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FOREWORD 

This quar ter ly  journal i s  one of a s e r i e s  of Technical Progress 

Reviews prepared by the  Oak Ridge National Laboratory a t  the  request 

of the  Division of Information Services, U. S. Atomic Energy Com- 

mission. This Review i s  intended t o  a s s i s t  those i n t e r e s t ed  i n  keep- 

i ngab rea s to f  s ign i f ican t  developments i n  the  f i e l d  of nuclear safe ty .  

Nuclear Safety i s  not a comprehensive abs t rac t  of a l l  l i t e r a t u r e  pub- 

l i shed  i n  t h i s  f i e l d  during a given quarter, but r a the r  a mechani.sm 

f o r  presenting concise reviews of se lected subjects  a s  prevai l ing 

i n t e r e s t  and avai lable  information warrant. 

Coverage of t he  Review i s  l imi ted t o  top ics  relevant t o  t he  

analysis  and con t ro l  of hazards associated with nuclear reactors ,  

operations involving f i s s ionab le  materials ,  and the  products of 

nuclear f i s s i on .  Primary emphasis i s  on sa fe ty  i n  reac tor  design, 

construction, and operation; however, safe ty  considerations i n  reac- 

t o r  f ue l  fabr ica t ion ,  spent-fuel  processing, nuclear waste disposal ,  

and r e l a t ed  operations a re  a l so  t rea ted .  Safety i n  the  use of radio-  

isotopes i n  industry, medTcine, and research i s  excluded, a s  a r e  m.ost 

top ics  considered t he  province of heal th  physics. Even wi.th these 

exclusions, nuclear safe ty  cu t s  across such diverse  f i e l d s  a s  nuclear 

physics, so l i d - s t a t e  physics, mechanics, chemistry, meteorology, 

geology, seismology, metallurgy, law, and near ly  a l l  branches of 

engineering. The authors w i l l  therefore  review mater ia l  from these 

f i e l d s  which, i n  t h e i r  opinion, has a d i r e c t  bearing on nuclear sa fe ty .  



iii 

Two d i s t i n c t l y  d i f f e r en t  types of a r t i c l e  may be found i n  t h i s  

i s sue  of Nuclear Safetv. These include reviews of current  l i t e r a t u r e  

and specia l  review a r t i c l e s  on spec i f ic  topics .  The ed i t o r s  f e e l  t h a t  

both types of a r t i c l e  make a necessary and d i s t i n c t i v e  contr ibut ion t o  

Nuclear Safety. The spec i a l  review a r t i c l e s  permit discussion of p e r t i -  

nent subjects which cannot be adequately considered by reference t o  

only t he  current  l i t e r a t u r e .  The current  review a r t i c l e s ,  however, 

c cns t i t u t e  the  major port ion of t h i s  pu3lication.  A l l  incoming l i t e r a -  

t u r e  ( including repor ts ,  books, American and foreign technical  journals, 

and t ransac t ions )  i s  examined f o r  subjects within our area  of i n t e r e s t .  

This mater ia l  i s  collected,  grouped, and reviewed by experts .  In -  

t e rpre ta t ions  i n  any a r t i c l e  represent t he  opinions of t he  ed i to rs ,  

who a re  employees of the  O a k  Ridge National Laboratory. Readers a re  

urged t o  consult  t he  references t o  o r ig ina l  work f o r  more complete 

information. 

It i s  recognized t h a t  the c r i t i c a l  evaluation of subject a reas  

leading t o  the  determination of c r i t e r i a  cannot f a i l  t o  st imulate con- 

t r a r y  opinions. This i s  expected t o  be pa r t i cu l a r l y  t rue  i n  the  area  

of nuclear safety,  slnce i n  many instances only preliminary information 

i s  available,  the  ramifications a r e  many and varied, and opinion and 

judgment must be r e l i e d  upon so heavily. While the  e d i t o r s  do not 

propose t ha t  the  pages of Nuclear Safety ac t  a s  a c lear ing house f o r  

sa fe ty  correspondence because of t he  above f ac t s ,  we have had f o r  some 

time a pol icy which would permit the  publication of statements of 

posi t ion a t  variance with those expressed by the  ed i to rs .  Such 



statements w i l l  be published a f t e r  the  ed i t o r s  have ascer ta ined t h a t  

a r e a l  difference e x i s t s  and t h a t  t he  posi t ion i s  reasonable. 

I n  addit ion t o  t he  invi ted contributors,  many members of the  Oak 

Ridge National Laboratory s t a f f  m o t e  review material ,  reviewed manu- 

s c r i p t s ,  o r  otherwise contributed t o  t h i s  publication.  Their  contribu- 

t i o n s  a re  g r a t e fu l l y  acknowledged. 

W. B. COTTRELL, Editor 
C .  G. BELL, E. E. GROSS, W .  de LAGTJNA, 
A. W. SAVOLAINEN, and C . S. WALKER, 
Assistant  Editors,  Oak Ridge National 
Labor a t  ory  
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I. G E m L  SAFETY CRITER LA. 



REACTORS, SITES, AND SAFETY 

By M. C. Leverett* 

The subject  of r eac to r  s a f e t y  has been a l i v e  one during t h e  

pas t  year. A s e t  of f a i r l y  d e f i n i t i v e  rea 'ctor  loca t ion  c r i t e r i a  has 

been issued.l** Our f i r s t  f a t a l  r eac to r  accident  has occurred. 

The s a f e t y  of a major reactor  p ro jec t  has become a matter  of l i t i g a -  

t i o n  i n  our highest  court .3 The Atomic Energy Commission has given 

new recognit ion t o  t h e  importance of r eac to r  s a f e t y  by reorganizing 

and expanding i t s  s t a f f . 4  The in ten t ion  here i s  t o  d iscuss  t h i s  

"This a r t i c l e  is' a condensation of t h e  address by ANS President  
M. C. Leveret t  a t  t h e  June 4-8, 1961, meeting of t h e  American Nuclear 
Society i n  Pit tsburgh,  Pennsylvania. D r .  Leveret t  i s  Manager of t h e  
Development Labora$ories Section, Ai rc ra f t  Nuclear Propulsion Depart- 
ment, General E l e c t r i c  Company, Cincinnati ,  Ohio. He received t h e  
B. S. degree from Kansas S t a t e  College i n  1931, and t h e  Ph. D. degree 
i n  chemical engineering a t  Massachussets I n s t i t u t e  of Technology, 
1938. He worked f o r  t h e  P h i l l i p s  Petroleum Company from 19331935 
and joined t h e  Humble O i l  Company i n  1938. On loan t o  t h e  Universi ty 
of Chicago, he took p a r t  from 1942 t o  1943 i n  t h e  i n i t i a l  work on t h e  
Hanford reactors .  I n  1943, he was t r ans fe r red  t o  t h e  Clinton Labora- 
t o r y  a t  Oak Ridge, where he was i n  charge of engineering of t h e  MTR, 
which was l a t e r  b u i l t  i n  Idaho. In  1948, he returned t o  Humble O i l  
Company, but  he l e f t  a f t e r  one year t o  become Technical Director  of 
t h e  NEPA (nuclear  a i r c r a f t  propulsion) Pro jec t  a t  Oak Ridge. I n  1951, 
he t r a n s f e r r e d  with t h e  p ro jec t  t o  t h e  General E l e c t r i c  Company a t  
Cincinnati,  i n  charge of a l l  t echn ica l  a c t i v i t i e s .  Since 1956, he 
has held h i s  present  t i t l e  the re .  He i s  chairman of ASA Nuclear 
Standards Board Projec t  N6, "Reactor Safe ty  Standards," and pas t  
chairman of t h e  ANS Nuclear Standards Board. He l e d  t h e  U. S. Dele- 
ga t ion  a t  t h e  meetings of t h e  In te rna t iona l  Organization f o r  Stand- 
a rd iza t ion  on reac to r  s a f e t y  standards i n  1958 and 1960. He i s  a 
pas t  Vice President  ( 1959-1960) and pas t  Pres ident  (1960-1961) of ANS. 
He i s  a Fellow of t h e  American Nuclear Socie ty  and an Associate Fellow 
of t h e  I n s t i t u t e  of Aerospace Sciences. He i s  a member of A.I.Ch.E., 
A. I.M.M.P.E., A.P. S., and t h e  Engineering Socie ty  of Cincinnati .  

*+(-See a l s o  a r t i c l e  i n  t h i s  i s sue  reviewing comments on t h e  s i t e  
e~ i te r ia ,  p. 



highly  t echn ica l  subject  i n  a r a t h e r  broad fashion, taking up t h r e e  

p r i n c i p a l  aspects  of r eac to r  sa fe ty :  f i r s t ,  t h e  philosophy of r e -  

a c t o r  safe ty ;  second, r eac to r  s i t i n g  c r i t e r i a ;  and t h i r d ,  a descr ip-  

t i o n  of some techn ica l  matters  which need a t t e n t i o n  i n  t h e  f i e l d  of 

r eac to r  safe ty .  

Safe ty  Philosophy 

The seemingly simple question, "HOW s a f e  do you want t o  be?" has 

a s  many answers a s  t h e r e  a r e  exper ts  who have addressed themselves t o  

t h e  question. It is i n t e r e s t i n g  t o  consider t h e  following answers: 

1. The answer "as s a f e  a s  o the r  indus t r i e s"  may be put on various 

bases. One b a s i s  i s  t h e  usual  one of frequency of l o s t  time accidents  

i n  d isabl ing i n j u r i e s  per  mi l l ion  man hours. The atomic energy industry,  

with a record of about two such accidents  per  mi l l ion  man hours, i s  

already s a f e r  than  many indus t r i e s  reckoned a s  adequately safe.  Another 

bas i s  i s  t h e  p robab i l i ty  t h a t  an "average reac to r"  w i l l  cause a death 

during a year, which may be computed t o  be about 1 chance i n  75 (although 

t h e  s t a t i s t i c s  a r e  very poor).  Comparing t h i s ,  f o r  example, with 1 i n  

26 f o r  a railway locomotive, 1 i n  6 f o r  a t r a n s p o r t  a i r c r a f t ,  and 1 i n  

2000 f o r  an  individual  automobile ind ica tes  t h a t  r eac to r s  a r e  s a f e r  than  

a good many devices which we accept  a s  being adequately safe .  

2. Another answer is  t h a t  "no s u b s t a n t i a l  increase i n  r i s k  t o  in -  

d iv iduals"  should be caused. This c r i t e r i o n  has been adopted by some 

responsible groups, including t h e  Advisory Committee on Reactor Safe- 

guards. I n  t h e  e n t i r e  nuclear energy industry,  t h e  r i s k  of acc iden ta l  



death due t o  a l l  causes i s  about 1 i n  40,000, a s  compared with t h e  

present  r i s k  of 1 i n  2000 t o  an individual  from a l l  causes, and 1 

i n  7000 i n  t h e  home. Cer ta in ly  t h e  nuclear  energy indust ry  i s  ade- 

quately s a f e  by t h i s  c r i t e r i o n .  A poss ib le  defect  i n  t h i s  approach 

is  t h e  f a c t  t h a t  none of t h e  large-scale  accidents  which have been 

ca lcula ted  t o  be poss ib le  have occurred i n  t h e  nuclear industry.  One 

such accident  could change t h e  s t a t i s t i c s  markedly. 

3. The answer t h a t  "The probable damage over a long period should 

not exceed some s e t  l e v e l r 1  expresses an e n t i r e l y  d i f f e r e n t  approach. 

For example, it has been suggested Tor a given indust ry  t h a t  t h e  public 

in ju ry  o r  damage which might be acceptable should be propor t ional  t o  

t h e  contr ibut ion of t h a t  indust ry  t o  t h e  public welfare - poss ib ly  a s  

measured by the  d o l l a r  value of t h e  services  o r  products provided. 

This i s  a very object ive  approach and i n  a t h e o r e t i c a l  sense has con- 

s iderable  a t t r a c t i v e n e s s .  However, it involves est imating t h e  prob- 

a b i l i t y  t h a t  an accident  w i l l  occur which i s  a t  present  p r a c t i c a l l y  

impossible e i t h e r  a p r i o r i  or  from experience. Use of such a c r i -  

t e r ion ,  therefore ,  i s  a t  present  impractical ;  a l so ,  it i s  probably a 

l i t t l e  b i t  cold-blooded f o r  general  public acceptance. 

4 A four th  type of answer which has received some p u b l i c i t y  

i s ,  "NO matter  how sa fe  it i s ;  i f  you can make it sa fe r ,  do so!" 

This c r i t e r i o n  i s  a t  t h e  opposite end of t h e  o b j e c t i v i t y  sca le  from 

t h e  one j u s t  previous and i s  e s s e n t i a l l y  emotional and unreasoned. 

It i s  unfortunate t h a t  some of t h i s  view has c rep t  i n t c  our th inking 

with respect  t o  s a f e t y  i n  nuclear matters .  Obviously, t h i s  kind of 



c r i t e r i o n  i s  uneconomic and very  d i f f i c u l t  t o  apply, s ince  t h e r e  i s  

no l o g i c a l  l i m i t  t o  t h e  ex ten t  t o  which one might be d r iven  i n  t h e  

name of increas ing  sa fe ty .  

A somewhat d i f f e r e n t  approach is  t o  observe t h a t  about 350 de- 

c i s i o n s  have been made t o  b u i l d  and operate var ious  r e a c t o r s  i n  t h e  

United S t a t e s ,  thereby accepting a c e r t a i n  l e v e l  of r i s k .  These have 

been thoughtfu l  decisions,  i n  some cases agonized over a t  l eng th  by 

many conscient ious and informed people. I f  a  p a t t e r n  can be found i n  

them and codi f ied ,  t h e  code can be used a s  a  s tandard  i n  judging f u t u r e  

proposed reac to r s .  The r e c e n t l y  announced AEC " s i t e  s e l e c t i o n  guide"1 

is a good example of t h e  emergence of such a pa t t e rn .  Other examples 

of pa t t e rns  w i l l  doubtless  emerge on f u r t h e r  s tudy.  Inso fa r  a s  poss ib le  

such c r i t e r i a  should be expressed i n  terms of performance o r  ob jec t ive  

t o  be achieved, r a t h e r  than  i n  d e t a i l s  of design o r  cons t ruc t ion  of a  

reac tor .  For example, a  des i r ab le  type  of c r i t e r i o n  would spec i fy  t h e  

o f f - s i t e  dosage i n  event of an acc ident ,  t oge the r  with needed assump- 

t i o n s  i n  t h e  c a l c u l a t i o n  of such dosage. It would not simply specify,  

f o r  example, a  r e l a t i o n  between r e a c t o r  power and d is tance .  It i s  i m -  

po r t an t  t o  remember t h a t  such standards a r e  evolu t ionary  developments 

based on many d i f f i c u l t  considerat ions.  The standards fol low and a r e  

changed by p rac t i ce ,  ins tead  of preceding and determining p r a c t i c e .  

S izab le  depar tures  may very we l l  be proper i n  ind iv idua l  cases, t hus  

providing more background f o r  modif icat ion of t h e  s tandards.  This 

approach would l eave  room f o r  reduct ion  of cos t ,  without compromising 

safe ty ,  through ingeneous design; al low comparison with p a s t  p r a c t i c e  



only, r a t h e r  than with t h e  c r e d i b i l i t y  of an accident  o r  with some 

absolute l e v e l  of r i s k ;  o f f e r  a  bas i s  f o r  r e laxa t ion  from unnecessari ly 

s t r i n g e n t  and pess imis t i ca l ly  based p r i o r  p rac t i ce .  

I n  summary, it i s  proper t h a t  s a f e t y  c r i t e r i a  be derived from 

p r a c t i c e  ins tead of from " f i r s t  p r i n c i p l e s , "  and t h a t  t h e  c r i t e r i a  

evolve with experience, being regarded a s  ind ica to r s  r a t h e r  than laws, 

and meant t o  be departed from when t h e  j u s t i f i c a t i o n  is su i t ab le .  This 

is  t h e  b a s i s  on which many of our "standards" have been developed - 
speed l i m i t s  f o r  automobiles, f a c t o r s  of s a f e t y  i n  s t r u c t u r a l  design, 

and standards of p u r i t y  i n  milk, t o  mention a  few. The use of such 

comparative c r i t e r i a  involves d i f f i c u l t  problems, such a s  judging t h e  

r e l a t i v e  p robab i l i ty  and seriousness of accidents  between two reac to r s  

of d i f f e r e n t  design, but  is e a s i e r  than judgments of t h e  absolute prob- 

a b i l i t i e s  and i n t e n s i t i e s  of the  same accidents .  I n  many cases a  qual i -  

t a t i v e  judgment w i l l  s u f f i c e ,  i f  a  quan t i t a t ive  one cannot be made. 

S i t e  C r i t e r i a  

Decisions on t h e  a c c e p t a b i l i t y  of a  s i t e  f o r  a  r eac to r  depend on 

many considerat ions.  Much a t t e n t i o n  has been given t o  s i t e  c r i t e r i a  

i n  t h e  pas t  year, and t h e r e  is  reason t o  t h i n k  t h a t  comparative judgments 

of the  sa fe ty  of s i t e s  w i l l  become much e a s i e r  i n  t h e  f'uture. 

The p o s s i b i l i t y  and d e s i r a b i l i t y  of evolving an index of merit f o r  

s i t e s  has been considered. It has been t h e  bas ic  p r a c t i c e  t o  judge t h e  

s u i t a b i l i t y  of a  r eac to r  s i t e  by t h e  probable damage a  l a r g e  accident  

might cause. There has been some discuss ion a s  t o  whether t h e  index of 



damage should be human in ju ry  o r  property damage. Probably e i t h e r  

i s  s a t i s f a c t o r y  as  a  r e l a t i v e  index, but  t h e  absolute  numbers r e -  

s u l t i n g  should not be taken too  ser ious ly .  Too of ten ,  t h e  s i t e  

e v a l u a t i o n i s  requi red  t o  s t a t e  t h e  worst poss ib le  acc ident  a t  a  

s i t e ,  regardless  of i t s  probabi l i ty .  The compounding of improbable 

combinations can produce f r igh ten ing  damage numbers, but  they t a x  

one's c redu l i ty .  Such ca lcu la t ions  a r e  u s e f u l  only i n  a  r e l a t i v e  

way and should not be used t o  determine t h e  requi red  d o l l a r  a s s e t s  

of t h e  r eac to r  owner, a s  sometimes appears t o  be done. 

The proposed guide published by t h e  Atomic Energy Commission 

a  few months ago f o r  use i n  s i t i n g  reac to r s  e s s e n t i a l l y  c o d i f i e s  

e x i s t i n g  s i t i n g  prac t ice . '  The nuclear  indust ry  appears t o  con- 

s i d e r  t h e  c r i t e r i a  t o  be i n  t h e  main sound and workable, but  with 

room f o r  improvement. One weakness i n  t h e  guides is  t h a t ,  i f  taken 

l i t e r a l l y ,  they  compensate only f o r  poss ib le  t o t a l  s i z e  of accident  

but  not f o r  t h e  p robab i l i ty ,  which is l o g i c a l l y  unsupportable and 

s u r e l y  not intended. Another weakness is  t h a t  they do not al low 

fo r  a r e a l i s t i c  reduct ion  of pressure  i n  t h e  containment vesse l  

following an accident  - a  f a c t o r  t h a t  can i n  many cases make an  

important d i f f e rence  i n  t h e  maximum damage p robab i l i ty .  Another 

d i f f i c u l t y  i s  i n  t h e  d e f i n i t i o n  of populat ion zones. This could 

be obviated by prescr ib ing t h e  t o t a l  man-rem dose as  t h e  s e v e r i t y  

c r i t e r i o n ,  which would remove t h e  r i s k  of def in ing "'population 

center"  and would l i m i t  t h e  t o t a l  r a d i a t i o n  i n j u r y  t o  t h e  popula- 

t i o n .  Meanwhile, t h e  guides should be accepted u n t i l  something 



b e t t e r  appears, with whatever modifications may be made as  a r e s u l t  

of t h e  recent  in tens ive  discussions of them by t h e  industry.  

Codificat ion of s i t i n g  standards i n  t h e  United S t a t e s  should 

not imply, a s  some w i l l  object ,  t h a t  we a r e  s e t t i n g  standards f o r  

o ther  countries t o  follow. We may indeed, a s  necess i ty  demands, tend 

toward t h e  p rac t i ce  of o ther  countr ies  ourselves. 

Desirable Safe ty  Programs 

It seems t h a t  ne i the r  industry nor government is  doing a s  much 

a s  it should i n  t h e  a r e a  of making t h e  f r u i t s  of experience of o thers  

avai lable  t o  those working on reac to r  designs and hazards evaluation.  

There a r e  four ca tegor ies  of th ings  t h a t  ought t o  be done, a s  s e t  out 

below. 

1. More work should be done i n  the  a rea  of reuucing t h e  prob- 

a b i l i t y  of accidents .  While t h e  s t a t i s t i c s  on l a r g e  reac to r  accidents  

a r e  zero, t h e r e  have been severa l  small accidents ,  and even more near- 

accidents .  Standards based on these  and on other  experiences must be 

evolved and, moreover, subscribed t o .  Bet ter  s tandards of design, op- 

e ra t ion ,  organization, o r  procedure could have prevented a l l  t h e  mishaps 

mentioned of which t h e  author knows. The standards w i l l  have t o  be de- 

veloped piece-meal, a l i t t l e  a t  a time, u n t i l  we a r e  ab le  t o  wr i t e  com- 

prehensive standards on a l l  types of reactors ,  operations, and c i r -  

cumstances. We must not f a i l  t o  s t a r t  simply because we c a n ' t  do a 

f in ished job now. 

2. More work should be done i n  t h e  reduction of s e v e r i t y  of ac-  

cidents .  Ingenious and resourceful  designers have come up with a 



number of devices f o r  reducing t h e  s e v e r i t y  of an  accident  should it 

occur. As examples one might mention pressure  suppression and con- 

tainment sprays. However, these  a r e  a s  ye t  only p a r t i a l l y  evaluated 

and, a s  a r e s u l t ,  t h e  designer does not know what c r e d i t  he can t a k e  

i n  terms of decreased s e v e r i t y  of t h e  maximum supposed accident  o r  

whether h i s  evaluat ion  of t h e  e f fec t iveness  of h i s  p a r t i c u l a r  s a f e t y  

device i s  going t o  be acceptable.  Other p o s s i b i l i t i e s  have not y e t  

been evaluated a t  a l l .  I n  addi t ion ,  t h e  e n t i r e  process of escape 

of f i s s i o n  products from wi th in  t h e  f u e l  t o  t h e  outs ide  environment 

needs more inves t iga t ion .  This includes more inves t iga t ion  of r e l e a s e  

from molten o r  overheated f u e l  elements, p la te-out  on surfaces ,  r e -  

moval by condensing steam or  water sprays, reduct ion  of pressure  with 

time, t h e  f r a c t i o n  l i k e l y  t o  escape even through an open (e .  g . ,  rup- 

tured)  pressure  vesse l ,  f i l t r a t i o n  of escaping gases and vapors, and 

removal by ra in-out  i n  t h e  immediate v i c i n i t y .  Fortunately,  t h e r e  i s  

an AEC program of t h i s  type,  although it does not seem as  aggressive 

a s  might be des i red .  Af ter  a s u i t a b l e  s e r i e s  of small-scale t e s t s  and 

analyses,  l a rge - sca le  experiments should be c a r r i e d  out,  perhaps cul -  

minating i n  i n t e n t i o n a l  r e a c t o r  runaways with measurements of f i s s i o n -  

product r e l ease ,  deposi t ion  fac to r s ,  and o the r  parameters. The cos t  

would probably not exceed t h a t  of t h e  average r e a c t o r  experiment pro- 

gram, and t h e  r e s u l t s  could be of g rea t  value. 

3. Addit ional  work should be performed on t h e  evaluat ion  of t h e  

magnitude of t h e  r i s k  involved i n  poss ib le  acc idents .  The magnitude 

of t h e  r i s k  of o f f - s i t e  damage i s  obviously a d i r e c t  funct ion  of f i s s i o n -  



product re lease ,  which has j u s t  been discussed. I n  addi t ion ,  some 

work remains t o  be  done i n  t h e  meteorological f i e l d ,  such a s  de te r -  

mining reasonable p r o b a b i l i t i e s  f o r  s p e c i f i c  meteorological  condit ions 

and t h e i r  dura t ions  a t  p a r t i c u l a r  s i t e s ,  r a t h e r  than  assuming e i t h e r  

t h e  worst condit ions o r  improbably long dura t ions .  

4. More work should be done on t h e  f u r t h e r  s tudy and evaluat ion  

of p o t e n t i a l  sources of acc idents .  Hazards r epor t s  f requent ly  s t a t e  

t h a t  a l l  conceivable acc idents  have been examined and t h a t  t h e  pa r t i cu -  

l a r  r e a c t o r  cannot experience an accident  of s i g n i f i c a n t  s e v e r i t y .  

However, p o t e n t i a l i t i e s  of acc idents  not previous ly  envisioned t u r n  

up from time t o  time. An example is  t h e  e j e c t i o n  of a con t ro l  rod 

from a reac to r  due t o  t h e  pressure of water and steam wi th in  it, which 

could conceivably r e s u l t  i n  an excursion-generated shock wave. It 

would seem t h a t  experimental work on t h e  r e s u l t i n g  e f f e c t s  on t h e  

pressure vesse l  and bther  components of t h e  r e a c t o r  would be j u s t i -  

f i e d .  Perhaps i n t e n t i o n a l  chemical explosions, planned t o  s imulate 

r eac to r  excursions, could be used i n  t e s t  vesse l s .  Shock might cause 

b r i t t l e  f a i l u r e  of t h e  vesse l  wal l  r a t h e r  than  d u c t i l e  f a i l u r e ,  with 

a r e s u l t i n g  increase  i n  accident  seve r i ty .  I n  addi t ion ,  it has been 

found i n  t e s t s  of some a l l o y s  t h a t  t h e  time t o  rupture  under a given 

s t r e s s  a t  high temperature may be reduced by up t o  severa l  orders  of 

magnitude i f  they  have been subjected t o  i r r a d i a t i o n  and t h a t  t h i s  

kind of r a d i a t i o n  damage dose not always anneal out a t  temperatures 

a s  high a s  1200°F. A t  present  t h e r e  i s  almost a complete l a c k  of 

d a t a  on t h e  e f f e c t s  of r a d i a t i o n  on high-temperature s t r u c t u r a l  a l loys ,  



p a r t i c u l a r l y  i n  t h e i r  long-term proper t ies .  The co l lec t ion  of such 

da ta  i s  d i f f i c u l t  and expensive, but  i s  important t o  reac to r  sa fe ty .  

It i s  understood t h a t  such a program i s  beginning. 

Conclusion 

We can now begin t o  see the  general  dimensions of t h e  t echn ica l  

problems of reac to r  sa fe ty .  Work c l a s s i f i a b l e  a s  r e ac to r  s a f e ty  r e -  

search present ly  i s  going on i n  t h i s  country a t  the  r a t e  of about $12 

mil l ion per year.  Our t o t a l  r eac to r  development program i s  approxi- 

mately $400 mil l ion per year.  From the  point  of view of balance, it 

would not  seem unreasonable t h a t  expenditures f o r  reac to r  sa fe ty  r e -  

search should be stepped up. Perhaps f o r  a few years  a doubling of 

these expenditures would not be out of order.  Such expenditures a r e  

t r i v i a l  when compared with the estlmated magnitude of t he  damages f o r  

a severe reac to r  accident .  More r e a l i s t i c a l l y ,  such expenditures 

might produce very subs tan t ia l  savings (perhaps of t he  order of $10 

mil l ion per year when we a r e  constructing f i v e  new pover p lan t s  annually)  

jus t  i n  the  shortening of d is tance  between t h e  generating capaci ty  and 

load centers .  Additional l e s s  tangible  savings a r e  l i k e l y  a l s o .  This 

work should be a pa r t  of the  program of t he  Atomic Energy Commission.* 

Simultaneously, t he r e  must be the  development of standards of reac to r  

design, operation, organization,  and procedure by indust ry  t h a t  w i l l  

assure sa fe ty  without undue economic penalty. There must a l s o  be t h e  

co l l ec t ion  of standard p rac t i ces  i n  t he  assessment of e f f e c t s  of nuclear 

*In t h i s  connection, it i s  noted t h a t  t he  d i r e c t  expenditure on 
nuclear sa fe ty  s tud ies  by t he  Reactor Safety Branch has increased from 
12 mill ion d o l l a r s  i n  f i s c a l  1961 t o  mi l l ion d o l l a r s  i n  f i s c a l  1962. 



accidents  i n  r e a c t o r s  and t h e  methods of c a l c u l a t i n g  such e f f e c t s .  

The t o t a l  program w i l l  involve considerable r a d i a t i o n  damage work, 

metallurgy, meteorology, and engineering ana lys i s  and experimenta- 

t i o n .  Some of t h e  l a s t  should be e s s e n t i a l l y  f u l l - s c a l e  us ing s p e i  

c i a l l y  constructed r e a c t o r s  and containment vesse l s .  We need t o  

move ahead i n  t h i s  program a s  r ap id ly  a s  poss ib le .  (condensed by 

L. A. ~ a n n )  



NUCLEAR SPACE SYSTEMS 

Preparations a r e  current ly  being made t o  f l y  a number of d i f f e r en t  

space nuclear energy sources which range from the  radioisotope-fueled 

sources of a few watts  i n  power up t o  the  kilomegawatt f i s s i o n  reac tor  

f o r  the nuclear rockets.  Safety analyses of these nuclear sources follow 

the  usual l i n e s  of reasoning t h a t  the  general  population should be pro- 

t ec ted  from unreasonable hazards. I n  addition, since these energy 

sources w i l l  f l y  over other than our own t ,erri tory,  an addLtinnal s t ep  

of considering the  diplomatic impact of the  f l i g h t  must be taken. It 

appears t h a t  i n i t i a l l y  each f l i g h t  w i l l  require  d i r e c t  Pres iden t ia l  ap- 

proval .  

On June 28, 1961, a s ign i f ican t  s tep  i n  t he  u t i l i z a t i o n  of nuclear 

energy sources i n  space w a s  taken when t he  Navy's Transi t  I V - A  navigational  

s a t e l l i t e  went i n t o  o r b i t  carrying a SNAP 3* radioisotope-powered auxi lary  

power u n i t .  The f l i g h t  had o n g i n a l l y  been prepared f o r  June 6 following 

Pres iden t ia l  approval, but the  S t a t e  Department requested reconsideration 

because of the  world s i tua t ion  a t  t h a t  time, and the  f i l g h t  was delayed 

f o r  the  addi t ional  period. 

The general sa fe ty  considerations i n  the  use of ndclear eoergy 

sources i n  space were discussed i n  a previous review5 and a t  t he  Space- 

Nuclear conference6 of t he  American Rocket Society i n  May 1.961. The 

periods considered were (1) the  prelaunch phase, ( 2 )  the  launch phase, 

and (3 )  t he  re tu rn  phase. Prelaunch i s  defined as the p e ~ l o d  from con- 

s t ruc t ion  of the  source u n t i l  l i f t - o f f  fro:n t h e  launch pad. The launch 

*The SNAP (systems f o r  Xuclear Auxiliazy Power) un i t s  a r e  given an 
odd number i f  they have a radioisotope energy source and an even number 
i f  they have a f i s s i o n  energy source. 



phase proceeds from l i f t - o f f  u n t i l  a successful launching i s  completed. 

The re tu rn  phase r e f e r s  t o  t h a t  time, planned o r  unplanned, when par t  o r  

a l l  the  nuclear package re tu rns  t o  t he  v i c i n i t y  of the  ear th .  Branch and 

comer7  expect t h a t  t h e  rad ioac t iv i ty  which might be credibly  released 

over t he  next 20 years, i f  d i s t r i bu t ed  on the  global  scale,  w i l l  cause 

only a minor change i n  the  ex i s t ing  leve l s .  They have reviewed a l l  t he  

nuclear space systems from the  standpoint of nuclear sa fe ty .  

Radioisotope Energy Source 

I n  general,  the  radioisotope systems present t h e i r  g rea tes t  hazard 

during the  prelaunch and launch periods, since a t  this tlme the  isotopes 

a re  a t  t h e i r  g rea tes t  power output of t he  e n t i r e  mission. Some of t he  

problems of radiological  safe ty  analysis  f o r  t he  125-watt radioisotope- 

powered SNAP 1 A  have been discussed by Dick, including core loading i n  

a h o t c e l l , t r a n s p o r t a t i o n  of t he  fueled core, t r ans f e r  of t he  fueled core 

t o  t he  generator, generator shielding, launch abort  procedures, vehicle 

f a i l u r e  on t h e  launchpad,vehicle f a i l u r e  during ascent f l i g h t ,  and r e -  

entry  from e x t r a t e r r e s t r i a l  f l i g h t .  Safety analyses of a l l  radioisotope 

energy sources follow t h i s  general  out l ine ,  since these  sources d i f f e r  

only with respect  t o  power l eve l  and t h e  spec i f ic  isotope used. 

The alpha-emitters po210, ~ u ~ ~ ~ ,  and ~m~~~ a r e  favored9-'' f o r  the  

small (few-watt) SNAP 3 sources, s ince they have a high power densi ty  

and present e s s e n t i a l l y  no gamma shielding problem. The 125-watt SNAP 1 A  

uses ce lk4  and the  accompanying p r l k 4  beta-emit ters  and gamma emi t te r s  

f o r  a power source and requires  a drainable mercury shie ld  a t  t h e  launch 

pad. The use of sr90 o r  ce lk4  i n  t he  l a rge r  u n i t s  i s  d ic ta ted  pr imari ly  

by cost  considerations.  Both a r e  produced from f i s s i o n  products. 



The radioisotope i s  i n  each case t i g h t l y  encapsulated i n  a high- 

temperature-resistant high-strength material  capable of containing the  

materials  under the conditions of a launch abort .  The launch abort  t e s t s  

i n  the  a l t i t ude  range from 0 t o  1000 f t  have been described by Dick. The 

extreme condition would occur following a booster f a i l u r e  i n  which the  

core could be subjected t o  a 6000°F f i r e b a l l  and explosion with shockwave 

overpressures of 8000 p s i  a s  the  booster exploded, followed by 8-min i m -  

mersion i n  a high-temperature f i r e  of from 2000 t o  4500°F. Tests t o  ap- 

proximate such conditions were made a t  Aberdeen Proving Ground on Inconel 

X, Hastelloy B, and type 316 s t a in l e s s  s t e e l  cores. Inconel X was a l so  

tes ted  by immersion i n  l iqu id  oxygen t o  demonstrate low-temperature 

i n t eg r i t y  and res is tance t o  thermal shock. A study of a3ort ccnditions 

from 1000 f t  t o  300 miles indicated t ha t  the core would impact a t  500 

f t / sec  and be a t  a temperature of 1500°F. Tests conducted against  con- 

solidated ear th  showed t h a t  the core would r e t a i n  the radioisotope, but 

grani te  impact t e s t  r e s u l t s  indicated t h a t  the core should be redesigned. 

Subsequent t e s t s  of redesigned cores with impact-absorbing caps gave 

sa t i s fac tory  r e s u l t s .  

As a general c r i t e r i o n  f o r  re-entry, the requirement f o r  complete 

bucnup above 100,000 f t  has been generally accepted. This means t h a t  the 

debr is  would be above the  usual a i r  t r ave l  lanes and would be retained 

f o r  some time i f  the  pa r t i c l e  s ize  were small enough. I n  re-entry  con- 

siderably more energy i s  l ibera ted  i n  a short  time from the re-entry 

drag heating than i n  the  abort conditions, and it appears feas ib le  t o  

burn up the cores f o r  both SNAP 1 A  and the  various SNAP 3 un i t s .  Breakup 



of the  core a ids  i n  the  re-entry  burnup. Analysis of SNAP 1 A  indicated 

complete burnup t o  p a r t i c l e s  of s i z e s  l e s s  than 10 p above 120,000 f t .  

Nuclear Reactor Energy Sources 

The safe ty  analyses of the  SNAP reactor  systems12~ l3  a s  energy sources 

i n  space pa ra l l e l  c lose ly  the analyses of the  radioisotope systems, except 

f o r  the  addi t ional  hazard of unplanned c r i t i c a l i t y .  Shipment problems 

f o r  the  reactor  a r e  somewhat more d i f f i c u l t  than f o r  the  radioisotope 

systems, although t h i s  problem i s  simplif ied when the fission-product i n -  

ventory i s  kept low by l imi t ing  the  preshipment t e s t i ng  of the  reactor .  

Shipping provisions have t o  guard against  accidenta l  excursions of the 

reactor  during shipment. The development of sa fe ty  c r i t e r i a  and examination 

of hazardous conditions f o r  the launch period a re  necessary f o r  each of 

the  SNAP reac tors .  Once a t  the launch pad, the  in tegra t ion  of the power 

package with the  r e s t  of the payload i s  a l so  made simpler i f  the  f i s s i on -  

product inventory i n  the reactor  has been kept low during the p re f l igh t  

period, since only minimum shielding of the  reac tor  i s  necessary under 

those condit ions.  

If o r b i t a l  s t a r tup  of t he  reac tor  i s  used, the  launch phase problems 

w i l l  be minimized. Zero-power t e s t i ng  of the  reac tor  can take place with- 

out an appreciable increase i n  the  r a t e  of f ission-product inventory. If 

the  reactor  i s  operated a t  f u l l  power on the  pad and during launch, the  

gamma dose r a t e s  w i l l  be within safe l i m i t s  up t o  a thermal power of 

almost 500 kw. Remote removal of the  reac tor  because of malfunctioning 

o r  long delay on t he  launch pad does not present d i f f i c u l t  problems, but 

a reac tor  excursion on the launch pad or  an abort  followed by an excursion 



could present  hazardous conditions. Analyses of t h e  SNAP 2 (50-kw 

thermal) r eac to r  ind ica te  t h a t  a r eac to r  excursion would r e l e a s e  f i s s i o n  

products equivalent  t o  those  present  a f t e r  operat ion f o r  30 min. Personnel 

evacuation r a d i i  and blockhouse p ro tec t ion  appear adequate f o r  r ad io log ica l  

protect ion.  

Re-entry problems f o r  t h e  SNAP reac to r s  can be minimized by plac ing 

t h e  package i n  a long-l ived o r b i t  s o  t h a t  a long decay period i s  ava i l ab le  

a f t e r  r eac to r  shutdown. A 700-mile o r b i t  which would allow t h e  reac to r  

about 300 years t o  decay would provide f o r  safe ,  i n t a c t  re-entry.  On t h e  

o ther  hand, re-ent ry  analyses14 of t h e  f i e 1  elements have indicated  t h a t  

i f  t h e  elements a r e  re leased above 280,000 f t  they  w i l l  burn up and d i s -  

perse above 100,000 f t .  These analyses a r e  s t i l l  subject  t o  experimental 

v e r i f i c a t i o n ,  and t h e  long decay period is  favored. Some combination of 

t h e  two may be t h e  idea l  answer. (P. G. ~ a f y a t i s )  
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JCAE HEARINGS ON RADIATION SAFETY AND REGULATION 

The J o i n t  Committee on Atomic Energy (JcAE) held publ ic  hearings 

i n  Washington June 12-15, 1961. I n  a press  r e l c 3 s e , l 5  Committee Chair- 

man Hol i f i e ld  announced t h a t  t h e  hearings were t o  cover two major top ics :  

r a d i a t i o n  s a f e t y  and regula tory  problems. The testimony on r a d i a t i o n  

s a f e t y  covered general  s a f e t y  problems, t h e  Commissions r e a c t o r  s a f e t y  

program, and recent  developments i n  reac to r  sa fe ty ,  with p a r t i c u l a r  

emphasis on t h e  SL-1 incident  ( s e e  d iscuss ion of SL-1 incident ,  p. 170, 

i n  t h i s  ~ e v i e w ) .  The testimony on regula tory  problems presented not only 

formal and informal aspects  of t h e  regula tory  process but  a l s o  poss ib le  

f u r t h e r  improvements i n  each. 

A s  s ta ted15 by Chairman Hol i f ie ld ,  "the Commission's regula tory  op- 

e ra t ions  have been t h e  object  of increasing concern and study. On 

March 20, t h e  J o i n t  Committee released16 a two volume p r i n t  containing 

s tud ies  by t h e  AEC, t h e  Universi ty of Michigan Atomic Energy Research 

Projec t  and t h e  J o i n t  Committee s t a f f .  The AEC recommended and has s ince  

adopted17 c e r t a i n  organizat ional  changes including c rea t ion  of a Director  

of Regulation repor t ing d i r e c t l y  t o  t h e  Commission while t h e  Universi ty 

of Michigan study recommended c rea t ion  of a separa te  agency t o  handle 

t h e  commission's regula tory  functions.  The J o i n t  Committee s t a f f  adopted 

an intermediate pos i t ion ,  recommending c rea t ion  of an i n t e r n a l  Atomic 

Safety and Licensing Board. " 

The hearings l a s t e d  f o r  four  days, during which many personages 

from government, s c i e n t i f i c  i n s t i t u t i o n s ,  and business presented testimony 

on t h e  various t o p i c s  considered. A l l  testimony w i l l  be incorporated i n  



t h e  record of t h e  hearings, copies of which w i l l  be ava i l ab le .  l8 I n  

addi t ion ,  t h e  J o i n t  Committee had s o l i c i t e d  t h e  views of l abor  and 

indust ry  representa t ives ,  a s  wel l  a s  a  number of l e g a l  scholars ,  on 

t h e  a l t e r n a t i v e  organiza t ional  arrangements and o the r  suggested i m -  

provements i n  t h e  AEC regula tory  process. These statements w i l l  be 

published i n  an appendix t o  t h e  record of t h e  hearings.  

The record of t h e  hearings i s  voluminous and it i s  hardly pos- 

s i b l e  t o  summarize f a i r l y  t h e  various pos i t ions  of d i f f e r e n t  individuals  

and organizat ions on t h e  i s sues  discussed. Hence, t h e  reader  is  en- 

couraged t o  r e f e r  t o  t h e  Committee repor t  f o r  background information, 

s p e c i f i c  da ta ,  and d e t a i l s ;  however, some of t h e  apparent h igh l igh t s  and 

t rends  presented i n  t h e  testimony a r e  discussed here  ( s e e  a l s o  "Comments 

on Proposed Reactor S i t e  C r i t e r i a ,  " p. 187, t h i s  ~ e v i e w )  . 

General Reactor Safe ty  Problems 

Most of t h e  testimony on reac to r  s a f e t y  was a restatement of t h e  

present  s t a t u s  of t h e  business of nuclear  sa fe ty .  The importance of 

each phase of t h e  program, t h a t  i s ,  design, construct ion,  and operation, 

i n  t h e  over -a l l  s a f e t y  was duly recognized, and t h e  continuing need f o r  

government review and su rve i l l ance  t o  assure  no undue hazard t o  t h e  publ ic  

was expressed. Although no g rea t  changes i n  t h e  subjec t ive  b a s i s  of 

s a f e t y  assessment was an t i c ipa ted  i n  t h e  near  fu tu re ,  McCullough of t h e  

ACRS noted t h a t  "attempts [were] being. ,made t o  review a l l  t h e  informa- 

t ion [on reac to r  technology] and t o  summarize t h e  c r i t e r i a  contained. " 

Perhaps t h e  most informative testimony on t h i s  subjec t  was t h a t  of 

Beck, Ass is tant  Direc tor  f o r  t h e  F a c i l i t i e s  License, Division of Licensing 



and Regulation, who discussed t h e  present  s t a t u s  of t h e  assessment of 

r eac to r  s a f e t y  and t h e  Commission~s experimental program f o r  providing 

pe r t inen t  information where known inadequacies e x i s t .  I n  t h e  area  of 

sa fe  design, he i d e n t i f i e d  t h e  following general  s a f e t y  object ives  : 

"a. The reac to r  must be s t a b l e  i n  i t s  operation. That 
is, t h e r e  should be no self-generated o s c i l l a t o r y ,  e r r a t i c  o r  
unpredictable va r ia t ions  i n  power l e v e l  and any per turbat ions  
l i k e l y  t o  be imposed on t h e  system should not l ead  t o  such un- 
s t a b l e  behavior. 

"b. Insofar  a s  poss ib le  t h e r e  should be inherent,  s e l f -  
l i m i t i n g  c h a r a c t e r i s t i c s  which would cause t h e  r e a c t o r ' s  power 
l e v e l  t o  remain a t  o r  r e t u r n  promptly t o  a given condit ion when 
any perturbing condit ion tends t o  cause it t o  diverge from t h a t  
condition. 

"c. I f  a  r eac to r  i s  not f u l l y  s e l f  s t a b i l i z i n g ,  i t s  dynamic 
response t o  per turbat ions  l i k e l y  t o  occur should be s u f f i c i e n t l y  
slow t h a t  control  systems having reasonable c h a r a c t e r i s t i c s  should 
be ab le  t o  r e s t r a i n  t h e  power l e v e l  wi th in  des i red  bounds. 

"d. The temperature of f u e l  elements, t h e  pressure i n  t h e  
reac to r  vessel ,  t h e  heat  f l u x  on f u e l  surfaces,  the  s t r e s s  on 
mechanical components, and other  s imi la r  process va r iab les  must 
have a s u f f i c i e n t  margin of s a f e t y  before f a i l u r e  t h a t  l i k e l y  
per turbat ions  w i l l  not cause t h e  f a i l u r e  point  t o  be reached. 

"e. Routine e f f l u e n t s  from t h e  f a c i l i t y  t o  t h e  environment 
must be within permissible l i m i t s  with adequate monitors t o  de- 
termine, and f a c i l i t i e s  f o r  control l ing ,  e f f l u e n t s  l e v e l s  i f  they 
a r e  above tolerance.  

"f. Design should be s o  adjus ted  t h a t  f a i l u r e s ,  malfunctions 
and misoperations t h a t  could occur would not l e a d  t o  se r ious  ac-  
c  idents  . 

"g. There must be adequate safeguards aga ins t  r e lease  t o  
t h e  environment of f i s s i o n  products which might be accident ly  r e -  
l e a s e d f r o m t h e i r  normal confining b a r r i e r s  within t h e  reac to r  
f a c i l i t y .  The safeguards may include, among others,  a  high in-  
t e g r i t y  containment building,  a  washdown spray system, o r  a  
f i l t r a t i o n  system on t h e  bui ld ing exhaust." 

Regarding t h e  operat ion of a  nuclear f a c i l i t y ,  t h e  following bas ic  

p r inc ip les  were i d e n t i f i e d  by Beck a s  fundamental t o  safeguarding aga ins t  

t h e  l ike l ihood of misoperations. 



"a. It i s  important t h a t  t h e  l i n e s  of au thor i ty  and 
r e s p o n s i b i l i t y  i n  t h e  operat ing organizat ion be c l e a r l y  de- 
f ined.  

"b. There i s  usua l ly  provided some system of checks 
and balances, i n t e r n a l  t o  t h e  operating organization, by 
which some competent t echn ica l  group separa te  from t h e  l i n e  
operat ing s t a f f ,  pe r iod ica l ly  examines reac to r  operat ions and 
performance, reviews proposed changes i n  t h e  f a c i l i t y  o r  i n  
t h e  operating procedures, and examines important revis ions  
i n  t h e  experimental program, t o  insure  t h a t  has ty  o r  ill con- 
s idered revis ions  a r e  not made, and genera l ly  exerc ises  a 
second management judgment on operations, independent of t h e  
operat ing s t a f f .  

