculat ion.  

6. Kinetic calculat ion.  

I n  those cases where there  i s  no con t ro l  system ava i lab le ,  the 

p r inc ipa l  method of accident analysis  will be the s t a t i c  ca lcu la t ion  of 

r eac t iv i ty .  Where there  i s  a cont ro l  system ava i lab le ,  t he  s t a t i c  calcu- 

l a t i o n  will merely be the  preliminary ca lcu la t ion  f o r  accidents  f o r  which 

r e a c t i v i t y  in se r t ion  i s  the dr iving force.  

needed as  input  t o  the  k i n e t i c  ca lcu la t ion  which forms the  main por t ion  

of t he  analysis  of such accidents.  Both ( 5 )  and(6) can be f u r t h e r  sub- 

divided i n t o  two pa r t s :  

It will provide the  r a t e s  

( a )  

(b) 
When temperature and pressure a re  the  s t a t e  var iables  f o r  nuclear 

Nuclear ca lcu la t ion  - f l u  i s  the  state var iable .  

Mechanical - a thermal-hydraulic analysis .  

driven accidents,  t h i s  may be regarded as  feedback i n t o  t h e  nuclear p a r t .  

The following matters must be considered regarding the  method of 

so lu t ion  whether one i s  s e t t i n g  up o r  evaluating a computationalmethod. 

Analyt ical  - Assumptions involved i n  the  mathematical modeling of 

the s i t ua t ion .  I n  the  case of the  nuclear pa r t :  

(1) Which equations a re  t o  be solved? For, example, the  use of 

t ranspor t  theory versus d i f fus ion  theory. 

( 2 )  How i s  the  re la t ionship  between the space, time, and energy 

var iables  t r ea t ed?  

( 3 )  How a r e  those var iables  t r ea t ed  by themselves? 

(4 )  What a re  the  appropriate boundary conditions t o  be used? 
Numerical - The codes used, numerical e r ro r s ,  l imi t a t ions  and un- 

c e r t a i n t i e s .  

7. In t e rp re t a t ion  of r e s u l t s .  

The behavior of the  s t a t e  var iables  ( f lux,  temperature, and pres-  

su re ) ,  as  a funct ion of time obtained w i l l  now have t o  be t r ans l a t ed  

i n t o  safe ty- re la ted  physical  consequences. A s  f a r  as  t he  r eac to r  i s  
concerned the areas  of i n t e r e s t  are:  

( a )  Containment: damage t o  PCRV, moderator, f u e l ,  and s t r u c t u r a l  

materia 1. 
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and the cont ro l  mater ia l  are  handled. 

.- 

.I 
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The worth ca lcu la t ion  and the  t r ans i en t  accident analysis  node may 

be s imi l a r ly  elaborated,  as  i n  Fig. 7. 
Thewor th  t o  be calculated f a l l  under two headings. F i r s t  a re  those 

worths which a re  f a i r l y  standard toycalculate  as they a re  required f o r  

the  s impl i f ica t ion  of neutronic ca l cu la t iona l  procedures. 

worths such as  xenon worth, control-rod worth, worths r e l a t i n g  t o  tempera- 

t u r e  coef f ic ien ts .  Second a r e  t h e  worths which determine the  accident 

being analyzed. 

worth can a l s o  be included i n  t h i s  group. 

worths and f u e l  worths. What i s  t o  be included i n  t h i s  sec t ion  has t o  

be decided by what t he  i n i t i a l  phases of the  accident scenario a re  pos- 

s i b l e .  

These a re  

The worth of water (steam) i s  an example. Control-rod 

Others a r e  f ission-product 

I n  a similar way, f o r  t r ans i en t  accident analysis  the  phys ica l  con- 

d i t i o n  which feeds i n t o  these calculat ions i s  defined by the  configura- 

t i o n  and the  composition dens i ty  of each mater ia l ,  the  temperature, pres-  

sure  and power leve l .  These come from the  accident scenario.  Figure 7 
i l l u s t r a t e s  this r e  l a  t ions hip. 
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