"c. It is  important t h a t  t h e r e  be d e f i n i t e ,  wr i t t en  
procedures by which a l l  normal operat ions a r e  performed and 
by which a l l  forseeable abnormal operat ions and contingencies 
a re  ca r r i ed  out.  Deviation from these  procedures should only 
be permitted a f t e r  a l t e r n a t e  procedures a r e  approved. 

"d. The supervisory and operating s t a f f  should have 
adequate- experience and t r a i n i n g  f o r  t h e  t a s k s  assigned. 

"e. There should be wel l  defined boundaries and l i m i t s  
within which t h e  f a c i l i t y  may be operated." 

The importance of t h e  choice of mater ia ls  and t h e  q u a l i t y  of workman- 

sh ip  i n  t h e  s a f e  construction of t h e  reac to r  were noted. A s  an example 

of t h e  problems with mater ia ls  t h e  experience of 17-4 PH s t a i n l e s s  s t e e l  

i n  control  rods was c i t ed .  l g  Beck a l s o  presented a b r i e f  review of t h e  

Commissionls s a f e t y  research program. This program was reviewed i n  an 

e a r l i e r  i s sue  of Nuclear Safety, 20  but it has s ince  been expanded some- 

what. 

Speci f ic  Reactor Safety Problems 

Most of t h e  testimony on s p e c i f i c  problems was r e l a t e d  t o  t h e  SL-1 

incident .  Inasmuch a s  t h i s  i s sue  of Nuclear Safe ty  includes a f ea tu re  

a r t i c l e  (see  Current Events sec t ion,  p.,l7C), The SL-1 ~ n c i d e n t )  t h a t  sub- 

j e c t  per s e  w i l l  not be discussed f u r t h e r  here.  A s  an outgrowth of t h e  

SL-1 incident ,  however, t h e  AEC conducted a survey2' of a l l  l icensed 



c r i t i c a l  f a c i l i t i e s  by request ing t h a t  s p e c i f i c  information on the  

r e a c t i v i t y  worth and shutdown c a p a b i l i t i e s  of t h e  reac to r s  under various 

conditions be submitted. Reporting on t h i s  survey of the  hearings, Pr ice ,  

Acting Director  of Regulation, surmnarized t h e  conclusions of t h e  survey 

"1. No l icensed reac to r  was found i n  which removal of a  
s ing le  control  rod could make t h e  reac to r  c r i t i c a l  when other  
control  devices were i n  operation. 

"2. I n  no l icensed reac to r  was it judged t h a t  t h e  shutdown 
margin was inadequate. 

"3. I n  no l icensed reac to r  was it found necessary t o  require  
any changes i n  t h e  arrangement o r  condit ion of t h e  con t ro l  system. 

"4. For some l icensed f a c i l i t i e s  it was concluded t h a t  
nuclear instrumentat ion should be used during more non-operating 
a c t i v i t i e s  than had been t h e  p rac t i ce ,  t h a t  w r i t t e n  procedures 
should be extended t o  cover such a c t i v i t i e s ,  and, i n  a few cases, 
t h a t  more d i r e c t  supervision should be required during non- 
operating a c t i v i t i e s .  However, none of these  s i t u a t i o n s  appeared 
t o  require  any immediate ac t ion.  " 

A t  t h e  same time t h a t  l icensed reac to r  operators were asked t o  under- 

take  t h e  above survey, inves t iga t ing  teams were es tab l i shed  a t  each of 

t h e  commission-owned reac to r  s i t e s  t o  review t h e  s a f e t y  of commissioned- 

owned reactors .  The review a t  t h e  Brookhaven National Laboratory l e d  t o  

t h e  shutdown of t h e  Brookhaven reactors .  Their subsequent s t a r t u p  and 

adsolvement of Laboratory management was reviewed by Tape, Acting Director  

of t h e  Brookhaven National Laboratory. He s t a t e d  t h a t  "In t h e  case of t h e  

Brookhaven act ion,  every improvement could have been achieved without shut-  

t i n g  down t h e  reac to r s  and without t h e  accompahying, damaging e f f e c t s  r e -  

s u l t i n g  from misconceptions by t h e  public, e f f e c t s  on s t a f f  morale, and 

t h e  undue amount of time required of senior  responsible personnel both 

i n  t h e  AEC and a t  Brookhaven t o  r e c t i f y  a s i t u a t i o n  which was made worse 



by t h e  order. The public i s  b e s t  served by improvements i n  our opera- 

t i o n  r a t h e r  than by unnecessari ly causing alarm and cas t ing doubt 

upon t h e  r e s p o n s i b i l i t y  and t echn ica l  a b i l i t y  of t h e  operat ing con- 

t r a c t o r  and h i s  employees." 

So f a r  a s  has been reported, no other  r eac to r s  were shut  down a s  

a consequence of these  inves t igat ions .  

Problems i n  Regulatory Processes 

The testimony presented on t h e  problems i n  regula tory  processes 

included review by t h e  AEC s t a f f  personnel of t h e  operat ion of t h e  

regula t ing procedures, a s  well  a s  testimony by severa l  o thers  d i -  

r e c t i n g  a t t e n t i o n  t o  a l leged shortcomings of t h e  e x i s t i n g  procedures. 

Those aspects  of t h e  e x i s t i n g  procedures which were c r i t i c i z e d  by one 

o r  more of t h e  pa r t i c ipan t s  included (1) t h e  Public Hearings, (2 )  t h e  

number of  r e p e t i t i v e  reviews, (3) t h e  need f o r  standard c r i t e r i a ,  and 

(4)  t h e  function of t h e  ACRS. 

Although t h e r e  was obviously no opportunity t o  resolve d i f f e r e n t  

a t t i t u d e s  with regard t o  each of these  sub jec t s  t h e  most f requent ly  

expressed a t t i t u d e  on each is summarized below. 

1. While t h e  v i r t u e  of public documentation was everywhere de- 

fended, t h e  value of publ ic  hearings was seen a s  l imi ted  only t o  con- 

s t r u c t  ion approval. 

2. The apparent cumbersomeness of t h e  review procedure, including 

reviews by t h e  Division of Licensing and Regulation, t h e  ACRS, t h e  



Hearing Examiner, and t h e  AEC Commissioners, was genera l ly  noted. I n  

add i t ion  t o  t h e  curtai lment of t h e  hearing s t e p  a s  suggested above, 

o thers  commented on t h e  use of conventional adminis t ra t ive  procedures, 

t h e  overlapping of t h e  reviews by t h e  Division of Licensing and Regu- 

l a t i o n  and t h e  ACRS, and t h e  f a c t  t h a t  t h e  AEC Commissioners make t h e  

f i n a l  review. 

3. The need was c i t e d  f o r  t h e  formulation of some general  c r i t e r i a ,  

i n  t h e  form of a preliminary guide, o r  merely a statement of e x i s t i n g  

p rac t i ce .  

4. The discuss ion of t h e  ACRS was p r i n c i p a l l y  d i rec ted  toward 

considerat ion of optimum u t i l i z a t i o n  of t h i s  group by r e s t r i c t i n g  t h e  

area  of t h e i r  review and, i n  another instance,  by l i m i t i n g  it t o  t h e  

development of c r i t e r i a  only. 

Suggested Improvements i n  Regulatory Processes 

As  previously noted, l7 t h e  March 1961 reorganizat ion of t h e  Com- 

mission was an attempt t o  separa te  promotional and regula tory  func- 

t ions .  P r i o r  t o  t h i s  ac t ion,  t h e  regula tory  processes were s tudied 

by t h e  AEC, t h e  J o i n t  Comm-ittee S ta f f ,  and t h e  Atomic Energy Research 

Projec t  a t  t h e  Universi ty of Michigan. l6 Much of t h e  discussion a t  

t h i s  hearing was concerned with various recommendations r e s u l t i n g  

from these  s tudies .  As  s t a t e d  by AEC Commissioner Olson, "In l i n e  

with suggestions made i n  both t h e  JCAE s t a f f  s tudy and t h e  AEC repor t ,  

we have adopted new procedures i n  reac to r  and waste d isposal  cases 

which w i l l  provide more complete and meaningful information t o  l o c a l  



o f f i c i a l s  and t h e  publ ic  p r i o r  t o  hearing. I n  connection with ap- 

p l i c a t i o n s  f o r  const ruct ion permits and operat ing l i censes  f o r  power 

and t e s t  reactors ,  we a r e  attempting t o  make publ ic  a  s t a f f  hazards 

analys is  and t h e  ACRS repor t  well  i n  advance of hearing. Notice i s  

being served on t h e  chief  executive of t h e  municipali ty o r  county i n  

which t h e  p ro jec t  i s  located .  A s i m i l a r  procedure w i l l  be followed 

i n  waste d isposal  proceedings." 

Olson f i r t h e r  suggested t h a t  "The J o i n t  Committee might well  

conclude t h a t  t h e  mandatory hearing requirement of 1957 l e g i s l a t i o n  

has accomplished i t s  purpose and t h a t  t h e  time has come t o  consider 

a  r e laxa t ion  o r  some modificat ion of t h e  mandatory hearing require-  

ments. Such a re laxa t ion  would make it poss ib le ,  without v i o l a t i n g  

t h e  s p i r i t  of t h i s  l e g i s l a t i o n ,  t o  reduce t h e  number of  hearings with- 

out prejudice t o  t h e  p u b l i c ' s  r i g h t  of access t o  fill and t imely i n -  

formation; and without prejudice t o  any i n t e r e s t e d  p a r t y ' s  r i g h t  and 

opportunity t o  intervene. Any re laxa t ion  of t h e  mandatory hearing 

requirement should a l s o  provide some f l e x i b i l i t y  i n  r e f e r r i n g  cases 

t o  t h e  ACRS s o  they w i l l  need t o  consider only s a f e t y  questions of 

r e a l  s ign i f i cance  i n  connection with power and t e s t  r eac to r s  and any 

other  t h e  AEC is  i n t e r e s t e d  i n . "  

Commenting on t h e  recent  AEC reorganizat ion and t h e  f a c t  t h a t  it 

did  not completely conform t o  t h e  recommendations of t h e  J o i n t  Committee 

S t a f f ,  Olson concluded "Although we do not bel ieve  t h e  Commission's 

regula tory  and other  r e s p o n s i b i l i t i e s  should be divided between sepa- 

r a t e  agencies a t  t h i s  time, t h e  reorganizat ion which t h e  Commission 



has adopted i s  c e r t a i n l y  cons is tent  with, and a l o g i c a l  s t e p  towards, 

u l t ima te  separat ion.  The Commiss ion has considered t h e  independent 

Licensing Board recommended by t h e  s t a f f  s tudy and has concluded t h a t  

it would be unwieldy. The proposed Licensing Board would leave  d i -  

vided r e s p o n s i b i l i t y  f o r  regula tory  functions between t h e  Board and 

t h e  Commission. " 

The testimony was concluded by t h e  p resen ta t ion  of t h r e e  important 

points  of view: t h a t  of ACRS by i t s  1960 Chairman, L e s l i e  Silverman, 

t h a t  of t h e  Atomic Energy Research Pro jec t  by W. H. Berman, and t h a t  

of t h e  JCAE S t a f f  by Wm. Mitchell .  The JCAE proposal would c r e a t e  a 

separa te  " ~ t o m i c  Safe ty  and Licensing ~ o a r d "  whose members would be 

appointed by t h e  pres ident .  This Board was proposed t o  accomplish 

t h r e e  p r i n c i p a l  purposes: " ... t o  separa te  t h e  f i n a l  r e s p o n s i b i l i t y  

f o r  decision-making i n  l i c e n s i n g  from t h e  r e s p o n s i b i l i t y  f o r  operat ing 

and promokling; t o  combine i n  a s i n g l e  exper t  body t h e  funct ions  now 

performed a t  t h e  i n i t i a l  hear ing  by t h e  examiner, who necessa r i ly  has 

no exper t i se  i n  s c i e n t i f i c  and t echn ica l  matters ,  with t h e  functions 

now performed on appe l l a t e  review by t h e  Commissioners; and a t  t h e  same 

time t o  preserve t h e  c lose  working r e l a t i o n s  which a r e  necessary be- 

tween t h e  regula tory  d iv i s ions  of t h e  AEC s t a f f ,  on t h e  one hand, and 

t h e  operat ing d iv i s ions  and f i e l d  l a b o r a t o r i e s  of t h e  AEC, on t h e  

o ther  hand. " 

On t h e  o ther  hand t h e  Atomic Energy Research Projec t  proposal 

was p r i n c i p a l l y  concerned t h a t  any separa ted  l i c e n s i n g  board a l s o  possess 

rule-making au thor i ty .  The Pro jec t  r epor t  concluded t h a t  t h e  combination 



of l i cens ing  and rule-making au thor i ty  i n  a s i n g l e  group was e s s e n t i a l  

but  Berman explained t h a t  t h i s  d id  not necessa r i ly  involve t h e  complete 

separa t ion of protqotional and regula tory  functions by t h e  c r e a t i o n  of a 

regula tory  agency outs ide  t h e  AEC. 

The ACRS posi t ion ,  a s  a t t e s t e d  t o  by Silverman, was t h a t  any of 

t h e  proposals could be made workable but  t h a t  t h e  proposal by t h e  J o i n t  

Committee, i. e.,  t h e  c rea t ion  of an " ~ t o m i c  Safe ty  and Licensing ~ o a r d "  

was t h e  middle course and was favored by t h e  ACRS, s ince  it would e s t a b l i s h  

"a sound framework f o r  t h e  f u t u r e  growth of t h e  hearing and l i cens ing  

processes." Regarding t h e  scope of ACRS a c t i v i t i e s ,  Silverman s t a t e d  t h a t  

"it i s  not e s s e n t i a l  ... t h a t  [ACRS] review every power and t e s t  r eac to r  

case i n  t h e  same d e t a i l  i n  t h e  case of those reac to r s  above 10 megawatts 

thermal where t h e r e  a r e  fea tu res  s imi la r  t o  those  a l ready evaluated i n  

depth i n  pas t  cases. " On t h e  o ther  hand, Silverman d id  not t h i n k  t h a t  

ACRS review of even power reac to r s  should be r e s t r i c t e d  t o  t h e  construc- 

t i o n  permit phase because many important changes with respect  t o  s a f e t y  

fea tu res  can t ake  p lace  a f t e r  t h e  const ruct ion permit has been issued. 

Subsequent Leg i s la t ion  

Two months a f t e r  t h e  hearing, JCAE Chairman Hol i f i e ld  introduced 

a i n  t h e  House of Representat ives which would amend t h e  Atomic 

Energy Act of 1954 by providing f o r  t h e  establishment of a three-man 

Atomic Safe ty  and Licensing Board, which would f u l f i l l  t h e  functions 

of t h e  hearing examiner. A second provis ion of t h e  b i l l  a l s o  dispensed 

with hearings on t h e  grant ing of amendments t o  const ruct ion permits, a s  

wel l  a s  hearings on t h e  issuance of operat ing l i censes  and, under c e r t a i n  

circumstances, t h e  30-day not ice  and publ ica t ion of such pending ac t ion.  



Another s e c t i o n  of  t h e  amendment provided t h a t  c e r t a i n  reviews which 

have been a  rou t ine  fbnc t ion  of t h e  ACRS would be r equ i red  only when 

s p e c i f i c a l l y  r e f e r r e d  t o  ACRS by t h e  Commission. Included i n  t h i s  

category a r e  a p p l i c a t i o n s  under s e c t i o n  104c of t h e  Act f o r  cons t ruc-  

t i o n  permits  o r  opera t ing  l i c e n s e s  f o r  t e s t i n g  f a c i l i t i e s  and any 

a p p l i c a t i o n s  f o r  amendment t o  cons t ruc t ion  permits  o r  amendments t o  

opera t ing  l i c e n s e s  under s e c t i o n  103 o r  104a, b, o r  c. (w. B. ~ o t t r e l l )  



BREEDER REACTORS AND NUCLEAR SAFETY 

 a ate rial held over from d r a f t  of Vol. 3, No. 1 t o  be inser ted 

here; see d r a f t  pages 15 through 20 and references 30 through 37 on 

page 46. ) 



SAFE2Y I N  SOURCE HANDLING 

(Material held over from d r a f t  of Vol. 3, No. 1 t o  be inse r ted  here; 

see d r a f t  pages 30 through 43 and references 64 through 76 on pages 48 

and 4 9 . )  
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FISSION-PRODUCT RELEASE FROM U02 

A major problem associa ted  with f u e l  elements containing bulk U02 

is t h e  r e l e a s e  of  v o l a t i l e  f i s s i o n  products from t h e  U02. I n  a previous 

review a r t i c l e , l  it was pointed out  t h a t  two important a reas  of un- 

c e r t a i n t y  i n  p red ic t ing  f i ss ion-gas- re lease  r a t e s  a r e  t h e  temperature 

d i s t r i b u t i o n  i n  t h e  U02 and t h e  r a t e  of r e l e a s e  of v o l a t i l e  f i s s i o n  prod- 

uc t s  from a given batch of U02 a t  a given temperature. Since t h e  publ i -  

ca t ion  of t h e  l a s t  review a r t i c l e  on f i ss ion-product  r e l e a s e  from U02, 

a number of papers have appeared which help  t o  reduce t h e s e  u n c e r t a i n t i e s .  

Temperature Dis t r ibu t ion  i n  U02 

P o s t i r r a d i a t i o n  examination of some of t h e  e a r l i e s t  U02 f u e l  e l e -  

ments t e s t e d  revealed t h a t  regions of columnar g ra ins  were present  a t  

t h e  centers  of t h e  f i e 1  rods. Since t h e s e  s t r u c t u r e s  were reminiscent 

of t h e  s t r u c t u r e  of metal cas t ings ,  it was concluded t h a t  t h e  U02 had 

been molten a t  t h e  cen te r  of t h e  f u e l  rod during i r r a d i a t i o n  and t h a t  

t h e  observed s t r u c t u r e  developed upon s o l i d i f i c a t i o n .  By assuming t h a t  

t h e  edge of t h e  columnar region was a t  t h e  U02 melt ing point ,  5000°F, 

Eichenberg e t  a l .  est imated t h e  average thermal conduct iv i ty  of ir- 

rad ia ted  U02 between 750°F and t h e  melting po in t  t o  be 1 ~ t u / h r - f t S " F .  

This value has been used widely i n  t h e  design of r eac to r s  with U02 f u e l  

elements. 

Further  s t u d i e s  revealed t h a t  t h e  centers  of f u e l  rods where columnar 

g r a i n  growth had occurred had probably not been molten a f t e r  a l l .  

~ o b e r t s o n ~  observed t h a t  outs ide  of t h e  columnar g ra ins  t h e r e  was a nar- 

row band of r e l a t i v e l y  la rge ,  equiaxed g ra ins .  Outside these ,  t h e  



s t r u c t u r e  of t h e  p e l l e t s  was unchanged. From a knowledge of t h e  g ra in -  

growth c h a r a c t e r i s t i c s  of U02, a n  approximate temperature was ass igned 

t o  t h e  o u t e r  l i m i t  of t h e  equiaxed-grain region.  An average thermal  

conduc t iv i ty  of t h e  U02 was then  computed assuming t h a t  t h e  edge of t h e  

columnar-grain reg ion  was a t  t h e  melt ing p o i n t  of U02. An improbably 

low value  f o r  t h e  thermal  conduc t iv i ty  was obtained.  

I n  a  s e r i e s  of ou t -o f -p i l e  t e s t s ,  MacEwan and ~ a w s o n ~  dup l i ca t ed  

t h e  columnar-grain-growth region  without c e n t r a l  mel t ing  and p o s t u l a t e d  

t h e  fol lowing mechanism of columnar g r a i n  growth. I n  a  s t e e p  tempera ture  

g rad ien t  a t  temperatures  near  3600°F, where t h e  vapor p res su re  of U02 i s  

apprec iable ,  U02 sublimes on t h e  h o t  s i d e  of smal l  pores and condenses 

on t h e  co ld  s i d e .  The pores t h e n  move toward t h e  c e n t e r  of t h e  rod and 

l e a v e  behind a  s i n g l e ,  o r i e n t e d  g ra in .  V o l a t i l e  f i s s i o n  products  i n  t h e  

pa th  of a  pore a r e  c o l l e c t e d  i n  t h e  pore and r e l e a s e d  t o  t h e  c e n t r a l  void. 

Subsequently, pores a t  t h e  per iphery  o f  t h e  columnar r eg ion  move through 

t h e  same reg ion  and con t inua l ly  sweep out  t h e  v o l a t i l e  f i s s i o n  products  

i n  t h e  a f f e c t e d  region.  

Addi t ional  confirmation of t h i s  mechanism was provided from ex- 

aminat ion by Robertson e t  a1. of f u e l  elements i r r a d i a t e d  a t  much h igher  

h e a t  r a t i n g s  than  t h o s e  of t h e  e a r l i e r  t e s t s .  It was observed t h a t  with-  

i n  t h e  reg ion  of columnar g r a i n  growth, t h e r e  was ano the r  s h a r p l y  o u t l i n e d  

region. Af t e r  s h o r t  -t ime i r r a d i a t i o n s  ( l e s s  t h a n  1 min) , t h i s  innermost 

reg ion  was observed, bu t  t h e  reg ion  of columnar g r a i n  growth was g r e a t l y  

reduced. Thus, it was be l i eved  t h a t  t h e  inne r  region,  whose e x t e n t  was 

no t  t ime dependent, was t h e  molten zone. By a s s ign ing  a  melt ing p o i n t  of 



5070°F t o  t h e  boundary of t h e  innermost region and est imating t h e  sur-  

face temperature t o  be 480°F, Robertson e t  a1. ca lcula ted  t h a t  

This corresponds t o  an average thermal conductivi ty between 750°F and t h e  

melting point  of about 1 . 7  Btu/hrS f t .  OF f o r  U02. Below 1800°F, t h e  thermal 

conductivi ty values of Robertson e t  a1.5 were i n  agreement with t h e  data  

of Scot t .  Above 1800°F, Robertson's r e s u l t s  indica ted  a constant  value 

of 1.62 Btu/hr* f t .  Q F  f o r  t h e  thermal conductivi ty of U02. 

More recent ly ,  Bates7 has published evidence t h a t  t h e  thermal con- 

d u c t i v i t y  of U02 increases with increasing temperature above about 2000°F. 

This evidence was based on p o s t i r r a d i a t i o n  examination of an element op- 

e ra ted  a t  a high heat  f lux  and t h e  cor re la t ion  of t h e  observed s t r u c t u r e s  

with t h e  known temperatures a t  which equiaxed g r a i n  growth and columnar 

g r a i n  growth occur. 

From p o s t i r r a d i a t i o n  examination and data  on un i r rad ia ted  U02, Bates 

gave t h e  following equation f o r  t h e  thermal conductivi ty of  U02: 

where 

k = thermal conductivi ty,  Btu/hra f t .  OF,  

p = f u e l  densi ty,  g/cm3, 

po = U02 t h e o r e t i c a l  densi ty,  g/cm3, 

T = absolute temperature, O R .  



The f i r s t  term i n  Eq. 1 i s  i n  accord with the  normally observed de- 

crease i n  thermal conductivi ty with increasing temperature f o r  ion ic  

so l ids .  The second term i s  t he  contr ibut ion a r i s i n g  from the  rad ian t  

heat  t r an s f e r  i n  porous so l ids .  The agreement between observed and 

calcula ted values confirms t he  postula te  t h a t  r ad ian t  heat t r a n s f e r  

causes an enhancement of U02 thermal conductivi ty at high temperatures. 

Equation 1 pred ic t s  a value of 2.1 B t u / h r . f t . " ~  f o r  t he  average thermal 

conductivi ty of U02 between 750 and 5000°F. 

Although the  discrepancy i n  t h e  r e s u l t s  of Bates7 and Robertson 

e t  a1.5 i s  unresolved, it i s  c l ea r  t h a t  the  average thermal conductivi ty -- 

of U02 i s  higher than the  1 Btu/hr*f t ."F previously supposed. Further, 

the  discrepancy i s  minor i f  the  f u e l  element heat r a t i ngs  a r e  modest and 

the  c e n t r a l  temperature of the  U02 i s  not above 3000°F. 

The above da t a  were obtained with pressed and s in te red  UOn p e l l e t s  

and probably do not apply f o r  t h e  recen t ly  developed swaged and vibra tory-  

compacted f u e l  elements . The recent  preliminary da t a  of ~ a m a r t i n e ~  i n -  

d ica te  t ha t  the  thermal conductivi ty of swaged U02 i s  about one-half 

t h a t  of pressed and s in te red  p e l l e t s  with the  same densi ty .  

Rates of Release of Fiss ion Products 

Numerous inves t iga to rsg  -18 have es tabl ished t h a t  t he  primary mechanisms 

of f i ss ion-gas  re lease  from U02 a r e  d i f fus ion and r e c o i l  below about 2700°F. 

The amount re leased by r e c o i l  i s  a function of the  shape and dens i ty  of 

the  f u e l  body, but it i s  independent of temperature. Under t h e  normal 



operat ing condit ions of most f u e l  elements, t h e  r e c o i l  r e l ease  i s  neg l ig ib le  

compared with t h e  amount re leased by di f fus ion.  Thus, most s tud ies  t o  da te  

have been concerned with t h e  r a t e  of d i f fus ion  of f i s s i o n  products i n  U02. 

Above 2700 t o  2900°F, t h e  processes of g ra in  growth, columnar g r a i n  growth, 

and sublimation occur. The e f f e c t s  of these  processes have not been assessed 

quan t i t a t ive ly ,  but  they  may account f o r  t h e  abnormally high r a t e s  of r e -  

l e a s e  observed while s t r u c t u r a l  changes were o ~ c u r r i n g . ~ ~ , ~ ~  

A comprehensive review of work on f ission-product  r e lease  from U02 

p r i o r  t o  t h e  f a l l  of 1959 was published by C o t t r e l l  e t  a1.19 A compilation 

of values of t h e  d i f fus ion  coef f i c ien t s  of  f i s s i o n  products reported by 

various inves t igators  was given a s  well  as  t h e  equations f o r  p red ic t ing  

t h e  f rac t ions  re leased under various conditions. The d i f fus ion  coef f i c ien t s  

f o r  i n e r t  gases i n  U02 showed considerable uncer ta in ty ,  even i n  regions where 

t h e  equations appeared t o  be appl icable .  The s c a t t e r  i n  the  da ta  was about 

f i v e  orders of magnitude a t  2550°F. Reported values of t h e  a c t i v a t i o n  

energy were between 34 and 81 kcal/mole.ll  I n  view of these  uncer ta in t i e s ,  

C o t t r e l l  e t  a1.19 concluded t h a t  any p a r t i c u l a r  f u e l  mater ia l  should be 

character ized by a measurement of t h e  d i f fus ion  r a t e  constant ,  D'= D/a2, 

where a is  the  radius  of  a  sphere whose volume i s  t h a t  of t h e  average 

s o l i d  f u e l  p a r t i c l e .  The quanti ty,  D', a r i s e s  n a t u r a l l y  i n  t h e  so lu t ion  

of t h e  d i f f u s i o n  equation i n  spher ica l  geometry and can a l s o  be used with 

success t o  character ize  re lease  from nonspherical p a r t i c l e s .  The wide 

s c a t t e r  i n  D' values a t  a  given temperature f o r  U02 fabr ica ted  by d i f -  

f e ren t  processes was concluded t o  r e s u l t  from lack  of  understanding of 

t h e  e f f e c t s  of important parameters a f f e c t i n g  re lease ,  such a s  thermal 



conductivity, densi ty,  d i s t r i b u t i o n  of open and closed pores, g r a i n  

growth, oxygen-to-uranium r a t i o ,  ma te r i a l  d i s c o n t i n u i t i e s ,  and tem- 

pera ture  s t r u c t u r e .  

More recent  inves t igat ions  have c leared up a  number of these  un- 

c e r t a i n t i e s .  Long e t  a1. l4  have shown by neutron-activat ion s tud ies  

t h a t  t h e r e  is  good cor re la t ion  between t h e  d i f f u s i o n  r a t e  constant  and 

the  BET surface  a rea  i n  t h e  range 1500 t o  2900°F. The U02 compacts 

varied i n  surface  area  from 7 t o  about 23 000 cm2/g. Over t h i s  wide 

range, the  following equation was found t o  apply: 

where S.A. i s  t h e  BET surface  area.  

From D' values and surface  areas ,  t h e  d i f fus ion  c o e f f i c i e n t  D was ,  

ca lcula ted  and found t o  follow t h e  equation 

D (cm2/sec) = 7.8  x exp (-71 OOO/RT) , 

where T i s  i n  O K ,  i n  t h e  temperature range 1500 t o  2900°F. I n  t h e  tem- 

pera ture  range 2900 t o  4000°F, Long e t  a1. l4  observed t h a t  t h e  r a t e  of 

evolut ion of f i s s i o n  products was higher than t h a t  expected from d i f -  

fbsion alone and t h a t  t h e  slope of t h e  f r a c t i o n  re leased versus t h e  square 

roo t  of time increased with time. The e f f e c t  was a t t r i b u t e d  t o  g r a i n  

growth, which was a l s o  observed t o  occur i n  t h i s  t.emperature range. 

Independent s tud ies  of Toner and s c o t t 1 2  on t h e  r e l e a s e  of ~e~~~ 

from U02 using t h e  neutron-act ivat ion technique confirmed t h e  r e s u l t s  



of Long e t  a l . ,  l4 and t h e  following r e l a t i o n s h i p  between t h e  BET surface  

a rea  and D' was found t o  apply: 

Above 2900°F, t h e  r a t e  of r e lease  was higher than would be predic ted  

on t h e  b a s i s  of d i f fbs ion.  This was a t t r i b u t e d  t o  sublimation of U02 

and g ra in  growth. Contrary t o  e a r l y  work by Eichenberg e t  a l . ,  no 

cor re la t ion  between D' values and U02 dens i ty  i n  t h e  range 90 t o  96% 

of t h e o r e t i c a l  was found. The di f ferences  between t h e  r e s u l t s  of t h e  

two inves t igat ions  can probably be explained as  d i f ferences  i n  t h e  samples 

used; a l l  t h e  measurements of Eichenberg e t  a1. was made on p e l l e t s  fab- 

r i c a t e d  by a  s i n g l e  method, whereas t h e  da ta  of Sco t t  and Toner were ob- 

t a ined  on p e l l e t s  f abr ica ted  by a  number of commercial vendors and by 

a  v a r i e t y  of methods. I n  t h e  densi ty  range studied,  t h e  r a t i o s  of t h e  

BET surface  area  t o  t h e  t o t a l  surface  area  var ied  by two orders of magni- 

tude f o r  pressed and s i n t e r e d  p e l l e t s  of t h e  same dens i ty  but  f abr ica ted  

by d i f f e r e n t  techniques. 

Stevens e t  a1.13 have observed t h a t  a  c o r r e l a t i o n  e x i s t s  between 

U02 densi ty  i n  t h e  range 93 t o  97% of t h e o r e t i c a l  and D' values f o r  pe l -  

l e t s  made by a  given method but t h a t  t h e r e  a r e  exceptions t o  t h e  general  

behavior. These exceptions have been r e l a t e d  t o  t h r e e  microstructures 

which were anomalous f o r  t h e  dens i ty  concerned. Stevens e t  a1.13 a l s o  

found evidence which suggests t h a t  t h e  i n i t i a l  high r a t e  of r e lease  

normally observed during neutron-activat ion t e s t s ,  9~ 12,14 i s  due t o  an 

oxygen-rich surface  l a y e r  i n  which t h e  xenon d i f f u s i o n  r a t e  is  much 

higher than i n  t h e  bulk of t h e  oxide. 



As a r e s u l t  of t h e  recent  work, t h e  s c a t t e r  i n  t h e  values of t h e  

d i f fus ion  c o e f f i c i e n t  f o r  ~e~~~ i n  U02 has been considerably reduced 

from t h e  5 orders of magnitude reported by C o t t r e l l  e t  a1.19 t o  about 

1 . 5  orders of magnitude. A compilation of recent  values obtained a t  

d i f f e r e n t  l abora to r ies  i s  shown i n  Table 11-1. The reasons f o r  t h e  r e -  

maining s c a t t e r  a r e  not known, 

Table 11-1. VALUES OF THE DIFFUSION COEFFICIENT FOR ~e~~~ i n  
U02 AT 2550°F 

Laboratory D (cm2/sec) Type of U02 Reference 

ORNL 7 .5X10 '16  Sintered 12 
Harwell 4.0 x lo-15 Sintered 14 
B a t t e l l e  Memorial I n s t i t u t e  1.1 x 10- l6  Fused 17  
Chalk River 5 . 1 X 1 0 - l 6  Fused 1 3  

Values of D a t  2550°F may be ext rapola ted  t o  o ther  temperatures by 

use of t h e  Arrhenius equation once t h e  a c t i v a t i o n  energy i s  es tabl ished.  

An average value of 65 kcal/mole was used by C o t t r e l l  e t  a l .  i n  making 

ca lcula t ions .  More recent ly ,  reported a value of 71 + 5 kcal/mole.. 

Since t h i s  l a t t e r  value was obtained i n  a hydrogen atmosphere, t h e  e f f e c t s  

of oxygen on t h e  a c t i v a t i o n  energy should have been negl ig ib le .  Toner 

and s c o t t 1 2  and Stevens e t  a1.13 observed a range of a c t i v a t i o n  energies 

f o r  d i f f e r e n t  types of U02. The former work was done i n  a vacuum and t h e  

l a t t e r  was done i n  helium, so  t r a c e  amounts of oxygen may have a f fec ted  

these  r e s u l t s .  Further work i s  needed t o  c l a r i f y  present  uncer ta in t i e s .  

As discussed previously, Long e t  a1. l4 and Toner and s c o t t 1 2  observed 

t h a t  r a t e s  of r e lease  were higher than those predic ted  on t h e  b a s i s  of 



di f fus ion  above about 2900°F. Unt i l  f u r t h e r  information i s  obtained 

on t h e  mechanisms responsible f o r  t h e  e f f e c t ,  it seems s a f e s t  t o  

a n t i c i p a t e  t h a t  a l l  t h e  f i s s i o n  products a r e  re leased from those  por- 

t i o n s  of t h e  U02 which a r e  above 2900°F. 

Studies of Fission-Gas Release from UO2 Durinn I r r a d i a t i o n  

Two important l i m i t a t i o n s  of t h e  neutron-activat ion technique f o r  

studying f i ss ion-gas  re lease  a r e  t h a t  the  burnups a r e  low, and t h e  e f -  

f e c t s  of f i s s ion ing  cannot be evaluated. These l i m i t a t i o n s  a r e  removed 

when t h e  r a t e s  of r e lease  a r e  measured i n  i n - p i l e  capsules through which 

a c a r r i e r  gas i s  passed. By monitoring t h e  amounts of shor t - l ived 

krypton and xenon isotopes co l l ec ted  i n  s u i t a b l e  t r a p s ,  much information 

can be obtained on r a t e s  and mechanisms of r e lease .  A major d i f f i c u l t y  

with such sweep capsules i s  a temperature l i m i t a t i o n  s e t  by t h e  mater ia ls  

of construction.  Additional problems a r i s e  i n  temperature measurement 

and control ,  f l u x  monitoring, and maintenance of t h e  p u r i t y  of t h e  sweep 

gas. 

The r a t e s  of r e lease  of f i s s i o n  products from U02 i n  sweep capsules 

have been measured by ~ a r r o l l ' ~  and by Melehan and Rough. l7 Additional 

s tud ies  a r e  being made by Stubbs and webster2' a t  Harwell. C a r r o l l ~ l s  

measurements were made over t h e  temperature range 800 t o  1 8 0 0 " ~ .  I n  t h e  

range 800 t o  1000°F, Car ro l l  observed t h e  temperature-independent r e -  

l e a s e  t h a t  is  c h a r a c t e r i s t i c  of r eco i l s .  A t  higher temperatures, t h e  

r a t e s  of r e lease  increased markedly with increasing temperature i n  a 

manner c h a r a c t e r i s t i c  of d i f fus ion.  The a c t i v a t i o n  energy f o r  t h e  d i f -  

f'usion of KYg8 from U02 was found t o  be 30 kcal/mole. It was a l s o  observed 



t h a t  iodine d i f fused  i n  U02 a t  about t h e  same r a t e  a s  xenon and krypton 

and had t h e  same a c t i v a t i o n  energy. 

The low-activat ion energy suggested t h a t  t h e  U02 was oxidized dur- 

ing t h e  t e s t .  This was confirmed by p o s t i r r a d i a t i o n  examination, a s  wel l  

a s  by observations of t h e  re lease  of s to red  energy from t h e  U02. Car ro l l  

concluded t h a t  t r a c e  amounts of oxygen i n  t h e  helium sweep gas were suf-  

f i c i e n t  t o  oxidize t h e  U02 during t h e  t e s t  period. Oxidation was el iminated 

i n  l a t e r  t e s t s  by t h e  use of 3% H~-97% He as  t h e  sweep gas. I n  both a t -  

mospheres, Car ro l l  observed burs t s  of a c t i v i t y  on heat ing and cooling 

of t h e  sample. 

I n  a second s e r i e s  of t e s t s ,  21 Car ro l l  and Baumann used p l a t e l e t s  

of Tho2 outside of t h e  U02 t o  t r a p  reco i l s .  Since t h e  d i f f u s i o n  r a t e s  

of v o l a t i l e  f i s s i o n  products i n  Tho2 co-hld be expected t o  be about t h e  

same a s  i n  U02, it was hoped t h a t  t h e  Tho2 would e l iminate  d i r e c t  r e c o i l s .  

However, r e s u l t s  showed no s i g n i f i c a n t  d i f ferences  between t h e  r e c o i l  

contr ibut ions  i n  t h e  presence and absence of t h e  Tho2; t h i s  observation 

suggests t h a t  t h e  " reco i l "  contr ibut ion does not come s o l e l y  from d i r e c t  

r eco i l s .  

Melehan and ~ o u ~ h l ~  helped t o  c l a r i f y  t h i s  point  with s tud ies  of 

two types of UO;! i n  t h e  temperature range 500 t o  1500°F. One sample 

was a s i n g l e  c r y s t a l  of fused oxide and t h e  o the r  was a pressed and 

s in te red  p l a t e l e t  of U02. The surface  areas  f o r  d i r e c t  r e c o i l  (geo- 

metric surfaces)  were t h e  same i n  t h e  two samples; however, t h e  BET 

surface  area  of  t h e  pressed and s in te red  mate r i a l  was about 100 times 

t h a t  of t h e  f'used oxide sample. I n  t h e  temperature range studied,  

only a very small temperature dependence of t h e  re lease  was observed, 



but surpr is ingly  the  r a t e s  of re lease  were found t o  be proportional  t o  the 

t o t a l  surface area  and not the  geometric area .  

Melehan and Rough17 explained t he  anomalous re lease  i n  these low- 

temperature experiments i n  terms of a knock-out mechanism o r ig ina l l y  pro- 

posed by ~ e w i s . ~ ~  According t o  t h i s  theory, gas re lease  occurs by loca l -  

ized evaporation of the  f u e l  surfaces during t h e  passage of f i s s i o n  r e c o i l  

fragments near the  surface.  The energies of these vaporized f i s s i o n  gases 

would be much lower than primary r e c o i l s  and thus  would not re-enter  the  

f u e l .  Since some of these f i s s i o n  gases would be retrapped by the  con- 

densing UO2, the  amounts of f i s s i o n  gases would be dependent upon the  

eff ic iency of recapture.  However, i n  ne i ther  t he  work of. ~ a r r o 1 1 ' ~ ) ~ '  nor 

t h a t  of Melehan and Rough17 i s  there  any evidence t h a t  the  di f fus ion of 

v o l a t i l e  f i s s i o n  products i s  g r ea t l y  increased by simultaneous f i s s ion ing  

o r  t ha t  the re  i s  any increase i n  re lease  which could be d i r e c t l y  a t t r i bu t ed  

t o  burnup. 

Regarding the  work with sweep capsules, it i s  concluded t h a t  a new 

mechanism of re lease  has been demonstrated. However, the  temperatuxre range 

studied has been too  l imi ted f o r  use of the  da ta  t o  predic t  the  contribu- 

t i o n  of t h i s  mechanism t o  the  re lease  of f i s s i o n  products i n  f u e l  elements 

t h a t  normally operate a t  considerably higher cen t r a l  temperatures. 

A l imited amount of information i s  avai lable  on t he  re lease  of f i s s i o n  

products from U02 a t  high burnups. On the  ba s i s  of da ta  obtained from 

in-p i le  capsules, Toner and scot t12 concluded t h a t  t he r e  was no marked 

e f f e c t  of burnup on D/ values up t o  a burnup of 16 400 ~ w d / m .  A t  higher 

burnups a t  temperatures below 1500°F, however, Bleiberg e t  a1. 23 found t ha t  



t h e  c r y s t a l  s t r u c t u r e  of U02 was destroyed and t h a t  a l a r g e  f r a c t i o n  of 

t h e  f i s s i o n  gas was released.  The e f f e c t  was found t o  be i n i t i a t e d  a t  

a burnup of 60 000 MW~/MT. Such an e f f e c t  i s  not su rpr i s ing  i n  view of 

t h e  change i n  composition associa ted  with t h i s  burnup. 

Estimates of Fiss ion Product Release i n  Fuel C a ~ s u l e s  

A r e l a t i v e l y  simple method f o r  predic t ing t h e  amounts of s t a b l e  

f i s s i o n  gases re leased i n  f u e l  elements was given by C o t t r e l l  e t  a1.19 

It was proposed t h a t  t h e  temperature d i s t r i b u t i o n  could be computed by 

conventional heat  t r a n s f e r  equations. An average temperature i s  then 

computed by use of t h e  equation 

A D' value associa ted  with ?! is  then s e l e c t e d  on t h e  bas i s  of neutron- 

a c t i v a t i o n  t e s t  r e s u l t s ,  and t h e  f r a c t i o n  re leased i s  ca lcula ted  by use 

of t h e  equation 

where t i s  the  i r r a d i a t i o n  time. Equation 3 appl ies  f o r  low values of 

t h e  f r a c t i o n  re leased and when t h e  s t r u c t u r e  of t h e  U 0 2  i s  unchanged by 

i r rad ia t ion .  For a given s e t  of D' values, t h e  f r a c t i o n s  computed by t h e  

above method were found t o  agree well  with f r a c t i o n s  computed by summing 

t h e  re lease  from a number of incremental volumes i n  t h e  f u e l  elements. 



~ c o t t ~ ~  used t h e  method described above t o  est imate t h e  f r a c t i o n a l  

r e lease  of Kr8 '  from prototype f u e l  elements f o r  t h e  Experimental Gas- 

Cooled Reactor (EGCR).  These elements were i r r a d i a t e d  i n  t h e  Oak Ridge 

National Laboratory Research Reactor (ORR) and a c t u a l  f r a c t i o n s  re leased 

were measured by p o s t i r r a d i a t i o n  puncture t e s t s  a t  t h e  Va l lec i tos  Laboratories 

of t h e  General E l e c t r i c  Company. Maximum burnups were of t h e  order of 2000 

MW~/MT. I n  making est imates,  a  value of 1.62 ~ t u / h r .  ftb OF f o r  t h e  thermal 

. conductivi ty of U02 i n  t h e  temperature range 1300 t o  2900°F was used, and 

D' values were ca lcula ted  from measured BET surface  areas  by using t h e  

neutron-activat ion t e s t  r e s u l t s  of Toner and Sco t t .12  The data  were analyzed 

f o r  t h e  case of a  3-mil he l ium-f i l led  gap and no gap between f u e l  and clad- 

ding and f o r  t h e  case of no gap. The r e s u l t s  showed t h a t  t h e  measured values 

of t h e  Kr8'  re leased genera l ly  f e l l  within o r  c lose  t o  t h e  l i m i t s  s e t  by t h e  

3-mil he l ium-f i l led  gap and no gap. Further, most of t h e  measured values 

were c lose  t o  those predic ted  f o r  a  3-mil he l ium-f i l led  gap when t h e  type 

304 s t a i n l e s s  s t e e l  cladding temperature was about 700°C. For those  e l e -  

ments whose cladding temperatures were about 80O0C7 t h e  measured re lease  

values corresponded more c lose ly  t o  t h e  condit ion of no gap. These r e s u l t s  

a r e  reasonable, s ince  t h e  ex te rna l  pressure on capsules was 320 p s i a  

and creep with subsequent cladding col lapse  would be more l i k e l y  t o  occur 

a t  t h e  higher temperatures. 

~ o b e r t s o n ~  ' used a s imi la r  method of ana lys i s  t o  p red ic t  t h e  dependence 

of f i ss ion-gas  re lease  on heat  f lux .  These predic t ions  were t e s t e d  f o r  a  

s e r i e s  of capsules tha t  were i r r a d i a t e d  f o r  t,he same time a t  d i f f e r e n t  

heat  f luxes  and which contain3d specimens from t h e  same batch of s i n t e r e d  



U02. Predicted values were compared with t h e  amounts of f r e e  gas co l l ec ted  

by puncturing t h e  cladding a f t e r  i r r a d i a t i o n  i n  an evacuated enclosure. 

Close agreement between predic ted  and observed r e l e a s e  was found. ~ o b e r k s o n ~ ~  

a s s e r t s  t h a t  "these t e s t s  and t h e i r  i n t e r p r e t a t i o n  have shown t h a t  it is  un- 

necessary t o  assume anything l i k e  100% re lease  i n  even t h e  most h i g h l y ~ r a t e d  

[high heat  f l u x ]  f u e l  elements cur ren t ly  designed." He a l s o  remarks t h a t  

"designing f o r  100% re lease  cons t i tu tes  a deplorable waste." 

Concluding Remarks 

Although much work i s  s t i l l  needed t o  c l a r i f y  mechanisms of f i s s i o n -  

gas re lease  from U02, reasonable est imates may now be made of t h e  amounts 

re leased i n  i n - p i l e  capsules, a t  l e a s t  f o r  pressed and s in te red  U02 a t  

modest heat  f luxes.  The major a reas  of uncer ta in ty  requir ing f u r t h e r  in -  

ves t iga t ion  a r e  t h e  fuel-cladding i n t e r a c t i o n  and t h e  i n - p i l e  behavior 

and thermal conduct iv i t ies  of nonsintered U02 ( e . g . ,  vibratory-compacted 

and swaged oxides) .  Emphasis should a l s o  be placed on t h e  long-term e f -  

f e c t s  of s t r u c t u r a l  changes on r e l e a s e  i n  f u e l  f u e l  elements operat ing a t  

high heat  f luxes  with both s in te red  and nonsintered oxides. ( D .  F. Toner 

and J. L. ~cott) 



ACTIVITY BUILDUP I N  PRESSURIZED-WATER REACTOR SYSTEMS 

The corrosion of in-core metals and the  t ranspor t  of "crud" by the  

coolant i n  a pressurized-water system r e s u l t s  i n  the  buildup of a c t i v i t y  

throwhout t he  primary system. A s  exyerience has been gained with operating 

reactors ,  it has been observed t h a t  t h i s  a c t i v i t y  buildup produces radia-  

t i o n  f i e l d s  t h a t  a re  a sa fe ty  hazard t o  personnel. The rad ia t ion  l eve l s  

encountered may only l i m i t  a cce s s ib i l i t y  during rout ine  operation, but 

they pose more serious problems during extensive maintenance operations.  

This a r t i c l e  br ings  up t o  date a previous a r t i c l e  on t h i s  subject .26 

The term ''crud" i s  used t o  designate the  corrosion and wear products 

produced i n  t he  c i rcu la t ing  system. Studies of the  behavior of the  crud 

indicate  t h a t  a port ion of it continuously migrates from one pa r t  of t he  

system t o  another. A t  any pa r t i cu l a r  time, only very small amounts (<1 

ppm) of dissolved and suspended mater ia l  are  present i n  the  c i rcu la t ing  

coolant ,27 but t he  rapid accumulation of a l a rge  number of coolant cycles 

r e s u l t s  i n  e f f ec t i ve  t ranspor t .  I n  t he  course of t h i s  t ranspor t ,  the  crud 

i s  i n  neutron-flux regions a port ion of t he  cycle time. Deposition i n  high 

f l u x  regions has been a t t r i bu t ed  t o  two mechanisms," a hydraulic e f f ec t  

t h a t  operates mainly on the  par t i cu la te  matter and rad ia t ion  e f f e c t s  t h a t  

operate on co l l o ida l  o r  soluble matter. The act ivated nuclides which r e -  

enter  t h e  coolant stream are  d i s t r ibu ted  through the  crud of the  system 

both by pa r t i cu l a t e -  and ion-exchange processes t h a t  a re  usually i r r eve r s -  

i b l e . 2 7  Table 11-2 l i s t s  some of the  important radioactive nuclides which 

have been found i n  t he  c i r cu l a t i ng  streams of pressurized-water peaktors: 2 9  



Table 11-2. REACTIONS I N  COOLANT THAT PRODUCE 
ACTIVATION DURING NORMAL REACTOR OPERATION 

- 

React ion 
- 

Radiation Half L i fe  

~ e ~ ~ ( n , ? ) F e ~ ~  Beta, gamma 45 days 
~i~ 8(n, p) cb5 Gamma 71 days 
co5 9(n,  ?) co60 Beta, gamma 5.2 years 
cr5'(n, ?) cr51 Gamma 27 days 
~ e ~ ~ ( n ,  p)Mn54 Gamma 300 days 
~ a l ~ l ( n ,  Y ) ~ a 1 8 2  Gamma 112 days 

The importance of t h e  various nuclides i n  crud a c t i v i t y  buildup i s  in -  

d icated by data  given i n  Table 11-3 f o r  t he  Shippingport Pressurized- 

Water Reactor (PWR) and t he  Army Package Power Reactor (SM-1) . 27 

Table 11-3. INDUCED ACTIVITIES FOUND I N  PRESSURIZED- 
WATER-REACTOR CRUD 

- - - - - 

Crud Act iv i ty  
Act iv i ty  a s  Percentage 

Nuclide ( dpm/mg of crud) of Tota l  
Act iv i ty  

PWR SM- 1 PWR SM-1 

The. ' d i s t r i bu t i on  of t he  a c t i v i t y  among t h e  several  nuclides is ,  

of course, dependent on t h e  spec i f i c  reactor .  Thus t h e  r e l a t i v e l y  

high co60 a c t i v i t y  i n  t h e  PWR crud shown i s  a t t r i bu t ed  t o  t he  f a c t  

t h a t  t h e  control  rod mechanisms a r e  located above t h e  reac to r  core.30 

As  a r e su l t ,  corrosion and wear products from S t e l l i t e  (-50% CO) con t ro l  



rod components may drop down and lodge i n  high-flux regions with r e s u l t a n t  

high production of ac t iva ted  cobalt .  S imi lar ly  t h e  r e l a t i v e l y  high quant i ty  

of i n  SM-1 i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  SM-1 fas t - to- thermal  

f l u x  r a t i o  i s  seven times t h a t  of t h e  PWR; t h i s ,  combined with t h e  s t a i n -  

l e s s  s t e e l  cladding,favors t h e  high energy (n ,p)  r eac t ion27  on ~i~~ i n  

t h e  SM-1 r e l a t i v e  t o  t h e  PWR, which uses Zircaloy cladding. 

The buildup of a c t i v i t y  and i t s  nature, then, i s  a funct ion of many 

var iables ,  including primary system mater ia ls ,  core mater ia ls ,  r eac to r  

c h a r a c t e r i s t i c s ,  coolant  chemistry, primary system flow, and primary system 

geometry. Some of these  va r iab les  may apply genera l ly  t o  reac to r s  of given 

type, whereas others may be s p e c i f i c  t o  a given reactor ,  with c h a r a c t e r i s t i c  

changes i n  the  a c t i v i t y  buildup encountered. I n  general ,  of course, the  

long-l ived a c t i v i t i e s  a r e  t h e  most important, s ince  they w i l l  predominate 

a f t e r  long periods of  power production. Fission-product a c t i v i t y  has not 

been found t o  be a s i g n i f i c a n t  contr ibutor  t o  a c t i v i t y  buildup so f a r .  27 

The rad ia t ion  l e v e l s  t h a t  r e s u l t  from buildup of ac t iva ted  crud range 

from 0 . 1  r / h r  or  l e s s  t o  severa l  r /hr .  Cutie p ie  measurements of t h e  SM-1 

primary system27 gave t h e  following r a d i a t i o n  l e v e l s :  

1. An elbow i n  t h e  p ressur ize r  l i n e  reached 4" r /h r ,  but  t h e  l e v e l  

dropped t o  50 mr/hr when t h e  system was drained. The geometry of t h e  elbow 

was such as  t o  provide a t r a p  f o r  loose  mater ia l  which presumably f lushed 

out. 

2. Primary piping rad ia t ion  l e v e l s  ranged from 0.2 t o  0 . 6  r /h r ,  

depending on geometry fac to r s .  



3. The impeller  and shroud of ~ n e  of t h e  4000-gpm primary coolant 

pumps read 2 r / h r  a t  contact .  

4. The rad ia t ion  l e v e l s  were 0 . 4  and 1 .4  r / h r  on t h e  vapor2zer 

and superheater  s ides  of t h e  steam generator, respect ively .  This com- 

pares with a l e v e l  of 2 r /h r  "as close a s  p r a c t i c a l "  t o  t h e  tube sheet  

of a PWR steam generator. 

5. The dose-rate buildup a t  a l l  points  was approximated by t h e  

equation y = cx2, where y i s  t h e  dose r a t e  i n  mr/hr, x is  t h e  number 

of months s ince  reac to r  s t a r tup ,  and c i s  a constant  ranging from 0 . 2  

t o  1.0,  depending on t h e  p a r t i c u l a r  point  i n  t h e  system. 

Similarly,  t h e  work a rea  r a d i a t i o n  f i e l d  during removal of t h e  rod 

d r ive  mechanisms of t h e  PWR i n  t h e  f i r s t  r e fue l ing  operat ion was 150 t o  

400 mr/hr with shie ld ing and 1 r / h r  without shie ld ing.  Individual  com- 

ponents of t h e  mechanisms ranged i n  a c t i v i t y  l e v e l  from a few ten ths  

t o  a few r / h r  a s  a r e s u l t  of deposited crud.30 

The presence of such rad ia t ion  f i e l d s  r e s u l t s  i n  an appreciable 

increase i n  t h e  hazards t o  personnel. This i s  p a r t i c u l a r l y  t r u e  during 

maintenance operat ions when t h e  p lant  is, of necessi ty,  i n  an abnormal 

condition. The r a d i a t i o n  l e v e l s  and p o s s i b i l i t i e s  f o r  spread of contamina- 

t i o n  during such periods require  t h e  app l i ca t ion  of s t r i n g e n t  measures 

f o r  t h e  p ro tec t ion  of personnel. Health physics supervision of r a d i a t i o n  

dosages, p ro tec t ive  clothing,  and equipment, a s  wel l  a s  f a c i l i t i e s  f o r  

decontamination and a c t i v e  waste d isposal ,  a r e  needed, not only f o r  sa fe ty ,  

but a l s o  f o r  e f f i c i e n t  work progress. Thus t h e r e  i s  mater ia l  incent ive  

f o r  the  reduction of such buildup from both t h e  s a f e t y  and economic view- 

points .  



A s  experience with operat ing reac to r s  has d i rec ted  a t t e n t i o n  t o  

t h e  importance of t h i s  phenomenon, s tud ies  have been undertaken t o  pro- 

vide means of con t ro l l ing  it. The most obvious means of reducing t h e  

crud concentrat ion i n  t h e  coolant i s  use of t h e  following design fea tures :  

1. Elimination of crud t r a p s  and accumulation areas,  such a s  cracks, 

crevices,  and points  of abrupt change i n  flow. 

2. Minimization of moving p a r t  wear and l o c a t i o n  of such p a r t s  s o  

t h a t  wear products a r e  l e a s t  l i k e l y  t o  g e t  i n t o  t h e  coolant s$r&am. 

3 .  Wherever possible,  use of mater ia ls  which a r e  not a source of 

undesirable nuclides, e .g . ,  minimize cobal t  content of s t a i n l e s s  s t e e l  

f u e l  cladding31 and s u b s t i t u t e  noncobalt-containing a l loys ,  p a r t i c u l a r l y  

i n  t h e  core region. 

The mathematical equations developed by severa l  inves t  iga to r s3  2' 33 

a r e  use fu l  i n  developing s p e c i a l  mater ia ls  spec i f i ca t ions .  Experience 

i n  operat ing reac to r s  indica tes34 t h a t  a c t i v i t y  buildup i s  reduced when 

t h e  coolant pH i s  r a i s e d  from 7 t o  10. This is  a t t r i b u t e d  t o  a reduction 

i n  t r anspor tab le  crud a s  a r e s u l t  of lower corrosion r a t e s  and t h e  forma- 

t i o n  of more tenacious f i lms a t  t h e  higher pH's. Lithium hydroxide i s  

t h e  recommended reagent f o r  pH con t ro l  f o r  a v a r i e t y  of reasons: it 

does not cause r a d i o l y t i c  d issocia t ion,  it i s  t h e  l e a s t  aggressive r e -  

agent with respect  t o  caus t i c  s t r ess -cor ros ion  cracking, and t h e r e  i s  a 

considerable backlog of proof- tes t ing  of it i n  operat ing reac to r s .  

Careful exclusion of oxygen from t h e  coolant system has a l s o  been demon- 

s t r a t e d  t o  be important, presumably because increased corrosion due t o  

t h e  presence of oxygen r e s u l t s  i n  higher crud l e v e l s .  35 



Fixed-bed mixed-ion exchangers a re  conventionally used f o r  coolant 

pur i f i ca t ion ;  however, i n  the  KAPL-37 Test F a c i l i t y  and t he  S3G ~ e a c t o r ~ ~  

t h e i r  ef fect iveness  i s  r a the r  low (0.10 t o  0.15) when judged on t he  ba s i s  

of the  r a t i o  of the  a c t i v i t y  removed by the  p u r i f i e r  t o  the  a c t i v i t y  of 

t he  out-of-flux system. Other pur i f i ca t ion  means, including evaporation, 

hydrocloning, and centrifugation,  have been examined, 36 but they were 

discarded on the  ba s i s  of higher cos t .  It i s  conceivable, however, 

t h a t  another system, such a s  evaporation, which could give very high de- 

c ~ n t a m i n a t i o n ~ ~  f ac to r s  f o r  a l l  cons t i tuen ts  of the  recycled water, might 

give lower over -a l l  cos t s  when a c t i v i t y  buildup cos t s  a re  completely 

evaluated. 

Considerable e f f o r t  has gone i n t o  t h e  development and t e s t i n g  of 

decontamination reagents and techniques. Several reagents and techniques 

have been t e s t ed  i n  the  laboratory and i n  loops, but none have been t e s t ed  

i n  a reac tor .  (E. G.  ~oh lman)  



STUDIES I N  REACTOR KINETICS 

ÿÿ ate rial held over from d r a f t  of Vol. 3, No. 1 t o  be inse r ted  

here; see d r a f t  pages 74 through 93 and references 24 through 60 on 

pages 111 through 115.)  
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T-W KARLSRUHE SYMPOSIUM ON CRITICALITY CONTROL 

A spposium on C r i t i c a l i t y  Control i n  Chemical and Metal lurgica l  

Plants  was sponsored by t h e  European Nuclear Energy Agency f o r  t h e  

Organization f o r  Exropean Economic Cooperation and was held i n  collabora-  

;ion with t h e  Kernreaktor Bau- und Be t r i ebsgese l l schaf t  mbh ( ~ u c l e a r  Re- 

a c t o r  Construction and Operation Co.). Meetings vere held  May 2-5, 1961, 

at t h e  Nuclear Reactor S t a t i o n  i n  Karlsruhe, Germany. 

This was t h e  f i r s t  i n t e r n a t i o n a l  meeting devoted e n t i r e l y  t o  t h i s  

top ic ,  and i t s  s t a t u r e  was f a r  g r e a t e r  than t h a t  of any l i k e  d iscuss ions  

i n  t h e  United S ta tes .  Attendance a t  t h e  symposium was l imi ted  t o  approxi- 

mately 100 persons represent ing t h e  Western &ropean Countries, t h e  United 

Kingdom, t h e  United S t a t e s ,  and i n t e r n a t i o n a l  organizat ions with nuclear  

i n t e r e s t s .  The p a r t i c i p a n t s  vere  pr imar i ly  c r i t , t z a l i t y  s p e c i a i i s t s ,  but  

engineers having r e s p o n s i b i l i t i e s  f o r  sa fe ty  i n  operat ions with f i s s i l e  

~ a s e r i a l s  were among those  presenz. 

Twenty-one papers were presented a t  t h e  symposium: s i x  from t h e  

United Kingdom, f i v e  from France, one from t h e  In te rna t iona l  Atomic Energy 

Agency, and nine from t h e  United S t a t e s .  The proceedings of t h e  symposium, 

including t h e  d iscuss ion of each paper, a r e  t o  be published by t h e  Organiza 

*!ion f o r  European Economic Cooperation i n  t h e  f a l l ,  and t h e  resum6s below 

r e f e r  pr imar i ly  t o  t h e  w r i t t e n  papers r a t h e r  than  t o  t h e  abbreviated ver-  

s ions  which were presented ve rba l ly  a t  t h e  meetings, Professor Werner 

Seisenberg, Direc tor  of zhe Max Planck I n s t i t u t e  f o r  Physics and Astro- 

physics and Honorary Chairman of t h e  Symposium, gave t h e  opening address, 

followed by D r .  Leandre Nicolaidis  of t h e  libropean Nuclear Energy Agency. 



Theore t ica l  and Calcula t ional  Methods 

A comprehensive in t roduct ion  t o  t h e  subjec t  of nuclear  sa fe ty ,  in-  

cluding both t h e  physics of c r i t i c a l i t y  and i t s  app l i ca t ion  t o  p r a c t i c a l  

problems was presented by E. R. Woodcock ( U K - ~ i s l e y )  . The following 

paper, by R. T. Ackroyd (UK-  isle^) and E. D. Pendlebury (UK-~ldermaston), 

surveyed i n  r e l a t i v e l y  d e t a i l e d  fashion t h e  t h e o r e t i c a l  c a l c u l a t i o n  methods 

employed t o  determine c r i t i c a l i t y .  This review gave t h e  mathematical bases 

f o r  d i f f u s i o n  theory  and i t s  v a r i a t i o n a l  &nd pe r tu rba t ion  techniques and 

f o r  t h e  spher i ca l  harmonics, 
n) 

and Monte Carlo methods. Detai led ap- 

p l i c a t i o n s  of these  techniques were not discussed, but  adequate l i t e r a t u r e  

references  t o  t h e i r  use were made. The exposi t ions  of each method were 

s u f f i c i e n t l y  complete t o  ind ica te  c l e a r l y  t h e  c h a r a c t e r i s t i c s  of each. 

Further ,  t h e  authors commented on t h e  condit ions under which each calcu- 

l a t i o n  can be proper ly  applied,  and made recommendations regarding cheapen- 

ing t h e  cos t  of extensive c a l c u l a t i o n a l  programs by t h e  use of r e l a t i v e l y  

simple computational techniques taken i n  conjunction with t h e  more advanced 

methods. The paper concluded with a note on cross-sec t ion  da ta  requirements. 

A paper by P. Benoist,  R. Caizergnes, Clouet dlOrval ,  and B. Duchemin 

( ~ r a n c e ~ a c l a y )  fu r the red  t h e  d iscuss ion of t h e o r e t i c a l  methods. These 

authors placed p a r t i c u l a r  s t r e s s  on d a t a  requirements, t h e  a v a i l a b i l i t y  

and c h a r a c t e r i s t i c s  of various computer programs, and t h e  app l i ca t ion  of 

these  c a l c u l a t i o n a l  methods t o  s p e c i f i c  types  of c r i t i c a l  systems. 

Experimental Results  

A review of c r i t i c a l i t y  d a t a  was presented by A. D. Cal l ihan (uS-ORNL). 

Emphasis was placed l a r g e l y  on experimental d a t a  obtained recent ly ,  1-6 

p a r t i c u l a r l y  da ta  from i n t e r a c t i o n  t e s t s  and experiments f o r  determining 



c r i t i c a l  parameters a t  low u~~~ i so top ic  enrichments. Of p a r t i c u l a r  in -  

t e r e s t  was an extens ive  presenta t ion  of da ta  r e l a t i n g  c r i t i c a l  mass, 

volume, and th ickness  t o  moderation and dens i ty .  Much da ta  had been 

assembled and cor re la t ed  covering a wide range of i so top ic  composit~ons,  

mater ia ls ,  and degrees of heterogeneity.  I n  addi t ion ,  t h e  survey in-  

cluded r e s u l t s  from experiments on u~~~ and plutonium, a s  wel l  a s  from 

a v a r i e t y  of r a t h e r  spec ia l i zed  experiments involving u~~~ of various 

geometries and a number of d i f f e r e n t  moderators. 

Various c o r r e l a t i o n s  between experimental and t h e o r e t i c a l  c r i t i c a l  

da ta  were presented by H. C. Paxton (US--LASL). Topics such a s  t h e  ad- 

justment of empir ica l  da ta  using r e l a t i v e l y  simple t h e o r e t i c a l  models 

and t h e  use of computation a s  a s u b s t i t u t e  f o r  experiments were discussed.  

Many comparisons of t h e  r e s u l t s  of experiments with computed r e s u l t s  were 

given, and extens ive  computational s t u d i e s  by ~ i l l s ~  and Roach8 were r e -  

ported. A comprehensive survey of t h e  minimum c r i t i c a l  dimensions of 

aqueous so lu t ions  of u ~ ~ ~ ,  u ~ ~ ~ ,  and based on Sn ca lcu la t ions ,  

was presented. Paxton concluded with a d iscuss ion of t h e  reliability 

of t h e  computed r e s u l t s  and t h e  s e l e c t i o n  of s a f e t y  f a c t o r s  when such 

da ta  a r e  t o  be used f o r  designing nuclear  systems and operat ing pro- 

cedures. 

A sess ion  of t h e  Symposium d e a l t  with t h e  f a c i l i t i e s  f o r  exper i -  

n e n t a l  c r i t i c a l i t y  research.  The equipment, methods, organizat ion,  and 

tjlpes of experiments under way were discussed by Clouet d tOrval  ( ~ r a n c e ~ a c l a y ) ,  

by J. G. Walf ord (UK-~ounreay) and A. F. Thomas (UK-aldermast on) , and by 

A. D. Call ihan ( U S - ~ R N L ) .  



C r i t i c a l i t y  Control i n  Plant  Design 

The app l i ca t ion  of c r i t i c a l i t y  con t ro l  p r inc ip les  t o  p lan t  design 

was discussed by J. N. H i l l  and H. F. Parker ( U K - R ~ S ~ ~ ~ ) ,  who presented 

t h e  concepts involved i n  safe-by-shape contro ls  and t h e  determination 

of s a f e  geometric parameters from c r i t i c a l i t y  da ta .  Examples of process 

and mechanical design problems which may a r i s e  i n  such treatment were 

considered, and p r a c t i c a l  app l i ca t ions  of t h e  safe-by-shape approach 

a t  t h e  chemical separa t ions  p lan t  of t h e  Dounreay f a s t  r e a c t o r  were 

discussed.  

Concentration con t ro l  a s  a means of e f f e c t i n g  nuclear s a f e t y  was 

discussed by J. Gunther, ( f i a n c e - ~ i  jon) . Considerable a t t e n t i o n  was 

given t o  t h e  s e l e c t i o n  of s a f e  concentrat ion l i m i t s  by using s u i t a b l y  

conservative cross sec t ions  f o r  ca lcula t ion .  The r e l a t i o n s h i p  between 

t h e  process chemistry and c r i t i c a l i t y  problems was discussed i n  connection 

with equipment such a s  e x t r a c t i o n  columns i n  which f i s s ionab le  ma te r i a l  

may appear i n  more than one chemical phase. 

Mass batch con t ro l  and i t s  app l i ca t ions  were described by A. J. 

Mal le t t ,  (US-UCNC). The s a f e t y  f a c t o r s  f o r  such mass batches, t h e  

hazards of batch operat ion,  and the  problems of sampling ana lys i s  and 

adminis t ra t ive  con t ro l s  were discussed. I n  addi t ion ,  t h e  use of mass 

batch cont ro ls  i n  combination with vohme and moderation con t ro l s  was 

considered and examples were quoted. 

The somewhat con t rovers i a l  quest ion of t h e  use of nuclear  poisons 

f o r  ~ u c l e a r  s a f e t y  cont ro ls  i n  an i n d u s t r i a l  mi l ieu  was discussed i n  

two papers. P o t e n t i a l  homogeneous and heterog2neous poisoning methods 

f o r  con t ro l l ing  c r i t i c a l i t y  were reviewed by J. W. Wachter (US--UCNC) , 



who c i t e d  var ious  experiments performed t o  evalua te  poisons f o r  nuclear  

s a f e t y  purposes. The use of poisons a s  add i t iona l ,  primary, o r  contingent  

con t ro l s  was discussed, d i s t i n c t i o n s  among t h e  var ious  types of c o n t r o l  

being drawn according t o  t h e  degree of r e l i a n c e  placed on t h e  presence of 

t h e  poison. A s p e c i f i c  example of t h e  use of f ixed  nuclear  poisons was 

provided by R. Caizergues ( ~ r a n c e ~ a c l a y ) ,  who described a t h e o r e t i c a l  

s tudy of a v e s s e l  poisoned by r a d i a l  f i n s  containing boron or  cadmium. 

From t h e s e  papers, it appeared t h a t  where t h e  use of poisons has been 

thoroughly e s t ab l i shed  a s  being mechanically, chemically, and nuc lea r ly  

safe ,  poisoned equipment can be considered equivalent  i n  s a f e t y  t o  t h e  

corresponding geometr ica l ly  s a f e  vesse l .  To e s t a b l i s h  t h i s  s a f e t y  may 

requ i re  a c o s t l y  experimental or  t h e o r e t i c a l  study, but  economic savings 

may be very g rea t .  

Spec i f i c  app l i ca t ions  of t h e  var ious  control. p r i n c i p l e s  were d i s -  

cussed i n  papers by J. W. Wachter and W. T. Mee (US-UCNC) deal ing  with a 

t y p i c a l  p l an t  f o r  manufacturing enriched U02 f u e l  elements and by E. D. 

Clayton (US-CE) concerning nuclear  s a f e t y  i n  t h e  chemical and me ta l lu rg ica l  

processing of plutonium. I n  both papers t h e  flow of f i s s i o n a b l e  ma te r i a l  

was t r a c e d  through i t s  various processing s t eps  and t h e  nuclear  s a f e t y  

problems of each s t e p  were discussed a t  some length .  Although such de- 

s c r i p t i o n s  a r e  h ighly  s p e c i f i c ,  t h e y  serve  t o  i l l u s t r a t e  t h a t  p r a c t i c a l  

nuclear  s a f e t y  remains something of an appl ied  a r t .  

The problems involved i n  t h e  s torage  and t r a n s p o r t  of f i s s i o n a b l e  ma- 

t e r i a l  were considered i n  t h e  next sess ion .  A paper by R. T. Ackroyd (UK- 

  isle^), F. R. Charleswort21, and A. F. Thomas (LTK-Aldermaston) deal+, with 

methods of ca lcula t ior l  of i n t e r a c t i n g  ar rays ,  with s p e c i a l  re ference  t o  



s torage  problems. The most f requent ly  used t h e o r e t i c a l  and empirical  

approaches t o  t h e  problem were discussed i n  considerable d e t a i l .  The 

well-known solid-angle method was described, as  well  as  two unpublished 

methods: t h e  "density analogue approachqf of H. C. Paxton and t h e  " in te r -  

ac t ion  r u l e s "  of D. Kenyon. Greatest  emphasis was placed, however, on 

t h e  un i f i ed  i n t e r a c t i o n  theory  developed by Ackroyd e t  a1. and t h e  i n t e r -  

ac t ion  parameter method of Scriven and Thomas.'' The authors conclude 

t h a t  t h e  empirical  methods of s o l i d  angle, densi ty,  e t c . ,  s u f f i c e  where 

p lan t  operations require  r e l a t i v e l y  open spacing of f i s s i l e  mate r i a l  t o  

enable loading and unloading of s torage areas.  Where t i g h t e r  spacings 

a r e  of advantage, they could be obtained through t h e  g rea te r  accuracy of 

more sophis t ica ted  ca lcula t ions .  The l a t t e r  approach should be adopted, 

however, when considering a p lan t  having a wide v a r i e t y  of vesse ls  of 

f i s s i l e  mater ia ls  of d i f f e r i n g  moderations. I n  such a case, it i s  neces- 

sa ry  t o  examine i n  d e t a i l  t h e  e f f e c t s  of such f a c t o r s  a s  spacing, ge- 

ometry, and in terspersed moderators, and t h e  cos t  of e labora te  computation 

becomes worthwhile. 

The problems which a r i s e  i n  considering such i n t e r a c t i n g  a r rays  were 

brought out i n  a d iscuss ion of regula t ions  t o  be proposed by t h e  In terna-  

t i o n a l  A-Lomic Energy Agency t o  govern t h e  i n t e r n a t i o n a l  t r anspor t  of 

radioact ive  and f i s s i o n a b l e  material .  The proposed regula t ions  were pre-  

pared by R. F. Barker and were presented by C. Erginsoy (IAEA). Much 

of t h e  d iscuss ion d e a l t  with the  proposals themselves, which have s ince  

been published,'' but  t h e  t echn ica l  bases f o r  t h e  proposals were a l s o  

considered i n  some d e t a i l ,  and the  s a f e t y  f a c t o r s  were discussed. 



The organizat ional  s t r u c t u r e  by which c r i t i c a l i t y  con t ro l  i s  e f fec ted  

was described f o r  t h e i r  severa l  collntries by P. LeCorche and R. Caizergues 

( ~ r a n c e ~ a c l a ~ ) ,  R. Howells and J. 7'. Daniels (LTK-~is ley) ,  and C. L. 

Sch-dske (US-  ow). These papers d e a l t  with she  adminis t ra t ive  aspects  

of such controls  and, i n  addi t ion ,  considered such general  mekhods of 

con t ro l  a s  instrumentation, inventory accountabi l i ty ,  batch l i m i t a t i o n s ,  

and t h e  l i k e .  

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

A review of c r i t i c a l i t y  acziden%;s was present.ed by W. R. S t ra tkon 

(US-LASL) t h a t  was based on an e a r l i e r  review.12 Several  accidents  were 

described and discussed. Tables 111-1 and 111-2, taken from t h i s  paper, 

summarize t h e  accidents  on which t h e  d iscuss ion was based. Conclusions 

were drawn regarding t h e  c h a r a c t e r i s t i c s  of prompt, excursions and t h e  

quenching mechanisns which t,?rminate t h e  react ions .  3 ~ c h  p r a c t i c a l  con- 

~ i d e r a t ~ i o n s  a s  t h e  use of a neutron source a s  a means of l i m i t i n g  t h e  

burs t  i n t e n s i t y  were a l s o  discussed. 

C o n c l ~ ~ s  ions 

The discussions which 'ook place following each paper were of g rea t  

in t ,e res t .  It, appeared t h a t ,  wkereas ins ta l l ab ions  i n  t h e  Uni;t,?d SCuates 

have u t s i l i zed  t h e  exporinent,al approach, g r e a t e r  e f f o r t s  have been ap- 

p l i e d  elsexhere t o  t h e  ca lcu la t ion  of c r i t i c a l  condit ions,  pr imar i ly  be- 

cause of l imi ted  f i s s i l e  mataerial. The r e s u l t  has been t h e  app l i ca t ion  

of correspondingly g r e a t e r  s a f e t y  fac to r s .  Moreover, t h e  r e l a t i v e  cos t  

cf  e s tab l i sh ing  t h e  nuclear  s a f e t y  of a prod.~ct;ion pl.ant i n  cornparison 



Dace Location Active Ms te r i a i  Phys i ca l  Damage 

December 
1949 

November 
16,  1951 

May 26, 
1954 

February 
1, 1956 

June 16, 
1958 

December 
30, 1958 

October 
16,  1959 

January 
25, 1961 

Los klarnos S c i e n t i f  l c  Lsboratory,  
New Mexlco 

Hanford Works, Richland, 
Washington 

Oak Ridge National Laboratory,  
Tennessee 

Oak Ridge Nat ional  Lnborarory, 
Tennessee 

Y -12 Processlrlg P l an t ,  Oak Ridge, 
Tennessee 

Los Plamos S c i e n t i f i c  Laboratory,  
New Mexico, Pu Process ing P lan t  

Chemical Process ing P lan t ,  Idaho 
Reactor Tes t ing  h e a  

Chemical Process ing P lan t ,  Idaho 
Reactor  Tes t ing  4zea 

-1 kg of u~~~ i n  ~ 0 ~ ( N 0 ~ i o n e  
i n  13 .6  l i t e r s  of water 

1 . 1 5  kg of Pu i n  pu02 (NOJone 
i n  63 .8  l i t e r s  of water 

1 8 . 3  kg of U' i n  U02F2ione 
55.4 l i t e r s  of water  

27.7 kg of u~~~ i n  U02FzJarping of bottom of cy l inde r  
55.9 l i t e r s  of water  

2 .5  kg of u~~~ i n  U02 (NOJone 
i n  56 l i t e r s  of water  

1 . 27  kg of Pu i n  Pu02 (NOJone 
i n  -168 l i t e r s  of water  

34.5 kg of U' i n  -600 ione 
t e r s  of U02 (NO3 )2  and w 

6 kg of U' i n  GO2 (NO3  one 
40 L i t e r s  of water  

August, Los Alamos S c i e n t i f j  c Laboratory, 6 . 2  kg of 5-phase Pu tone 
21, 1945 New Mexico 

May 21, Los 'Uamos S c i e n t i f i c  Laboratory, 6 .2  kg of 8-phase Pu (one 
1946 New Mpxico 

Apr i l  1E, Los Alamos S c i e n t i f i c  Laboratory,  92.4 kg of uranium metaldone 
1952 New Mexico r i ched  t o  93% u~~~ 

February Los Manos  S c i e n t i f i c  L:iboral,ory, 53 kg of uranium metal  e ; l i gh t  warping of p i eces  
3, 1954 New Mexico r iched t o  935 u~~~ 

February Los 4Jamos S c i e n t i f i c  Laboratory, 54 kg of uranium metal  elarping, oxidat ion ,  nea r  
12,  1957 New Mexico r i ched  t o  93% u ' ~ '  mel t ing  c l o s e  t o  c e n t e r  

June 4, IJos Alarnos S c i e n t i f i c  Laboratory, 35.4 kg of uranium enrictone 
1945 New Mexico t o  -83$ u2", 1 / 2 - i n .  c 

February Los Alamos S c i e n t i f i c  Laboratory,  2 cy l inde r s  of 1xanium, ; l i g h t  ox ida t ion  
1, 1951 New Mexico and 38.5 kg enr iched t o  

U2  3 5 

July 6, Argonne Nat ional  Laboratory, 6 . 8  kg of u~~~ i n  oxide ? l a s t i c  des t royed 
1952 I l l i n o i s  p a r t i c l e s  i n  p l a s t i c  

December Chalk River,  Canada Normal uranium :ore ruined 
12, 1952 

Ju ly  22, Reactor  Tes t ing  Area, Idaho U-2L plaates c l ad  wi th  Alleactor des t royed 
1954 

October Vinca, Yugoslavia 3996 kg of normal uraniuJone 
15, 1956 

January Reactor Tes t ing  Area, Idaho U - A l  p l a t e s  c lad  wi th  AlJot ye t  determined 
3, 1961 

February Los Alamos S c i e n t i f i c  Laboratory,  UH3 pressed i n  Etyrex ,X3-Styrex cubes swollen and 
11, 1945 New Mexico b l i s t e r e d  

1953 U.S.S.R. Unknown Jnknown 

November Reactor  Testj-ng Area, Idaho l / 2 - i n .  u~~~ rods  :ore molten 
29, 1955 

J u l y  3, Los Alamos S c i e n t i f i c  Laboratory,  58 kg of uranium enricheqone 
1956 New Mexico 93% u ~ ~ ~ ,  2- and 5-mil 

*W. R. S t r a t t o n ,  A Review of C r i t i c a l i t y  Accidents, Proceedings o 
t h e  Synposim on C r i t i c a l i c y  Control  i n  Chemical and Meta l lu rg i ca l  P l a  
Kar ls ruhe ,  Germany, May 2-5, 1961, t o  he  published. 



Table 

Observed Spike Yield Plates I n i t i a l  Probable 
Incident  Fission (fissions) ( iss Plateau Power Quenching 

Yield ( f i s s ions / sec)  Mechanism 

Water b o i l e r  reac tor  con- 
t r o l  rods removed by hand, 
December 1949 

Plutonium so lu t ion  assembly, 
cadmium rod removed t o o  
rapidly,  November 16, 1951 

Uranium so lu t ion  assembly, 
c e n t r a l  poison cyl inder  
t i l t e d  t o  l e s s  favorable 
posi t ion,  May 26, 1954 

Uranium so lu t ion  assembly, 
wave motion created by 
f a l l i n g  cadmium sheet ,  
February 1, 1956 

Uranium process so lu t ion  
combined with wash water 
i n  55-gal drum, June 16, 
1958 

Separated phases i n  
plutonium process tank, 
December 30, 1958 

Uranium process so lu t ion  
siphoned from safe  t o  
unsafe geometry, 
October 16, 1959 

_lo16 1 - 2 9  x No estimate 

-1017 
1( NO es t imate 

Rise of neutron 
temperature 

Microbubbles, 
neutron tem- 
perature,  and 
poison rod 

Microbubbles and 
neutron tempera- 
t u r e  

Microbubbles and 
neutron tempera- 
t u r e  

Microbubbles, 
neutron tem- 
perature,  and 
bo i l ing  

Microbubbles, 
neutron tempera- 
t u r e ,  and s t i r -  
r ing  ac t ion  

Microbubbles and 
neutron tem- 
perature 

Uranium process s o l u t i o n  6 X 1017 Iio estimate est: No est imate Microbubbles and 
pumped from safe  t o  un- neutron tem- 
sa fe  geometry, January 25, perature 
1961 

Plutonium core r e f l e c t e d  1016 -1.8 x 1015 "E.2 -1.2 X 1016 Thermal expansion 
with tungsten carbide, 
August 21, 1945 

Plutonium core r e f l e c t e d  3 X 1015 -1.8 X 1014 "2. R6 > -1.2 X 1016 Thermal expansion 
with beryllium, May 21, 
1946 

Jemima, a c y l i n d r i c a l  un- 1 . 5  X 1016 -lo15 -1.4 X a017 Thermal expans ion 
r e f l e c t e d  u~~~ assembly, 
Apri l  18, 1952 

Godiva, a bare u~~~ sphere, 5.6 X 1016 5.6 X 1016 0 .0  0.0 Thermal expansion 
February 3, 1954 

Godiva, a bare u~~~ sphere, 1 .2  X lo1' 1 . 2  X 1017 0.0 
0.0 Thermal expansion 

February 12, 1957 

Psuedosphere of uranium 3 4  x 1016 -3 x l 0 l 5  
cubes, water r e f l e c t e d ,  - No est imate Boiling 

June 6, 1945 

C r i t i c a l  separat ion experi-  1017 -6 x 1015 - 9 . 5 ~  -1017 

ment, two l a r g e  u~~~ masses Boiling 

i n  water, February 1, 1951 



Observed Spike Yield  P l a t e a  Initial Probable 
I n c i j e n t  F i s s ion  ( f i s s ions )  ( fiss Pla teau  Power Quenching 

Yield ( f i s s ions / sec )  Mechanism 

U02 p a r t i c l e s  i n  p l a s t i c ,  1 .22 x lo1" 1.22 x 1017 0.0 0 . 0  P l a s t i c  bubbles 
water moderated, J u l y  6, 
1952 

NRX reac to r ,  normal uranium 1 .2  X 1 0 ~ ~  Not prompt Not p ro  0 . 0  D20 drained from 
i n  D20, g raph i t e  r e f l e c t e d ,  c r i t i c a l  c r i t i c  core  
December 12, 1952 

Borax r e a c t o r ,  A l - U  a l loy ,  4.68 X lo1' 4.68 x lq l '  0.0 0 .0  Boi l ing 
water moderated, J u l y  22, 
1954 

C r i t i c a l  assembly of normal 2.5 X 1018 Not prompt Not pro, 0.0 Cadmium rods i n -  
uranium rods i n  D20, un- c r i t i c a l  c r i t i c ;  s e r t e d  i n  core  
r e f l e c t e d ,  October 15, 
1958 

SL-1 r e a c t o r  A l - U  a l loy ,  1 . 5  X lo1' 1 . 5  X lol".O 0 .0  Boi l ing 
water moderated, January 3, 
1961 

The Dragon Reactor, UH3 -6 x l 0 l 5  4 x 1015 0 .0  0.0 Thermal expansion 
pressed i n  Styrex, 
February 11, 1945 

Experimental r eac to r ,  Unknown Unknown TJnknown Unknown Unknown 
U.S.S.R., 1953 

EBR-1, f a s t  breeder  r eac to r ,  4.7 X 1017 Not prompt Not pron O . O  Ref lec to r  drop- 
u~~~ rods i n  NaK, c r i t i c a l  c r i t i c 2  ped from core  
November 29, 1955 

The Honeycomb, u~~~ f o i l s  3 .2  X lo1' 3 .2  X 1016 0 . 0  0.0 Motion of s a f e t y  
moderated with  g raph i t e ,  rods 
J u l y  3, 1956 

*W. R. S t r a t t o n ,  A Review of C r i t i c a l i t y  Accidents, Proceed 
of C r i t i c a l i t y  Control i n  Chemical a ~ ~ d  Meta l lu rg ica l  P lan t s ,  Ka 
May 2-5, 1961, t o  be published. 



with t h e  over -a l l  i n i t i a l  investment appears, a t  t h e  present  time, con- 

s ide rab ly  g r e a t e r  i n  t h e  United Kingdom than i n  t h e  United S t a t e s .  

An important b e n e f i t  of these  discussions was t h e  d i r e c t  exchange 

of s p e c i f i c  experimental da ta .  The cos t  of both t h e o r e t i c a l  and exper i -  

mental da ta  a c q u i s i t i o n  has become s o  g r e a t  t h a t  t h e  opening up of chan- 

ne l s  of communication among the  p a r t i c i p a n t s  w i l l  be of continuing mutual 

benef i t .  

The proceedings of t h e  Symposium, when published, w i l l  be t h e  most 

comprehensive treatment of t h e  t h e o r e t i c a l  and p r a c t i c a l  aspects  of 

nuclear  s a f e t y  t h a t  has y e t  appeared. As such t h e  proceedings w i l l  be 

of g r e a t  b e n e f i t  f o r  those  en te r ing  t h e  f i e l d  of f i s s i o n a b l e  ma te r i a l  

processing and a valuable reference work f o r  those  p resen t ly  engaged i n  

nuclear s a f e t y  problems. (J. W. ~ a c h t e r )  



MEASLTREDENT OF CONTROL ROD EFFECTIVENESS 

Tke pc>tential  nuclear hazard a r i s i ng  i n  the  operation of chain- 

react ing systems can 5e d i r e c t l y  r e l a t ed  t o  t he  amount of excess r e a c t i v i t y  

avai lable  and the  method of i t s  control .  The worth of a control  rod i n  a 

reac to r  i s  therefore  a measure of the  r e a c t i v i t y  capable of being suppressed, 

a s  wel l  a s  an indicat ion of the  margin of sa fe ty  i n  t ne  reac to r  operation.  

, lear  The prominence of control  rod effect iveness  i n  the  evaluation of nu-- 

sa fe ty  warrants t h i s  presenta t ion of the current  s t a t u s  of metilods of i t s  

measmernerit. Reactors i n  whlch tne  ac t ive  core i s  i10t la rge  a r e  amenable 

t o  most of the  experimental procedures pract iced today; however, with very 

l a rge  reac to r  cores, aside from ca lcu la t iona l  techniques, the  absolute de te r -  

mination of control  rod worth has remained a "grayu a rea .  Recent applica-  

t i o n  t o  t h i s  problem of ;he PCTR-;loo Ineasu-iag t,e;>3,r'iq~e t'ra+, i s  avai!.alole 

tlirol%h t h e  use of the  Physical ,::cr,staxtYs Testing keacso-. a t  Hanfoimd ap- 

p a r s  t o  be promising. 

Descript ion of Meas~rement Techniques 

The r o d - o s c i l l a t i m  technique i s  an appl ica t ion of p i i e -o sc i l l a t o r13~14  

measurements t o  a reac to r  i n  wk.ich an absorbing rc6, being dis2laced 

per iodical ly ,  plays the  r o l e  of an o s c i l l a t i n g  absorber. I n  pract ice ,  t he  

associated o s c i l l a t i n g  s ignal  from a su i t ab le  de tec to r  i s  r eco~ded .  The 

re la%ion Setween changes In  amplitude m d  r e a c t i v i t y  increments i s  experi-  

mentally es tabl ished by associa t ing a change i n  amplitude with a known r e -  

actEvity change. This method i s  advantageous because the  tlme reqoired 

fur.  eazh measurenent i s  short  (-5 min), and t h e  reactor p3se-,- peed not  



be constant, since an a l t e rna t ing  component of the  power i s  being measured 

r a the r  than t he  power i t s e l f .  The small deviation from an average power 

l eve l  during the  course of a measurement obviates the  need f o r  equilibrium 

of the  delayed-neutron emit ters .  Although comparison of t h e  amplitudes of 

periodic s ignals  derived from s u x e s s i v e  measurements on several  rods yie ld  

only r e l a t i ve  values of t h e i r  effectiveness,  Jankowski, Klein, and ~ i l l e r ' ~  

have presented an absolute evaluation by solving the  k ine t ic  equations and 

expressing the  r e s u l t s  i n  terms of a Fourier  s e r i e s .  This absolute evalua- 

t i o n  i s  applicable only t o  o sc i l l a t i ons  of small amplitude. 

One of the  e a r l y  standard methods used f o r  rod-worth measurements was 

t he  rod-drop technique. It i s  simple and d i r e c t .  The rod i s  rap id ly  i n -  

ser ted i n t o  a reac tor  operating a t  a constant neutron l eve l  and the  de- 

creasing counting r a t e ,  C, i s  observed as  a fwl(:t,fi_in of  t iqe. When the  

counting r a t e  i s  extrapolatfed back t o  the  time of rod inser t ion,  i t s  worth 

may be expressed a s  

where t he  subscr ipts  1 and 2 denote t he  count2n.g r a t e ,  C, before and a f t e r  

inser t ion,  respectively,  p i s  the reac t iv i ty ,  and B i s  t he  delayed-neutron 

f r ac t i on .  It i s  assumed t h a t  t he  change i n  r e a c t i v i t y  i s  instantaneous 

and t h a t  the  prompt-neutron l i fe t ime  i s  short compared with the  1ifetim.e 

of the  shor tes t  delayed group. Us-ually, the  f i n i t e  time required, f c r  in -  

sertLon causes uncertainty i n  the  =?valuation of S2.  Kolar. a-c~d ~ l o v e r s t r o m ' ~  

ellminate t h i s  d i f f i c u l t y  by using the  detsrmiried s tab le  period., T, and. 



the  inhour equation i n  the  form 

where 7 i s  the  r a t i o  of ef fect fveness  of delayed neutrons t o  prompt neutrons, 

L* i s  the  prompt-neutron l ifet ime when the  system i s  c r i t i c a l ,  and Xi and 

p i  a r e  the  decay constant and delayed-neutron f r ac t i on  f o r  each of the  s i x  

delayed neutron groups, respect ively .  

I n  t he  rod bump-period technique, with the  reac to r  c r i t i c a l  and a t  a 

constant neutron l eve l ,  the  rod t o  be evaluated i s  displaced a small amount 

and the  associated reac to r  period i s  determined. The i n h ~ u r  equation then 

y ie lds  the  associated r eac t i v i t y ,  and t h i s ,  i n  turn ,  i s  r e l a t ed  t o  t he  rod 

i n se r t i on  dis tance  by means of f i r s t  -order pe r t u r t a t  ion theory, which 

adequately16 expresses the  d i f f e r e n t i a l  ef fect iveness  r e l a t i o n .  The major 

d is turbing fea tu re  appears t o  be the  time consumed, although t he  problem 

of es tabl ishing the  constant neutron l eve l  between increments can be 

avoided, thus el iminating an e lus ive  time var iab le .  For exam~le ,  Williams 

e t  a1.,17 by means of a r e l a t i v e  measurement of two con t ro l  rods i n  the  APPR 

c r i t i c a l  experiments, obtained a c a l i b r a t i on  from successive measurements 

of pos i t ive  and negative periods r e su l t i ng  from a l t e rna t e  compensating 

displacements. 

The pulsed-neutron technique has been adequately described by Simmons. 18-s l9 

Succinctly, a subc r i t i c a l  multiplying system i s  subjected t a  a burs t  of 

neutrons, and the  r e su l t i ng  s tab le  decay of the  neutron population i s  ob- 

served. The observat,ion 'begirts a f t e r  t he  i n i t i a l  t rans : ients  of t he  burs t  



have died out and continues u n t i l  t h e  delayed neutrons dominate t h e  t o t a l  

neutron population. Over the  time of measurement t h e  behavior i s  exponential.  

The resu l t ing  r e l a t i on  between the  decay constant and t h e  r e a c t i v i t y  i s  

where a. = 7 f 3 / ~ *  i s  t he  decay constant a t  delayed c r i t i c a l .  

The source-jerk technique i s  s imilar  t o  t h e  rod-drop technique, except 

t h a t  the  reac tor  i s  subc r i t i c a l  and the  constant neutron l e v e l  i s  t h a t  due 

t o  the  mul t ip l icat ion of the neutron source present.  The source i s  sud- 

denly removed and the  procedure outl ined i n  connection with Eq. (1) 

i s  followed. The l imi ta t ions  of t h i s  method stem d i r e c t l y  from source 

s t rength and i t s  e f f ec t  on detector  response t o  a weak neutron f i e l d .  

The PCTR-km m e a ~ u r e m e n t ~ ~ , ~ '  has been extended t o  the  evaluation of 

negative r e a c t i v i t i e s  and, thus, i s  d i r e c t l y  applicable t o  measurements of 

control  rod strengths.  Briefly,  t h e  PCTR i s  a nu l l  r e a c t i v i t y  t e s t  assembly 

consis t ing of t h r ee  concentric regions: a c en t r a l  t e s t  cav i ty  surrounded 

by a buffer  zone which, i n  turn,  i s  s=r*ounded by t h e  reac tor  composed of 

enriched uranium rods i n  graphite.  The procedure i s  t o  match the  neutron 

f l u x  o r  adjoint  f l u x  spectrum t o  t h a t  of t he  c e l l  by means of the  buffer  

region ( the  mater ia l  t o  be placed i n  the  cav i ty  may a l so  be used here ) .  

Then t he  t e s t  mater ia l  i s  poisoned (usual ly  with copper) u n t i l  the re  i s  

no observed change i n  r e a c t i v i t y  with o r  without the  t e s t  mater ia l  i n  the  

cavity.  When applied t o  control  rod evaluation, a super-.cell (made up of 

un i t  c e l l s  of t h e  material  under study) i s  poisoned mtil km = 1. Then 

the  control  rod i s  inse r ted  and t he  necessary amount of poison i s  removed 



u n t i l  no change i n  r e a c t i v i t y  occurs. The rod may be of such s t rength 

t h a t  a ,nega t ive  amount of poison i s  associated with t he  measurement, but 

the  r e s u l t s  remain in te rpre tab le .  2 2 

Comparisons of Techniques 

A s  a des i rable  s tep  i n  the  AEC Control Rod Materials  Program, various 

dynamic techniques f o r  measuring control  rod worth were compared. Ballowe, 

Morgan, and ~ u s s e 1 1 ~ ~  repor t  a s e t  of experiments i n  which four  methods 

were chosen fo r  intercomparison: rod drop, rod bump-period, rod o sc i l -  

l a t o r ,  and pulsed neutron. The r e s u l t s  disclosed t h a t  t h e  rod-drop and 

rod-osc i l l a to r  techniques a r e  dependent on t he  de tec tor  locat ion.  The 

exact locat ion of the  de tec tor  was not given, although it appears t o  have 

been near t he  reac tor  core and was var ied along t h e  ax i s  p a r a l l e l  t o  the  

motion of t h e  rods. The depecdenee was explair~ed on the  ba s t s  of a one- 

group dif fus ion- theory model which showed the  s ignal  a r i s i ng  from a l oca l  

change i n  the  core t o  s a t i s f y  a d i f f e r e n t l a l  equation d i f f e r i ng  from t h a t  

of the  steady-state f l u x  i n  t h a t  t he  s ignal  i s  a function of t h e  prompt 

neutrons alone. Consequently, the re  i s  no reason t o  expect the  r a t i o  

of s ignal  t o  steady-state f l u x  t o  be unity.  The rod bump-period and 

pulsed-neutron techniques do not exhibi t  t h i s  dependence, being, i n  them- 

selves, eigenvalue determinations. The observed dependence i s  contrary t o  

the  e a r l i e r  work of Jankowski, Klein, and Miller,15 who compared the  rod- 

drop, rod-oscil lator,and source-jerk techniques. The r e s u l t s  reported 

were a l l  within experimental e r ro r ,  and no dependence on detector  loca- 

t i o n  was inferred from the  independence of the  constant r e l a t i ng  power- 

o sc i l l a t i on  amplitudes t o  r e a c t i v i t i e s .  However, a l l  e r ro r s  i n  the  



rod-osci l la t ion data  were observed t o  be i n  the  same d i rec t ion  and there-  

fo re  suggestive of a systematic e r ro r .  

The pulsed-neutron technique was compared with the  rod-drop and rod 

bump-period methods by Kolar and ~ l o v e r s t r o m l ~  of Livermore. They confirm 

the  work of others who have examined the  technique; namely, i t s  usefulness 

i n  evaluating large negative r eac t i v i t i e s ,  a s  well a s  i t s  speed and con- 

venience. Important byproducts of t h i s  technique, a s  i l l u s t r a t e d  by t h e i r  

work, a re  the  quant i t i es  and l * / y .  When the  constants a re  used with 

the  reactor  k ine t ic  equations, a calculated curve f o r  neutron population 

versus time subsequent t o  the  rod drop i s  obtained t h a t  a id s  i n  the  evalua- 

t i o n  of the  data .  For the  rod-drop measurements these authors positioned 

the  detector  "about 8 f t  from the  reac tor  i n  locat ions  where inverse multi- 

p l ica t ion  measurements had been found t o  be independent of pounter loca- 

t ion."  It i s  possible t h a t  detector dependence did  not manifest i t s e l f  

i n  the  data, since comparison of the  data,  the  calculated curve, and the  

calculated points, which were assumed t o  have varying e r ror  magnitudes, 

seems t o  indicate  a r eac t i v i t y  resolution (+3$) f o r  the  method. 

The major disadvantages of these methods remain when they a r e  applied 

t o  very large reactors .  Further the  pulsed-neutron technique, which i n  

t h i s  application becomes s imilar  t o  the  source-jerk method, suf fe rs  from 

insufficiency of neutron source strength.  I n  comparison the  PCTR-km 

measurements appear t o  be applicable t o  large reactors .  Nichols and 

~ e i n e m a n * ~  have reported on a s e t  of experiments i n  which an M;CR control  

rod was evaluated i n  the  PCTR with the  use of a supercell  containing only 

16 f u e l  elements and a cen t ra l ly  located control  rod. An a t t r a c t i v e  fea ture  



of the technique was thus forcefully demonstrated, when it is considered 

that only ~ 1 %  of the core was represented. (J. T. ~homas) 



IN-CORE FLUX MONITORING 

The s p a t i a l  d i s t r i b u t i o n  of t h e  neutron f l u x  i n  a r e a c t o r  core i s  

a va luable  parameter f o r  t h e  evalua t ion  of f u e l  element and r e a c t o r  con- 

t r o l  system performance. Information regarding f i e 1  enrichment and d i s -  

t r i b u t i o n  f o r  l a r g e  core designs can o f t e n  be determined i n  research  

r e a c t o r s  and c r i t i c a l  assemblies.  Flux p l o t s  a r e  needed f o r  power r e -  

a c t o r s  i n  order  t o  optimize t h e  f u e l  loading and burnup cycle through 

f lux  f l a t t e n i n g  by c o n t r o l  rod correc t ion ,  which may a l s o  y i e l d  more 

uniform channel heat ing.  Devices f o r  a s c e r t a i n i n g  t h e  f l u x  d i s t r i b u -  

t i o n  i n  a r e a c t o r  core a r e  known a s  in-core f l u x  monitors. A number 

of d i f f e r e n t  monitors c u r r e n t l y  i n  use o r  under development have been 

discussed i n  r ecen t  l i t e r a t u r e .  

A s tandard flux-monitoring p r a c t i c e  i n  research  r e a c t o r s  is  t o  

i n s e r t  a c t i v a t i o n  f o i l s  o r  wires i n t o  t h e  r e a c t o r  core  and then  remove 

them f o r  counting. The use of th resho ld  de tec to r s  and associa ted  count- 

ing  techniques i n  t h e  determinat ion of thermal- and fa s t -neu t ron  f l u x  

d e n s i t i e s  and energy s p e c t r a  has been discussed t u t o r i a l l y  by P r i ce .  25  

More r ecen t ly ,  an  improved technique f o r  t h e  measurement of f a s t  

neutrons by f o i l  a c t i v a t i o n  was repor ted  by Riccabarra, 2 6  who uses  

phosphorus ins t ead  of sulphur a s  t h e  a c t i v a t e d  mater ia l .  The f l u x  

requi red  f o r  t h e  same a c t i v i t y  is  reduced by a f a c t o r  of 70 when phos- 

phorus i s  used. 

Mechanical arrangements27 f o r  t,he i n s e r t i o n  of a c t i v a t i o n  wires 

a r e  i n  s tandard use a t  Savannah River, Hanford, and Shippingport.  A t  

Yankee, 2 2  thimbles a r e  provided f o r  remotely operated devices f o r  t r a v -  

e r s i n g  a c t i v a t i o n  wires. 27 An example of an automatic,  h igh-resolu t ion  



counter f o r  ac t iva ted  ribbon has been described by Mulot. * A reso lu t ion  

a s  low as  0.5 mm i s  achieved by t h e  use of interchangeable coll imators.  

For most appl ica t ions  t h a t  would seem t o  be more than adequate. Researchers 

a t  Savannah River have experimented with neutron- and gamma-sensitive thermo- 

p i l e s ,  bu t  they ind ica te  t h a t  they  have rese rva t ions  about t h e i r  r e s u l t s .  27 

A recent  r epor t  by s c h i l l i n g 2 '  descr ibes  a s u c c e s s f i l  device con- 

s i s t i n g  of a copper-constantan thermocouple welded i n t o  a platinum p i l l  

f i l l e d  with a pulverized mixture of  55% aluminum and 45% uranium of 20% 

enrichment. The thermocouple junction, i n  s e r i e s  with a reference  junction, 

i s  enclosed i n  a t i n y  tube a t  t h e  end of a long probe handle through which 

t h e  s i g n a l  l eads  a r e  drawn. The probe is  c a l i b r a t e d  aga ins t  f o i l s ,  and 

t h e  thermal emf i s  read with a galvanometer. This device has shown only 

1% d r i f t  i n  s e n s i t i v i t y  a f t e r  300 Mwhr of opera t ion  i n  t h e  FRM a t  a f l u x  

of approximately 1 x 1013 neutrons/cm2. sec. 

A t  Savannah River and a t  Dresden, work has been c a r r i e d  out on t h e  

use of gamma ion chambers. 2 7  The gamma chamber y i e l d s  a s i g n a l  which t h e  

authors  s t a t e  i s  e s s e n t i a l l y  propor t ional  t o  l o c a l  power dens i ty .  Flux 

t i l t s  a r e  determined by va r i a t ions  i n  t h e  chamber s i g n a l s  a t  various po in t s  

i n  t h e  core. Savannah River r eac to r s  a r e  employing, on a developmental 

bas i s ,  assemblies t h a t  conta in  t h r e e  chambers and a r e  placed i n  thimbles 

i n  t h e  r eac to r  core. The r e s u l t s  have been q u i t e  s a t i s f a c t o r y .  A t  

Dresden, t h e  con t ro l  system employs a matrix of 64 chambers a t  f ixed  

pos i t ions  i n  four planes throughout t h e  core. It i s  intended t h a t  t h e  

r eac to r  con t ro l  rods be programmed from these  readings and t h a t  t h e  sa fe ty  

system be operated from these  in-core chambers. I n  November, 1960, these  



chambers, which a l s o  check out  t h e  operat ion of t h e  con t ro l  rods, de- 

t e c t e d  t h e  breakage of a con t ro l  rod. 30 It appears t h a t  t h i s  system 

i s  e f f e c t i v e  f o r  f l u x  gradient  con t ro l  and rod checking. A commercial 

manufacturer i s  marketing a chamber of t h i s  type  and developing improved 

high-temperature cables f o r  use with it. 

These recent  advances i n  t h e  s t a t e  of t h e  a r t  of in-core f l u x  

monitoring ind ica te  only t h a t  s tandard techniques have been improved, 

while r e l a t i v e l y  l i t t l e  i n  t h e  way of new equipment has been developed. 

It has been repor ted27 t h a t  AEC-sponsored work i s  i n  progress on micro- 

wave .a t tenuat ion  from ion iza t ion  and hea t - t r ans fe r  null-balance de tec to r s  

using neutron heat ing,  and it i s  hoped t h a t  some breakthroughs w i l l  be 

repor ted  i n  t h e  near  fu ture .  ( J. L. ~aufman)  



NONNUCLEAR I N  -CORE INSTRUMENTATION 

A meeting sponsored by t h e  AEC Division of Reactor Development 

was held a t  Washington, D.C. ,  on Apri l  28-29, 1960, t o  d i scuss  i n -  

core instrum,entation f o r  power reac to r s .  The object ives  of t h e  meet- 

ing were ( 1 )  t o  review t h e  present  s t a t u s  of t h e  current  development 

programs f o r  in-core instrumentation; ( 2 )  t o  d i scuss  t h e  major problems 

i n  t h i s  area ;  (3)  t o  review present  and f u t u r e  requirements f o r  i n -  

core instrumentation, p a r t i c u l a r l y  i n  power reac to r s ;  (4)  and t o  pro- 

vide a f r e e  exchange of information and ideas  t h a t  might lead t o  i m -  

provements i n  r e a c t o r  core performance and r e a c t o r  s a f e t y  through i m -  

provement of in-core instrumentat ion.  31 The proceedings of t h e  meeting 

contain numerous references  t o  r e p o r t s  t h a t  provide much addi t ional  

d e t a i l e d  inform.ation on the  var lous  subjects .  The meetings consis ted  

of informal question and answer sessions,  and t h e  repor t  of t h e  meet- 

ings  presents  a  recording of those discussions.  No formal papers were 

presented . 
This review descr ibes  t h e  s t a t e  of t h e  art f o r  nonnuclear instrumenta- 

t i o n  a s  it was discussed i n  t h e  meeting. Flow, l iqu id - leve l ,  d f f f e r e n t i a l -  

pressure,  and temperature measuring devices a r e  described, i n  t h a t  order .  

Flow 

P i t o t  tubes  have been used in-core t o  measure gas flow i n  f u e l  chan- 

n e l s  of gas-cooled reac to r s  and water flow i n  boil ing-water  r eac to r s .  

Before being i n s t a l l e d  i n  the  r e a c t o r  core, the  tubes  a r e  ca l i3 ra ted  out-  

o f - p i l e  i n  an i d e n t i c a l  configurat ion t o  assme accuracy. Stauschiebe 

tubes, which a re  small cyl inders  placed perpendicular t o  the  d i r e c t i o n  



of flow, with pressure t aps  fac ing upstream and downstream, a r e  a l s o  

used f o r  measurements of water flow ra tes ;  these  tubes  must be c a l i -  

brated.  

Turbine flowmeters can be used t o  measure t h e  v e l o c i t y  of water 

i n  t h e  i n l e t  and i n  t h e  o u t l e t  of a f u e l  channel with an accuracy of 

1 .  By knowing t h e  d i f ference  i n  t h e  i n l e t  and o u t l e t  water v e l o c i t i e s ,  

t h e  steam void a t  t h e  o u t l e t  of t h e  f u e l  channel can be calculated.  

P r i o r  t o  in -p i l e  use, p a i r s  of tu rb ine  flowmeters a r e  ca l ib ra ted  with 

water and with water-a i r  mixtures i n  an out-of-pi le  e l e c t r i c a l l y  heated 

loop. The steam voids ca lcula ted  f o r  void f r a c t i o n s  ranging from 0.24 

t o  0 .71 a r e  wi th in  210% of t h e  values determined by t h e  gamma-attenuation 

technique. 

Turbine flowmeters have worked wel l  i n  a f lux  of 1012 neuterons/cm2.sec 

One app l i ca t ion  was described i n  which, a f t e r  exposure t o  an in tegra ted  

f lux  of 4 X l o x 8  neutrons/cm2 a t  975°F while measuring t h e  flow r a t e  of 

C02, t h e r e  was no evidence of damage t o  t h e  flowmeter. The f low r a t e s  

of molten s a l t s  and l i q u i d  metals have been measured with experimental 

turbine  flowmeters f o r  periods of more than 1000 h r  a t  1500°F. 

Venturi tubes a re  commonly used t o  measure flow i n  f u e l  channels. 

A s  many a s  42 in-core Venturi meters have been manifolded out-of-pi le  

t o  one d i f fe ren t i a l -p ressure  t r ansmi t t e r .  

Liquid Level 

Resistance-type level-measuring elements have been used f o r  measure- 

ments of f l u i d s  with high e l e c t r i c a l  conductivity. Such elements have 

operated s a t i s f a c t o r i l y  f o r  periods of up t o  20,000 h r  a t  1300 t o  1500°F 



while immersed i n  sodium and NaK. The accuracy of measurement over a 

7-in. span of NaK and of sodium has been reported t o  be 1$.32 

Acoustic level-measuring devices are  avai lable  f o r  use a t  tempera- 

t u r e s  up t o  950°F. The e f f ec t  of i r r ad i a t i on  on these  devices has not 

been investigated.  

Di f fe ren t ia l  Pressure 

Differential-pressure t ransmit ters  located outside the  reactor  

vessel  of a boiling-water reactor  and connected t o  a number of pressure 

taps  inside the  vessel  have been used t o  measure the  carryover of steam, 

vapor holdup, downcomer ve loc i t i es ,  and average steam voids i n  r i s e r s .  

The individual pressure t a p  tubes a re  contained i n  a duct. A small stream 

of cooling water flows over t he  pressure t a p  tubes within the  duct t o  keep 

the  l i qu id  i n  the  tubes from flashing.  A l a rge  flow of cooling water can- 

not be used, because it would cause undesirable ax i a l  temperature gradients 

i n  the  duct. 

Temperature 

Chromel-Alumel thermocouples i n  s t a in l e s s  s t e e l  sheaths a re  t he  

thermocouples most of ten used a s  sensing elements t o  measure in-core 

temperatures i n  a l l  types of reactor.  The thermocouple insulat ion i s  

usually magnesium oxide, although aluminum oxide insulat ion i s  of ten 

used i n  pressurized-water and boiling-water reactors  because aluminum 

oxide w i l l  not dest ruct ively  swell i f  water gets  in to  the sheath. The 

sheathed thermocouple assemblies used most of ten a re  1/16 in. o. d. ,  

although assemblies as  small a s  0.040 in.  0.d. have been used. 

The guide tube, which i s  an extension of the  reactor  pressure 

vessel  and through which thermocouples can be inser ted in to  the core, 



i s  a s ign i f i can t  development i n  core temperature measuring. Such tubes 

permit the  replacement of thermocouples a t  any time during the  l i f e  of 

t he  core.  A 1116-in.-0.d. sheathed thermocouple can be inse r ted  i n  a 

guide tube t h a t  i s  25 f t  long and has many tu rns .  

The r e l i a b i l i t y  of 50 sheathed Chromel-Alumel thermocouples during 

a period of a year of operation i n  a pressurized-water reac to r  core has 

been studied. The var ia t ions  of the  50 individual  thermocouples gave 

temperature values t h a t  were within 1°F of the  average (95% C.L.) and 

within 2.5"F of an external  reference temperature. The i r r ad i a t i on  dose 

t o  these thermocouples was more than lo2' neutrons/cm2. Experience with 

sheathed Chromel-Alumel thermocouples i n  l i qu id  metal at 1500°F has a l so  

shown t h a t  they a r e  r e l i a b l e  and t h a t  they hold t h e i r  c a l i b r a t i on  when 

exposed t o  an i r r ad i a t i on  dose of 1021 neutrar,s/2m2. I f  tk,e leads  from 

a small-diameter sheathed thermocouple, about 0.050 i n .  o.d.,  pass 

through a zone having a temperature of 2500°F o r  more and the  junction 

i s  i n  a cooler  zone, t he  emf from the  thermocouple w i l l  be proport ional  

t o  t he  hot-zone temperature. The high temperature causes the  insu la t ion  

res i s t ance  t o  become low enough t o  form another junction wnich i s  i n  

p a r a l l e l  with the  t r u e  junction. 

I n  order t o  obtain an accurate measurement of t he  temperature of 

a f u e l  element surface, the  sensing element must be ca l ib ra ted  out-of- 

p i l e  using the  same mater ia ls  and configuration a s  used in-core.  Several 

techniques have been used t o  measure surface temperature i n  flowing gas. 

One technique i s  t o  f l a t t e n  a 0.030-in.-0.d. sheathed thermocouple ts 

0.020 in . ,  f a s t en  it t o  the  surface of t h e  f u e l  e l e m e ~ ~ t ,  and put a ramp 

upstream t o  give smooth flow and avoid error-zausing turbulence. Another 

technique i s  t o  place the  junction end of t he  sheath downstream, with 



t h e  thermocouple wires extended from t h e  sheath and spot  welded t o  

t h e  surface of t h e  f i e 1  element. With t h i s  technique, a surface  tem- 

pera ture  1300 k 50°F has been measured. On t h e  other hand, i n  an 

organic coolant,  t h e  surface  temperature of a fue l  element has been 

measured t o  within 25°F i n  t h e  400-700°F range, based on out-of-pi le  

c a l i b r a t i o n  using 0.010-in. -0. d. thermocouple wires fastened t o  t h e  

surface.  

The c e n t r a l  temperatures of f u e l  p l a t e s  f o r  pressurized-water and 

boiling-water r eac to r s  have been measured by t h e  so-cal led "blocked 

channel" technique. A spec ia l  zirconium p l a t e  t h a t  has t h e  thickness 

of two standard p l a t e s  plus one water channel is  fabr ica ted  i n t o  t h e  

f u e l  element. The water channel space i n  t h i s  spec ia l  p l a t e  is  f i l l e d  

with a nonfissionable mater ia l  i n  which t h e  thermocouples a r e  embedded. 

As many a s  100 thermocouples have been spaced along a 4 - f t  p la te .  I f  

s t a i n l e s s  s t e e l  were used i n  place of zirconium, t h e  r e s u l t i n g  f lux  de- 

pression would give a temperature measurement e r r o r  a s  g rea t  a s  12%. 

There i s  a need f o r  techniques and mater ia ls  t h a t  w i l l  make it 

poss ib le  t o  measure f u e l  temperatures up t o  4500°F i n  uranium oxide, 

uranium carbide, and other  poss ib le  f u e l  mater ia ls .  A t  t h e  present  

time c e n t r a l  temperatures up t o  3800°F i n  U02 p e l l e t s  have been measured 

f o r  a week or  s o  and up t o  6 weeks i n  t h e  temperature range of 2500 

t o  3200°F. I n  these  measurements t h e  thermocouple was tungsten vs.  

rhenium insula ted  with beryllium oxide and contained i n  a swaged 

tantalum sheath. When t h e  junction where t h e  sheath and thermocouple 

wires were fused together  was grounded, t h e  couple o f t en  f a i l e d  be- 

cause of d i f f e r e n t i a l  thermal expansion, whereas thermocouples with 



ungrounded junction f a i l ed  l e s s  often.  The thermocouple wires entered 

the  capsule through a hermetic e l e c t r i c  sea l  so t ha t  the  f i s s ion  gases 

would be contained. Generally, the  tantalum sheath showed de te r io ra t ion  

a f t e r  6 weeks a t  temperature and exposure t o  f i s s i o n  gases. Over the  

6-week t e s t  period, the  thermocouples indicated t h a t  the cen t ra l  U02 tem- 

peratures were decreasing. This may have been caused by changes i n  the  

p e l l e t s  o r  i n  the thermocouples o r  both. 

A pneumatic system f o r  the  measurement of gas temperatures was d i s -  

cussed t h a t  cons i s t s  of two sonic nozzles i n  s e r i e s  through which a stream 

of gas flows. The f i r s t  nozzle i s  located where it i s  desired t o  measure 

the  temperature; the  second i s  a t  some convenient locat ion and i s  con- 

nected t o  the  f i r s t  nozzle by a tube. The pressures upstream of each 

nozzle and the temperature upstream of the  second nozzle are  measured. 

The desired temperature i s  calculated from the  r e l a t i on  

where K i s  the  general  constant of the  system. This temperature measuring 

system was discussed i n  d e t a i l  i n  an e a r l i e r  i ssue of Nuclear Safety. 3 3  

There are  numerous specia l  problems and techniques associated with 

the  determ.ination of in -p i le  temperatures. Sometimes it i s  necessary 

t o  use odd combinations of thermocouple wires t o  match the  thermal ex- 

pansion of wires, sheath, and f u e l  p la tes .  Further, platinum vs. 

platinum-rhodium thermocouples have shown e r ro r s  because of transmutation 

and, i n  high temperature applications,  because of the  migration of 

rhodium. I n  another s i tuat ion,  res is tance thermometers of platinum w i l l  



be used i n  some pressurized-water r eac to r s  t o  measure f i e 1  channel 

o u t l e t  temperatures and t h e  d i f ference  i n  temperature between t h e  

i n l e t  and o u t l e t  of a channel. 

A number of high-speed scanning systems w i l l  be used t o  monitor 

in-core temperatures i n  t h e  near fu tu re .  Plans a r e  t o  use 18-channel 

recording osci l lographs,  a 100-channel osci l loscope with a mercury-jet 

switch which can scan 100 thermocouple s t a t i o n s ,  and an analog-to- 

d i g i t a l  conversion u n i t  with magnetic-tape recording. Experience with 

current  models of j e t  switches has shown t h a t  they must be cleaned a f t e r  

being i n  se rv ice  t h r e e  months because of contamination by t h e  mercury. 

(H.  J. ~ e t z )  
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DEPOSITION OF RADIOACTIVE MATERIALS FROM GASES 

The designer of a nuclear reac to r  must be able  t o  predic t  r e l i a b l y  

the  loca t ion  and form of the  e n t i r e  inventory of radioact ive  f i s s i o n  

products associa ted with the  reac to r  system i f  he i s  t o  f u l f i l l  h i s  ob- 

l i g a t i o n  t o  con t ro l  t he  hazards produced by these  mater ia ls .  One of 

t he  most important processes a f fec t ing  the  locat ion of f i s s i o n  p ~ o d u c t s  

i s  t ranspor t  by gases. 

Radioactive f i s s i o n  products may be introduced i n t o  a gas system 

e i t h e r  by accident  o r  by design. For example, i f  a major reac to r  ac- 

c ident  occurs and t he  f i s s i o n  products a r e  dispersed i n  the  reac to r  con- 

tainment vessel ,  many of the  f i s s i o n  products w i l l  remain suspended a s  

gases o r  aerosols  i n  the  a i r  ins ide  the  vesse l .  On t he  other  hand, 

f i s s i o n  gases a r e  c i rcu la ted  i n  the  normal operation of a gas-cooled 

reac to r  t h a t  uses unclad f u e l  elements. Some of the  f i s s i o n  products 

a r e  re leased continuously i n t o  t he  coolant gas stream and a r e  ca r r i ed  

throughout t he  coolant system. I n  both these  circumstances t he  f a t e  of 

t he  f i s s i o n  products i s  of paramount importance. I n  each case the re  a r e  

loca t ions  where deposit ion i s  bene f i c i a l  and other  loca t ions  where de- 

pos i t ion  i s  harmful. 

Accumulations of f i s s i o n  products by deposit ion must be avoided 

i n  components which may require  maintenance o r  replacement o r  i n  p a r t s  

of the  reac to r  system t o  which access i s  necessary t o  control  the  

consequences of a reac to r  accident .  On the  other  hand, d e ~ o s i t i o n  

of f i s s i o n  products from gases i n  some places can s abs t an t i a l l y  r e -  

duce t h e  amounts of f i s s i o n  products del ivered t o  other more sens i t ive  

loca t ions  and can a l s o  reduce t he  t o t a l  amount of f ission-product  



a c t i v i t y  which may be ca r r i ed  t o  t h e  outs ide  atmosphere i n  t h e  event 

of an accident .  Predic t ion  and con t ro l  of t h e  deposi t ion  of radio-  

a c t i v e  f i s s i o n  products from gases r equ i res  a  knowledge of t h e  f a c t o r s  

t h a t  inf luence  deposi t  ion. 

Theore t ica l  Considerations 

Although t h e r e  a r e  many f a c t o r s  t h a t  may a f f e c t  t h e  deposi t ion  

of r ad ioac t ive  mater ia ls ,  they  can be divided i n t o  t h r e e  general  ca te-  

gor i e s :  (1) t h e  concentrat ion of t h e  ma te r i a l  and condit ions i n  i t s  

h i s t o r y  which a f f e c t  i t s  physica l  and chemical form, (2)  condit ions 

near t h e  s i t e  of deposi t ion  t h a t  influence t h e  t r a n s p o r t  of t h e  ma- 

t e r i a l  through t h e  gas t o  t h e  surface,  and (3) condit ions which in-  

f luence t h e  r e t e n t i o n  of t h e  ma te r i a l  when it a r r i v e s  a t  t h e  surface.  

Radioactive ma te r i a l  i n  a  gas may be i n  gaseous form o r  i n  t h e  

form of a  s o l i d  o r  l i q u i d  aerosol .  I f  i n  ae roso l  form, t h e  behavior 

of t h e  ma te r i a l  i n  t h e  gas is a f f e c t e d  g ross ly  by t h e  p a r t i c l e  s i z e  

of t h e  aerosol .  P a r t i c l e s  of s i z e s  ranging from s l i g h t l y  l a r g e r  than  

molecular dimensions up t o  severa l  t e n s  of microns i n  diameter a r e  

common i n  gases. Which of t h e s e  forms w i l l  be taken by t h e  f i s s i o n -  

product ma te r i a l s  depends upon t h e  h i s t o r y  of t h e  mater ia l .  F i s s ion  

products may be d ispersed  i n  t h e  gases by evaporation a t  high tempera- 

t u r e s  o r  by mechanical ac t ion .  Evaporation a t  high temperatures f o l -  

lowed by rap id  condensation a t  low concentrat ions i s  conducive t o  t h e  

formation of smal l -pa r t i c l e - s i ze  ae roso l s  t h a t  a r e  r e l a t i v e l y  s t a b l e  

under most condit ions.  These condit ions a r e  common i n  r eac to r s ,  and 

it i s  t o  be expected t h a t  aerosols  w i l l  be formed. 



P a r t i c u l a t e  ma t t e r  composed of ord inary  nonradioac t ive  m a t e r i a l s  

can p l a y  an important r o l e  i n  a  gas system conta in ing  f i s s i o n  products .  

Gaseous ma te r i a l s ,  inc luding  r a d i o a c t i v e  f i s s i o n  products ,  w i l l  t e n d  

t o  approach adso rp t ion  equi l ibr ium with t h e  s u r f a c e  of t h e  p a r t i c u l a t e  

ma t t e r  suspended i n  t h e  gas.  I n  some cases  a  f i s s ion -p roduc t  m a t e r i a l  

t h a t  would be expected t o  be gaseous under one s e t  of condi t ions  can 

be adsorbed completely on p a r t i c l e s  i f  t h e  concen t r a t ion  of t h e  gaseous 

spec i e s  is  low and t h e  d u r a t i o n  of  exposure of  t h e  p a r t i c l e s  t o  t h e  gas 

i s  long. I n  such a  case  t h e  gaseous f i s s ion -p roduc t  m a t e r i a l  w i l l  be- 

have a s  i f  it were i n  p a r t i c u l a t e  form. 

There a r e  s e v e r a l  processes  by which m a t e r i a l  i n  a  gas i s  t r a n s -  

po r t ed  t o  t h e  s u r f a c e s  where depos i t i on  can occur.  Turbulent  mixing 

cont inuously p re sen t s  gas and i t s  burden t o  t h e  su r f ace .  The condi t ions  

favor ing  t h i s  process  a r e  high v e l o c i t y  and l a r g e  channel diameter.  

G r a v i t a t i o n a l  s e t t l i n g  i s  enhanced by l a r g e  p a r t i c l e  mass, long r e s idence  

time, and smal l  v e r t i c a l  channel dimensions. Di f fus ion  processes  a r e  

enhanced by smal l  p a r t i c l e  s i z e ,  long r e s idence  time, and smal l  channel 

dimensions. Molecular d i spe r s ions  d i f f u s e  f a s t e r  t h a n  p a r t i c u l a t e  d i s -  

pers ions .  Thermal d i f f u s i o n  i s  enhanced where high thermal  g r a d i e n t s  

e x i s t  i n  a  gas and by l a r g e  p a r t i c l e  diameter  and smal l  channel dimensions. 

Cen t r i fuga l  s e p a r a t i o n  i s  enhanced by l a r g e  p a r t i c l e  mass and h igh  gas 

v e l o c i t y  wi th  a  change i n  d i r e c t i o n  of flow. Under some condi t ions  

e l e c t r o s t a t i c  f i e l d s  may inf luence  depos i t ion .  An ex tens ive  t h e o r e t i c a l  

t rea tment  of t h e  processes  a f f e c t i n g  t h e  form of m a t e r i a l s  and t h e i r  

t r a n s p o r t  through gases  is  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  l 



The r e t e n t i o n  of  r a d i o a c t i v e  products  a f t e r  t h e y  have reached t h e  

s u r f a c e  may be  by s e v e r a l  kinds of fo rces .  Massive p a r t i c l e s  can be  

he ld  i n  p l ace  by t h e  f o r c e  of g r a v i t y .  E l e c t r i c a l  a t t r a c t i o n  can 

sometimes ho ld  t h e  p a r t i c l e s  i n  p lace .  Van d e r  Waals f o r c e s  a r e  e f -  

f e c t i v e  f o r  s m a l l e r  p a r t i c l e s ,  and i n  t h e  extreme case  of a  molecular  

d i spe r s ion ,  t h e s e  f o r c e s  mani fes t  themselves as phys i ca l  adsorp t ion .  

C e r t a i n  chemical forms of f i s s i o n  products  can r e a c t  chemical ly  wi th  

s u r f a c e s  of  many k inds  t o  form a chemical compound t h a t  i s  r e t a i n e d  

wi th  g r e a t  e f f i c i e n c y .  The va r ious  processes  by which f i s s i o n  products  

a r e  depos i t ed  on s u r f a c e s  have been e x p l o i t e d  i n  t h e  des ign  of f i l t e r s  

and adsorbers .  Th i s  s u b j e c t  was reviewed prev ious ly .  The s u b j e c t  of  

t h e  p re sen t  review i s  d e p o s i t i o n  i n  o t h e r  p a r t s  of a r e a c t o r  system. 

Experimental I n v e s t i g a t i o n s  

The behavior  of r a d i o a c t i v e  m a t e r i a l s  i n  gases  has  i n t e r e s t e d  ex- 

per imenters  s i n c e  s h o r t l y  a f t e r  t h e  d i scovery  of  r a d i o a c t i v i t y .  I n  

1900 ~ u t h e r f o r d ~  d iscovered  t h a t  t h e r e  was "emanation" from c e r t a i n  

n a t u r a l l y  r a d i o a c t i v e  m a t e r i a l s .  H i s  i n v e s t i g a t i o n  of t h i s  r ad io -  

a c t i v e  gas ,  now known a s  radon, and of t h e  r a d i o a c t i v e  daughters  de- 

p o s i t e d  from it, l e d  t o  t h e  r e c o g n i t i o n  of  t h e  decay r e l a t i o n s h i p s  

between va r ious  r ad io i so topes .  It w a s  observed t h a t  t h e  daughters  of 

t h e  "emanations" were i n  t h e  form of  extremely small p a r t i c l e s  t h a t  

remained suspended i n  t h e  d i l u e n t  gas .  

Most of t h e  r e c e n t  exper imenta l  work on t h e  d e p o s i t i o n  of  r ad io -  

a c t i v e  m a t e r i a l s  from gases  has  been concerned wi th  r ad io iod ine .  This  

i s  because of t h e  v o l a t i l i t y  of  i od ine  and i t s  ve ry  low b i o l o g i c a l  



to lerance .  A number of experimenters have observed t h a t  iodine vapor 

exh ib i t s  varying proper t ies ,  depending upon t h e  conditions under which 

it i s  s tudied.  4-7 It is  very r e a d i l y  adsorbed on a wide v a r i e t y  of 

surfaces  i n  varying degrees. chamberlain6 showed by experiments with 

a small wind tunnel  t h a t  deposit ion of a  "ca r r i e r - f ree"  radioact ive  

iodine vapor was control led  by d i f fus ion  across t h e  laminar l a y e r  of 

gas flowing over a surface  and was analogous t o  heat  t r a n s f e r  by forced 

convection. F l a t  surfaces  of copper and of f i l t e r  paper acted as  "per- 
/ 

f e e t  s ~ n k s "  f o r  iodine vapor i n  t r a c e  concentrat ions.  Any surface  i m -  

peqfection t h a t  i n t e r f e r e d  with t h e  laminar flow caused increased depo- 

Bi t ion  of iodine vapor on the  surfaces  immediately downstream of t h e  

imperfect ion. 

,' Once iodine i s  deposited, t h e  desorption from t h e  surface  becom?s 

, / 
/" important. Chamberlain and h i s  co-workers4 repor t  t h a t  t h e  r a t e  of de- 

/ sorpt ion of t r a c e  q u a n t i t i e s  of iodine a t  room temperature i s  genera l ly  

slow, but  it may be more rapid  i n  t h e  presence of s t a b l e  iodine, which 

can exchange with t h e  adsorbed radioact ive  l ayer .  The desorption i s  

not appreciable from copper or  charcoal  surfaces,  even i n  atmospheres 

containing a t  a  concentrat ion of 3 g / ~ 3 .  There was appreciable 

desorption from aluminum, polythene, and painted surfaces i n  clean a i r ,  

and t h e  desorption was g r e a t l y  increased by t h e  presence of I ~ ~ ~ .  

Probably t h e  most important f a c t o r  concerning deposit ion of iodine 

vapor onto surfaces  i s  t h e  presence o r  absence of o ther  substances i n  

t h e  gas stream. Experiments by Chamberlain and Whiffen7 ind ica te  t h a t ,  

i n  t h e  presence of condensation nuclei ,  t h e  behavior of radioiodine de- 

pends upon the  amount of iodine c a r r i e r  present  and t h e  concentrat ion of 



condensation nuclei. Their experimental system consisted of a large 

aluminum box (6 M3) into which iodine vapor and condensation nuclei 

could be introduced. The condensation nuclei were produced by heat- 

ing a Nichrome wire white hot by combustion of gas in a Bunsen burner 

or by passing an arc between lead electrodes. Samples of the gas mix- 

ture were drawn from the aluminum box through a sampling system con- 

sisting of a filter-paper-lined tube, a high-efficiency filter, and an 

activated-charcoal trap. By observing the distribution of activity 

between the components of the sampling system, some insight into the 

behavior of iodine vapor was obtained. The experimenters concluded that 

(1) 1131 can behave as iodine vapor, even in the presence of large con- 

centrations of nuclei (20,000/cm3), provided sufficient carrier iodine 

is present to provide an air concentration of 10 Clg/~3, (2) in the ab- 

sence of carrier iodine, the behavior of trace concentrations of 1131 

(-0.1 pg/~3) deviates from that of iodine vapor and the more nuclei pre- 

sent the greater the deviation, (3) in the presence of lead fumes (10-20 

mg/M3) with particle sizes 0.1 to 1.0 micron, most of the iodine radio- 

activity is associated with the lead particles, and (4) the effect of 

condensation nuclei on the diffusivity and adsorption of carrier-free 

radioiodine may have important implications when methods of removing 

the activity from gas streams are considered. 

Chamberlain and his co-workers 8~ are also responsible for informa- 

tion concerning the effect of condensation nuclei on the behavior of 

the decay products of thoron and radon. These decay products, isotopes 

of polonium, bismuth, and lead, adsorb rapidly on condensation nuclei. 



The e f f e c t  of attachment is  t o  reduce markedly t h e  d i f f u s i v i t y  of t h e  

radioact ive  nuclide compared with i t s  d i f f u s i v i t y  i n  t h e  atomic o r  

molecular s t a t e .  It follows t h a t  t h e  r a t e  a t  which t h e  r a d i o a c t i v i t y  

w i l l  d i f f u s e  across  a boundary l a y e r  t o  a surface  is g r e a t l y  reduced 

once it is  f ixed t o  a condensation nucleus. Retention of radon and 

thoron decay products i n  t h e  human r e s p i r a t o r y  system i s  g r e a t e r  when 

they a r e  generated i n  a i r  f r e e  of nucle i  and inhaled i n  t h e  atomic 

s t a t e  than it is  when they a r e  allowed t o  become a t tached t o  nucle i  

p r i o r  t o  inhala t ion.  

~ rewer"  has discussed t h e  poss ib le  o r  probable f a t e  of various 

f i s s i o n  products t h a t  may be present  i n  t h e  coolant gas of a gas-cooled 

reactor .  I n  t h e  event of a s l i g h t  f ission-product  leak from a f i e 1  

element t h e  presence of Kr, Xe, C s ,  Rb, Ba, Sr, Sm, Eu, Br ,  I, Sb, Cd, 

Sn, In, and Ag should be considered. Upon cooling of t h e  gas stream 

a s  it leaves t h e  reactor ,  t h e  condensation of a mixture of metals, oxides, 

and carbides would be expected, along with C s I  and CsBr. The surfaces  of 

carbon dust  and t h e  cool  surfaces  of t h e  heat  exchangers w i l l  probably 

remove t h e  remaining nuclides, with t h e  exception of K r ,  Xe, C s ,  Rb, I, 

Br ,  and Sb. These nuclides may a c t  a s  permanent gases t o  a considerable 

extent .  

Information on t h e  deposi t ion  of mixed f ission-product  r a d i o a c t i v i t y  

is  provided by Conn, Coll ins,  and Trice.  l1 Fiss ion  products were pro- 

duced f o r  study by uranium f i s s i o n  and allowed t o  escape i n t o  t h e  cool- 

ing a i r  stream by d i r e c t  r e c o i l .  Their  deposi t ion  was then examined i n  

t h e  ducting of t h e  experimental system. The p a r t i c u l a r  isotopes and cor- 

responding decay chains s tudied were 1131, ~ a l ~ ' ,  R U ~ ' ~ ,  sx8', and ~ e ~ ~ ~ .  



The t e s t  system alkowed the  a i r  t o  pass over the  fission-product gen- 

e ra t ing  source only once. It was then routed through s t a in l e s s  s t e e l  

ducts, through a l a rge  charcoal t rap ,  and i n t o  the  reac tor  off-gas 

system. The percentage of iodine, barium, and strontium plate-out d i f -  

fered i n  t he  th ree  t e s t s ,  a s  well  a s  t he  amounts of f i s s i o n  products 

released.  According t o  the  da ta  presented, the  f r ac t i on  of a c t i v i t y  

deposited i n  the  ducting depended only on the  amount of the  a c t i v i t y  

released from the f u e l .  No dependence of deposit ion on a i r  flow was 

noted. The percentage of barium and strontium deposition increased a s  

t he  amount released increased, while t he  percentage of iodine deposition 

decreased. The a i r  supply was not characterized,  and no information 

concerning the  presence o r  absence of condensation nuclei  i s  avai lable .  

Conclusion 

Deposition of r ad ioac t i v i t y  from the  gas phase a s  it occurs i n  

gas systems associated with reac tors  i s  complex, and probably each such 

system w i l l  behave d i f f e r en t l y  depending upon the  concentration and 

i d e n t i t y  of t he  various isotopes released from t h e  nuclear fuel ,  the  

presence o r  absence of other matter, such a s  dust, condensation nuclei ,  

and water vapor, t he  temperature of t h e  system, and the  materials  of 

construction used i n  t h e  gas system. Deposition of r ad ioac t i v i t y  from 

the  gas phase i s  becoming increas ingly  important i n  nuclear technology, 

but, a s  yet, i n su f f i c i en t  experimental evidence e x i s t s  t o  permit r e l i a b l e  

predic t ions  of the  behavior under condit ions ex i s t ing  i n  nuclear reac- 

t o r s .  (R. E . Adams and W .  E .  Browning, Jr . ) 
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during l o s s  of coolant  was s tudied  experimentally by t h e  Mine Safe ty  

Appliances Research Corporation. l6  The t e s t s  involved venting, through 

an o r i f i c e ,  water which was a t  a temperature of 500°F and under a pres-  

s u r e  of 2000 ps ig  from a 512-gal p ressu r i ze r  i n t o  a 10,000-gal tank. 

Seven runs were made using four  o r i f i c e  s i z e s  and two water - to-a i r  volume- 

expansion r a t i o s .  The da ta  from t h i s  l imi ted  number of t e s t s  a r e  presented 

i n  t h e  repor t ,16  and, a s  t h e  authors of t h e  r epor t  recognize, a r e  insuf-  

f i c i e n t  t o  draw any bas ic  conclusions t h a t  a r e  s u f f i c i e n t l y  d e f i n i k  f o r  

f u t u r e  des ign purposes. 

Experimental measurements of t h e  a i r - b l a s t  e f f e c t s  caused by t h e  

burs t ing  of simulated core vesse l s  with d i f f e r i n g  r a t e s  of energy r e l e a s e  

have been reported by t h e  B a l l i s t i c  Research Laboratories  (BRL) . 17, l8 I n  

these  t e s t s  s t a i n l e s s  s t e e l  c y l i n d r i c a l  pressure vesse l s  were used t o  

s imulate t h e  r e a c t o r  cores. The t e s t  vesse l s  were b u r s t  by enploying one 

of t h r e e  methods of i n t e r n a l  energy re lease :  (1)  suddenly re l eas ing  a gas 

under high s t a t i c  pressure, (2)  i g n i t i n g  a confined propellant ,  and (3)  

detonating an explosive. The vesse l s  were supported 5 f t  above ground, 

and measurements of t h e  r e s u l t i n g  a i r  b l a s t  loading were recorded f o r  

various d is tances  from t h e  vesse l .  I n  t h e  f i r s t  s e r i 5 s  of t e s t s  *he ves- 

s e l s  were f i l l e d  with a i r .  The experimental s e t  of da ta  f o r  t h i s  s e r i e s  

of t e s t s  is  presented i n  t h e  f i r s t  repor t .17  From t h i s  s e t  of da ta  it 

was concluded t h a t  t h e  b l a s t  loading was r e l a t i v e l y  independent of t h e  

r a t e  of energy r e l e a s e  withi.n t h e  vesse l .  It was es t ab l i shed  t h a t  t h e  

t e s t  da ta  from t h e  energy source surrounded by t h e  pressure  vesse l  eou1.d 

be reasonably we l l  predic ted  by assuming $;hat t h e  source,was e q ~ i v a l e n t  

t o  a c e r t a i n  weight of bare explosive charge, t h a t  is, an explosive vhich 



was not discharged i n  a vessel .  The second report18 presents the r e -  

s u l t s  of addi t ional  t e s t s  t h a t  were s imilar  except t h a t  the  pressure 

vesse l s  were f i l l e d  with water ins tead of a i r .  The pressure-time 

h i s t o r i e s  from these t e s t s  varied from those of the  bare-explosive 

t e s t s  t o  the  extent  t h a t  it was not possible t o  e s t ab l i sh  ari "equiva- 

l e n t  weight" of bare explosive, a s  was done f o r  t he  previous s e t  of 

r e s u l t s  . 
Somewhat s imi la r  comparison t e s t s  by the  Stanford Research In -  

s t i t u t e  (SRI) a re  discussed i n  two reports19, 2 0  which were reviewed 

previously. ' Simple, scaled reac tor  models were used i n  which scaled 

energy sources (simulating possible nuclear excursions) were released.  

I n  t h i s  study, energy sources employing high explosives alone arid high 

explosive-pyrotechnic mixtures were developed t o  simulate reac tor  ex- 

cursions with periods i n  the  1- t o  5-msec range. I n  most cases t h e  

t e s t s l g  were run i n  p a i r s  with the  same o r  s imi la r  energy sources but  

with varying amounts (75% and 100%) of water i n  the  pressure vessel .  

The findingsand conclusions from the  SEiI t e s t s  appear t o  con- 

t r a d i c t  the  f indings  and conclusions from the  s imi la r  t e s t s  made a t  

B R L . ~ ~  The s imi l a r i t y  i n  the  two s e t s  of t e s t s  i s  i n  t he  conparison 

of the  r e s u l t s  from the  burs t ing of containers which a r e  f i rs t  f i l l e d  

with a i r  and then with water. The findings and conclusions from the  

s e r i e s  of t e s t s  a t  BRL on wate r - f i l l ed  vessels  are  given i n  the  f o l -  

lowing quotations from t h e  repor t  :I8 



"men though t he  pressure-time h i s t o ry  does vary from those 
generated by bare explosives, t he  pressures and impulses 
measured were never l a rge r  than those of t he  a i r - f i l l e d  ves- 
s e l s .  The vessel  fragments as  seen from t h e  fragmentation 
f i r i n g s  had a very low ve loc i ty  and l i t t l e  penetrat lng power. 
Therefore, it may be concluded t h a t  t h e  data  f o r  a i r - f i l l e d  
core vessels ,  which a r e  applicable t o  t h e  equivalent weight 
concept, y i e ld  an upper bound of pressure and impulse measure- 
ments f o r  i t s  wate r - f i l l ed  counterpart and can be used as  a 
method of simulation of nuclear reac to r  runaway t o  e s t ab l i sh  
an upper bound f o r  b l a s t  loading on containment s t ruc tu res  
from f a i l u r e  of wa te r - f i l l ed  core vesse l s . "  

On t he  other hand, t he  f indings and conclusions from t h e  SRI were 

the  following : 

"In t he  models t e s t e d  with vessels  f i l l e d  f u l l  of water, 
t he  ve loc i ty  of t he  plug r i s e  was considerably g rea te r  i n  
every case than i n  s imi la r  t e s t s  where t he  vessels  were only 
314 f u l l .  However, i n  models 314 f u l l  of water, damage t o  
t he  lower por t ion of t he  cylinder was very extensive and the  
upper port ions broke i n t o  r e l a t i v e l y  l a rge  chunks. Concrete 
fragmentation i n  t he  models 100 percent f u l l  of water was ex- 
tens ive  but  more generalized over t h e  whole concrete face.  
It is evident t h a t  t he  a i r  void i n  a p a r t l y  f u l l  vesse l  tends 
t o  prevent energy t r an s f e r  t o  t he  concrete surrounding it." 

It i s  considered by Davenport and Huber21 and by   in or^^ t h a t  the  

t e s t s  were not s u f f i c i e n t l y  s imi la r  t o  j u s t i f y  a d i r e c t  comparison of 

t he  experimental f indings . Davenport and Huber 21 claim t h a t  t he  adding 

of the  water i n  t h e  BRL vessels  ( t he  vessels  contained only a i r  i n  t he  

i n i t i a l  t e s t s )  lowered t he  gas temperature s u f f i c i e n t l y  t o  lower t h e  

a i r  shock wave a f t e r  it expanded t o  about 200 times i t s  i n i t i a l  volume. 

This e f f e c t  of lowering t he  gas temperature was not as  predominant i n  

the  SRI t e s t s , l g  because t h e  vessels  were always f i l l e d  a t  l e a s t  75% 

with water. They fu r t he r  point  out t h a t  t he  time of the  explosive 

event i n  the  two s e t s  of t e s t s  was considerably :different;  i n  t he  BRL 



t e s t s  t h e  e n t i r e  event was completed i n  approximately 10 msec, whereas 

i n  t h e  SRI t e s t s  t h e  event was completed i n  approximately 200 msec. 

Minor points  t h a t  t h e  e f f e c t s  of t h e  BRL t e s t s L 8  were measured 

a t  a considerable d is tance  from t h e  burs t ing  vesse l .  Furthermore, it 

must be recognized t h a t  t h e  containers i n  t h e  BRL t e s t s  were of s t a i n -  

l e s s  s t e e l  ( a  d u c t i l e  mate r i a l ) ,  whereas t h e  containers i n  t h e  SRI 

t e s t s  were of concrete ( a  b r i t t l e  ma te r i a l ) .  Also, t h e  technique which 

was used f o r  measuring t h e  b l a s t  e f f e c t  was d i f f e r e n t  f o r  each s e t  of 

comparison t e s t s ;  p iezoe lek t r i c  a i r - b l a s t  gages were used by BRL, where- 

a s  SRI observed t h e  extensiveness of t h e  s h a t t e r i n g  of t h e  concrete. 

Accepting t h e  v a l i d i t y  of t h e  experimental da ta  presented i n  each 

of these  repor ts ,  it appears t h a t  t h e  design c r i t e r i a  f o r  t h e  contain- 

ment vesse l  a r e  a fbnct ion of t h e  mater ia l  and t h e  type of construction.  

Hence, caution must be exercised i n  ext rapola t ing e i t h e r  of t h e  con- 

clusions t o  any g r e a t  degree. 

Theoret ical  Treatments of Blas t  Phenomena 

The development of t h e o r e t i c a l  methods f o r  t h e  study of pressure 

i n  explos ive- l ike  waves has a long his tory ,  but  p r i o r  t o  World War II 

it had been slow and l imited;  t h e  need was not great ,  and t h e  equations 

which describe such phenomena a r e  too  complicated t o  be d e a l t  with 

d i r e c t l y .  The advent of high-speed computers has opened many p o s s i b i l i t i e s  

f o r  obtaining approximate so lu t ions  t o  s p e c i f i c  problems. The general  

so lu t ion  of t h e  complex p a r t i a l - d i f f e r e n t i a l  equati.ons which a r e  in-  

volved f o r  most cases i s  s t i l l  unknown; however, considerable mater ia l  

has appeared i n  t h e  l i t e r a t u r e  during recent  years t h a t  provides methods 



f o r  obtaining t h e  approximate so lu t ion  of s p e c i f i c  problems. The bas ic  

equations and a method f o r  solving problems of pressure  waves i n  ducts  

have been published by Rudinger. 23 I n  t h i s  t e x t  it i s  assumed t h a t  a l l  

flow var iab les  a r e  uniformly d i s t r i b u t e d  over t h e  cross  sec t ion  of t h e  

duct, and hence time and one space coordinate a r e  t h e  only independent 

var iables .  The s o l u t i o n  of a problem of t h i s  type is  obtained by graphical  

and numerical approximations. Complete wave diagrams f o r  t h e  so lu t ion  of 

a number of problems a r e  presented i n  t h e  t e x t .  23 Because of t h e  com- 

p l e x i t y  of t h e  bas ic  equations, most of t h e  work t o  da te  deals  only with 

systems which require  only one space coordinate. The numerical so lut ions  

of spher ica l  b l a s t  waves have been published by Brode. 24 

Another major d i f f i c u l t y  inherent  i n  t h e  so lu t ion  of t h e  bas ic  b l a s t  

wave equations i s  t h e  d i scon t inu i ty  a t  t h e  shock f ron t .  I n  order t o  over- 

come t h i s  d i f f i c u l t y ,   rode^^ assumed an equation f o r  t h e  v iscos i ty ;  he 

gives c r e d i t  t o  previous authors f o r  t h e  method employed. 

The response of s t r u c t u r a l  mater ia ls  t o  b l a s t  waves is  another com- 

p l i c a t e d  aspect  of t h e  e n t i r e  problem. The bas ic  theor ies  and problems 

involved i n  t h i s  s tudy a r e  presented by Rice, McQueen, and Walsh. 25 A 

d e t a i l e d  discussion of t h e  problems i n  experimentation with s t rong shock 

waves and t h e  various forms of t h e  equation of s t a t e  which have been as-  

sumed a r e  a l s o  given i n  t h e  a r t i c l e .  25 

Reports on t h e o r e t i c a l  and experimental s tud ies  of b l a s t  waves and 

t h e  compress ib i l i ty  of mater ia ls  have been presented by t h e  Armour Re- 

search Foundation. 26-28 A technique f o r  studying t h e  behavior of porous 

mate r i a l  (such a s  wood) subjected t o  compressive impact loads is  presented 



i n  t h e  f i rs t  repor t  of t h e  s e r i e s .  2 6  The second repor t  27 i s  a t h e o r e t i c a l  

study of t h e  growth of a point  source explosion ( spher ica l  b l a s t  waves) 

i n  an i n f i n i t e  s o l i d  o r  l i q u i d  medium. An expression r e l a t i n g  pressure 

and s p e c i f i c  volume (equation of s t a t e )  of t h e  mate r i a l  i s  assumed. This 

equation contains th ree  constants  which must be determined from experi-  

mental t e s t s  of the  mate r i a l  (compress ib i l i ty  da ta ) .  The bas ic  equations 

were solved numerically and a parametric study of t h e  influence of these  

constants  was made. The r e s u l t s  a r e  presented i n  t h e  repor t .  27 The r e -  

s u l t s  a r e  f o r  highly idea l i zed  physical  s i t u a t i o n s ,  but  they do provide 

information on t h e  r e l a t i v e  ef fec t iveness  of t h e  mater ia ls  a s  shock ab- 

sorbers. The t h i r d  repor t  describes t h e  experimental shock-tube t e s t -  

ing of t h r e e  mater ia ls :  Celotex, redwood, and sugar pine. Points  on 

t h e  pressure-speci f ic  volume curve a r e  obtained from t h e  experimental 

da ta  f o r  each mate r i a l  and a r e  presented i n  t h e  repor t .  28  

A method of a n a l y t i c a l l y  determining pressures,  r a d i i ,  and v e l o c i t i e s  

i n  a l l  regions of an exploding reac to r  is  presented by Levedahl and 

Howerton. 29  Their  so lu t ion  is  obtained by numerical in tegra t ion  of d i f -  

f e r e n t i a l  equations r e l a t i n g  r a t e  of energy input, pressure, volume, ac-  

ce lera t ion,  and ve loc i ty  of severa l  concentric  s h e l l s  represent ing t h e  

core, r e f l e c t o r ,  pressure vesse l ,  s h i e l d  water, and s h i e l d  tank. Com- 

plex reac to r s  a r e  transformed i n t o  equivalent  spheres f o r  ana lys i s  and 

then t h e  r e s u l t s  a r e  transformed back t o  t h e  t r u e  configuration. I n  

t h i s  report2 '  it i s  claimed t h a t  t h e  v e l o c i t i e s  of miss i l e s  r e s u l t i n g  

from t h e  metal-water r eac t ion  a r e  only f r a c t i o n a l l y  higher than  t h e  

v e l o c i t i e s  from an explosion r e s u l t i n g  from f a t i g u e  f a i l u r e  a t  ordinary 

pressures.  
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Conclusions 

The present  s tud ies  of b l a s t  waves and t h e  response of ma te r i a l s  

t h e r e t o  a re ,  f o r  t h e  most pa r t ,  highly spec ia l i zed  and ideal ized .  The 

addi t ions  t o  t h e  l i t e r a t u r e  during recent  years  have cont r ibuted  much 

t o  t h e  knowledge and understanding of t h e s e  phenomena; however, much 

more work (both experimental and t h e o r e t i c a l )  must be done before t h e  

present  ignorance f a c t o r  i n  t h e  design of containment vesse l s  f o r  nuclear  

r eac to r s  is  reduced t o  any g rea t  degree. (F. J. ~ t a n e k )  



BERYLLIUM HAZARDS I N  NUCLEAR OPERATIONS 

Beryllium and i t s  compounds a r e  the  most tox ic  of the  nonradioactive 

components of nuclear reactor  systems. These mater ia ls  require  specia l  

handling during operations t h a t  precede reac to r  s t a r t up  i f  harmful e f f e c t s  

t o  personnel a r e  t o  be prevented. After beryllium and other  chemical 

poisons become radioact ive  by exposure t o  neutrons i n  a reactor ,  the  

chemical poison aspects  of mater ia ls  handling hazards become of secondary 

importance and can be adequately dea l t  with by radioact ive  mater ia ls  hand- 

l i n g  procedures, a s  pointed out previously by  rimes.^' Recent developments 

i n  beryllium containment and monitoring methods a r e  discussed here.  The 

t ox i c  e f f e c t s  of beryllium have been thoroughly discussed by previous r e -  

viewers30) 3 1  and a r e  too  well known t o  require f u r t he r  emphasis. A f a i r l y  

recent  bibliography3 of a r t i c l e s  on beryllium toxicology i s  a l so  avai lable .  

Beryllium Monitoring 

One of the  l i m i t s  of a i r  pol lu t ion recommended by t he  AEC i s  worthy 

of comment. It i s  s t a t ed  t h a t  "no personnel should be exposed t o  a con- 

cen t ra t ion  g r ea t e r  than 25 pgms ./m3 f o r  any period of time, however shor t .  '' 

It seems safe  t o  say t h a t  no i n s t a l l a t i o n  handling beryllium i s  i n  a posi- 

t i o n  t o  guarantee t h a t  it i s  meeting t h i s  requirement, which should be 

modified t o  el iminate ambiguity. The American I n d u s t r i a l  Hygiene Associa- 

has adopted a more meaningful upper l i m i t  f o r  t r an s i en t  condit ions 

of 25 pg/m3 f o r  l e s s  than 30 min. Monitoring f o r  airborne beryllium i s  

usual ly  performed by drawing a measured volume of a i r  through a f i l t e r  

paper, determining the  t o t a l  amount of beryllium col lec ted,  and calcula t ing 

t h e  concentration per cubic meter of air by assuming a uniform r a t e  of 



co l lec t ion  over t he  sampling period. I f ,  f o r  example, 50 pg of beryllium 

were col lected from 100 m3 of a i r ,  the  calculated average concentrati.cn of 

0.5 pg/m3 would be well below the  acceptable upper l i m i t  of 2 pg/m3 f o r  the  

average concentration during an 8-hr working day. If, however, a l l  the  

beryllium had ac tua l ly  been col lected from 1 m3, the  concentration would 

have been 50 pg/m3 and thus would have exceeded the  P,EC l i m i t  of 25 

d m 3  . 
Several invest igators  have reported e f f o r t s  t o  develop instruments 

f o r  continuously monitoring a i r  f o r  the  detect ion of beryllium t h a t  would 

give a quick indicat ion of the  presence of an unsafe concentration of beryllium 

i n  a i r  and would, by shortening the  sampling time, come nearer meeting the  

"however short" time requirement than t he  usual routine monitoring methods. 

The f i r s t  instrument of t h i s  type, reported34 i n  1952, had several  draw- 

backs, including the  requirement of a great  dea l  of sk i l l ed  maintenance, 

s e n s i t i v i t y  'oo p a r t i c l e  s ize  and chemical form of t h e  beryllium, and lack 

of means f o r  checking t h e  ca l ib ra t ion  of t he  instrument. Other inves t i -  

gators35 l a t e r  developed a s imilar  continuous spectrographic a i r  monitor 

which seems t o  have overcome most, i f  not a l l ,  of the  t roubles  inherent i n  

the  e a r l i e r  instrument. An improved version of t h i s  instrument, reported 

recently,36 i s  designed t o  be su f f i c i en t l y  portable so t h a t  it i s  easy t o  

bring t he  sample intake close t o  po ten t ia l  sources cf airborne beryllium. 

Air i s  drawn through a t r iggered in termit tent  arc  and the  i n t ens i t y  of 
0 

the  3130 A beryllium doublet i s  monitored, together with t he  adjacent back- 

ground, and the  r a t i o  of those i n t e n s i t i e s  i s  recorded on a r a t i o  renorder. 

Provision i s  made f o r  frequent ca l ib ra t ion  by means of an aerosol  of kiown 



concentration produced by means of an aux i l i a ry  spark between beryllium- 

copper electrodes.  The accuracy and s e n s i t i v i t y  of the  instrument a r e  

sa id  not t o  be mater ia l ly  af fected by t he  chemical form of the  beryllium 

o r  t he  p a r t i c l e  s i ze .  The instrument i s  f u l l y  autonatic and rapid i n  

operation. I t s  l i m i t  of detect ion i s  1 pg/m3 f o r  t he  normal 20-sec samp- 

l i n g  period, and one r e s u l t  i s  produced each minute. The e lect rodes  l a s t  

about 8 hr, so they would only need t o  be changed once each s h i f t  f o r  con- 

t inuous operation. This ty-pe of instrument i s  now being offered f o r  sa le  

by a B r i t i s h  instrument manufacturer. 37 Other commercial continuous 

beryllium monitors a r e  a l so  avai lable  from another B r i t i s h  producer38 

and an American m a n u f a ~ t u r e r . ~ ~  The r e l i a b i l i t y  of each of these  commer- 

c i a l  monitors i n  continuous operation apparently remains to be es tabl ished.  

The spectrographic determination of t h e  beryllium col lec ted on 

Mill ipore f i l t e r s  i n  rout ine  a i r  monitoring has been discussed by B r a s ~ h . ~ '  

His method, which employs an aluminum in t e rna l  standard and a photographic 

measuring system, i s  said t o  be sens i t ive  t o  0.05 pg of beryllium per 

cubic meter of a i r  with a coef f i c ien t  of va r i a t i on  of l e s s  than 11% i n  

t he  0.5- t o  2.0-pg range. The spectrographic method appears t o  be widely 

employed f o r  t h i s  ty-pe of determination, and it i s  susceptible t o  automa- 

t ion41  when the  number of samples j u s t i f i e s  t h e  expense. A fluoresence 

method reported42 t o  be i n  use a t  Los Alamos Sc i en t i f i c  Laboratory i s  

sa id  t o  be usable i n  t he  0.05- t o  300-pg range. Limits f o r  surface con- 

tamination have not been es tabl ished.  The f r ac t i on  of such contamination 

which may become airborne i s  more important than t h a t  which may become in -  

gested, and t h i s  f r a c t i on  i s  a functlon of p a r t i c l e  s i z e  density,  surface 



condition, and a i r  veloci ty  past  the  surface. A method f o r  measuring t h i s  

f rac t ion  under controlled conditions was described i n  a recent report  . 4 3  

Control of Beryllium Hazards 

Containment techniques employed a t  various i n s t a l l a t i ons  where 

beryllium work i s  i n  progress have been discussed by several  authors. 

Equipment and methods used with beryllium i n  some locations under the  most 

hazardous conditions involving manipulations with dry, f i n e l y  divided 

beryllium o r  beryllium compounds a re  almost i den t i ca l  t o  those used t o  

assure the  safety  of personnel working with plutonium. This i s  perhaps 

not surprising because a number of i n s t a l l a t i ons  have been involved i n  

handling both materials ,  with the  development of plutonim-handling methods 

preceding beryllium-handling developments, i 2  general. 

Mitchell and ~ ~ a t t ~ '  have described types of enclosures employed a t  

Los Alamos f o r  various machining operations with Seryllium, together with 

t h e i r  monitoring techniques, air-cleaning system, and housekeeping measures. 

A review of f i v e  years of operating experience.is  given from the  hea l th  

physics standpoint. 

Lindeken and Meadors have discussed44 the  philosophy gcvernirig the 

control  of beryllium hazards a t  the  Livermore s i t e .  They s t a t e  t ha t  dry 

machining and grinding operations, beryllium welding, and processing of 

Be0 in  the  powder form should be performed i n  t o t a l  enclosures. They a l so  

say t ha t  considerably more care i s  required f o r  p a r t i a l  enclosures where 

the area  of t he  opening i s  adjustable than f o r  t o t a l  enclosures. Their 

observations indicate  t ha t  operators tend t o  leave too large arl area  open 

during hazardous operations, with a resu l t ing  low face veloci ty  t ha t  en- 

dangers both the operator and h i s  co-workers. Respirators are  worn only 



i n  specia l  cases of work not conforming t o  usual enclosure standards o r  

i n  cases of accidenta l  f a i l u r e  of an enclosure. They recommend use of 

smooth f l o o r  coverings, such a s  linoleum, t o  f a c i l i t a t e  cleaning. 

Bres l in  and Harris  discuss45 i n  some d e t a i l  items which they term 

engineering t oo l s  required t o  control  atmospheric contamination. These 

a r e  ( 1 )  the  se lec t ion  of process components t h a t  w i l l  r e lease  the  smallest 

possible quan t i t i es  of contamination, ( 2 )  appl icat ion of l o c a l  exhaust 

ven t i l a t i on  a t  a l l  points  of po ten t ia l  contamination re lease ,  ( 3 )  care- 

f u l  operating procedures, ( 4 )  thorough housekeeping, and ( 5  ) provision of 

sui table  personal protect ive  measures. A recent book46 on beryllium con- 

t a i n s  a chapter on " ~ e a l t h  Hazards and Their Control." Mention i s  made 

of exceptions t o  t h e  usual control  l i m i t s  a s  follows: 

"1f the  average in-plant  concentration over th ree  months i s  

>2 but <5 pg/m3, o r  i f  a s ingle  short  -term sample i s  >25 but 

<lo0 pg/m3, work can continue i f  operators wear approved 

resp i ra to ry  equipment but correct ive  measures must begin a t  

once. I f  t h e  three-monthly in-plant  concentration exceeds 

5  pg;/m3 o r  i f  t h e  s ingle  sample exceeds 100 pg/m3 work must, 

cease u n t i l  correct ive  act ion i s  completed." 

A b r i e f  but f a i r l y  thorough coverage of p r inc ip les  involved i n  ass-uring 

the  sa fe ty  of personnel handling beryllium i s  given. 

Two recent repor t s  describing laboratory f a c i l i t i e s  f o r  experimenta- 

t i o n  with beryllium are  avai lable .  describes a small enclosure con- 

t a in ing  a vacuum glove box f o r  beryllium welding and a glove hood f o r  

chemical operations with beryllium compounds. This enclosure i s  maintained 

under a negative pressure, and both i n l e t  and ou t l e t  a i r  f i l t e r s  a re  pro- 

vided, a s  well  a s  f i l t e r s  f o r  t he  exhaust a i r  from theglove5ox and hoods. 



A clothes-change area  equipped with a shower i s  provided within the  en- 

closure.  This f a c i l i t y  provides an excellent  example of a method f o r  pro- 

viding secondary containment of hazardous materials  and appears t o  meet 

t he  most s t r ingent  requirements f o r  a plutonium-handling f a c i i i t y ,  ex- 

cept  f o r  the  f a c t  t h a t  the  gloves a-re apparently removed from the  vacuum 

glove box when it i s  evacuated. Most vacuum glove boxes are  designed t o  

permit evacuation wit,h the  gloves i n  place, which i s  highly desi rable  when 

the  box contains hazardous material. 

 itk ken^^ describes measures employed t o  convert an ex i s t ing  laboratory 

room i n t o  a beryllium laboratory.  The exhaust capacity of the  ex i s t ing  

hood was increased by i n s t a l l i n g  a l a rger  fan motor, and both roughing 

and absolute a i r  f i l t e r s  a re  p~ov ided  f o r  t he  exhaust a i r .  A glove box 

i s  attached t o  the  hood tkiro~ah ar: entrar.ce par-t so t h a t  eperations fn- 

volving the  t r ans f e r  of powdered BeO, weighing, and s interrng can be per- 

formed i n  t he  glove box while other  operations of l e s s  hazardous nature 

are  ca r r ied  out i n  the  hood, which has a face ve loc i ty  of 150 fpm with 

the  hood opening a t  t he  wczki.ng leve l .  Flexible  exhaust ?!oses are  provided 

i n  the  v i c i n i t y  of s in te r ing  furnaces t o  pick up fumes or dust, azld a 

Lucite canopy equipped with gloves i s  employed t o  keep s:pla.+,ter C ~ Y  dust  

from a metallographic poli.shing wheel from Secoming airborne.  

Conclusions 

There appears t o  be a reasonable probabi l i ty  t h a t  one o r  more of the  

cormercially avai lable  instrument s f o r  cont tnuous monitoriag of a i  r 3 o ~ n e  

beryllium w i l l  solve t he  problem of determining the  extent  of a i r  pcl iu t ton 

over short  time periods. It seems &?likely t h a t  these  expensive instruments 



w i l l  replace t he  present air-monitoring methods, which are  undoubtedly 

adequate f o r  most s i tua t ions .  Extensive experience i n  a number of i n s t a l -  

l a t i o n s  indicates  t ha t  reasonable a i r  pol lut ion l i m i t s  can be met by ap- 

p l i ca t ion  of well-establish.ed control  methods. While t o t a l  enclosure of 

c e r t a in  types of hazardous operations with Seryllium i s  c e r t a in ly  desirable,  

and perhaps essen t ia l ,  p a r t i a l  enclosures used with adequate precautions 

have served s a t i s f a c t o r i l y  f o r  l e s s  dangerous work. (C . J. Barton) 



References 

1. H. L. Green and W. R. Lane, P a r t i c u l a t e  Clouds, Dlst,  Smoke, and 

Mists, E. and F. N. Spon, D. Van Nostrand Co., New Jersey,  1957. 

2. Removal of Fiss ion Product Ac t iv i ty  from Gases, Nuclear Safety, 

l ( 3 ) ;  4C-46 (March 1960) and l ( 4 ) :  47-53 ( ~ u n e  1960). Removal 

of Radioiodine from Reactor Gases, Nuclear Safety, 2(3) : 35-38 

 arch 1961). 

3. E. Rutherford, A Radioactive Substance Emitted from Thorium Com- 

pounds, Philosophical  Magazine, 49; 1-14 (1900); a l s o  Radio- 

a c t i v i t y  Produced i n  Substances by t h e  Action of Thorium Compounds, 

Philosophical  Magazine, 49: 161-192 (1900). 

4. A. C. Chamberlain, A. E. J. Eggleton, W. J. Megaw, and J. B. Morris, 

Removal of Radioactive Iodine Vapor from A i r ,  B r i t i s h  Report AERE-R- 

5. A. R. Eancroft, L. C. Watson, and R. Hewitt, Tes ts  on Collectors t o  

Remove Iodine from Vent i l a t ion  A i r ,  Canadian Report AECL-1131 (1960) . 
6. A. C. Chamberlain, Experiments on t h e  Deposition of Iodine-1.31 

Vapour onto Surfaces from an Airstream, Philosophical  Magazine, 44: 

1145-1153 (1953). 

7. A. C. Chamberlain and R. D. Whiffen, Some Observations on t h e  Be- 

havior of Radioiodine Vapour i n  t h e  Atmosphere, Geofis. pura e appl . ,  

42 : 42-48 ( 1959) . 
8. E. G. Richardson (ed . ) ,  Aerodynamic Capture of P a r t i c l e s ,  pp. 63-88, 

Pergamon Press,  1960. 



9. A. C. Chamberlain and E. D. Dyson, The Dose t o  t h e  Trachea and Bronchi 

from t h e  Decay Products of Radon and Thoron, B r i t i s h  Journal  of Radiology, 

29: 317-325 (1956). 

10. L. Brewer, Fate of Fiss ion Product Gases i n  t h e  Coolant Stream, GAMD- 

11. P. K. Conn, E. S. Coll ins,  and J. B. Trice,  Isotope Deposition Hazards 

i n  Gas-Cycle Reactors, Trans. Am. Nuclear Soc., 2 ( 1 ) :  210-11, 1959. 

12. H. F. Van Kessel, Hazards and Missi le  Survey of Nuclear Reactor V a p ~ r  

Containment f o r  SM-2, USAEC Report APAE-45, Alco Products, 1958. 

13. Blas t  Effec ts  on Containment Shel ls ,  Nl~clear  Safety, l (3)  : 52-53 

go arch 1960). 

4 S t r u c t u r a l  I n t e g r i t y  of Containment Vessels, Nuclear Safety, ~ ( 1 )  : 

26--29 (~ep tember  1959). 

15. D. E. Davenport, Penet ra t ion  of Reactor Containment Shel ls ,  Nuclear 

Safety, 2(2) : 31-36 (~ecember  1960). 

16. G. E. Kennedy and V. K. Heckel, Pressure Buildup i n  t h e  Vapor Con- 

t a i n e r  During Loss of Coolant Accident, Technical Report 70,, MSAB 

60-6, Mines Safety Appliances Research Corporation, January 22, 1960. 

17. R. J. Larson and W. C. Olson, Measurement of A i r  Blas t  Effec ts  from 

Simulated Nuclear Reactor Core Excursions, BRL-1102 (USAEC Report 

WASH-747), B a l l i s t i c  Research Laboratories, September 1957. Also 

presented i n  Nuclear Sci .  and Eng., 7: 199-209  a arch 1960). 

18. W. C. Olson and H. Goldstein, A i r  Blas t  Measurements Around Water- 

F i l l e d  Simulated Nuclear Reactor Core Vessels,  USAEC Report BRLM- 

1219, B a l l i s t i c  Research Laboratories, Ju ly  1959. 



19. N. R. Zabel e t  a l . ,  Containment of Fragments from Runaway Reactor, 

USAEC Report SRIA-17, Stanford Research I n s t i t u t e  Report, October 30, 

1959. 

20. N. R. Zabel e t  a l . ,  Containment of Fragments from Runaway Reactor, 

USAEC Report SRIA-10, Stanford Research I n s t i t u t e ,  June 8, 1959. 

21. D. E. Davenport and G. B. Huber, Stanford Research I n s t i t u t e ,  personal  

communication t o  F. J. Stanek, Oak Ridge National Laboratory, Ju ly  12, 

22. E. E. Minor, B a l l i s t i c  Research Laboratories,  personal  communication 

t o  F. J. Stanek, Oak Ridge National Laboratory, Ju ly  13, 1961. 

23. George Rudinger, Wave Diagrams f o r  Nonsteady Flow i n  Ducts, D. Van 

Nostrand Co., Inc., 1955. 

24. H. L. Brode, Numerical Solutions of Spher ica l  Blas t  Waves, Journal  

of Applied Physics, 26(6) : 766-775 ( ~ u n e  1955). 

25. M. H. Rice, R. G. McQueen, and J. M. Walsh, Compression of Sol ids  

by Strong Shock Waves, Sol id  S t a t e  Physics, 6: 1-60 (1958). 

26. H. Napadensky and R. Stresau,  A. Technique f o r  t h e  Observation and 

Measurement of t h e  Behavior of Porous Materials  When Rapidly Com- 

pressed, USAEC Report ARF-D132Dll-1, Armour Research Foundat ion, 

August 1958. 

27. T. A. Zaker, Point  Source Explosion i n  a Solid,  USAEC Report ARF- 

4132-6, Armour Research Foundation, November 1959. 

28. P. Lieberman, Shock Impingement Experiments on Crdshable Solids,  

USAEC Report ARF-4132-10, I l l i n o i s  I n s t i t u t e  of Technology, Armour 

Research Foundat ion, June 1959. 



29. W. J. Levedahl and R.  D. Howerton, A Method of Analysis of Reactor 

Explosions, USAEC Report AECU-3645 (1956) . Note : The authors 

present  e s s e n t i a l l y  t h e  same mater ia l  under t h e  following t i t l e :  

A Method f o r  Computing Pressure, Fragment Veloci t ies ,  and Core 

React iv i ty  During Explosion of a Reactor Pressure Vessel, USAEC 

Report KAPL-M-WJL-1, Knolls Atomic Power Laboratory, August 1956. 

30. Reactor Materials  a s  Chemical Poisons, Nuclear Safety, l ( 4 )  : 56-58 

( ~ u n e  1960). 

31. Beryllium Health Hazards, Nuclear Safety, 2(2) : 4 2 4 5  (~ecember  

1960). 

32. E. D. Hutchinson e t  a l . ,  Toxicology of Beryllium, USAEC Report 

UR-570, March 5, 1960. 

33. American I n d u s t r i a l  Hygiene Association, Beryil.ium and I t s  Com- 

pounds, Hygienic Guide Ser ies .  

34. W. L. Churchil l  and A. H. C. P. Gil l ieson,  A Direct  S p e ~ t r o g r a p h i c  

Method f o r  t h e  Monitoring of A i r  f o r  Minute Amounts of Beryllium 

and Beryllium Compounds, Spectrochemia Acta, 5 : 238 (1952) . 
35. R. J. Webb, M. S. W. Webb, and P. C. Wildy, A Monitor f o r  t h e  

Quan t i t a t ive  Determination of Beryllium i n  t h e  Atmosphere, 

B r i t i s h  Report AERE-R 2868, March 1959. 

36. R. J. Webb, M. S. W. Webb, and P. C. Wildy, Monitor f o r  t h e  

Quant i ta t ive  Determination of Beryllium i n  t h e  Atmosphere, 2. Sci.  

I n s t . ,  37: 466-71 (1960). 

37. Winston Elect ronics ,  Ltd., Shepperton, Middlesex, England. 

38. Glass Developments, Ltd, , London, England. 



39. National Spectrographic Co. , Cleveland, Ohio. 

40. M. P. Brash, Spectrographic Analysis of A i r  Samples f o r  Beryllium 

Contaminat ion, Appl. Spect., 14: 43-45 (1960) . 
4 C. S. Murray and J. H. Rowan, Automatized Spectrograph f o r  Detection 

of Beryllium i n  Paper Samples, F i f t h  Conference on Analytical  Chemistry 

i n  Nuclear Reactor Technology, Oct. 10-12, 1961, Gatlinburg, Tennessee. 

42. R. N. Mitchell  and E. C. Hyatt, Beryllium - Hazard Evaluation and 

Control Covering a Five-Year-Study, Am. Ind. w g .  Assoc. Quart . ,  18: 

207-13 (1957) . 
43. G. W. Royster and B. R. Fish, Studies of Surface Contamination. 

1. Intercomparison of Methods f o r  Measuring "~emovable" Contamina- 

t ion ,  USAEC Report ORNL CF-61-3-39, Oak Ridge National Laboratory, 

March 8, 1961. 

44. C. L. Lindeken and 0. L. Meadors, The Control of Beryllium Hazards, 

Am. Ind. Hyg. Assoc., 21: 245-251 (1960). 

45. A. J. Bres l in  and W. B. Harris,  Health Protec t ion i n  Beryllium Fa- 

c i l i t i e s  (summary of 10 Years of ~ x p e r i e n c e ) ,  Arch. Ind. Health, 

19: 59 (1959). 

46. G. E. Darwin and J. H. Buddery, Beryllium, Academic Press, New York, 

1960. 

47. P. C. Thys, Liquid Metal Fuel Reactor Experiment: Inves t igat ion 

of Beryllium Welding Techniques f o r  Reactor Por t  Thimble Jo in t s ,  

USAEC Report BAW-1100, Babcock & Wilcox Company, Apr i l  1960. 

48. E. A. Aitken, Small Laboratory Operations Using Beryllium Oxide, 

USAEC Report XDC 60-2-140, Feb. 4, 1960. 





CHEMICAL AND RADIATION INDUCED GENETIC EXPOSURES 

By P e t e r  Alexander* (wi th  E d i t o r ' s  in t roduct ion)  

A t  t h e  reques t  of t h e  J o i n t  C o m i t t e e  on Atomic Energy,' a s e r i e s  

of Advanced Technological Seminars is  being conducted by t h e  Oak Ridge 

National  Laboratory. The purpose of t h i s  program is  t o  s tudy t h e  f'uture 

r o l e  o f  t h e  National  Laboratories .  

One of t h e  most r ecen t  seminars was presented  by D r .  P e t e r  Alexander 

during t h e  course of h i s  v i s i t  t o  t h e  Laboratory. D r .  Alexander i s  a 

member of t h e  s t a f f  of t h e  Chester  Beat ty Research I n s t i t u t e  of England 

and is  i n t e r e s t e d  i n  t h e  problem of mutation-producing chemicals. H i s  

l e c t u r e ,  e n t i t l e d  "Chemical Contamination of t h e  Biosphere," d e a l t  mainly 

with such chemicals. 

The sub jec t  of mutagenesis i s  not  new t o  persons engaged i n  t h e  

atomic indus t ry .  Much a t t e n t i o n  has been given and continues t o  be  g iven  

t o  t h e  problem i n  an  at tempt t o  determine t h e  mechanism of t h e  mutagenic 

response a s  we l l  a s  t h e  magnitude of r a d i a t i o n  dose, dose-rate ,  and r a d i a -  

t i o n  energy r equ i red  t o  induce such a response. 

During a s e r i e s  of  hear ings  before  a s p e c i a l  congress ional  subcotn- 

mi t t ee  on r a d i a t i o n ,  D r .  Hermann J. Muller, Professor  of Zoology, Uni- 

v e r s i t y  of Indiana,  was c a l l e d  t o  speak on t h e  sub jec t  of r a d i a t i o n -  

produced mutations. D r .  Muller, winner of t h e  Nobel P r i z e  i n  physiology 

*Dr.  P e t e r  Alexander was graduated i n  Chemistry a t  Imper ia l  College 
of Science, London, i n  1941. Af t e r  work on a v a r i e t y  of wartime problems, 
he joined a t e x t i l e  f i r m  a s  Research Manager. S tud ie s  on c ross l ink ing  
agents  i n  t h e  t e x t i l e  f i e l d  brought him i n t o  contac t  with cancer  research  
because t h e s e  same agents  had radiomimetic p r o p e r t i e s  and were used i n  t h e  
t rea tment  of  cancer.  I n  1950, he joined t h e  I n s t i t u t e  of  Cancer Research 
and i s  now i n  charge of t h e  Radiobiology Department a t  t h e  Chester Beat ty  
Research I n s t i t u t e .  



and medicine i n  1946 a s  a r e s u l t  of h i s  work on t h e  production of muta- 

t i o n s  by rad ia t ion ,  s t a t e d  t h a t  evidence has i n  recent  years been ac-  

cumulating f o r  t h e  broad conclusion t h a t  t h e  g rea t  majority, if not a l l ,  

of t h e  damaging e f f e c t s  on l i f e  and hea l th  evoked by ionizing r a d i a t i o n  

a r e  r e s u l t s  of permanent changes produced i n  t h e  genet ic  mater ia l :  t h e  

chromosomes o r  t h e i r  contained genes. 

Nitrogen analogs of d ichlorodie thylsul f ide ,  known a s  ni trogen mustards, 

were made during World War I1 f o r  poss ib le  use a s  chemical warfare agents.  

Because many of t h e  physiologic ac t ions  of t h e  n i t rogen mustards resemble 

those  of ioniz ing rad ia t ions ,  they  a r e  c a l l e d  radiomimetic poisons. Re- 

search has shown t h a t  mutagenesis i s  one of t h e  ac t ions  shared by rad ia -  

t i o n  and t h i s  group of chemicals. 

The quest ion immediately ra i sed  by such f indings  is:  Are t h e r e  

o ther  chemicals, more common and f requent ly  encountered i n  our environ- 

ment, which a r e  capable of i l l i c i t i n g  radiomimetic ac t ions?  D r .  Pe te r  

Alexander f e e l s  t h a t  t h e  answer i s  i n  t h e  a f f i rmat ive  although it is  not 

known whether t h e  magnitude of t h e  radiomimetic a c t i o n  from chemicals i n  

t h e  environment represents  a r e a l  hea l th  hazard. H i s  case i s  presented 

below, a s  abs t rac ted  from a paper o r i g i n a l l y  published i n  The New S c i e n t i s t .  

(c. E. ~ r e c k i n r i d g e )  

Mutation-Producing Chemicals 

For more than  t h i r t y  years t h e  recomnendations f o r  safeguards agains t  

r a d i a t i o n  hazards have taken account of t h e  f a c t  t h a t  small doses o r  con- 

t inuous exposure t o  low i n t e n s i t y  rad ia t ion  can be harmf'ul without giving 

r i s e  t o  any i n j u r i e s  t h a t  can be detec ted  a t  t h e  time. The i n j u r i e s ,  i n  



f a c t ,  may not become de tec tab le  during t h e  l i f e t i m e  of a  person receiving 

t h e  dose but  may be t ransmit ted  gene t i ca l ly  t o  succeeding generations. I n  

Br i ta in ,  t h e  Medical Research Council; i n  t h e  United S ta tes ,  t h e  National 

Academy of Science; and in te rna t iona l ly ,  t h e  United Nations have s e t  up 

committees of independent s c i e n t i s t s  t o  assess  t h e  poss ib le  genet ic  dangers 

t o  t h e  general  population from exposure t o  low l e v e l s  of radia t ion,  whether 

from f a l l o u t ,  medical radiography, o r  any other  cause. 

Radiation, however, i s  not t h e  only source of genet ic  danage. It 

i s  now known t h a t  genet ic  e f f e c t s  of exac t ly  t h e  same type can be produced 

by a l a r g e  number of chemical substances. At tent ion has been drawn t o  t h i s  

f a c t  by t h e  United S t a t e s  National Academy of Science i n  a r ecen t ly  published 

repor t  on t h e  b i o l o g i c a l  e f f e c t s  of r ad ia t ion .  The Academy points  out t h a t  

f u r t h e r  information i s  needed about t h e  genet ic  e f f e c t s  of "abnormally high 

temperatures, u l t r a v i o l e t  l i g h t ,  various chemicals, e t c .  " 

During t h e  l a s t  f i f t e e n  years severa l  hundred chemical agents have 

been shown t o  be mutagenic, and it i s  c e r t a i n  t h a t  t h e r e  a r e  many more 

s t i l l  t o  be iden t i f i ed .  Nowhere has a systematic search been made, and t h e  

add i t ion  of new substances t o  t h e  l i s t  i s  haphazard. Usually a new con- 

pound is  not  t e s t e d  f o r  mutagenicity unless t h e  inves t iga t ion  of i t s  mode 

of ac t ion  requires  such a t e s t .  Moreover, t h e  number of l abora to r ies  a l l  

over t h e  world s p e c i f i c a l l y  engaged i n  t h e  study of chemical mutagenesis 

i s  small; they a r e  f a r  fewer than  those  working on genet ic  e f f e c t s  of 

r ad ia t ion .  Almost no work has been done on t h e  genet ic  e f f e c t s  of chemicals 

i n  mammals, and proof of mutagenicity i s  obtained from experiments with 

micro-organisms, seeds, and insects .  Nothing comparable t o  t h e  hugh mmse 

"factory" of t h e  United S t a t e s  Atomic Energy Commission a t  Oak Ridge, i n  



which a hundred thousand animals a r e  used f o r  j u s t  one experiment on 

r a d i a t i o n  mutagenesis, i s  a v a i l a b l e  f o r  t h e  t e s t i n g  of chemicals. 

No c l e a r  p a t t e r n  can be discerned from among t h e  chemicals t h a t  

a r e  known t o  be mutagenic. The most potent  a r e  t h e  h igh ly  chemically 

r e a c t i v e  substances t h a t  have t h e  a b i l i t y  t o  combine by a process known 

a s  a l k y l a t i o n  with important c e l l  cons t i tuen t s  such a s  p ro te ins  and 

nucle ic  ac ids .  Substances which have t h e  a b i l i t y  of a l k y l a t e  under 

phys io logica l  condi t ions  a r e  t h e  epoxides, which have been shown t o  

be h igh ly  mutagenic. Epoxides may be formed when foods a r e  i r r a d i a t e d  

with atomic r a d i a t i o n  i n  order  t o  s t e r i l i z e  them, and t h i s  a s  we l l  a s  

t h e  presence of peroxides, r a i s e s  t h e  quest ion whether such foods a r e  

r e a l l y  s a f e  t o  ea t ,  though they  pass t h e  genera l  food t e s t s  f o r  t o x i c  

p roper t i e s .  A s  y e t  t h i s  problem has not a r i s e n  because t h e  r a d i a t i o n  

doses needed t o  produce complete s t e r i l i t y  a r e  s o  high t h a t  t h e y  a l t e r  

t h e  t a s t e  of food. 

Besides t h e  a l k y l a t i n g  agents ,  many o the r  mutagens a r e  known, but  

i n  t h e i r  case t h e r e  is  no known chemical a c t i v i t y  t o  which t h e i r  

mutagenic a c t i o n  can be ascr ibed .  There a r e  many ways by which genes 

can be a l t e r e d ,  and t h i s  probably accounts f o r  t h e  d i v e r s i t y  of muta- 

genic agents .  Among t h e  mutagens s tud ied  i n  most d e t a i l  a r e  formalde- 

hyde and some peroxides, although t h e  evidence t h a t  hydrogen peroxide 

behaves i n  t h i s  way i s  not  s trong.  Peroxides t h a t  may be dangerous 

a r e  produced when f a t s  a r e  heated, and it is  poss ib le  t h a t  t h e y  a r e  

present  i n  t h e  frying-pan. Among substances t h a t  have been shown t o  

produce mutations a r e  some a n t i b i o t i c s ,  some hormones, and components 

of c e r t a i n  weedki l le rs  and cont racept ives .  Usually t h e s e  a r e  t e s t e d  



with one type of organism only, and it i s  not c l e a r  how f a r  a l l  t h e s e  

substances a r e  un ive r sa l  mutagens a s  a r e  t h e  a l k y l a t i n g  agents.  

A t  t h e  present  time it is  impossible t o  c a l c u l a t e  whether chemical 

mutagens introduced by Man i n t o  h i s  environment c o n s t i t u t e  a  genet ic  

danger. By t h i s  I mean whether they  l ead  t o  a  s i g n i f i c a n t  increase over 

t h e  normal mutation r a t e  inherent  i n  c e l l u l a r  reproduction. Most 

a u t h o r i t i e s  agree t h a t  exposure of l a r g e  populations t o  atomic radia-  

t i o n  must not be such a s  t o  double t h e  normal mutation r a t e ,  a s  t h i s  

would be r e f l e c t e d  i n  a  se r ious  increase  i n  c e r t a i n  d i seases  i n  l a t e r  

generations. For r a d i a t i o n  we know, thanks l a r g e l y  t o  t h e  pioneer e f -  

f o r t s  of the  mouse g e n e t i c i s t s  a t  Oak Ridge i n  t h e  United S ta tes ,  t h e  

order  of dose t h a t  would double t h e  mutation r a t e .  No such information 

is  ava i l ab le  f o r  chemicals. Not cnly do we not know a l l  t h e  chemicals 

i n  our environment which produce mutations, but we cannot ca lcu la te  t h e  

dose t h a t  i s  received by t h e  germcells a s  a  r e s u l t ,  say, of inhaling 

formaldehyde o r  ea t ing  peroxide. It is  obvious t h a t  s a f e t y  measures 

can never be a s  r igorous ly  defined a s  with r ad ia t ion ,  but  t h e  d i f f i c u l t i e s  

do not j u s t i f y  t h e  complete d is regard  with which t h e  sub jec t  has s o  f a r  

been t r e a t e d .  

I n  indust ry  t h e  s i t u a t i o n  is  p a r t i c u l a r l y  unsa t i s fac to ry ,  s ince  

t h e  maximum t o l e r a t e d  l e v e l s  of v o l a t i l e  substances t h a t  may be present  

i n  t h e  a i r  of workrooms and f a c t o r i e s  i s  determined l a r g e l y  by t h e  

amount t h a t  produces immediate discomfort o r  obvious symptoms wi th in  

a r e l a t i v e l y  s h o r t  time. The so-ca l led  " to le rab le  l e v e l s "  t h a t  a r e  

published i n  America and used a s  a  guide here  f o r  some substances t h a t  



a r e  a l ready known t o  be mutagens (such as ethylene oxide, ethylenitnine) 

would produce i n  t h e  f r u i t f l y  a detec table  incidence of genetic damage. 

Exposure t o  l e v e l s  of r ad ia t ion  of comparable mutagenicity would be 

considered completely unacceptable. 

It may be t h a t  a l l  t h e  poss ib le  embryonic and genet ic  hazards can, 

on inves t igat ion,  be discounted one by one. Let us hope so, but  ins tead 

of merely hoping, l e t  us f i n d  out. A t  t h e  present  time these  long-term 

problems a r e  r a r e l y  i f  ever considered by tox ico log i s t s  and others  r e -  

sponsible f o r  i n d u s t r i a l  hygiene. This d ispropor t ionate  preoccupation 

with immediatel e f f e c t s  is  i n  s t r i k i n g  con t ras t  with t h e  approach of t h e i r  

opposite  numbers i n  t h e  f i e l d  of r ad ia t ion  protec t ion.  



DEPENDENCE OF MUTATION RATE ON RADIATION INTENSITY 

A s e r i e s  of recent  papers by Russell  and h i s  c o - ~ o r k e r s ~ - ~  pre- 

sented evidence t h a t  the  rad ia t ion  induction of mutations i s  dependent 

on r a d i a t i o n  i n t e n s i t y  (dose r a t e ) ,  and new data8 have been presented 

t h a t  s t rongly  support e a r l i e r  r e s u l t s  showing a lower mutation frequency 

with chronic'  gamma i r r a d i a t i o n  than with acute  x-rays.  Their  new f ind-  

ings a r e  summarized i n  the  following quotation:' 

 h he p o s s i b i l i t y ,  r a t h e r  remote t o  begin with, t h a t  t h e  r e -  
s u l t s  could be explained i n  terms of r a d i a t i o n  qua l i ty  (x-rays 
versus gamma rays)  r a t h e r  than r a d i a t i o n  i n t e n s i t y  now seem 
t o  be ru led  out by a d d i t i o n a l  da ta  obtained from experiments 
comparing mutation r a t e s  induced by acute  gamma i r r a d i a t i o n  
with those induced by chronic gamma i r r a d i a t i o n .  These addi-  
t i o n a l  data were obtained with t h e  genet ic  c r i t e r i o n  ( spec i -  
f i c  locus mutations) and c e l l  s tage  ( ~ p e r m a t o ~ o n i a )  most 
cogent f o r  t h e  comparison. 

"The view t h a t  t h e  d i f ference  i n  mutation r a t e s  i s  due t o  an 
e f f e c t  of r a d i a t i o n  i n t e n s i t y  on t h e  mutation process r a t h e r  
than on c e l l  se lec t ion  was o r i g i n a l l y  supported p r i m a r i l y  by 
t h e  r e s u l t s  obtained with oocytes. The add i t iona l  da ta  ob- 
ta ined with spermatogonia now a l s o  provide some evidence on 
t h i s  point :  (1) Where a probable e f f e c t  of c e l l  s e l e c t i o n  
on mutation r a t e  was found, it worked i n  t h e  d i r e c t i o n  opposite 
t o  t h a t  required t o  account f o r  t h e  above d i f fe rence  i n  muta- 
t i o n  r a t e s .  (2)  The mutation r a t e s  a t  86 r and 300 r, f o r  
chronic gamma i r r a d i a t i o n  of spermatogonia, a r e  not higher 
than a l i n e a r  i n t e r p o l a t i o n  between t h e  control  points  and 
points  a t  higher doses. Thus, the re  is  no evidence of a d i s -  
t o r t i o n  of mutation r a t e s  by c e l l  s e l e c t i o n . "  

Russel l  e t  a1. * re-examined t h e  p o s s i b i l i t y  t h a t  c e l l  s e l e c t i o n  
J 

might account f o r  &he i n t e n s i t y  e f f e c t  i n  oocytes. Even when t h e  com- 

parison between t h e  r e s u l t s  from chronic and acute  i r r a d i a t i o n  was r e -  

s t r i c t e d  t o  f o l l i c l e  s tages  i n  which oocyte k i l l i n g  was infrequent ,  

they found t h a t  an i n t e n s i t y  e f f e c t  on mutation r a t e  was observed. In 

re-examining t h e  p o s s i b i l i t y  t h a t  t h e  d i f fe rence  i n  mutation r a t e s  ob- 

t a ined  with chronic and acute i r r a d i a t i o n  of oocytes could be due t o  



dif ferences  i n  oocyte s tage ,  t hey  found t h a t  even when t h e  comparison 

was r e s t r i c t e d  t o  oocyte s tages  t h a t  a r e  c l o s e l y  s imi la r ,  an  i n t e n s i t y  

e f f e c t  on mutation r a t e  was found. 

They concluded8 t h a t  (1)  t h e  e f f e c t  of r a d i a t i o n  i n t e n s i t y  appeared 

t o  be g r e a t e r  i n  oocytes than  i n  spermatogonia and suggested various pos- 

s i b l e  explanat ions and t h a t  (2 )  with acute  x - i r r ad ia t ion ,  t h e  mutation 

r a t e  was higher  i n  oocytes than  i n  spermatogonia. 

I r r a d i a t i o n  of Spermatogonia 

I r r a d i a t e d  and c o n t r o l  male mice were mated t o  females homozygous 

f o r  seven autosomal r ecess ive  v i s i b l e s .  The o f f sp r ing  were then  ex- 

amined f o r  mutations a t  t h e  seven l o c i .  De ta i l s  of t h e  experimental 

procedure have been reported.  6 j 9  The new da ta  f o r  chronic i r r a d r a t i o n  

a r e  presented i n  Table V-1.  Data on chronic and acute  i r r a d i a t i o n  a r e  

compared i n  Fig. 1, i n  which t h e  s o l i d  po in t s  represent  r e s u l t s  obtained 

with acute  x-rays a t  80 t o  90 r/min, while t h e  3pan p a i n t s  show c%ronic 

gamma-ray r e s u l t s  ( t r i a n g l e s  and square, 90 r/wk; c i r c l e ,  10 r/wk) . The 

squares represent  mutation r a t e s  i n  females; a l l  o the r  po in t s  a r e  rndta- 

t i o n  r a t e s  i n  males. The poin t  a t  zero dose is  t h e  sum f o r  a l l  male 

cont ro ls .  Except f o r  one of t h e  1000-r acu te  dose poin ts ,  it is  c l e a r  

from Fig. 1 t h a t  h igher  mutation r a t e s  a r e  indica ted  from acute  doses 

than  from chronic doses. 

The authors  t e s t e d  t h e i r  hypothesis  t h a t  a 1000-r acute  dose was 

k i l l i n g  more of t h e  s e n s i t i v e  c e l l s  than  was 60G r and t h a ~  t h e  lower 

mutation r a t e  d a t a  po in t  a t  1000 r was c h a r a s t e r i s t i c  of t h e  more r e -  

s i s t a n t  c e l l s  (which were a l s o  assumed t o  have a lower mutation r a t e  
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Fig.  1. Mutation Rates of Specific Loci i n  the Mouse (with 90% Con- 
fidexce ~ e v e l s ) .  



Table V-1.  MUTATIONS AT SPECIFIC LOCI INDUCED I N  SPEXMATOGONIA 
OF MICE BY CHRONIC GAMMA ( c s ~ ~ ~ )  IRRADIATION 

Dose Mean Number of 
Dose Number of 

Number of 
I n t e n s i t y  Mutat ions p e r  

Off s p r i n g  Mutations a t  
( r )  (r/wk) Locus pe r  Gamete 

Seven Loci 
( X  l o 5 )  

t h a n  t h e  l e s s  r e s i s t a n t  c e l l s ) .  The upper po in t  a t  1000 r r ep resen t s  

a f i rs t  dose of 600 r, which was followed more t h a n  1 5  weeks l a t e r  by 

a  second dose of 400 r. The au thors  p o i n t  ou t  t h e  p r o b a b i l i t y  t h a t  

c e l l  s e l e c t i o n  i n t e r f e r e d  with t h e  i n t e n s i t y  comparison i n  t h e  case  of 

t h e  s i n g l e  1000-r dose, i n s t e a d  of accounting f o r  a  d i f f e r e n c e  between 

chronic  and a c u t e  r e s u l t s ,  and t h a t  t h e  h igher  divided-dose po in t  i s  a 

more v a l i d  po in t  f o r  comparison. 

It i s  a l s o  poin ted  out  t h a t  t h e  chronic doses of 300 and 86 r t o  

spermatogonia do not  show evidence of  important e f f e c t s  of c e l l  s e l e c t i o n  

on mutat ion frequencbes. Thus, Fig. 1 i n d i c a t e s  t h a t  c e l l  s e l e c t i o n  is  

probably not important i n  t h i s  r e s p e c t  a t  chronic  doses of 861 r o r  

l e s s .  A similar conclus ion  had a l r eady  been reached i n  t e s t s  of oocytes.  6 , 7  

Tes ts  o f  t h e  r e l a t i v e  e f f e c t s  of gamma and x - r ay  i r r a d i a t i o n  were 

continued f D D ~  previous work6 and ind ica t ed  t h a t  no g r e a t  d i f f e r e n c e  i n  

mutat ion r a t e s  was caused by t h e  d i f f e r e n c e  i n  q u a l i t y  of i r r a d i a t i o n .  

I n  any case,  any e f f e c t  of q u a l i t y  was much l e s s  t h a n  t h e  e f f e c t  of in -  

t e n s i t y .  



I r r a d i a t i o n  of Oocytes 

The r e s u l t s  obtained t o  d a t e  on i r r a d i a t i o n  of oocytes a r e  pre-  

sented  i n  Table V-2 and i n  Fig. 1. These d a t a  inc lude  some obtained 

i n  1959 i n  experiments7 i n  which mutations were measured i n  t h e  o f f -  

sp r ing  of females exposed t o  acu te  x - i r r a d i a t i o n .  The mutat ion r a t e  

found was almost e leven  times t h a t  f o r  chronic i r r a d i a t i o n ,  t h e  l a t e s t  

da t a  f o r  which a r e  a l s o  included. 

Table V-2. MUTATIONS AT SPECIFIC LOCI INDUCED I N  MOUSE OOCYTES 

Mean Number 

Dose Number of 
Number of of Mutat ions 

Dose 
Radia t ion  I n t e n s i t y  Offspring Mutations a t  per  Locus 

( )  (r/min) Seven Loci p e r  Gamete 
( X  l o 5 )  

 one* 0 0 5 845 0 0 
X* 400 96 1 729 
X 400 92 11 124 15  '1 171 8 

None 0 0 47 612 0 0 
Gamma ( ~ s l ~ ~ )  258 0.0085 27 174 2 1.05 

*Ekperimental work done i n  1950--1951. 

The t o t a l  p l o t  of t h e  d a t a  ind ica t e s  even more s t r o n g l y  t h a n  before  

t h a t  t h e  dose- ra te  e f f e c t  on oocytes is  on t h e  mutation process i t s e l f .  

Two_proposed a l t e r n a t i v e  f a c t o r s  t h a t  were r e j e c t e d  a s  causes of t h e  

i n t e n s i t y  e f f e c t  were: (1) c e l l  s e l e c t i o n  and (2)  d i f f e r e n c e  i n  oocyte 

s t a g e  i n  t h e  chronic and acu te  r a d i a t i o n  experiments.  

C e l l  s e l e c t i o n  w a s  d i scarded  a s  an  explanat ion  because, f i n a l l y ,  

t h e r e  i s  a s i g n i f i c a n t l y  h igher  mutat ion r a t e  f o r  acu te  i r r a d i a t i o n  even 

when t h e  chronic i r r a d i a t i o n  d a t a  a r e  r e s t r i c t e d  t o  t h e  s t ages  almost 

c e r t a i n l y  f r e e  of ex tens ive  oocyte k i l l i n g .  (1t Bad been found t h a t  t h e  



percentage of oocytes k i l l e d  i n  c e r t a i n  s t ages  of development was some- 

what higher  than  had been previous ly  noted.'') 

The acu te  i r r a d i a t i o n  experiments had been c a r r i e d  out only on 

d i c t y a t e  oocytes i r r a d i a t e d  i n  r e l a t i v e l y  mature f o l l i c l e s ,  while t h e  

chronic i r r a d i a t i o n s  involved f o l l i c l e s  i n  a v a r i e t y  of s t ages  of de- 

velopment. The oocytes i n  ea r ly - s t age  f o l l i c l e s  a r e  t h e  more s e n s i t i v e  

t o  r a d i a t i o n  k i l l ing .7 ,11  Therefore, an  a n a l y s i s  was made i n  which t h e  

only l i t t e r s  considered were those  conceived wi th in  two weeks fol lowing 

t h e  accumulation of t h e  dose. Combining t h e  r e s u l t s  with those  of 

Carter ,  l 2  it was found t h a t  t h e  mutation r a t e  f o r  chronic i r r a d i a t i o n  

was s t i l l  s i g n i f i c a n t l y  lower than  f o r  acu te  i r r a d i a t i o n  of females; 

t h i s  ind ica te s  t h a t  t h e  d i f f e rence  between acu te  and chronic i r r a d i e -  

t i o n  is  not  due t o  oocyte s tage  of development,. It was noted t h a t  t h i s  

comparison i s  more r igorous  t h a n  t h a t  i n  t h e  previous paragraph, where 

t h e  absence of oocyte k i l l i n g  was t h e  s o l e  c r i t e r i o n  f o r  comparability.  

Addit ional  experiments a r e  being conducted a t  in termedia te  i n t e n s i t i e s ,  

o f f e r i n g  b e t t e r  comparisons f o r  c l o s e l y  comparable c e l l  s tages .  

Comparison Between Resul t s  i n  Spermatogonia and Oocy-tes 

The authors  d iscuss  poss ib le  reasons f o r  t h e  apparent ly  g r e a t e r  

e f f e c t  of  i r r a d i a t i o n  on oocytes t h a n  on spermatogonia and suggest 

t h a t  f u r t h e r  t e s t s  be made t o  c l a r i f y  some of t h e  quest ions r a i sed .  

The reasons mentioned included ( 1) somewhat d i f f e r e n t  i r r a d i a t i o n  

" repai r"  mechanisms, (2)  l a c k  of c e l l  s e l e c t i o n  i n  oocytes i n  con- 

t r a s t  t o  t h e  c e l l  s e l e c t i o n  i n  spermatogonia which a c t s  t o  obsczre 

t h e  f u l l  e f f e c t  of r a d i a t i o n  i n t e n s i t y ,  and ( 3 )  t h e  exis tence  i n  



acute ly  i r r a d i a t e d  oocytes of a  c l a s s  of mutations not found e i t h e r  i n  

spermatogonia o r  with chronic i r r a d i a t i o n  of oocytes. (w,  L, Russe l l )  



RIVER SURVEYS 

The wise se lect ion of a s i t e  f o r  a nuclear power plant  o r  a f u e l  

fabr icat ion o r  reprocessing f a c i l i t y  and the  judicious operation of the  

plant  a f t e r  it i s  b u i l t  require a study of the  possiSle immediate and 

long-term e f f ec t s  of radioactive materials  on the  environment. This i s  

pa r t i cu l a r l y  t r ue  i f  any radioactive wastes a re  t o  he de l i3era te ly  r e -  

leased, but t he  ever-present pos s ib i l i t y  of accidental  l o s s  of control  

of such materials  i s  reasoc enough f o r  a careful  i c v e s t i g a t i m .  

River surveys forin an important par t  of almost a i l  attempts t o  

characterize the  environment of a power plant  o r  i ndus t r i a l  f a c i l i t y .  

Whether radioactive materials  w i l l  reach the  r i v e r  accidenta l ly  o r  through 

del iberate  discharge, the inves t l ga to r  must answer the  sane primary ques- 

t i ons :  (1) How rapidly  w i l l  the radioa.?tive rnatek-Lals be moved t o  points 

downstream? ( 2 )  I n  what concentratlons w i l l  the  several  radioactive con- 

taminants a r r i ve  a t  these points? (3)  Row long azd i n  what concentrations 

w i l l  they pe r s i s t ?  I n  addition, prudent planning f o r  waste disposal  o r  

f o r  emergency measures i n  case of an accident requires  an evaluation of 

the  possible long-term hazards which might resu1.t frijm ass imila t ion and 

possible reconcentration of the  radioactive mater ia ls  by the  t o t a l  en- 

vironment, both physical and biological .  This long-term hazard i s  l a rge ly  

a problem i n  ecology and i s  not considered i n  t h i s  review. 

Types of River Data Required 

Data concerning (1) the volume and velo1:ity of the  stream flow, 

( 2 )  t he  volume and r a t e  of movement of sediment transported by the  stream, 

both i n  suspension and a s  bottom load, ( 3 )  the  chemical qual i ty  of the  



water, (4 )  the  radioactive-materials  content of the  water, both na tura l  

and from f a l l ou t ,  ( 5 )  the  temperature of the water, ( 6 )  i t s  microbiotic 

content, and ( 7 )  the  degree of turbulence, dispersion,  and mixing which 

r e s u l t  from the  flow of t he  r i v e r  are  a l l  required t o  answer t h e  primary 

questions. Because a l l  these quant i t ies  or  proper t ies  are  i n  some degree 

d i r e c t l y  o r  i nd i r ec t l y  dependent on t he  r a t e  of flow of the  stream, a l l  

must be studied i n  terms of r a t e  of stream flow and be re la ted,  i f  possible, 

t o  var ia t ions  i n  t h i s  r a t e .  For almost a l l  streams, the  s tud ies  of var ia -  

t i ons  of stream flow with time and, more par t i cu la r ly ,  the  po ten t ia l  d i s t r i -  

bution of maximum and minimum flows, present complex problems. 

The economic and soc ia l  importance of r i v e r s  has been t he  motive f o r  

many long and penetrat ing studies,  and a var ie ty  of valuable methods have 

been developed f o r  the  necessary invest igat ions .  It i s  e s sen t i a l  t h a t  

records and data be avai lable  t h a t  cover a considerable period of time. 

A reconnaissance survey must include a t  l e a s t  one annual cycle.  (The 

standard "water year" usually begins October 1, which is,  i n  general,  

the  time of low water l eve l  and low stream flow.) Comprehensive s tudies  

of the d i s t r i bu t i on  and v a r i a b i l i t y  of the  quan t i t i es  and qua l i t i e s  of 

i n t e r e s t  require,  however, a minimum of f i ve  years of da ta  and, f o r  many 

streams, r e l i a b l e  predictions require  a base l i n e  of many decades. Sus- 

ta ined periods of low r a i n f a l l  and low stream flow can l i m i t ,  importantly, 

the volume of water available t o  d i l u t e  radioactive contaminants a t  a 

time when the  need f o r  d i l u t i on  may be imperative. On the  other  hand, a 

s ingle  great  f lood could move and red i s t r ibu te  r i v e r  bottom and r i v e r  bank 

sediment quite beyond the  capab i l i t i e s  of any "normal" fiood, the  sediments 

thus  red i s t r ibu ted  would contain concentrated radioactive contaminants. 



A t  Los Alamos, Hanford, the National Reactor Testing S ta t ion  (NRTS) 

i n  Idaho, and the  small t e s t - r e ac to r  s i t e  a t  Dawsonville, Georgia, 

r e l a t i v e l y  l i t t l e  hydrologic information, a t  l e a s t  of the  type and r e -  

l i a b i l i t y  required, was avai lable  p r i o r  t o  the  i n i t i a t i o n  of environ- 

mental s tudies .  There had been l i t t l e  p r i o r  need f o r  such da ta  a t  Los 

Alamos and Dawsonville. The Columbia River, which flows through the  

Ranford s i t e  and the  Snake River i n  Idaho had been studied but  not i n  the  

d e t a i l  required.  I n  general,  r i v e r s  such a s  these  which d ra in  areas  of 

low r a i n f a l l  a re  subject  t o  l a rge r  va r ia t ions  i n  both short-term and long- 

term flow than r i v e r s  i n  more humid areas,  so r e l i a b l e  da ta  covering 

long periods a r e  needed f o r  evaluation of po t en t i a l  hazards. 

For t he  s i t e  s tud ies  a t  the  Brookhaven National Laboratory on Long 

Island,  some long-term records were avai lable  but considerable i n t e r -  

polat ion and extrapola t ion were required.  The eas te rn  hal f  of Long 

Is land was studied i n  some d e t a i l  i n  the  f i r s t  decade of this century 

a s  a possible source of water f o r  New York City, and the re  e r e  records 

on some of the  streams from environmental s tud ies  t h a t  were s t a r t ed  i n  

1947; however, the  gap i n  the records between t he  e a r l i e r  and the  more 

recent  work cannot now be f i l l e d .  

The most near ly  adequate r i v e r  data  a r e  those avai lable  f o r  the  

Ohio and Clinch Rivers.  The Ohio River has been studied f o r  many years 

because of i t s  i n d u s t r i a l  and t ranspor ta t ion importance, and the  Tennessee 

Valley Authority has extensfve da ta  on t h e  Clinch River because of I t s  

development f o r  power production and flood con t ro l .  



Special Data Required f o r  Radiological Studies 

The environmental s tud ies  considered here, l i k e  s tud ies  of f lood 

control ,  navigation, water supply, and power development, while i n  each 

case requir ing ce r t a i n  spec ia l  data,  must a l l  be Sased f i rmly on a broad 

understanding of t h e  r i v e r  system i n  question. The general  and specia l ized 

information required f o r  radiological  s tud ies  has been discussed by 

Tsivoglou e t  a1. l3  i n  a paper t h a t  i s  qui te  useful  t o  those working i n  

the  f i e l d s  of public heal th  and water-pollution control .  They describe 

the  organization, planning, and conduct of stream surveys, the  bas ic  

equipment required f o r  a modest radiological  invest igat ion,  and the  com- 

para t ively  extensive requirements of t h e  work which would be required, t o  

support a  comprehensive study. Some d e t a i l s  a r e  given concerning the 

se lect ion of sampling points ,  frequency of sampling, de+;erminatPon of 

background rad ioac t iv i ty ,  and sample co l l ec t ion  equipment. Equal emphasis 

i s  placed on determinations of t h e  l eve l s  of a c t i v i t y  i n  the  water, t he  

biota ,  and the  bottom sediments. 

'I'y~e.5 of Hydrologic Sta t ions  

Even under r a t he r  widely d i f f e r i ng  circumstances the re  w i l l  be a 

need f o r  th ree  d i s t i n c t  types of hydrologic s t a t i ons :  the  a r e a l  primary 

s ta t ion ,  the  arealsecondary s ta t ion ,  and t he  par t i a l - record  s t a t i on .  

C r i t e r i a  f o r  es tab l i sh ing  such s ta t ions ,  and the  d e t a i l s  of t h e i r  opera- 

t ion ,  have been described by Grover and ~ a r r i n ~ t o n ' ~  and by Corbett e t  a1. l5  

The purpose of t h e  a r e a l  primary s t a t i ons  f s  t o  provide a l o lg -  

period record t h a t  i s  a s  continuous and complete a s  is f e a s i t i e ,  s ince 

c l l y  from a long base l i n e  i s  it possible t o  determine the  zorrelatPons 



between the  many fac tors  of i n t e r e s t ,  both within t h e i r  normal l i m i t s  of 

var ia t ion  and a t  times of unusually high or  low flow. The period of r e -  

cord required i s  indef ini te ,  but i n  many cases a record f o r  a f u l l  century 

would be of material  value i f  it were avai lable .  Some long-period, but 

l e s s  than f u l l  century, records a r e  avai lable  a t  a l imi ted number of 

s ta t ions  on some of our r ive rs ,  l a rge ly  a s  a r e s u l t  of the  work of t he  

U .  S. Geological Survey. These data,  which are  ne i ther  a s  complete o r  

a s  accurate a s  des i rable ,  are  published i n  t he  annual s e r i e s  of Water 

Supply Papers of -t;h&t organization.  

For many environmental studies,  however, t he r e  w i l l  be no a r e a l  

primary s t a t i on  da ta  avai lable .  I n  general, the re  w i l l  be a s t a t i on  o r  

s ta t ions  somewhere near the  a rea  t o  be studied, and the  records, while 

f a l l i n g  f a r  short of what might be desired, can provide an invaluable 

foundation f o r  more de ta i l ed  l o c a l  work. It w i l i  be a r a r e  and for tunate  

circumstance when there  a re  de ta i l ed  long-term da ta  avai lable  f o r  a c r i t i -  

c a l  point  o r  points  within the  ac tua l  area  of i n t e r e s t .  

The a r e a l  secondary s ta t ions  provide a ba s i s  for correlat,ions between 

the  primary s ta t ions  and the  pr inciple  points of i n t e r e s t  i n  the  region 

being surveyed. I n  almost every case, the  secondary s ta t ions  w i l l  be 

established f o r  t he  specif ic  environmental survey. Since t h e i r  value 

w i l l  depend upon t he  length of time t h e i r  records overlap the  records of 

a primary s ta t ion,  the re  establishment should have f i r s t  p r i o r i t y .  The 

many problems and uncer ta int ies  of the  required corre la t ions  can be 

mater ia l ly  reduced i f  t he  secondary s ta t ions  a re  established a t  points  

which resemble, a s  f a r  as  possible, the  locat ions  of the  primary s t a t i c n s  

with which they a re  t o  be compared. Many f ac to r s  must be considered, 



however, and some, perhaps a majority, of the  secondary s t a t i ons  w i l l  

have t o  be located with the  pa r t i cu l a r  needs of t he  environmental survey 

a s  the  sole  requirement. I n  t h i s  case, no cor re la t ion  with older  primary 

s t a t i ons  should be attempted. Such secondary s t a t i ons  a r e  a c tua l l y  new 

primary s ta t ions ,  and, i f  the eventual accumulation of long -period r e  - 

cords i s  contemplated, the  s i t e s  should be chosen with t h i s  i n  mind. I n  

general,  however, a  continuous record i s  kept a t  a  secondary s t a t i on  only 

u n t i l  a  cor re la t ion  with t he  records a t  a  primary s t a t i c n  has been worked 

out .  Usually t h i s  w i l l  require  from f i v e  t o  ten  years.  After a cor re la -  

t i o n  i s  established,  the  equipment may be moved t o  another s i t e .  

A t  t h e  t h i r d  type of s t a t ion ,  the pa r t i a l - record  s ta t ion ,  only a 

few measurements a r e  made and only a few samples cc l l ec ted .  Where pos- 

s ib le ,  the  da ta  a r e  col lec ted a t  times of maximum 07- minimum coriditions 

r a the r  than a t  f ixed  i n t e rva l s  of time, and an attempt i s  made t o  r e l a t e  

these  extremes t o  t he  condit ions a t  one of t he  primary o r  secondary 

s t a t i ons .  

Types of Correlat ion Required 

The general  types of data  required, a s  l i s t e d  above, include stream 

flow and stream veloci ty ,  the chemical qua l i ty  and rad ioac t iv i ty  of t he  

water, and the  nature and quan t i t i e s  of sediment transported.  Commonly, 

the re  i s  a r e l a t i on  between stream flow and the  chemical qua l i ty  and sedi-  

ment loads of t he  stream. I f  these  r e l a t i ons  can be es tabl ished and t he  

v a r i a b i l i t y  and d i s t r i bu t i on  of flow can be defined, the  t o t a l  load t r an s -  

ported by the  stream can be determined from flow measurements alone. The 

var ia t ions  of stream flow should a l s o  be studied t o  determine the  percentage 



of time any given flow r a t e  w i l l  be equaled o r  exceeded, t he  duration of 

flow r a t e s ,  the  r a t e  of va r ia t ion  of discharge with time, the  magnitude 

and frequency of f loods and of low flows, and t h e  volume of storage r e -  

quired t o  reduce f lood c r e s t s  o r  t o  maintain c e r t a i n  minimum flow r a t e s .  

Methods f o r  computing and expressing these  r e l a t i o n s  and f o r  cor-  

r e l a t i ng  t he  records of the  several  types of hydrographic s t a t i ons  have 

been described by searcy16, l7  and by Dalrymple . l8 Not only can such cor- 

r e l a t i ons  be used t o  predic t  the  volume of water which w i l l  normally be 

avai lable  f o r  d i l u t i ng  radioact ive  contaminants, but  a l s o  they w i l l  make 

possible est imates of the  cost  of dams and other  s t ruc tu res  required t o  

regula te  both high and low flows i n  t he  stream by s tor lng f lood waters 

and l a t e r  re leas ing them. Some est imate may a l s o  be poss ible  of t he  

po ten t ia l  frequency of unusual f loods wnick mlght damage t k s e  o~ other  

re la ted  s t ruc tu res .  

Sediment Survevs 

A large  port ion of t he  radionuclides i n  radioact ive  wastes and i n  

t he  a c t i v i t y  t ha t  would be released by a reac to r  accident aye cat ionfc  

and a r e  strongly adsorbed by t he  c lay  and s i l t  p a r t i c l e s  which form the  

g rea te r  pa r t  of the  suspended sediment and bed load of mcst r l v e r s .  Indeed, 

the  movement and re ten t ion  of radioactive contaminants i n  a r i v e r  system 

w i l l  l a rge ly  be governed by t he  t ranspor t  of the  f i n e r  graiced sedimezts 

t o  which w i l l  be at tached most of the  f i s s i o n  products. Sorathesn e t  a1. 

have described some of t h e  f a c t o r s  wkich a f f e c t  o r  c~nt:al t,i-iL; ss rp t ion  

process. These f ac to r s  include t he  chemical c h a r a c t e ~  cf the  radic,aztl~re 

material ,  the chemical composition of tke  waste stream and the r i v e r ?  and 

the  composition, gra in  s ize ,  and concentration of t he  sedimer-t. 



The r e l a t i o n  of sediment load t o  stream flow and ve loc i ty  i s  complex, 

and although the  general p r inc ip les  have been more o r  l e s s  defined by a  

number of c l a s s i c  studies,  t h e i r  appl icat ion t o  spec i f ic  areas  i s  anything 

but straightforward. 20-2  Colby and ~embree,  f o r  example, have derived 

a  duration curve of suspended-sediment discharge f o r  t he  Niobrara River 

i n  Nebraska from the  sediment-flow re la t ionsh ip  and t h e  flow-duration curve. 

Similar r e l a t i ons  could doubtless be derived f o r  other streams i f  t he  basic 

data  were avai lable  and perhaps could be extended t o  def ine  t he  r e l a t i on  

between flow and t he  d i s t r i bu t i on  of p a r t i c l e  s i z e  and p a r t i c l e  composition 

of the  suspended sediments. Eventually it may be possible t o  e s t ab l i sh  

s imilar  r e l a t i ons  between stream flow and t he  movement of the  bottom load 

of the  stream.22 Even where only qua l i t a t ive  re la t ionsh ips  can be estab- 

l i shed  they can throw considerable l i g h t  on an otherwise unmanageable ac- 

cumulation of emperical observations. Variat ions i n  the  chemical qual i ty  

of the  r i v e r  water may a l so  be r e l a t ed  t o  stream flow and t o  other fac tors .  24.1 2 5  

For example, ~ a v i s ~ ~  has shown how the  qual i ty  of the  water i n  a  stream i s  

affected by the  nature and extent  of the  geologic formatEcns which -under- 

l i e  t he  area  of i t s  watershed. The na tura l  rad ioac t iv i ty  background of 

the  water and sediments i n  a  stream may be s imi la r ly  control led by geology; 

f o r  example, t he  a c t i v i t y  i n  t he  sediments i n  the  bed of t he  Clinch River 

i n  Tennessee i s  highest opposite t h e  mouths of t r i b u t a r i e s  draining a reas  

of Chattanooga shale, a  formation r e l a t i v e l y  r i c h  i n  uranium.21 

Selection of Sampling S i t e s  

S i t e s  f o r  sampling t o  measure backgro-und rad ioac t iv i ty  i n  water and 

sediments should be established p r io r  t o  any re lease  of radioactive materials  



t o  the stream. Several of these locat ions  should be a t  es tabl ished o r  

po ten t ia l  a r e a l  primary s t a t i ons  on streams t o  which no radioact ive  wastes 

a re  expected t o  be released.  Background readings a t  these  s t a t i ons  should 

be ca re fu l ly  corre la ted with the background i n  po t en t i a l l y  contaninated 

streams p r io r  t o  t h e i r  contam.ination so t h a t  l a t e r  readings may be ad- 

justed f o r  background on the  ba s i s  of such cor re la t ions .  The l oca l  geology 

must be ca re fu l ly  considered i n  the  se lec t ion  of these  s i t e s  i f  the  eor- 

r e l a t i ons  a r e  tjo remain va l id .  

Other sampling points  shculd be located at the  mouths of l a rge  tri- 

butar ies ,  and at dams, locks, hydroelectric s ta t ions ,  o r  any other points  

where stream flows a r e  brought together and channeled SG t h a t  representa- 

t i v e  samples may be more ea s i l y  obtained and the  r e s u l t s  of the  sampling 

may be corre la ted with measurements of the  stream flow. Where a con- 

taminated waste stream i s  added t o  a r i ve r ,  the  two most important sampling 

points  a re  on t he  waste stream. i t s e l f ,  where quzn t i t i t e s  a r e  ea s i e r  t o  

measure because concentrations a r e  higher, and on the  r i v e r  upstream. from 

the  pcint  of waste discharge, since any a c t i v i t y  found. there  wi2.l.  5e back- 

ground. 

For s impl ic i ty  i n  operation, the  f i r s t  s t a t i on  downstream. from :.he 

point  of re lease  should be located where complete mixing of the  contami- 

nant i s  always assured. I n  the Columbia River, near Hanford, the  con- 

taminants a re  f i r s t  detected on the  opposite bank 7 miles downstream, 

and complete mixing i s  probably assured 40 miles d o w n s t ~ e a m . ~ ~  On smaller 

streams complete mixing may occur within a few hundred f e e t  of t h e  re lease  

point .  On the  other  hand, flow i n  the  0t.tawa River at t.he Chalk E t v e - ~  

Plant  i s  so slow t h a t  the re  i s  very l i t t l e  mixing, and radioactTvity fa. 



the  r i v e r  can only be detected i n  the  general v i c i n i t y  of the  waste pipe- 

l i n e  0 u t f a 1 1 . ~ ~  Another f ac to r  t h a t  must be considered i s  t he  quanti ty 

of radioactive material  released,  f o r  when it i s  very small, a s  i n  the  

Chalk River, the re  i s  l i t t l e  reason t o  expect t o  de tec t  it a t  points  

d i s t an t  from t h e  point  of discharge. I n  other  cases, however, the  con- 

tamination may be detected downstream f o r  hundreds of miles, a s  shown by 

 els son. Actually, very l i t t l e  information i s  avai lable  on l a t e r a l  d i s -  

persion i n  streams and probably the  most e f f ec t i ve  approach f o r  t he  de te r -  

mination of t he  locat ion of complete mixing and f o r  the  se lec t ion  of samp- 

l i n g  points  i s  t o  conduct a s e r i e s  of t r a c e r  experiments over a range of 

flow conditions. 

Other sampling points  should be located where the  f i r s t  major use 

i s  made of t h e  water downstream o r  where t h e  public has access t o  t he  

water f o r  swimming o r  f i sh ing .  There a re  no general  c r i t e r i a  f o r  t h e  

se lect ion of such points because they depend e n t i r e l y  on l o c a l  condit ions.  

Samples of bottom sediments should be obtained i n  t h e  v i c i n i t y  of 

abrupt changes i n  flow condit ions and intermediate drainage. Ahrapt changes 

i n  flow may be expected a t  cons t r i c t ions  and expansions of t h e  r i v e r  channel, 

a t  points  where t he r e  a re  changes i n  channel roughness, a t  bends, a t  changes 

i n  slope of the  r i v e r  o r  river-bottom prof i l e ,  a t  t he  mouths of l a rge  tri- 

butar ies ,  and a t  dams. 

Sample Collect  ion 

I n  general,  t he  co l lec t ion  of some 8 t o  15  samples per  year a t  each 

of the  par t ia l - record and a r ea l  secondary s t a t i ons  w i l l  be su f f i c i en t  t o  

describe t he  f u l l  range of va r i a t i on  i n  flows, i n  chemical composition, and 



sediment-load charac te r i s t i c ,  i f  the times of sampling are  ca r e fu l l y  

chosen t o  coincide with times of normal flow and with peaks and lows of 

stream discharge. 29 Care should a l so  be taken t o  sample t he  t r ue  base 

flow of the  stream. This can hardly be done i f  the  samples are  col lected 

rout inely  as ,  say, on the  f i r s t  day of each month. The v i s i t s  t o  the  

sampling s t a t i ons  have t o  be i r r egu l a r  and governed by t he  flow condi- 

t ions ,  which may on occasion change quickly with l i t t l e  p r i o r  warning. 

I n  streams contaminated by radioactive wastes, t he  p rac t ice  has been 

t o  co l l ec t   continuous'^ water samples. Equipment i s  commercially avai lable  

which w i l l  co l l e c t  continuous proportional samples from very small streams. 30 

This equipment i s  placed i n  a pool upstream from a weir. The creat ion of 

such a pool may, however, cause deposit ion of suspended sediments with 

t h e i r  adsorbed radionuclides.  I f  a material  balance Es to be made, the  

radioactive materials  on these a ~ d  other bottom sediments must be taken 

i n t o  account. T' 

I n  l a rge  streams, the  co l lec t ion  of once-daily water samples may be 

a s  s a t i s f ac to ry  a s  continuous sampling i f  the s ize  of the  da i l y  sample i s  

made proportional  t o  the  da i l y  flow and the  changes i n  t h e  flow of t he  

stream and i n  the  r a t e  of re lease  of radioactive wastes within a day are  

not large,  say, not over 15%. I n  order t o  reduce laboratory ana ly t i c a l  

costs ,  t he  da i l y  samples may be composited i n t o  weekly, monthly, or  even 

quarterly samples, but i f  the re  a r e  many o r  rapid  changes i n  t he  stream 

flow, such composites may not give the  t r ue  mean concentrations unless t he  

s ize  of t h e  smaller samples composited i s  ca re fu l ly  adjusted t o  t h e  flow 

of the  period each small sample i s  t o  represent.  Indeed, where var ia t ions  

i n  stream flow o r  waste dfscharge a re  frequent and rapid  it may well  be 



necessary t o  take samples f o r  compositing more f requent ly  than once a day. 

Such samples may be taken, up t o  about four  a day, with automatic pro- 

grammed timers, sequencing switches, and solenoid valves .  I f  a g r ea t e r  

number of samples per day i s  required from a l a rge  stream, e l e c t ron i ca l l y  

actuated continuous proport ional  samplers should be designed. Such e lec -  

t r on i c  equipment i s  f ea s ib l e  i f  t he  re la t ionsh ip  between flow and water 

l e v e l  f o r  t he  stream can be determined and i f  the  ve loc i t y  and flow-area 

can be continuously. 

Graphs prepared by Colby and ~ e m b r e e ~ '  i l l u s t r a t e  the  degree t o  which 

veloci ty ,  sediment concentration, and t he  chemical qua l i ty  of the  water 

vary from point  t o  point  i n  a stream cross  sect ion.  Whether samples a r e  

col lec ted manually o r  by continuously operating equipment, they are,  i n  

general,  taken from t h e  same point .  Therefore, it i s  des i rable ,  from 

time t o  time, t o  sample the  e n t i r e  stream cross  sect ion adjacent t o  a 

sampling point t o  determine adjustment f a c t o r s  between t he  mean concen- 

t r a t i o n  and t h e  concentration a t  t h e  sampling point .  

Most of the  ava i l ab le  equipment which has been designed t o  sample 

such cross  sect ions  i s  intended t o  co l l e c t  only one type of sample, e i t h e r  

a sample f o r  determining the  qual i ty  of the  water o r  a sample f o r  studying 

t he  b io t a  o r  t he  suspended or  bottom sediments; the re  i s  no one piece of 

equipment which can handle a l l  phases of the  sampling problem. Dissolved- 

so l i d s  samples may be col lec ted i n  weighted b o t t l e s .  Dissolved-solids 

samples, a s  well  a s  samples of dissolved gases and very f i n e  suspended 

sediments, can be co l lec ted  i n  Kernmerer samplers ( a l s o  ca l l ed  Guday and 

Faers t  samplers).  Special  samplers which tend t o  minimize disturbance 

t o  t he  flow and so provide more accurate samples have been designed f o r  



the  co l l ec t ion  of suspended sediments, but not  a l l  the  problems involved 

i n  such sampling have been solved, 31 Plankton a r e  sometimes sampled with 

nets ,  which tend t o  clog, and sometimes with Kemrnerer samplers. 

The g rea tes t  d i f f i c u l t y  with automatic sampling equipment i s  t o  ge t  

representa t ive  samples of suspended sediments. If the  sampies a r e  pumped 

from the  r i v e r  a su f f i c ien t  ve loc i t y  of flow i n  the  pipel ine  must be 

maintained t o  prevent t h e i r  s e t t l i n g  out; Durand gives da t a  concerning 

pipe s izes  and pump capac i t i e s  which w i l l  he lp  i n  avoiding t h i s  souyce of 

e r ro r .  3 2 

The bottom load moved by t he  stream and, indeed, any pa r t  of t h e  

r i v e r  bottom, whether s t a t ionary  o r  i n  motion, i s  p a r t i c u l a r l y  hard t o  

sample. Pederson and Ekman dredges w i l l  reach only the  t c p  few inches of 

the bottom sedim.ents, and although other equipment32 may reach deeper, 

t he  inves t iga to r  must be prepared t o  design h i s  own equipment t o  f i t  h i s  

individual  needs. I f  t h e  r i v e r  scours i t s  bed deeply i n  times of f lood,  

the  radioact ive  contaminants i n  the  clay, s i l t ,  and sand may be d i s t r i -  

buted through a considerable depth of mater ia l .  The bottom  sediment,^ 

i n  many r i v e r s  vary g r ea t l y  from. place t o  place i n  composition, texture ,  

and cohesiveness. So-called "undisturbed" core samples, although highly 

des i rab le  i f  an inventory o r  mater ia l  balance of the  radioact ive  mater ia ls  

i s  intended, a r e  time-consuming t o  obtain and a l l  too f requent ly  disap- 

pointing.  There i s  no one core sampler o r  standard sampling procedure 

t h a t  i s  su i t ab le  f o r  a l l  bottom sedim.ent condit ions.  (P. H .  Carrigan, Jr., 

U.  S. Geological Survey) 



RECEWC STUDIES RELATED TO DETETNCNmION OF MPC VALUES 

 ateri rial held over from d r a f t  of Vol. 3, No. 1 t o  be inser ted 

here; see d r a f t  pages 187 through 190 and references 50 through 55 on 

pages 197 and 198.) 
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VI. CURRENT WENTS 



EBR-1 OPERATING EXPERIENCE 

The EBR-1, Experimental Breeder Reactor NO. 1, is  a l iquid-metal  

( e u t e c t i c  N ~ K )  cooled, heterogeneous, experimental r e a c t o r  with a 

fast-neutron spectrum and a nominal thermal power of 1 .4  Mw (0.15 

e l e c t r i c a l  MW) . l It was b u i l t  for ,  and has been operated under t h e  

supervision of Argonne National Laboratory ( A P E ) ,  an AEC prime con- 

t r a c t o r .  The EBR-1 was constructed a t  t h e  National Reactor Test 

S t a t  ion (NRTS) , Arco, Idaho, and operat ion began i n  1951. 

The EBR-1 was designed t o  f u l f i l l  two f'undamental purposes:2 

(1) t o  inves t iga te  and demonstrate f a s t  r eac to r  breeding and (2 )  t o  

demonstrate t h e  f e a s i b i l i t y  of using NaK a s  a coolant i n  power r e -  

ac tors ,  both on a purely experimental bas is .  It was designed t o  be 

qu i t e  f l e x i b l e ,  both a s  t o  loading and operat ing condit ions,  i n  order 

t o  f a c i l i t a t e  t h e  accomplishment of i t s  aims. Both of these  funda- 

mental purposes had been l a r g e l y  accomplished by 1957 during operat ion 

with two core loadings  a ark I and Mark 11)) a s  repor ted  by Thalgott ,  

and da ta  and corresponding t h e o r e t i c a l  models on severa l  aspects  of 

liquid-metal-cooled fas t -breeder  r eac to r s  had been developed. The 

measured conversion r a t i o  was 1 .01 2 0.05, and no s i g n i f i c a n t  d i f -  

f i c u l t y  was encountered with t h e  l i q u i d  metal systems. These develop- 

ments have been described and followed i n  ANL progress and t o p i c a l  r e -  

por t s  through t h r e e  core loadings  a ark I, Mark 11, and Mark 111) and 

a r e  being employed i n  t h e  design of a four th  core  a ark IV) . 4  

The EBR-1 cons i s t s ,  e s s e n t i a l l y ,  of an unmoderated reac to r  coupled 

t o  a heat  sink. The heat  s ink  consis ts  of (1) a primary NaK coolant 



c i r c u i t  t h a t  removes heat  from t h e  reactor ,  ( 2 )  a secondary NaK c i r c u i t  

t h a t  removes heat  from t h e  primary NaK, ( 3 )  a superheater ,  b o i l e r ,  steam 

turbine ,  condenser, and economizer (water) c i r c u i t  t h a t  removes heat  from 

t h e  secondary NaK c i r c u i t ,  and (4 )  an e l e c t r i c  generator  driven by t h e  

turbine .  The primary NaK flow i s  from an e levated  constant - level  tank 

i n t o  t h e  reactor ,  down through t h e  inner blanket ,  up through t h e  core, 

out of t h e  reactor ,  through t h e  heat  exchanger, and down t o  a receiving 

tank. From t h e  receiving tank it is  continuously pumped up t o  t h e  con- 

s t a n t - l e v e l  tank, which contains an overflow t o  t h e  receiving tank. 

Further d e t a i l s  of t h e  heat  s ink  system a r e  described by Zinn, and 

Trocki e t  a1. 

Description of EBR-1, Mark I, Reactor 

The EBR-1 reactor ,  Mark I, 2, 3 ,7  consisted of t h r e e  p r inc ip le  p a r t s :  

t h e  core, t h e  inner blanket,  and t h e  outer  blanket .  

The core of t h e  EBR-1 is a hexagon approximately 8 112 in.  high 

and 8 112 in .  diameter ( f l a t  t o  f l a t ) .  It contains 217 type 347 s t a i n -  

l e s s  s t ee l - j acke ted  elements of 93.276 enriched uranium 318 in .  i n  

diameter. The s t a i n l e s s  s t e e l  jackets  extend through t h e  upper s h i e l d  

f o r  handling purposes, being approximately 10 ft long. There a r e  s lugs  

of na tu ra l  uranium both below and above t h e  f u e l  ins ide  t h e  jacket t h a t  

form p a r t  of t h e  blanket.  A NaK annulus forms a thermal bond between 

the  f u e l  and t h e  jacket.  The t o t a l  inventory of u~~~ i n  t h e  Mark I 

core was 55.657 kg, including 3.875 kg added f o r  operat ing excess re -  

a c t i v i t y .  



The inner  b lanket7  cons i s t s  of elements of s t a i n l e s s  s t e e l -  jacketed 

n a t u r a l  uranium s lugs  15/16 in .  i n  diameter and 20 114 in .  long jacketed 

i n  0 .020- in . - th ick  s t a i n l e s s  s t e e l  tubes .  These elements a r e  a l s o  pro- 

vided with extensions p ro jec t ing  through t h e  upper r e a c t o r  s h i e l d  f o r  

i n s e r t i o n  and removal. 

An e x t e r n a l  a i r -cooled  blanket3)  surrounds an  inner  s t a i n l e s s  

s t e e l  t ank  containing t h e  core and inner  b lanket .  The e x t e r n a l  b lanket  

cons i s t s  of n a t u r a l  uranium br i cks  c l ad  with s t a i n l e s s  s t e e l .  The 

b lanket  i s  30 718 in.  i n  diameter and 27 in .  high and i s  a i r  cooled. 

This cyl inder  r e s t s  on a hydraul ic  e l e v a t o r  platform and a c t s  as  a  shim 

con t ro l  (by r a i s i n g  and lowering i t ) .  An 81-kg block of n a t u r a l  uranium 

i s  centered below t h e  inner  tank. It i s  supported by a i r  pressure  con- 

t r o l l e d  by valves and instruments s o  t h a t  a  power f a i l u r e  would cause 

t h e  block t o  drop away from t h e  r e a c t o r  core. 

Surrounding t h e  e x t e r n a l  b lanket7  is a g raph i t e  r e f l e c t o r  1 9  in.  

t h i ck ,  followed by 9 f t  of concrete sh ie ld ing .  S ix  experimental beam 

holes p ierced  t h e  concrete s h i e l d  and g raph i t e  r e f l e c t o r .  Thermal 

columns and a " rabbi t  hole" a l s o  provide f o r  experiments. 

Twelve 2-in.-0.d. con t ro l  rods of s t a i n l e s s  s t ee l - j acke ted  n a t u r a l  

uranium a r e  provided t h a t  a r e  designed f o r  v e r t i c a l  motions through 

holes  i n  t h e  e x t e r n a l  b lanket  b r i cks .  Eight a r e  quick-act ing s a f e t y  

rods, while four ,  with con t ro l s  f o r  more accura te  pos i t ioning ,  a r e  

f o r  normal opera t ing  cont ro l .   h he r e l a t i v e  speeds of t h e s e  rods 

f igured  i n  t h e  November, 1955, p a r t i a l  meltdown of t h e  Mark I1 core . )  

The e n t i r e  ou te r  blanket ,  and t h e  s h i e l d  plug on which it r e s t s ,  was 

designed t o  be dropped "quickly" by t h e  hydraul ic  e l e v a t o r  i n  emergencies 



Safe ty  Ci rcu i t s  

Of t h e  49 s a f e t y  c i r c u i t s  mentioned by U n b e h a ~ n , ~  26 were designed 

t o  provide s igna l s  ind ica t ing  abnormal operat ion,  8 t o  provide s i g n a l s  

ind ica t ing  danger (and designed t o  scram t h e  reac to r  a f t e r  2 min with- 

out  co r rec t ion) ,  and 15 were designed t o  scram t h e  r e a c t o r  immediately. 

The immediate scrams were designed t o  a c t  when any one of t h e  following 

parameters l e f t  i t s  spec i f i ed  range: p i l e  period, f u e l  temperature, 

coolant flow r a t e ,  coolant temperature, e l eva to r  hydraulic  pressure,  

r a d i a t i o n  l e v e l s  a t  designated points ,  o r  pos i t ion  of any of four  valves. 

A l l  s a f e t y  c i r c u i t s  were dupl ica ted  t o  g r e a t l y  increase  t h e i r  r e l i a b i l i t i e s .  

In  addit ion,  per iodic  checks with check l i s t s  a r e  made by t h e  operators ,  

and frequent d e t a i l e d  inspections of a l l  equipment and s a f e t y  devices 

must be made and reported t o  t h e  p ro jec t  engineer. 

Fuel Inventory and React iv i ty  Control 

Lichtenberger e t  a l .  reported a t  Geneva i n  19553 t h a t  t h e  operat ing 

con t ro l  rods contained a t o t a l  r e a c t i v i t y  worth of about 1% k, t h a t  t h e  

s a f e t y  rods could remove 0.27% k i n  100 msec, and t h e  ex te rna l  blanket  

could remove 8.2% k a t  a  r a t e  depending on an acce le ra t ion  of a l i t t l e  

l e s s  than 1 g. They reported t h a t  t h e  c r i t i c a l  mass was 48.2 kg of u~~~ 

and t h a t  an a d d i t i o n a l  loading of about 4 kg was included t o  provide 

f o r  operat ing cont ro l .  They a l s o  s t a t e d  t h a t  t h e  average temperature 

coe f f i c i en t  was -3.5 X l o m 5  A ~ / " c  from 38 t o  200°C and t h a t  f i l l i n g  

with t h e  coolant added r e a c t i v i t y  approximately equal  t o  t h a t  added by 

2 kg of u~~~ ( thus ,  l o s s  of coolant  reduces t h e  r e a c t i v i t y ) .  Separate 



instrumentation was provided f o r  s t a r tup ,  f o r  sa fe ty ,  and f o r  s teady 

operation, and a l l  s a f e t y  c i r c u i t s  were duplicated,  a s  mentioned above. 

Operation of Mark I and Mark I1 Cores Through 1955 

Unbehaum has reported7 t h a t  when t h e  Mark I r e a c t o r  was s t a r t e d  

up i n  1951, it was found t h a t  r a d i a t i o n  l e v e l s  around t h e  r e a c t o r  were 

higher than had been an t i c ipa ted .  An add i t iona l  30 in.  of concrete 

shie ld ing was the re fo re  provided, and operat ion was resumed. I n  June, 

1952, a  NaK-to-NaK l e a k  was discovered i n  t h e  primary heat  exchanger 

and t h e  reac to r  was shut  down f o r  r epa i r .  During t h e  shutdown, 16 f u e l  

elements were removed f o r  examination and were replaced by new elements. 

The dura t ion of shutdown was not s t a ted ,  but  it was reported t h a t  more 

than 150'0 Mwhr ( thermal)  of operat ion had been accumulated by Apri l  15, 

1953. 

The f u e l  used i n  t h e  f i r s t  core was beta-quenched uranium. Daring 

operat ion of t h e  f i r s t  core, experiments a t  Argonne National Laboratory 

showed t h a t  an a l l o y  f u e l  composed of uranium and 2 wt % zirconium was 

more r e s i s t a n t  t o  i r r a d i a t i o n  growth and was f r e e  of t h e  i r r a d i a t i o n -  

induced surface-roughening c h a r a c t e r i s t i c  of beta-quenched uranium. ' 
Accordingly, i n  e a r l y  1954, a  second  a ark 11) core was i n s t a l l e d  with 

U-2 wt % Z r  a l l o y  i n  both t h e  f u e l  and t h e  blanket  s lugs.  

Lichtenberger e t  a l .  reported a t  t h e  1955 Geneva conferenceJ3 with 

respect  t o  Mark I and Mark I1 operation, t h a t . " ~ h e  reac to r  system has 

proven t o  be very r e l i a b l e  and has given very good se rv ice  during 3 112 

years of operat ion . . . . This p lan t  i s  inherent ly  q u i t e  s t a b l e  and i s  

l a rge ly  se l f - regu la t ing  ......" 



On November 29, 1955, a p a r t i a l  meltdown of t h e  reac to r  (second 

core) occurred during an experiment described by zinng a s  a " l a s t  ex- 

periment" t o  make measurements and t o  determine whether f u e l  rod d i s -  

t o r t i o n  would occur with t h e  r e a c t o r  on a f a s t ,  p o s i t i v e  period. He 

explained t h a t  t h e  reac to r  was scheduled t o  be placed i n  standby i n  

1956, and t h a t  t h e  f u e l  was t o  be removed without d e f i n i t e  plans f o r  

i t s  replacement. So, with t h e  understood r i s k  t h a t  some o f t h e  f i e 1  might 

melt, it was decided t h a t  t h e  information sought was valuable enough t o  

warrant t h e  r i s k ,  and t h e  experiment was ca r r i ed  out.  Since a measure- 

ment of t h e  temperature coef f i c ien t  of t h e  f u e l  alone was desired,  t h e  

flow of l iquid-metal  coolant was shut  o f f .  Therefore, t h e  experiment 

was ca r r i ed  out on what amounted t o  a c r i t i c a l  assembly r a t h e r  than an 

operat ing reactor .  The period was t o  be reduced t o  0.27 sec and t h e  tem- 

perature of t h e  f u e l  was t o  be permitted t o  reach approximately 500°C so  

t h a t  shutdown would have t o  be i n i t i a t e d  a t  t h e  proper i n s t a n t  and ac- 

complished rapidly.  The reactor  was equipped with both r e l a t i v e l y  slow- 

ac t ing  motor-driven control  rods and r e l a t i v e l y  f a s t - a c t i n g  shutoff  rods. 

The control  operator  was t o  a c t i v a t e  t h e  f a s t  shutoff  rods on spoken in -  

s t r u c t  ion from t h e  observing s c i e n t i s t  i n  charge. Instead, he mistakenly 

ac t iva ted  t h e  slower ac t ing  control  rods. I n  l e s s  than 2 sec t h e  s c i e n t i s t  

pushed t h e  rapid  shut-of f button, and, simultaneously, t h e  automatic power- 

l e v e l  t r i p s  responded t o  a c t i v a t e  t h e  shutoff  rods. This delay i n  r e a c t i v i t y  

reduction "was s u f f i c i e n t  t o  permit t h e  reac to r  power t o  overshoot t o  a 

point  where t h e  a l loying of uranium and s t e e l  and melting of t h e  uranium 

took place."  It developed t h a t  melting had occurred i n  40 t o  50% of t h e  

core. 10 



The core assembly was removed from the  reac to r  and shipped t o  t he  

Lemont, Ill., Laboratory f o r  examination and d i  sassembly . Observations 

during disassembly and subsequent simulated meltdown experiments indicated 

t h a t  t h e  porous s t ruc tu re  formed i n  the  core could have resu l t ed  from the  

vaporization of entrained N a K .  

Operation Since 1955  a ark I11 Core) 

Thalgott reported2 i n  1957 t h a t ,  i n  normal operation,  t he  Mark I 

and Mark I1 reac to rs  were qui te  s t ab le  and l a rge ly  se l f - regu la t ing .  He 

noted, however, t h a t  when t he  coolant flow through t he  r eac to r  w a s  changed, 

a prompt, pos i t ive  metal temperature coef f i c ien t  of r e a c t i v i t y  was ob- 

served. He reported t h a t  experiments with t he  ZPR-I11 c r i t i c a l  assembly 

indicated a weak Doppler e f f ec t  i n  an EBR-1 spectrum but  t h a t  it was too  

small t o  account f o r  the  observed coe f f i c i en t .  He proposed another pos- 

s i b l e  explanation; t h a t  i s ,  t h a t  bowing of t h e  f u e l  rods t<oward t he  core 

ax i s  occurred because of the  increase of the  f l u x  and f i s s i o n  r a t e  a s  a 

function of nearness t o  t h e  reac to r  ax i s .  He proposed t h a t  t h e  inward 

bowing would r e s u l t  i n  a posi t ive  r e a c t i v i t y  e f f e c t  and concluded t h a t  

appropriate mechanical design could prevent t h a t  d i f f i c u l t y .  He a l so  

reported2 t h a t  a second phenomenon observed i n  EBR-1 was an increasing 

tendency toward power o s c i l l a t i o n  when t he  r a t i o  of power t o  coolant 

flow w a s  increased.  He pointed, out,. however, t h a t  a s u f f i c i e n t l y  large ,  

prompt negative coef f i c ien t  could override t h i s  tendency and so pre-  

vent i n s t a b i l i t i e s .  He described t h e  f ea tu r e s  being incorporated i n  

EBR-1, Mark 111, t h a t  were aimed a t  prevention of inward bowing of f u e l  

rods and described t he  design f o r  increased f l e x i b i l i t y  i n  coolant flow 

arrangement and more complete temperature monitoring. 



While t h e  design of Mark I included s t i f f e n e r s  intended t o  keep 

t h e  f u e l  elements a s e t  d i s t ance  a p a r t  (prevent  bowing), t h e  problem 

had not been f u l l y  appreciated.  Mark I1 included much s t ronger  s t i f -  

f n e r s  t o  prevent bowing, l1 but  it was concluded t h a t  r a d i a l  expansion 

of t h e  end p l a t e s ,  through which t h e  f u e l  elements extended, had forced 

some bowing i n  t h e  elements. Mark I11 was designed with g r e a t  ca re  i n  

t h i s  r e spec t  t o  make c e r t a i n  t h a t  t h e  f i e 1  elements were r i g i d l y  pre-  

vented from bowing i n  under a l l  condit ions of  operat ion.  

The ANL annual r e p o r t s  f o r  195?12 and 195813 confirmed t h e  pre-  

d i c t i o n s  t h a t  t h e  EBR-1 with t h e  Mark I11 core would be s t a b l e  under 

normal opera t ing  condit ions and t h a t  !'the f e a t u r e s  of mechanical de- 

s i g n  respons ib le  f o r  t h e  i n s t a b i l i t y  of t h e  Mark I1 core have been 

el iminated i n  t h e  new, more r i g i d  design. " Mark I11 exhibi ted  negat-ive 

isothermal  temperature and power c o e f f i c i e n t s ,  and no evidence was found 

of a p o s i t i v e  c o e f f i c i e n t  a s soc ia t ed  with an  increase  i n  r a t i o  of power 

t o  coolant flow r a t e .  

S t a b i l i t y  experiments with t h e  Mark I11 core were continued i n  

1959. l 4  Exchanges of  f i e 1  and b lanket  rods t o  inc rease  t h e  temperature 

g rad ien t  across  t h e  flow sepa ra to r  gave r e s u l t s  ind ica t ing  t h a t  feed-  

back e f f e c t s  o r i g i n a t i n g  i n  t h e  r a d i a l  b lanket  a r e  not important. 

Another t e s t  with t h e  s t i f f e n i n g  r i b s  removed from a subassembly of 

b lanket  rods showed l i t t l e  o r  no feedback e f f e c t s ,  i nd ica t ing  t h a t  bow- 

ing of t h e  b lanket  rods i s  probably unimportant a s  a cause of feedback. 

I n  another  t e s t ,  removal of s t i f f e n e r s  from f u e l  rods " indica t ing  r a t h e r  

conclusively t h a t  t h e r e  i s  an e f f e c t  completely' cons i s t en t  with t h e  



suggestion t ha t  the  rods bow inward." I n  a l l  cases studied, t he  r e s u l t s  

"tended t o  substant ia te  t he  conclusion t h a t  a pos i t ive  component had 

been added t o  the  power coeff ic ient"  (by the  removal of s t i f f e n e r s ) .  

A mathematical model was developed t ha t  showed "good agreement with 

reactor  behavior." Use of the model t o  invest igate  extreme conditions 

showed i n s t a b i l i t i e s  at conditions considered most unl ikely  t o  be present 

i n  the  reac tor .  ag he pr incipal  conclusion i s  t h a t  s t a b i l i t y  of f a s t  r e -  

ac tors  i s  not a function of nuclear phenomena but i s  the  r e s u l t  of 

mechanical phenomena which can be control led by i n t e l l i g e n t  design." 

A f i n a l  analys is  on the  s t a b i l i t y  s tudies  of the  Mark I11 core was 

summarized i n  November 1960.15 No change was indicated i n  t he  con- 

c lus ion t h a t  adequate mechanical design prevented a pos i t ive  coef f ic ien t  

from f u e l  rod bowing. It was indicated t h a t  a su f f i c i en t l y  l a rge  r a t i o  

of power t o  coolant flow would cause i n s t a b i l i t y ,  but t h a t  the  thermal 

power would have t o  be so high (about 1000 Mw) a t  f u l l  flow (10 Mw a t  

one-third flow) t h a t  t h i s  i s  only of academic i n t e r e s t .  The power co- 

e f f i c i e n t  was found t o  be nonlinear, but negative a t  a l l  powers. The 

e f f ec t  of i n l e t  coolant temperature on the  power coef f ic ien t  was found 

t o  be r ea l ,  but minor. Low-frequency (e.g.,  400 sec/cycle) feedbacks 

from temperatures of l a rge  s t ructures  were found. Feedback from the  

r ad i a l  breeding blanket, i f  any, was too small t o  be detected.  

Operation from August 1960 through March 1961 consisted mainly 

of t ra in ing  reac tor  operators.  The Mark IV core i s  i n  various stages 

of design, development, and f a b r i ~ a t i o n . ~  It i s  t o  use f ~ e l  elements 

of Pu-0.125 wt Al a l l oy  jacketed i n  Zircaloy-2 tubing i n  a fu r the r  

s e r i e s  of experiments. (L. A. Mann) 



IDAHO CHEMICAL PROCESSING PLANT CRITICALITY 
INCIDEXC OF J A N U M  25, 1961 

On January 25, 1961, a t  9: 50 a.m., a nuclear excursion of approxi- 

mately 6 X 1017 f i s s i o n s  occurred i n  an evaporator within a shielded c e l l  

of the  Idaho Chemical Processing Plant .  This was t he  second c r i t i c a l i t y  

incident i n  the  f a c i l i t y ;  the  f i r s t  incident was reported i n  a previous 

i s sue  of Nuclear Safety.  l6 The January 25 incident i s  described i n  t he  

repor t  of an invest igat ing committee. l 7  None of t he  251 persons present 

i n  the  ICPP area  a t  t he  time of the  accident received s ign i f ican t  radia-  

t i o n  exposure. The maximum rad ia t ion  dose r a t e  from ground deposit ion 

downwind of the  f a c i l i t y  was 30 mr/hr. No cos t s  were incurred which were 

a t t r i bu t ab l e  t o  contaminat ion cleanup, product recovery, o r  equipment 

r epa i r  a s  a r e s u l t  of the  incident .  

The accident occurred while operating personnel were attempting t o  

use a i r  pressure t o  remove an apparent plug i n  t he  evaporator product- 

withdrawal l i n e .  The product evaporator i s  of t he  thermosiphon type, with 

a geometrically safe bottom section and a 24-in.-diam nongeometrically safe  

vapor-disengagement section.  It i s  s imilar  i n  construction t o  the  evaporator 

i n  which t he  Thorex P i l o t  Plant  explosion occurred. l8 

Approximately 40 l i t e r s  of solution containing 200 g of 90% enriched 

u~~~ per l i t e r  could not be t rans fe r red  from t h e  bottom section of the  

evaporator through a l i n e  t h a t  extends from the  bottom section through a 

valve and remote head diaphragm pump t o  a temporary storage tank, e i t h e r  

because of f a i l u r e  of t h e  pu?p or a plug i n  the  pump discharge. An attempt 

was made t o  remove a possible plug i n  the  pump discharge by c los ing the  

valve between the  pump the  evaporator and f o r c i l g  approximately 4 l i t e r s  



of water from a 10-gal tank pressurized with 40-psig a i r  through a decon- 

tamination l i n e  i n to  the  suction side of the  pump. The 10-gal water tank 

was located i n  the  plant  makeup area.  It became apparent t h a t  t h e  pos- 

s i b l e  plug had been removed when the  l iqu id- leve l  recorder on t h e  temporary 

storage vessel  indicated an accumulation of approximately 4 l i t e r s .  The 

operator i n  the  makeup area  was then ins t ruc ted  by voice communication 

through a pipe chase from the  operating a rea  t o  close t he  manual valve 

between t h e  decontamination tank and the  pump suction. A muffled rep ly  

from the  operator i n  t he  makeup a rea  was heard, and thereupon the  operator 

i n  the  operating a rea  t u n e d  on t he  pump and opened t he  valve between the  

evaporator and the  suction s ide  of t he  pump. Immediately upon t he  opening 

of the  valve, rad ia t ion  alarms sounded throughout the  plant .  A t  the  sound 

of the  alarms, the  plant  operations superintendent proceeded t o  t h e  master 

radia t ion panel i n  t he  health-physics off ice ,  found it almost completely 

covered with alarm l i gh t s ,  walked t o  the  end of a corr idor  t o  a p lant  

evacuation alarm s ta t ion ,  and actuated t he  plant  evacuation alarm; the  

alarm was actuated within no more than a minute a f t e r  t h e  rad ia t ion  alarms 

had sounded. 

The incident apparently occurred because a burs t  of a i r  from the  

evaporator product-withdrawal pipeline l i f t e d  most of the  f i s s i l e  solu- 

t i o n  from the  geometrically safe  l eg  of the  evaporator i n t o  t he  non- 

geometrically safe  vapor-disengagement sect ion.  Neutron ac t iva t ion  s tud ies  

of metal samples from the  evaporator system have ve r i f i ed  t h a t  the  excur- 

sion occurred i n  the  disengagement section.  The operator i n  the  makeup 

area  s ta ted  a f t e r  the  incident t h a t  the  maffled rep ly  he made t o  t he  prol pess 



operator was t h a t  t he r e  w a s  s t i l l  some 5 t o  10 psig of a i r  pressure on 

the  l i n e  as he closed t h e  valve. It i s  supposed t h a t  the  process operator 

i n  the  operating a rea  assumed t h a t  t h i s  pressure had previously been 

vented through t he  temporary storage tank a f t e r  t r ans f e r  of t he  4 l i t e r s  

of water. The invest igat ing committee s ta ted  t h a t  t h e  postulated mechanism 

by which the  solution was l i f t e d  i n  t h e  evaporator would be more r ead i l y  

acceptable i f  the  manual valve between t he  10-gal pressmized tank i n  

t he  makeup a rea  and t he  pump suction l i n e  had not been closed, inasmuch 

a s  a l a rge r  volume of a i r  would have been avai lable  f o r  expansion. The 

operator i n  t he  makeup area  t e s t i f i e d ,  however, t h a t  t h e  valve was closed. 

The avai lable  rad ia t ion  instrument char t s  indicate  t h a t  the  nuclear ex- 

cursion was of short  duration (<2-3 min) but d id  not necessar i ly  consis t  

of a s ingle  burs t .  Analysis of t he  f i s s i l e  solut ion indicated t h a t  a 

t o t a l  of 6 x 1017 (225%) f i s s i ons  had occurred. 

Evacuation of t he  building and outside working areas  t o  a parking 

l o t  was complete within 5 t o  7 min a f t e r  sounding of t he  ev-acuation alarm, 

except f o r  one person working near an a i r  compressor, who d id  not hear the  

alarm and evacuated about 10 min a f t e r  the  alarm had been i n i t i a t e d ;  h i s  

f i lm  badge showed no detectable exposure. Subsequent analyses of about 

one-half of t he  employee f i lm  badges and pocket dosimeters and of blood 

sodium samples, together  with bioassays and whole body counting, i nd i -  

cated a maximum gamma exposu-e of 55-mrem and negl igible  i n t e rna l  o r  ex- 

t e r n a l  beta  o r  neutron exposure. 

Analyses made subsequent t o  the  incident indicated t h a t  a c t i v t t y  was 

released t o  the  environment only through the vesse l  offgas system, which 

exhausts t o  the  loca l  p lant  stack. The vessel  offgas treatment system 



consisted a t  the  time of the  accident of only a small de-entrainment 

tower packed with Raschig r ings  and a long pipel ine  t o  the  stack.  The 

vesse l  offgas f i l t e r s  were being bypassed a t  t he  time of t h e  incident  .Ig 

The f i r s t  proof of a c r i t i c a l i t y  incident  was received approximately 45 

min a f t e r  t h e  incident  by t he  determination of shor t - l ived ~s~~~ on the  

stack-sampling f i l t e r .  The radioact ive  re lease  from the  stack d id  not 

cause s ign i f i can t  personnel exposures and resu l ted  i n  a maximum ground 

rad ia t ion  reading from f a l l ou t  of 30 mr/hr. 

The inves t iga t ing  committee concluded t h a t  absolute protect ion against  

c r i t i c a l i t y  incidents  i s  ne i the r  possible nor p r a c t i c a l  i n  f i s s i l e  ma- 

ter ia l -handl ing plants ,  s ince it i s  necessary t o  use administrat ive con- 

t r o l  i n  some of t he  operations and s ince  t he  e f f e c t s  of an incident  i n  

an adequately shielded and contained f a c i l i t y  a r e  not d i sas t rous .  The 

committee did, however, make t he  following recommendations t o  strengthen 

the  safeguards within t h e  plant :  

"1. The use of steam o r  compressed a i r  t o  c l e a r  obstructed 
process l i n e s  i s  t o  5e permitted only with t he  spec i f i c  approval 
of t he  Assistant  Manager f o r  Operations a f t e r  the  contingencies 
have been f u l l y  evaluated. 

" 2 .  Communications between safeguard committees and opera- 
t i n g  personnel should be improved by cod i f i ca t ion  of safeguard 
committees' ac t ions ,  providing a fu l l - t ime  safeguard committee 
chatrman, and improving the  d i r ec t i on  and follow-up i n  operator 
t r a in ing ,  pa r t i cu l a r l y  with respect  t o  infrequent and emergency 
condit ions.  

" 3 .  Engineering sa fe ty  reviews should always consider com- 
p l e t e  systems r a the r  than s ingle  items of equipment. I n  par-  
t i c u l a r ,  t h e  po t en t i a l  f o r  maloperation o r  misuse of any par t  
of the  system should be considered. 

"4. Consideration should be given t o  t he  redesign of t h e  
evaporator system t o  increase physical protection agains t  c r i t i -  
c a l i t y .  



"5. Attention should be given t o  improving intercommunica- 
t i o n  between work areas.  

"6. A s  a matter of policy, a l l  personnel badge dosimeters 
should be analyzed immediately following a c r i t i c a l i t y  incident 
o r  accidenta l  re lease  of radioactive mater ia l .  

"7 .  Additional technical  personnel should be ava i lab le  
each s h i f t  t o  provide increased surveil lance over processing 
a c t i v i t i e s  ." 
This incident  served t o  emphasize t h a t  d ispers ive  incidents  a re  most 

l i k e l y  t o  occur during periods of nonroutine operations, such a s  t h e  l i n e -  

unplugging operation, which may be l e s s  thoroughly planned and executed 

than normal process operations. A recommended policy f o r  such nonroutine 

operations i s  t h a t  no operation should be performed u n t i l  a technical ly  

responsible employee hasdevelopeda de ta i l ed  step-by-step operating 

procedure, the  procedure has been approved by another responsible techni-  

c a l  employee, and the  procedure has been reviewed and discussed with t he  

personnel who w i l l  perform the  operation. 

The reviewer would suggest consideration of the  use of a f ixed  poison 

t o  provide addi t ional  sa fe ty  i n  nongeometrically safe  sections of ex i s t ing  

process equipment. It i s  often possible t o  place g l a s s  Raschig r ings  i n  

evaporator disengagement sections,  solvent de-entrainment vessels ,  c o l m  

end sections, o r  miscellaneous co l lec t ion  vesse l s  with r e l a t i v e l y  l i t t l e  

inconvenience o r  cos t .  

It i s  apparent from the  r e l a t i v e l y  minor personal exposures which 

resu l ted  from t h i s  accidenta l  c r i t i c a l i t y  t h a t  t h e  containment fea tures  

of t he  plant  functioned s a t i s f ac to r i l y .  The exposures would have beec 

even smaller, however, had the  evacuation s ignal  been given more promptly, 

a s  it could have been i f  it had been possible t o  actuate  the  evacuation 



alarm from the  master rad ia t ion  panel. Automatic actuat ion of the evacua- 

t i o n  alarm should be considered; t h i s  frequently involves the  use of coin- 

cident s igna l s  t o  avoid unnecessary evacuations. 

The reviewer would a l so  l i k e  t o  r e i t e r a t e  t he  comment t h a t  was made 

i n  the  review of t he  f i r s t  ICPP c r i t i c a l i t y  accident, l6 namely, t h a t  t h e  

consequences of t he  accident would have been lessened i f  a more elaborate 

vessel  offgas system had been used. I n  par t i cu la r ,  offgases of radio- 

chemical processing plants  should pass through a caust ic  scrubber and 

roughing and absolute f i l t e r s  before being exhausted through a stack.  It 

has been calculated t ha t ,  u t i l i z i n g  such a system, the maximum possible 

cloud dose and downwind ground contamination resu l t ing  from a c r i t i c a l i t y  

incident of 1018 f i s s i ons  would be negl igible .  If such a system had been 

i n  use a t  the  time of the  incident of January 25, ca lcula t ions  indicate  

t h a t  the  maximum ground c o n t a ~ n a t i o n  l eve l  would have been l e s s  than 

0.25 mr/hr, a s  compared with t h e  30 mr/hr which was obtained. (J. P. 

Nichols ) 



THE SL-1 INCIDENT 

The f i r s t  f a t a l i t i e s  a s  a  r e s u l t  of a  r e a c t o r  inc ident  i n  t h e  

United S t a t e s  occurred a t  t h e  SL-1 r e a c t o r  f a c i l i t y  i n  Idaho on January 3 ,  

1961. I n  t h e  time s ince ,  t h e  events  surrounding t h e  acc ident  have bepn 
-/ 

thoroughly s tud ied  by t h e  AEC Board of Inves t iga t ion .  The May 10 d p o r t  

of t h i s  ~ o a r d ~ '  plus t h e  subsequent testimony before  t h e  J o i n t  Committee 

on Atomic ~ n e r ~ ~ ~ ~  i n  June provide an exce l l en t  i n s i g h t  i n t o  t h e  inc ident  

and t h e  circumstances surrounding t h e  inc ident  a s  wel l  a s  t h e  lessons  t o  

be learned therefrom. 

I n  t h e  words of AEC Commissioner R. E. wilsonYzL "the accident  could 

and should have been prevented." That many of t h e  condit ions which d i -  

r e c t l y  o r  i n d i r e c t l y  cont r ibuted  t o  t h i s  acc ident  were allowed t o  e x i s t  

i s  only add i t iona l  evidence of t h e  f a l l i b i l i t y  of human beings and t h e i r  

organizat ions,  inasmuch a s  t h e s e  condit ions repudia te  accepted s a f e  prac- 

t i c e  i n  r eac to r  design and operat ions a s  now recognized and e f f e c t e d  a t  

most a l l  nuclear  i n s t a l l a t i o n s  i n  t h i s  country. This accident  should 

serve  t o  remind a l l  those  not immediately concerned with nuclear  s a f e t y  

of t h e  p o t e n t i a l  dangers of nuclear  i n s t a l l a t i o n s  and of t h e  importance 

of following as  c lose ly  a s  poss ib le  t h e  i n t e n t ,  a s  well  a s  t h e  l e t t e r ,  

of e x i s t i n g  s a f e t y  p rac t i ces .  

The following review is  comprised p r i n c i p a l l y  of excerpts  from t h e  

two sources referenced above. It should be noted t h a t  t h e s e  references  

a r e  not t h e  f i n a l  r epor t  on t h e  incident ,  but ,  pending t h e  completion of 

t h e  reclamation work now under way a t  t h e  f a c i l i t y ,  they  conski tu te  an 

in ter im s t a t u s  r epor t .  It seems un l ike ly  t h a t  t h e  conclusions of t h e  



present  repor ts  w i l l  be s i gn i f i c an t l y  a l t e r ed  by t h e  r e s u l t s  of t h e  

reclamation work. Analyses have es tabl ished many of t h e  f a c t s  surround- 

ing t he  incident ,  and many important th ings  have been learned from ( o r  

confirmed by) t h i s  accident. 

Description of t he  ~ a c i 1 i . t ~ ~ ~ ~  2-24  

The SL-1 i s  a  d i rect -cycle ,  natura l - reci rcula t ion,  boiling-water 

reac to r  designed f o r  3000-kw (gross)  thermal capacity t o  produce 200-kw 

(ne t )  of e l e c t r i c i t y  and 400-kw (ne t )  e lec t r i ca l -equ iva len t  energy i n  

t h e  form of space heat.  Work on t h i s  p lan t  s t a r t e d  i n  1955 i n  response 

t o  a request of t h e  Department of Defense f o r  a small nuclear power p lan t  

t o  operate a t  remote mi l i t a ry  i n s t a l l a t i ons ,  such a s  t he  Dew Line, where 

minimum operation and maintenance crew s i z e  would be important and, hence, 

ruggedness, s implici ty,  and long l i f e  would be highly des i rable .  The 

boiling-water system proposed by Argonne National Laboratory was se lected 

f o r  development and construction on t h e  bas i s  of compactness, s impl ic i ty ,  

r e l i a b i l i t y ,  t echn ica l  f e a s i b i l i t y ,  long core l i f e ,  and minimum plant  

cost .  Construction and operation of t he  reac to r  a t  t he  National Reactor 

Testing S t a t i on  were intended t o  t e s t  t h e  design, t o  diagnose p r ac t i c a l  

t roubles,  and t o  develop correct ive  measures and improvements. 

The s i t e  f a c i l i t i e s  consis t  of t h e  cy l i nd r i ca l  r eac to r  building, 

an adjoining support building, a  t r a i n ing  building f o r  t he  mi l i t a ry  cadre, 

an administrat ion bui ld ing f o r  contractor  personnel, and a recent ly  com- 

ple ted air-cooled-condenser building. The majori ty of t h e  plant  equip- 

ment i s  located i n  t h e  cy l indr ica l  r eac to r  building, which i s  38.5 f t  

i n  diameter and has an over-a l l  height of 48 f t .  This building i s  made 



of s t e e l  p la te ,  most of which has a thickness of 0.25 in. ,  but it i s  not 

a  pressure- t ight  containment vesse l .  

The reac to r  vessel ,  f u e l  s torage  well, and water demineralizer a r e  

located  i n  t h e  lower t h i r d  of t h e  bui ld ing and a r e  shielded with gravel ,  

because t h a t  mater ia l  would be ava i l ab le  a t  t h e  u l t ima te  const ruct ion 

s i t e .  A r ec i rcu la t ing ,  s i r -cooled condenser i s  located  i n  t h e  upper t h i r d  

of t h e  building. The middle t h i r d  of t h e  bui ld ing contains t h e  burbine 

generator, feedwater equipment, switch gear, and sh ie ld ing  blocks located  

around t h e  pressure vesse l  head. The a c t i v e  core is  located  near t h e  

bottom of the  pressure vesse l ;  above i s  t h e  chimney sect ion.  Control 

rod extensions pass through t h e  t o p  head and i n t o  thimbles mounted the re -  

on. Over t h e  head is a metal enclosure t h a t  is  f i l l e d  with metal punch- 

ings and gravel  t o  provide shielding.  A t o p  s h i e l d  cap r e s t s  on t h e  sh ie ld -  

ing blocks. 

In  t h e  operat ing reactor ,  t h e  control  rods were driven by a rack and 

pinion located  i n  a thimble above t h e  upper head of t h e  reac to r  vessel .  

The pinion s h a f t  penetrated t h e  thimble wall  through a r o t a t i n g  sea l ,  and 

t h e  s h a f t  was driven by a motor and gearbox through a clutch.  De-energizing 

t h e  c lu tch  c o i l  re leased t h e  pinion from t h e  gears and permitted t h e  rod 

t o  f a l l .  An a u x i l i a r y  c lu tch  permitted t h e  motor t o  dr ive  a re leased rod 

downward and prevented upward rod motion a f t e r  re lease .  I n  t h e  rod-drive 

mechanism a s  o r i g i n a l l y  conceived, the  downward force  of g rav i ty  was a v a i l -  

able  a t  a l l  times t o  hold t h e  absorber rod i n  t h e  core. No d i f f e r e n t i a l  

pressure ex i s t ed  across  t h e  rod a s  a consequence of pressurized reac to r  

operation, and t h e  pressure drop across  t h e  r o t a t i n g  s e a l  exerted no force  

on t h e  rod. However, t h e  upper end of t h e  thimble had t o  be removed f o r  



access t o  t h e  mechanism and t o  t h e  core. With t h e  thimble removed, 

t r a n s i e n t  pressure  r i s e s  i n  t h e  vesse l  would r e s u l t  i n  t r a n s i e n t  upward 

forces on t h e  rod i n  t h e  d i r e c t i o n  of increas ing r e a c t i v i t y .  

The core s t r u c t u r e  has provisions f o r  60 f u e l  assemblies and nine 

con t ro l  rods of which f i v e  a r e  cruciform rods and four  a r e  T rods. The 

core now being reclaimed has 40 f u e l  elements and f i v e  cruciform c o n t r o l  

rods. The con t ro l  rods a r e  made of cadmium mechanically c l ad  with 

aluminum. The 40 f u e l  assemblies a r e  composed of nine f i e 1  p l a t e s  each. 

The a c t i v e  por t ion  of each f u e l  p l a t e  i s  25.8 in. long and 3.5 in. wide 

and cons i s t s  of uranium-aluminum a l l o y  with aluminum cladding. The 

i n i t i a l  loading of t h e  40-assembly core was h ighly  enriched and contained 

15 kg of u ~ ~ ~ .  

On each of t h e  1 6  f u e l  assemblies i n  t h e  cen te r  of t h e  core, a f 'u l l -  

length  burnable poison s t r i p  was spot-welded t o  one s i d e  p la te ,  and a 

ha l f - length  s t r i p  was added t o  t h e  o the r  s i d e  p la te .  Each of t h e  remain- 

ing f u e l  elements had a s i n g l e  f u l l - l e n g t h  boron p l a t e  on one s i d e  p la te .  

The s t r i p s  were aluminum-nickel containing elemental  boron. The h a l f -  

length  s t r i p s  were 21 mils th ick ,  and t h e  f u l l - l e n g t h  s t r i p s  were 26 

mils th ick .  The core contained a t o t a l  of 23 g of B~~ as  burnable poison. 

Events Preceding t h e  Incident  

Argonne National Laboratory performed t h e  i n i t i a l  c r i t i c a l i t y  and 

s t a r t u p  t e s t s  and success fu l ly  completed a 500-hr full-power p lan t  per-  

formance t e s t  i n  December 1958. In  February 1959, Combustion Engineer- 

ing, Inc., took over t h e  operat ion of t h e  EL-1. Since s t a r tup ,  t h e  SL-1 

has been used t o  ga in  operat ing experience, develop understanding of pl.ant 

performance c h a r a c t e r i s t i c s ,  ob ta in  core burnup data ,  t r a i n  m i l i t a r y  



personnel i n  p lan t  maintenance and operations, and t e s t  components planned 

f o r  use i n  subsequent r eac to r s  of t h i s  type. 

As  previously noted, boron s t r i p s  had been incorporated i n  t h e  core 

t o  serve a s  burnable poison, t h e  deple t ion of which would compensate f o r  

t h e  burning of t h e  f u e l  and thus  extend t h e  operat ing l i f e  of a  core load- 

ing. By May 1960, it appeared t h a t  t h e  core was gaining r e a c t i v i t y  f a s t e r  

than predicted.  During an August 1960 inspect ion by Combustion Engineering, 

it was observed t h a t  pieces of t h e  boron ' s t r i p s  were missing from some 

f u e l  elements, and t h e  f u e l  elements i n  t h e  center  of t h e  core were ex- 

tremely d i f f i c u l t  t o  remove by hand. Removal caused pieces of t h e  p l a t e s  

t o  f a l l  of f ,  and t h e r e  was f l ak ing  of t h e  mater ia l .  Many f l akes  were col -  

l e c t e d  from t h e  bottom of t h e  vesse l .  A s  a  r e s u l t  of these  circumstances, 

it was f e l t  t h a t  f u r t h e r  removal of f u e l  elements might cause add i t iona l  

l o s s  of boron, s o  t h e  remaining f u e l  elements were not inspected. 

The s a f e t y  s igni f icance  of t h e  greater-than-expected r a t e  of r e a c t i v i t y  

gain  l i e s ,  of course, i n  t h e  reduced c a p a b i l i t y  of t h e  con t ro l  rods t o  

render t h e  core s u b c r i t i c a l  ( i. e. , a decreased shutdown margin) . Because 

of t h e  reduced shutdown margin r e s u l t i n g  from t h e  boron loss ,  s t r i p s  of 

cadmium were inse r t ed  i n  two of t h e  four  T-rod con t ro l  shrouds on November 11, 

1960. The o f f s e t t i n g  e f f e c t  of t h i s  cadmium a t  operat ing l e v e l  was found t o  

be about 1% r e a c t i v i t y .  

Although numerical values f o r  core r e a c t i v i t y ,  rod worth, and shut-  

down margin a r e  a l l  subject  t o  various degrees of uncertainty,  depending an 

the'hssumptions made a s  t o  t h e  amount of boron loss ,  poison burnup, f u e l  

burnup, e tc .  , t h e  ava i l ab le  informat ion ind ica tes  t h e  following : 21 



1 The i n i t i a l  shut-down margin f o r  the  cold reac to r  
was probably somewhat l e s s  than intended - maybe about 3.576 
d e l t a  k a c t u a l  margin versus an estimated 4 - 6% design 
margin. This margin was, nonetheless, considered adequate 
by Combustion Engineering and t h e  AEC Operations Office. 

"2. The design of t h e  reac to r  was such t h a t  withdrawal 
of t h e  c e n t r a l  control  rod alone would make t h e  reac to r  
c r i t i c a l .  

"3. A t  t h e  time of shutdown on December 23, 1960, t h e  
shutdown margin f o r  t h e  cold reac to r  was probably 2 t o  3%, 
assuming rod worth was e s s e n t i a l l y  unchanged from e a r l i e r  
measurements and ca lcula t ions .  With t h i s  assumption, and a 
s imi la r  one regarding ... t h e  c e n t r a l  control  rod, it was 
found t h a t  c r i t i c a l i t y  could be produced by withdrawal of 
t h i s  rod approximately 17 inches from t h e  reference zero 
posi t ion.  " 

Testimony before t h e  ~ o a r d ~ '  and operat ing records ind ica te  t h a t  

i n  recent  months of operat ion t h e r e  was increased frequency of s t i ck ing  

of t h e  control  rods. On t h e  one hand, it was postula ted  by severa l  

witnesses t h a t  t h e  bowing of t h e  boron s t r i p s  a t tached t o  t h e  f u e l  e l e -  

ments exerted s u f f i c i e n t  l a t e r a l  force  t o  r e s u l t  i n  reduction of t h e  

clearance within t h e  control  rod shrouds and r e s t r i c t i o n  of t h e  f r e e  

motion of t h e  blades. On t h e  o ther  hand, severa l  witnesses f e l t  t h e r e  

was no evidence f o r  such c los ing of t h e  shrouds but  t h a t  t h e r e  might 

have been some accumulation of d i r t  o r  corrosion product on t h e  shroud 

and blade surfaces.  It was a l s o  indicated t h a t  t h e  higher power opera- 

t ion ,  t h a t  is, operat ion a t  4.7 ~ w ( t ) ,  which took place only a f t e r  

November 1960, and t h e  addi t ion  of t h e  cadmium s t r i p s  required f u r t h e r  

withdrawal of t h e  control  rods than had been previously required. Con- 

sequently, t h e  dr ives  were being used i n  a new region of t h e  mechanical 

s t ruc tu re  where c lose r  to lerances  o r  o ther  d i f ferences  caused increased 

d i f f i c u l t i e s  with rod motion. 



Events Surrounding t h e  Incident  

The reac to r  was shut  down f o r  maintenance on December 23, 1960, 

a f t e r  having been operated f o r  s l i g h t l y  more than two years.  It was 

planned t o  br ing it t o  power on January 4, 1961. On January 3, 1961, 

44 cobal t  flux-measuring wires were inse r t ed  i n t o  coolant channels 

between p l a t e s  of t h e  f u e l  assemblies. This work required t h e  removal 

of t h e  control  rod d r ive  assemblies. The disassembly and i n s e r t i o n  of 

t h e  cobalt  flux-measuring wires had been completed by t h e  day crew on 

January 3, 1961. The next crew (4:OO p.m. t o  midnight of January 3, 

19611 consisted of t h e  t h r e e  m i l i t a r y  personnel involved i n  t h e  accident. 

This crew and t h e  crew t h a t  folhowed had been assigned t h e  t a s k  of r e -  

assembling t h e  control  rod dr ives  and preparing t h e  reac to r  f o r  s t a r tup .  

The f i r s t  ind ica t ion  of t roub le  a t  t h e  SL-1 reac to r  was an alarm 

a t  the  f i r e  and s e c u r i t y  s t a t i o n s  a t  about 9:01 p.m. (MST), January 3, 

1961. Immediate response t o  t h e  alarm was made by t h e  f i r e  department 

and s e c u r i t y  pa t ro l .  They ca l l ed  a hea l th  phys ic i s t  who discovered in-  

creasing rad ia t ion  l e v e l s  as he approached t h e  reac to r  building.  No 

ent ry  was made u n t i l  t h e  a r r i v a l  of t h e  hea l th  physic is t .  He and others 

located  two of t h e  crewman. One crewman who appeared t o  be a l i v e  was 

removed a t  about 1 1 : O O  p.m. He was pronounced dead almost immediately 

a f t e r  he was removed from the  building.  The other  two were dead when 

f i r s t  seen by those  who entered t h e  reac to r  room. The rad ia t ion  l e v e l  

i n  t h e  reac to r  room was approximately 50Ck1000 r /hr .  Of t h e  severa l  

hundred persons who a s s i s t e d  i n  t h e  recovery operation, 22 received radia-  

t i o n  exposures i n  t h e  range of 3 t o  27 r total-body exposure. No c l i n i c a l  

symptoms have been detected.  
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Postmortem examination of t h e  t h r e e  deceased crewman showed t h a t  

a l l  t h r e e  died a s  a d i r e c t  o r  i n d i r e c t  r e s u l t  of b l a s t  damage. There 

was a l s o  evidence of f l a s h  burns from steam o r  hot  gas bn l imi ted  areas  

of t h e  bodies. 

Only minor damage was done t o  t h e  reac to r  building.  The extent  of 

t h e  damage t o  t h e  reac to r  pressure vesse l  i s  not known, but  it i s  evident  

t h a t  t h e  core has been damaged extensively.  The control-rod shrouds 

have been g r e a t l y  d i s to r t ed ,  core components l i t t e r  t h e  top  of t h e  core, 

and t h e  core has been expanded from i n t e r n a l  pressure t h a t  probably 

reached severa l  hundred pounds per square inch following t h e  i n i t i a l  

shock wave, t h e  fo rce  of which i s  estimated t o  have reached 7000 ps i .  

The core i s  i n  contact  with t h e  thermal s h i e l d  near t h e  wall  of t h e  r e -  

a c t o r  vesse l  a t  many points  on i t s  circumference. The pressure vented 

through a number of p a r t i a l l y  closed nozzles i n  t h e  top  of t h e  head of 

t h e  reac to r  and blew out s h i e l d  plugs, port ions of control  rods, and 

some fuel .  It has been determined t h a t  t h e r e  is  l i t t l e ,  i f  any, water 

i n  t h e  vesse l .  

Although it i s  not known what caused t h e  explosion, t h e r e  i s  good 

evidence t h a t  a nuclear  excursion took place. The in tegra ted  thermal- 

neutron f lux  about t h e  reac to r  was estimated t o  have been approximately 

lo1' neutrons/cm2 and may have been from more than  a s i n g l e  burs t .  Further-  

more, t h e  hypothesis of an i n i t i a l  chemical r eac t ion  which then induced 

a nuclear r eac t ion  by rearrangement of core components is  not supported 

by any evidence t o  date.  I n  t h i s  regard, t h e  ~ o a r d ~ l  has been advised 

t h a t  meta l lurgica l  examinations made a f t e r  t h e  accident  probably would 



not e s t a b l i s h  conclusively whether a metal-water react ion,  i f  it occurred 

a t  a l l ,  could have i n i t i a t e d  o r  would have resu l t ed  from t h e  nuclear ex- 

curs ion. 

Chemical and r a d i o a c t i v i t y  measurements on a s i n g l e  fragment of 

r eac to r  f u e l  e j ec ted  by t h e  explosion, i f  r ep resen ta t ive  of t h e  t o t a l  

fue l ,  suggest t h a t  t h e  reac t ion  may have resu l t ed  i n  1 .5  X lo1* f i s s i o n s .  

This would have produced 50 Mw-sec of energy. Other est imates,  based on 

decay of gaseous a c t i v i t y  and on analogy with SPERT and BORAX experimental 

r e s u l t s ,  give a range from 100 t o  500 Mw-sec f o r  t h e  t o t a l  energy re lease .  

It i s  poss ib le  t o  conceive of severa l  d i f f e r e n t  items o r  combinations 

of items which may have cons t i tu ted  t h e  immediate i n i t i a t i n g  event. The 

accident  could have occurred with no e r r o r s  being committed on t h e  p a r t  

of t h e  crew, although c e r t a i n  e r r o r s  on t h e  p a r t  of t h e  operators a l s o  

can be v i sua l i zed  a s  poss ib le  i n i t i a t i n g  events. From t h e  pos i t ions  of 

the  men a f t e r  t h e  accident  and t h e  i n j u r i e s  they  suffered,  one o r  two of 

them a re  believed t o  have been working on t h e  con t ro l  rod mechanism, but  

t h e  o r i g i n a l  hypothesis t h a t  they  were engaged i n  l i f t i n g  t h e  c e n t r a l  con- 

t r o l  rod a t  t h e  time of t h e  accident  is  now held  t o  be unl ikely .  This 

t u r n  of events is  based on t h e  reclamation work25 now i n  progress, which 

has revealed t h a t  t h e  nut and washer had been i n s t a l l e d  on t h e  control  

rod and t h a t  t h e  rod extension was fffrozen" by t h e  col laps ing guide tube 

i n  a pos i t ion  i n  which t h e  rod s t i l l  should have extended through t h e  

core. 

On t h e  b a s i s  of e x i s t i n g  information on t h e  r e a c t i v i t y  worth of t h e  

c e n t r a l  control  rod ( p r i o r  t o  shutdown) and t h e  r e s u l t s  of BORAX and 

SPERT experiments, it i s  estimated t h a t  t h i s  rod, which weighs 80 l b  



immersed i n  water, would need t o  be withdrawn 22 t o  24 in. a t  a r a t e  of 

approximately 24 i n . / s e c  i n  order t o  produce a nuclear  excursion of t h e  

magnitude est imated t o  have occurred. While these  ac t ions  and conditions 

appear credible ,  they do not appear probable without o ther  influences. 

Additional f a c t o r s  can be considered t h a t  involve t h e  p o s s i b i l i t y  

t h a t  some changes occurred i n  t h e  proper t ies  of t h e  reac to r  between 

December 23, 1960 and January 3, 1961, changes t h a t  would minimize t h e  

capab i l i ty  of t h e  control  rod system t o  maintain t h e  reac to r  i n  t h e  shut-  

down condition. There i s  no d i r e c t  evidence a t  present  t h a t  any such 

changes took place. I f  l o s s  of cadmium br,  l o s s  of boron occurred, how- 

ever, during t h e  shutdown period i n  question, t h e  shutdown margin of 

r e a c t i v i t y  would have been reduced. With a reduced shutdown margin of 

r e a c t i v i t y ,  s u b s t a n t i a l l y  l e s s  withdrawal of t h e  c e n t r a l  control  rod 

would have produced c r i t i c a l i t y .  

Other conceivable, although a t  t h e  present  unlikely,  i n i t i a t i n g  

events include : 

1. A water-metal r eac t ion  followed by a hydrogen explosion o r  o ther  

chemical r eac t ion  below t h e  reac to r  core t h a t  would d r ive  t h e  c e n t r a l  rod 

o r  severa l  of t h e  rods up out of t h e  core o r  which would l i f t  t h e  s e a l  

plugs and the re fo re  t h e  at tached rods by a general  pressure increase.  

2. Addition of water t o  t h e  core which had become dry and otherwise 

changed. 

3. A mechanical s h i f t i n g  of core components. 

Although t h e  bui ld ing housing t h e  reac to r  was not designed f o r  t i g h t  

containment, i n  view of i t s  r a t h e r  remote s i t e ,  and t h e  accident  and t h e  

contamination ins ide  t h e  bui ld ing were unusually severe, t h e  bui ld ing 



nevertheless proved e f f e c t i v e  i n  preventing t h e  spread of contamination 

and obviat ing any hazard t o  people outside t h e  building.  Some gaseous 

f i s s i o n  products, including radioact ive  iodine, escaped t o  t h e  atmosphere 

outside t h e  building and were c a r r i e d  downwind i n  a narrow plume. Par t icu-  

l a t e  f i s s i o n  products and f u e l  were l a r g e l y  confined t o  t h e  reac to r  bui ld-  

ing. The l i m i t a t i o n  of t h e  a c t i v i t y  re lease  was f u r t h e r  aided by t h e  

reac to r  having been shut  down f o r  10 days p r i o r  t o  t h e  accident. Consider- 

able  decay of t h e  v o l a t i l e  f i s s i o n  products had occurred. It was a low 

power reac to r  and t h e r e  was only p a r t i a l  l o s s  of t h e  fue l .  

Discussion of Control Aspects 

The physics of t h e  reac to r  core a f f e c t  t h e  con t ro l  system p r i n c i p a l l y  

through t h e  control-rod worth and t h e  reactivity-shutdown margin. These 

two parameters a r e  of course re la ted ,  although t h e i r  choice is  d i c t a t e d  

by somewhat d i f f e r e n t  considerat ions.  The shutdown r e a c t i v i t y  margin is  

determined by t h e  loaded excess r e a c t i v i t y  and t h e  t o t a l  rod worth. The 

performance of t h e  reac to r  - i t s  power, o r  l i f e ,  o r  operat ing cos t  - i s  

c r i t i c a l l y  dependent on the  excess r e a c t i v i t y  avai lable .  Thus, t h e  de- 

s igner  may be faced with t h e  dilernna of t r ad ing  performance (excess r e -  

a c t i v i t y )  f or  s a f e t y  (shutdown margin) . The performance is  e a s i l y  

measured; t h e  s a f e t y  i s  intangible.  The shutdown margin of t h e  SL-1 was 

inadequate. 

No un iversa l ly  recognized standard e x i s t s  t h a t  gives a minimum 

shutdown margin. ~ c h u l t z ~ ~  suggests a minimum of 2% and a "usual range" 

of 5-10s. H t s  r e a c t i v i t y  data  f o r  21 power reac to r s  show t h a t  t h e i r  

shutdown margins vary widely. A recent  compilation by ~ a t e s ~ ~  f o r  19 

power reactors  i n  t h e  United S t a t e s  shows two with negative margins 



t h a t  requi re  a u x i l i a r y  chemical shutdown; f o r  t h e  o ther  17 t h e  margins 

vary between 2% and 8.8%. It is  d i f f i c u l t  t o  d i sce rn  any consis tent  

c r i t e r i o n  i n  these  s c a t t e r e d  values. Bates has suggested27 t h e  follow- 

ing c r i t e r i o n  f o r  minimum shutdown margin: "NO s i n g l e  e r r o r  i n  manipula- 

t i o n  of rods o r  f u e l  i n  t h e  r eac to r  s h a l l  cause it t o  go c r i t i c a l  in-  

adver ten t ly . "  This c r i t e r i o n  thus  gives t h e  margin i n  terms of t h e  maximum 

change i n  r e a c t i v i t y  which can be produced by a s i n g l e  element; f o r  example, 

t h e  con t ro l  rod having g r e a t e s t  worth. It must be concluded t h a t  t h e  

shutdown margin of t h e  SL-1 a s  designed and b u i l t  was inadequate according 

t o  Bates c r i t e r i o n .  

I n  add i t ion  t o  t h e  l a c k  of an adequate shutdown margin t h e  p r i n c i p a l  

def ic iency i n  t h e  con t ro l  rod system was t h a t  t h e  rod had t o  be completely 

disengaged from t h e  mechanism f o r  access t o  t h e  mechanism or  core. It was 

necessary t o  f i r s t  disassemble t h e  pinion d r ive  s h a f t  components i n  order  

t o  remove t h e  thimble. Thus t h e  rod was l e f t  without t h e  p ro tec t ion  aga ins t  

upward motion which might have been afforded by t h e  a u x i l i a r y  c lu tch  on the  

d r ive  motor,and any t r a n s i e n t  pressure r i s e  i n  t h e  core could ind i rec t ly  

r e s u l t  i n  t r a n s i e n t  upward forces  on t h e  rods i n  t h e  d i r e c t i o n  of increas ing 

r e a c t i v i t y .  It i s  not o f t en  s t a t e d  e x p l i c i t l y ,  even i n  r eac to r  hazards 

documents, t h a t  t h e  thimbles a r e  e s s e n t i a l  t o  t h e  s a f e t y  of rod dr ives  of 

t h i s  type. This r eac to r  was unknowingly placed i n  a  condit ion more hazardous 

than normal every t ime t h e  thimbles were removed. I n  o ther  r eac to r s  us ing 

t h i s  type  of  drive,  it would seem prudent t o  devise operat ing procedures 

t o  minimize t h e  added hazard present  when t h e  thimbles must be removed. 

The most obvious and most .object ionable f e a t u r e  of t h e  SL-1 rod d r i v e  

system i s ,  of course, t h e  necess i ty  f o r  l i f t i n g  t h e  rod by hand and holding 



it with a "c" clamp while coupling o r  uncoupling t h e  rod and t h e  d r ive  

mechanism. This f e a t u r e  i s  not e s s e n t i a l ;  o the r  rod d r ives  of t h i s  type 

l a c k  it, and b e t t e r  so. Hand l i f t i n g  v i o l a t e s  seve ra l  elementary s a f e t y  

c r i t e r i a :  

1. The rod cannot be dropped by t h e  s a f e t y  system. 

2. Rod withdrawal i s  not supervised by t h e  con t ro l  system. 

3. Rod withdrawal speed and amount a r e  not l imi ted  o r  control led.  

4 Rod pos t t ion  i s  unknown t o  t h e  console opera tor  and can only 

be estimated by t h e  man doing t h e  l i f t i n g  who is  unaware of t h e  readings 

of t h e  r eac to r  instruments. 

Of course, con t ro l  rods must be removed and replaced because of burnup, 

but such operat ions should be c a r e f u l l y  programmed and made safe ,  a s  neces- 

sary,  by removing f i e 1  from t h e  core. The rout ine ,  casual,  and frequent  

necess i ty  f o r  hand l i f t i n g  of t h e  SL-1 con t ro l  elements was an unnecessary 

danger. 

From an opera t ional  point  of view t h e  decis ion  was unsound t o  continue 

operat ion even though t h e  con t ro l  rods f requent ly  d id  not i n s e r t  on a scram 

and t h e  core was increas ing i n  r e a c t i v i t y  by a mechanism not f i l l y  under- 

stood and the re fo re  a t  an unknown r a t e .  It i s  admittedly d i f f i c u l t  t o  

e s t a b l i s h  c r i t e r i a  f o r  a l l  aspects  of r eac to r  safe ty ,  bu t  i n  t h e  case of 

l o s s  of shutdown a b i l i t y  during operat ion t h e  r u l e s  of t h e  a r t  a r e  s t r a i g h t -  

forward. The s a f e t y  system i s  provided t o  a s su re  t h e  s a f e t y  of t h e  reac tor ,  

and it provides t h e  b a s i s  upon which t h e  s a f e t y  of t h e  r e a c t o r  is, i n  p a r t  

a t  l e a s t ,  assessed. Any impairment of t h i s  system's a b i l i t y ,  such a s  t h e  

f a i l u r e  of one o r  more rods t o  drop on a scram, o r  a  s i g n i f i c a n t  decrease 

i n  shutdown margin, i s  i n  t h e  d i r e c t i o n  of danger and t h e  r e a c t o r  should 



be shut  down. Before opera t ion  should be allowed t o  resume, a  s a f e t y  

review should favorably a s sess  not only t h e  s a f e t y  of t h e  r e a c t o r  i n  

i t s  e x i s t i n g  condi t ion  but  a l s o  i n  t h e  event of f u r t h e r  l o s s e s  i n  per -  

f  ormance capab i l i ty .  

Conclusions 

The conclusions *' of t h e  Board of Inves t iga t ion  were supplemented 

and i n t e r p r e t e d  by t h e  Chairman of t h e  Board, a s  we l l  a s  o the r  respons ib le  

members of t h e  Commission, i n  testimony before  t h e  J o i n t  Committee on 

Atomic Energy i n  June. Testimony of each of t h e  following w i l l  be f o l -  

lowed by h i s  l a s t  name: Cur t i s  A. Nelson, Chairman of t h e  Board of 

Inves t iga t ion;  AEC Commissioner Robert E. Wilson; and AEC General Manager 

A. R. Luedecke. 

1. Design Features.  "A design f e a t u r e  which should be 
avoided ... is  t o  have t h e  withdrawal of a  s i n g l e  c o n t r o l  rod 
cause t h e  r e a c t o r  t o  go s u p e r - c r i t i c a l .  I f  t h i s  f e a t u r e  i s  
deemed unavoidable i n  a  p a r t i c u l a r  design, t h e r e  ml~st  be pos i -  
t i v e  con t ro l s  not  only t o  prevent  i t s  happening i n  opera t ion  ... 
but  t o  make it impossible i n  car ry ing  out maintenance work. 
The f a i l u r e  t o  make such provis ions  was a  design def ic iency i n  
t h e  SL-1." (Wilson) 

2. Control Rod Malfunctions. "Where t h e r e  a r e  repeated 
malfunctions of a  c o n t r o l  system such a s  s t i c k i n g  of con t ro l  
rods, ... t h e  r e a c t o r  should remain shut  down u n t i l  e f f e c t i v e  
remedial s t e p s  have been taken. The dec i s ion  t o  continue opera- 
t i o n  of t h e  SL-1 under such condi t ions  was made a t  t o o  low a  
l e v e l  and without a  thorough hazards review by q u a l i f i e d  AEC 
personnel." (Wilson) 

... 3. Reac t iv i ty  of Core. "Where t h e r e  a r e  obvious 
s t r u c t u r a l  de fec t s  i n  t h e  core com~onents  o r  a  s u b s t a n t i a l  l o s s  
of "wortht' i n  t h e  con t ro l  system, t h e  r e a c t o r  shou1.d remain 
shut  down u n t i l  e f f e c t i v e  remedial s t e p s  have been taken. 
(Wilson) ... It [was] known t h a t  progress ive  d e t e r i o r a t i o n  oP 
t h e  SL-1 core ... had taken place.  [ ~ u e d e c k e )  ... The formal 



recommendation of a  r epor t  on t h e  l o s s  of boron from t h e  r e a c t o r  
core, a f t e r  in tens ive  review of t h e  problem, was t o  te rminate  
a  previously es t ab l i shed  inspect ion  rou t ine  of t h e  f u e l  elements 
and t o  continue t o  operate t h e  reac tor .  It i s  conceivable t h a t  
continued inspect ion  of t h e  f u e l  elements could have l e d  t o  addi-  
t i o n a l  knowledge which would have a f f e c t e d  t h e  dec i s ion  t o  con- 
t i n u e  t o  operate ....   elso son) 

4.  Safe ty  Reviews. " ~ e f i c i e n c i e s  i n  t h e  s a f e t y  procedures 
and p r a c t i c e s  of t h e  AEC and contrac tor  organiza t ion  ... have 
been f m n d  which, i f  corrected,  might have prevented t h e  acc ident  
.... I be l i eve  t h a t  a  t imely and comprehensive s a f e t y  r e a c t o r  
review by t h e  cont rac tor  would have r e s u l t e d  i n  an order  shu t t ing  
down t h e  r e a c t o r  f o r  review and cor rec t ive  a c t i o n  p r i o r  t o  t h e  
inc ident .  (Luedecke) ... Every reactor ,  l i censed  o r  Commission- 
operated, should have per iodic  s a f e t y  reviews by an independent 
group. The contrac tor  d id  not make such a review, subsequent t o  
i t s  i n i t i a l  survey i n  February 1959. The Idaho Operations Off i c e  
made per iodic  reviews of f i r e ,  r a d i a t i o n  hazards, and i n d u s t r i a l  
sa fe ty ,  but d i d  not conduct s p e c i a l  reviews of nuclear  s a f e t y  of 
t h e  SL-1 reactor .  " (Wilson) 

5. Written Procedures. "Operating personnel were not r e -  
quired t o  fol low a d e t a i l e d  w r i t t e n  procedure ... f o r  t h e  disassembly- 
assembly of t h e  con t ro l  rod mechanism. (Pielson) ... Even where 
t r a i n e d  men conduct so-ca l led  rou t ine  maintenance operat ions on 
reac to r  cores, t h e r e  should be d e t a i l e d  w r i t t e n  procedures t o  be 
followed. " (Wilson) 

6. Instrumentation. "In order  t o  increase  t h e  s a f e t y  of 
r eac to r  maintenance operat ions t h e r e  should be an operator  i n  t h e  
con t ro l  room and appropr ia te  instruments connected whenever any 
work i s  being done on t h e  r e a c t o r  i n t e r n a l s .  Had t h i s  been t h e  
p r a c t i c e  a t  t h e  SL-1, it might have prevented t h e  acc ident  and i n  
any case would have furnished important d iagnost ic  information as  
t o  i t s  causes." (Wilson) 

7. Inspection.  " ~ d e q u a t e  and t imely inspect ion  by t h e  AEC 
would a l s o  have revealed condit ions which might have ctiused t h e  
r e a c t o r  t o  be shut  down. (Luedecke) ... The Inspection Division 
f a i l e d  t o  br ing  t h i s  f a c t  [ i . e . ,  l ack  of adequate s a f e t y  reviews] 
t o  t h e  a t t e n t i o n  of t h e  Reactor Development Division o r  t h e  
General Manager.  his f a i l u r e  was] i n  p a r t  t h e  r e s u l t  of t h e  
complex organizat ion.  " (Wilson) 



8. Operating Organization.  h he t r a i n i n g  and a b i l i t y  
of t h e  operat ing organizat ion appears not t o  have been en- 
t i r e l y  adequate, s ince  substandard condit ions were allowed 
t o  develop i n  t h e  reac to r  and i t s  components and yet ,  r e -  
a c t o r  operat ion was allowed t o  continue. The complexity of 
t h e  chain-of-command f o r  t h e  SL-1 may explain,  i n  p a r t ,  t h e  
l ack  of ef fec t iveness  of t h e  e x i s t i n g  organizat ion i n  com- 
municating with higher l e v e l s  of supervision regarding these  
substandard conditions. "  e el son) 

9. Responsibil i ty.   e he l i n e s  of r e s p o n s i b i l i t y  with- 
i n  t h e  AEC f o r  hea l th  and safe ty ,  from t h e  General Manager down 
t o  t h e  operators of t h e  reactors ,  were not a s  c l e a r  and d e f i -  
n i t e  i n  severa l  respects  a s  they should have been, nor were 
t h e  l e v e l s  a t  which c e r t a i n  s a f e t y  and operat ing decisions 
should be made, spel led  out. ( ~ i l s o n )  . . . The immediate r e -  
s p o n s i b i l i t y  f o r  t h e  SL-1 incident  . . . [however] was t h a t  
of t h e  contrac tor ,  i n  t h a t  t h e  contrac tor  was on s i t e  and had 
immediate r e s p o n s i b i l i t y  f o r  a l l  r eac to r  operat ions ... 
Responsibi l i ty  f o r  t h e  performance of the  contrac tor  is  t h a t  
of t h e  AEC Idaho Operations Office Manager and h i s  s t a f f .  
 e el son) 

I n  addi t ion  t o  t h e  above, t h e  Board of Inves t iga t ion  a l s o  commented 

upon act ions  occurring a f t e r  t h e  SL-1 accident .  

 h he recovery operat ion and t h e  inves t iga to ry  ac t ions  
might have been more e f fec t ive ,  and more expedi t ious ly  ca r r l ed  
out had t h e  emergency planning been more extensive .... Examples 
of what might have been improvements [ inc lude]  t h e  following: 

a]  Appropriate choice and placement of s u i t a b l e  inc ident  
monitors [ i n  add i t ion  t o  t h e  one present]  might have c l e a r l y  
indicated very soon a f t e r  t h e  inc ident  t h e  nature and extent  of 
t h e  incident .  

b) Clear ly  assigned, and continuing, r e s p o n s i b i l i t i e s  of 
a  ' d i s a s t e r  team1 might have improved t h e  execution of e a r l y  
at tempts t o  obta in  s i g n i f i c a n t  data  concerning shor t - l ived 
a c t i v i t i e s  of various samples." 

(An a r t i c l e  on t h e  value of a n a l y t i c a l  procedures i n  nuclear  inc idents  

was presented i n  an e a r l i e r  i ssue  of Nuclear sa fe ty2*)  

Another suggestion along t h i s  l i n e  made by t h e  Board was t h a t  t h e  

"performance of t h e  Board of Inves t igat ion,  i t s e l f ,  may have been improved 



had i t s  organizat ion and assignment been s p e c i f i c a l l y  pre-es tabl i shed 

and described by appropr ia te  AEC procedure. " ( ~ m .  B. C o t t r e l l  and 

S. H. ~ a n a u e r )  



COMMENTS ON PROPOSED REACTOR SITE CRITERIA 

Proposed c r i t e r i a  f o r  use a s  guides i n  the  se lec t ion  of reac tor  

s i t e s  were published i n  the  Federal Register  on February 11, 1961, and 

comments o r  suggestions addressed t o  t he  Division of Licensing and 

Regulations of the  AEC were inv i ted  from in te res ted  par t i es .  The c r i -  

t e r i a  and previous s i t i n g  developments were reviewed i n  a previous issue 

of Nuclear ~ a f e t ~ . ~ ~ , ~ ~  Even i f  t he  proposed c r i t e r i a  were adcpted i n  

anything l i k e  t he  present form., the  judgment of the  designer, the  AEC 

regulatory s t a f f ,  and t he  Advisory Committee on Reactor Safeguards (ACRS) 

remains v i t a l  t o  the  se lec t ion  of a s i t e ,  since, a s  acknowledged by AEC, 

s i t e  c r i t e r i a  cannot yet  be s ta ted  precisely.  

Comments were received from 30 sources, including ACRS, the  Atomic 

Indus t r i a l  Forum, and foreign, as  well a s  American, groups. The Comqittee 

on Reactor Safety of the  Atomic Indus t r i a l  Forum on March 17, 1961, d i s -  

cussed the  c r i t e r i a  i n  a specia l  Forum seminar par t ic ipated i n  by 1 7  of 

i t s  members. 31 I n  addit ion t o  comments, the  Forum sibmitted, 32 a s  did 

Atomics Internat ional ,  3 3  a proposed complete revis ion of the  c r i t e r i a .  

I n  the  discussion which follows selected quotations a r e  presented t h a t  

were taken from many of t he  comm.ents i n  an attempt t o  indicate  both t h e i r  

range and depth. Although it i s  intended t h a t  the  o r ig ina l  meaning of 

the  comments be maintained, a l l  are,  of course, presented here out of 

context, and persons in te res ted  i n  greater  d e t a i l  should r e f e r  t o  t he  

o r ig ina l  comments. 1% i s  ant ic ipated tha.t t he  Division of Licensing and 

Regulations w i l l  embody many of the  comments and suggestions i n t o  a r e -  

v is ion of the  c r i t e r i a  which w i l l  then be issued i n  t he  Federal Renister .  



General Comments 

For t h e  most p a r t  t h e  groups who commented welcomed t h e  c r i t e r i a ,  

s ince  they saw t h e  need f o r  guide l i n e s  f o r  t h e  industry.  There was, 

however, much f e a r  expressed t h a t  t h e  c r i t e r i a  were t o o  r e s t r i c t i v e  and 

t h a t  once they were s e t  f o r t h  i n  t h e  Federal Regis ter  a s  regula t ions  and 

were f ixed  i n  t h e  minds of t h e  public and a u t h o r i t i e s  it would be d i f f i -  

c u l t  t o  make s i t e  decisions counter t o  t h e  c r i t e r i a  even though such 

decisions might be warranted by t h e  p a r t i c u l a r  designs. The use  of t h e  

ca lcula ted  example i n  Appendix A f o r  a  ser ious  accident  of a  hypothet ica l  

reactor  was a cause of concern. It was f e l t  t h a t  t o o  much emphasis was 

placed on dis tances  t o  populated centers  t o  t h e  detriment of t h e  engineer- 

ing safeguards which can be developed. A sampling of t h e  general  comments 

follows : 

"... use of t h e  term 'guides '  may lead t o  some ambiguity a s  t o  
t h e i r  i n t e n t  and purpose ... t h e  proposed 'guides1 had been 
i d e n t i f i e d  by AEC a s  ... ( p a r t )  of t h e  Code of Federal Regula- 
t i o n  .... 
 here was an obvious d i f fe rence  of opinion among seminar p a r t i -  
c ipants  a s  t o  t h e  intended purpose of Appendix ' A , ' . . .  

"... t h e  guides may, t h r u  inadverted phraseology, have a pos- 
s i b l e  adverse impact on public opinion even though t h e i r  i n t e n t  
might be c l e a r l y  understood by reac to r  l i censees  and others  i n  
t h e  atomic industry.  "31 

"We bel ieve  t h a t  t h e  guides out l ined i n  t h e  proposed c r i t e r i a  
a re  most des i rab le  f o r  prel iminary evaluat ion of p o t e n t i a l  r e -  
a c t o r  s i t e s . .  .. 
" ~ n  e f f o r t  should be made t o  e s t a b l i s h  t h e  t r ade-of f s  which can 
acceptably be e f fec ted  between engineering safeguards incorporated 
i n  t h e  reac to r  system and t h e  various d is tances  spec i f i ed  i n  t h e  
present  Guides. 'I3' 

"To my knowledge, t h e r e  i s  no d e f i n i t e  requirement by t h e  Com- 
mission which would prevent an i n d u s t r i a l  park o r  surburban 
housing development from springing up around a reactor ,  once 



it was l icensed,  and e f f ec t i ve ly  abolishing the  'low popula- 
t i o n  zone' so c a r e fu l l y  ca lcula ted a s  a requirement f o r  
i ssuing the  l i cense .  "35 

"It i s  apparent throughout the  proposed guide t h a t  it was w r i t -  
t e n  f o r  a spec i f i c  c l a s s  of reac to rs  and a spec i f i c  type of 
containment. This i s  unfortunate. ' I 3  

" ~ b j e c t i v e  ( b )  of the  Proposed Guides i s  not c l e a r  because t h e  
phrases 'not normally considered c red ib le '  and ' t h e  number of 
people k i l l e d  should not be catas t rophic '  a r e  subject  t o  a 
considerable range of subjective in te rpre ta t ion .  I n  addit ion,  
t he  l a t t e r  could provoke public alarm without need. , . .  

"It i s  recommended, therefore ,  t h a t  t h e  bas ic  object ive  i n  t he  
establishment and use of the  Proposed Guides be s t a t ed  as :  

'Serious i n ju ry  t o  individuals  o f f s i t e  should be avoided 
and t he  exposure of l a rge  nuriibers of people i n  terms of 
t o t a l  in tegra ted population dose should be low, i f  any 
unlikely,  but s t i l l  credible ,  accident  should occur. "'33 

". .. t h e  document recognizes t a c i t l y  t h a t  the  ACks and t he  AEC 
a s  a whole a re  not a s  yet  ccmpletely wi l l ing  t o  t r ade  dis tance  
f o r  engineering design. This i s  a  reasonable posit lon a t  t h i s  
stage i n  t he  development of the  atomic energy indust ry  and i n  
view of t h e  projected fu tu re  population growth. 

 h he i n t en t  and des i re  of t he  ACRS i s  t h a t  t h i s  be a very f l ex -  
i b l e  document and t h a t  devia t ions  from t h i s  document should be 
allowed i n  cases where an applicant  can show t h a t  h i s  design 
o r  h i s  s i t i n g  of t he  reac to r  leads  t o  a sa fe  s i t ua t i on .  I n  
f a c t ,  the  ACRS would l i k e  t o  encourage appl icants  t o  come i n  
with deviat ions i n  those cases i n  which they bel ieve  t h a t  a  
va l i d  reason f o r  devia t ion e x i s t s .  11 37 

Specific Comments on Guide 

Concern was expressed about some spec ia l  cases i n  which appl ica t ion 

of t he  proposed concept of a "popula t~on  cen te r  distance" would p r a c t i c a l l y  

exclude power r eac to r s  from areas  where most au tho r i t i e s  f e e l  they w i l l  

be u t i l i z e d .  Japan f e e l s  t h a t  i t s  regula t ion a r e  l i k e l y  to evclve from 

the  United S t a t e s  regulat ions,  and, i n  Japan, it would almost be impossible 



t o  f i nd  power reac to r  s i t e s  based on t he  proposed regula t ions  because of 

the  high population densi ty .  It was a l so  pointed out by several  sources 

t h a t  t h e  regula t ions  created an awkward s i t ua t i on  f o r  mobile reactor  

power plants ,  such a s  t h a t  of the  N.S. Savannah. The s i t ua t i on  with r e -  

spect t o  process steam reac to rs  would a l so  be clouded. Some of the  com- 

ments on these  specia l  cases follow: 

"The proposed guides on reac to r  s i t e  c r i t e r i a  published by t he  
United S ta tes  Atomic Energy Commission on February 11 t h i s  
year [have] brought about a great  dea l  of repercussion among 
the  r e l a t ed  quar ters  of the  Japanese indust ry ,  We consider 
t h a t  it i s  now a so r t  of world wide common sense t h a t  i n  the  
f i e l d  of nuclear energy even domestic l eg i s l a t i ons  cannot be 
made without influencing o r  being influenced by t he  s i t ua t i on  
abroad. 'I3 

"Should these  f igures  of exclusion area,  low p o p ~ l a t i c n  zoLe 
and population cen te r  d is tance  as  appearing i n  the  A~pendix 
' A '  be adopted f o r  granted, it would eventually make it p;-acti- 
c a l l y  impossible t o  f ind  a sTte i n  Japan f o r  i n s t a l l i n g  any 
U .  S. type r eac to r .  1 1  3 9 

"I would l i k e  t o  note t h a t  t he  Comiss ion ' s  e f f o r t s  t o  develop 
i n d u s t r i a l  process steam reac to rs  a l so  appear t o  r a i s e  questions 
about the  consistency of AEC's proposed guides on s i t e  c r i t e r i a .  
As you know, it i s  not economically p r a c t i c a l  t o  transmit  steam 
f o r  long dis tances .  I n  mast cases, it i s  necessary tha t  the 
i n d u s t r i a l  p lan t s  using process steam. be located c lose ly  around 
t he  steam-producing p lan t .  The Commission's distance-from- 
population c r i t e r i a  f o r  reac to rs  seem t o  us incompatible with 
t he  Commission's expenditures of time and m.oney f o r  the  develop- 
ment of process steam r eac to r s . . , .  

"There seems t o  be another inconsistency, a s  f a r  a s  remoteness 
from population i s  concerned, i n  the  Commission a t t i t u d e  in 
respect  t o  nuclear powered ships.  ... I recognize tha?, the  [N.  S. ] 
'Savannah' has Seen designed and b u i l t  with spec ia l  featuzWes 

.. t o  enhance t he  inherent  sa fe ty  of t he  pswer plant .  

Comm.ents on Multiple Reactor S i t e s  

The question of how t o  apgly t he  c r i t , e r ra  t:, m ~ ~ i t i p l e  r e ac%.~ r s  was 

introduced. Some of the  comments were: 



"IS t he  power l eve l  t o  be used f o r  determining dis tances  f o r  
population the  t o t a l  power l eve l  of a l l  nuclear un i t s  on s i t e  
o r  only the  power l eve l  of the  l a rge s t  unit?"50 

"where more than one reac tor  i s  located a t  a par t i cu la r  s i t e ,  
the  thermal r a t i ng  used i n  hazards ca lcu la t ions  pertaining t o  
the  t o t a l  i n s t a l l a t i o n  should l i e  somewhere between t he  thermal 
r a t i ng  of the  l a rge s t  s ingle  reac tor  and t he  sum of a l l  r eac tors  
present.  I f  the re  i s  negl igible  p o s s i b i l i t y  t h a t  an accident 
i n  one reac tor  could cause an accident i n  another a t  the  same 
s i t e ,  then t he  t.herma1 r a t i ng  of the  l a rge s t  s ingle  reac tor  
should be t he  value used i n  hazards  calculation^."^^ 

Comments on Evaluation Factcrs  

There were several  suggestions t h a t  the  emphasis on dis tance t o  

population centers  a s  a f ac to r  used i n  evaluating reac tor  s i t e s  should be 

replaced by an emphasis on the  sa fe ty  of the  engineering design. Geological 

and hydrological fac to rs  were discussed i n  r e l a t i o n  t o  the  precautions t o  

be taken t o  prevent radioactive e f f luen ts  from running i n t o  r i v e r s  o r  

reaching underground water -tables. Cr i t ic ism and questions p e r t a i ~ i n g  t o  

the  maximum emergency population rad ia t ion  exposure dose were included 

among the  remarks. Some of t he  comments were: 

.. "we view with concern the  S i t e  Evaluation Factors . .  This ap- 
proach appears t o  minimize t h e  possible contr ibut ions  t o  sa fe ty  
by advances i n  design, and t o  maximize the  value of i so l a t i on .  
We believe t h i s  approach un rea l i s t i c a l l y  undervalues s c i e n t i f i c  
and engineering s k i l l ,  both present and fu ture .  1141 

"one fundamental point i s  t h a t  t h e  contribution which s i t e  con- 
s iderat ions  can make t o  t he  sa fe ty  of the  public i s  r e l a t i v e l y  
small, when compared, t o  t he  contribution made by engheer ing  
b a r r i e r s  t o  the re lease  of f i s s i o n  products .... 
"We regard t h e  proposed population center  d is tance f ac to r  as  
t echn ica l ly  unjust i f ied ,  and recommend the  development of a 
r a t i ng  system which f ac to r s  i n  metecrology arid other environ- 
mental fac to rs ,  i n  addit ion t o  d i s t a ~ c e .  Such an approach 
provides a much grea te r  degree of ass&-ance t h a t  population 
center  distance w i l l  make a s ign i f ican t  contribution t o  pu3iic 
safe ty .  1139 



"1t seems very unl ikely  t h a t  fu tu re  inland s i t e s  can be found 
which have water supplies which a re  not used a t  some downstream 
point  .... We would suggest 'The plant  design must provide 
reasonable assurance t h a t  radioact ive  l i qu id  e f f l uen t s  cannot 
accidenta l ly  contaminate usable water supplies and prevent 
use of the  water f o r  long time periods. The provisions t o  
prevent accidenta l  r e leases  a s  wel l  a s  t he  importance of the  
po t en t i a l l y  contaminated water must be considered. '  ... 
" in  our opinion, some method of evaluating the r i s k  of exposing 
l a rge  numbers of persons should be developed taking i n t o  account 
t h e  in tegrated ma-rem exposure po ten t ia l  based on t he  proposed 
plant  including i t s  design features ,  the  meteorology and t he  
s ize ,  d is tance  and d i rec t ion  of areas  of subs tan t ia l  popula- 
t i o n .  'Q+* 

"we do not question the  25-rem whole-body exposure, but  we do 
believe t h a t  the  300-rem thyroid exposure i s  t oo  high. The 
highest value iodine exposure equivalent t h a t  we could j u s t i f y  
a t  the  present time would be 150 rem.... We s ~ s p e c t  t h a t  the  
higher thyroid values were included i n  the  proposed c r i t e r i a  
on the  ba s i s  t h a t  exposed persons may be t r e a t ed  i n  such a 
fashion a s  t o  reduce t h e i r  thyroid exposure by a f a c t o r  of 2.  
However, t he  use of the  higher value would be j u s t i f i e d  f o r  a 
pa r t i cu l a r  reac to r  only i f  t h a t  i n s t a l l a t i o r ,  were prepared Lo, 
and were capable of ,  ro~mding up a l l  the  perso% wh~.ct  had been 
evacuated from the  low-popuiatlon zone and ge t t i ng  %hem t o  
submit t o  t he  required treatment.  This does not appear t c  be 
e i t h e r  des i rab le  o r  p r ac t i c a l .  "3 

"The most important s ingle  new development which i s  embodied 
i n  t h i s  document i s  the f a c t  t h a t  it contained a s e t  of dosage 
l i m i t s  which can be used i n  t he  event of a very unl ikely  reac-  
t o r  accident  .... 
er he s i t e  c r i t e r i a ,  a s  published, do not completely define o r  
take care of the  problem of e i t h e r  gent ic  o r  scmatic danage. 
The problem i s  recognized and s ta ted  i n  the  document, ba t  .. answers t o  t h i s  problem do not a s  ye t  e x i s t . .  The Committee [ACRS] 
bel ieves  t h a t  t h e  so-called 'man-rem' dose has mcch t o  o f f e r  
a s  a safeguard f o r  the  general  protectiori of the  population. 
We went so f a r ,  i n  December of 1960, a s  t o  suggest t o  t he  
Commission t h a t  a dose l i m i t  of 4 X lo6 man-rems per accident 
might be reasonable. ! ' 3 7  

Comments on Amendix A 

The example i n  Ap2endix A which gave ca lcu la t iocs  f o r  poss ible  r e -  

ac to r  s i t i n g  dis tances  was t h e  most controvers ia l  portior, of t h e  



proposed regulation.  Some of t he  comments received with respect  t o  t he  

example follow: 

I f . . .  t he  AEC's Division of Licensing and Regulation has c l ea r ly  
demonstrated a tendency on the  par t  of AEC t o  take the  m.ost con- 
servat ive  of a l t e rna t i ve  in te rpre ta t ions  permitted by any ru l e .  
Hence, unless the re  i s  an unequivocal i n t en t  on the  pa r t  of the  
AEC not t o  permit variance f romthe  assurnptions used i n  Appendix 
' A '  it should not be included a s  an i n t eg ra l  pa r t  of the  guides. ,131 

" .  .. we a l so  believe t h a t  the  example a t  t he  end should be 
t r ea t ed  simply a s  an example and, perhaps, should be e i t h e r  
deleted or  augmented by the  addit ion of several  o ther  ex- 
ample s . '137 

 he proposed c r i t e r i o n  tabu la tes  conversion f a c t o r s  which were 
used t o  determine the  dose received from breathing a specified 
quanti ty of t he  various iodine isotopes.  We believe t h a t  t he  
ac tua l  conversion f ac to r s  are  appreciably higher and suspect t ha t  
the  lower values i n  the  guide were calcula ted from an e a r l i e r  
inaccurate value of the  uptake of iodine 'by the  thyroid as  well  
a s  a lower breathing range, 11 3 6 

''we do not agree with t he  general app l i cab i l i t y  or  the  technical  
v a l i d i t y  of t he  proposed Appendix ' A '  and urge t h a t  t he  Appendix 
be deleted."39 (J. R .  Buchanan) 



CHANGES I N  LICENSING REGULATIONS 

Par ts  of the  MC ru l e s  and regulations, found i n  T i t l e  10, Code of 

Federal Regulations, Chapter 1, are  frequently amended. Those now being 

considered f o r  change a re  discussed here. 

Par t  2 - Rules of Practice 

A proposed amendment t o  the ru l e s  of pract ice  would require tha t ,  i n  

requesting reactor  l icenses  and waste disposal  l icenses,  the applicants 

serve copies of t h e i r  applications on the  chief executive o f f i ce r  of the 

town o r  country i n  which t h e i r  f a c i l i t y  w i l l  be located.  The requirement 

would apply t o  power demonstration reactors  constructed under contract  

with and the  account of AEC, a s  well a s  t o  l icensed reactors .  4 3 

Part  30 - Licensina of Bv-Product Material 

Requirements f o r  exemption of t r i t i u m  from licensing f o r  use i n  

automobile lock illumination were s e t  f o r t h  i n  the  Federal Register  of 

April 26, 1961.44 Both favorable and unfavorable comments have been r e -  

ceived since then. Persons i n  favor usually f e l t  t h a t  the exempti.on should 

a l so  be extended t o  other users of s imilar  sources. 4 5 - 4 9  Comments against 

included statements t ha t  (1) an unwarranted precedent would 5e s e t  and 

( 2 )  tha t  novelty uses of radioactive materials  were being developed when 

convenient nonradioactive a l te rna tes  a re  avai lable .  

Par t  50 - Licensing of Production and Ut i l i za t ion  F a c i l i t i e s  

Change Without Specific Authorization, Proposed amendments t o  the 

change procedure ru l e s  were published50 i n  the  Federal Register  of Aprll 8, 

1961. Comments indicated t h a t  the  general in ten t  af the changes was good, 



but it was f e l t ,  i n  general, t h a t  the re  should be addi t ional  l i be r a l i z a -  

t ions  i n  the  ru les .  The requirement of prompt f i l i n g  with AEC of a r e -  

port  of every change, t e s t ,  o r  experiment was f e l t  t o  be an unnecessary 

burden. It was suggested t h a t  the  AEC technical  s t a f f  should be able  t o  

have ACRS review i t s  judgment without being required t o  submit the  matter 

t o  a public hearing. It was f e l t  t h a t  operators should be allowed t o  

submit proposed specif icat ions  i f  t h e i r  l icenses  d id  not include such, 

ra ther  than having the  en t i r e  hazards summary repor t  taken t o  be the 

specif icat ions .  4 5 7  50-53 

Special Nuclear Material Processing F a c i l i t i e s .  An amendment published 

i n  the  Federal Regis ter  of June 6 would eliminate t he  requirement of ob- 

ta ining a production f a c i l i t y  l icense  i f  the mater ia l  processed by a 

f a c i l i t y  contained not more than g of plutonium per gram of u * ~ ~ .  

This change w i l l  r e l i eve  the  Englehard Industr ies ,  Inc. ,  from the  require-  

ment of obtaining a production l icense  i n  order t o  process some f u e l  and 

control  elements from a Netherlands research reactor .  43 

Par t  100 - Si t e  C r i t e r i a  Guide 

The comm.ents on t h i s  proposed r u l e  a re  reviewed elsewhere i n  t h i s  

Review (p  . ) . 

Par t  140 - Financia l  Protection Requirements and Indemnity Agreements 

On March 29, the  AEC invi ted comments on the  question of whether pro- 

cessors of unirradiated uranium enriched i n  u~~~ (not  u~~~ or  p ~ ~ ~ ~ )  

should be indemnified and required t o  furnish  f i ~ a n ~ c i a l  protect ton.  5 0 

Since then, many comments have been received. Comments f ron  The :luci:.ear 

industry have been h e a r t i l y  i n  favor of the ext,ension, while tbe  insurance 



indus t ry  has been wholly agains t  it. The insurance companies f e e l  t h a t  

t h i s  i s  government encroachment i n t o  an a rea  i n  which they  a r e  w i l l i n g  

and ab le  t o  5 4  (J. R. ~ u c h a n a n )  



ACTION ON REACTOR PROJECTS BY LICENSING 
AND REGULATING BODIES 

The AEC i s  required by t he  Atomic Energy Act t o  protect  the  hea l th  

and safe ty  of t he  public from undue hazards r e l a t i v e  t o  t he  operation of 

nuclear f a c i l i t i e s .  Regulations which a r e  followed t o  ensure t h a t  t h i s  

r e spons ib i l i t y  i s  f u l f i l l e d  while fu r the r ing  the  simultaneous responsi- 

b i l i t y  f o r  developing the  use of nuclear energy a r e  published i n  the  

"code of Federal Regulations . I t  T i t l e  10 of t h e  Code requires  the  AEC t o  

make ce r t a i n  spec i f i c  f indings regarding t he  sa fe ty  of t he  public before 

i ssuing e i t h e r  the  construction permit o r  t h e  operating l i cense  f o r  a 

f a c i l i t y .  It a l s o  requires  author izat ion f o r  changes i n  f a c i l i t y  equip- 

ment o r  operation which contain an element of hazard not previously r e -  

viewed and approved. The l i cense  appl ica t ion record of the  various 

f a c i l i t i e s  i s  reported i n  Table [ t h i s  t a b l e  t o  be prepared a f t e r  d r a f t  

i s  issued] .  

Early i n  June 1961, the  AEC sent  questionnaires t o  reac to r  l icensees  

on gaseous e f f luen t  monitoring and control  m,ethods t o  obtain appra i sa l s  

of t h e i r  respective p rac t i ces .  5 5  The objective of t h i s  study i s  t o  

evaluate:  "(1) The capab i l i t y  and accuracy of instruments used t o  measure 

se lected radionuclides i n  gaseous e f f luen t s ;  ( 2 )  the  p o s s i b i l i t y  t h a t  

s ign i f i can t  concentrat ions of o ther  nuclides may escape detect ion;  and 

(3 )  the  accuracy of t he  determination of the  character  and quan t i t i e s  of 

nuclides a c tua l l y  released." The r e s u l t s  of t h i s  survey w i l l  be reviewed 

when they become avai lable .  

Recent ac t ions  on spec i f i c  reac to rs  a r e  described below: 



Dresden Reactor ( ~ o c k e t  50-10) 

On June 5, t he  Dresden Reactor, a 630-~w( t  ) boiling-water-power 

reactor ,  again s t a r t ed  supplying power t o  the  Commonwealth Edison system 

and was reported t o  be operating s a t i s f a c t o r i l y  a t  a power l e v e l  of 

150 ~ w ( e ) .  5 6  The reac tor  had been shut down on November 15, 1960, be- 

cause of a control  rod separation. 5 7 ~  * 
Following the  shutdown i n  November, t he  AEC issued, on February 28, 

1961, notice o f a  hearing t o  consider whether it should authorize t h e  

l icensee t o  resume operation with modified control  rod dr ive  mechanisms 

and whether it concurred i n  t he  proposed t e s t  program. Sabsequently, 

the  l icensee f i l e d  an appl icat ion f o r  l i cense  amendment t o  authorize 

subs t i tu t ion  of poison blades of new design, following the  observation 

of cracking of boron-steel  blades during modifLcation of the  control  rod 

dr ive .  After hearings were held on these points, the  AEC granted an 

interim order on March 31 f o r  l imi ted opera5ion a t  powers up t o  100 kw(t)  

while review of the  new poison blades continued. However, t h i s  opera- 

t i o n  was held up a f t e r  some cracks were discovered i n  t3he reaztc-  core 

g r id  s t ruc ture .  5 9 

Hearings the  l a s t  week i n  April received testimony (from Robert H.  

Bryant, AEC Division of Licensing and Regulation) which concluded t h a t  

the  g r id  defec t s  did not s ign i f ican t ly  impair the  immediate usefulness of 

t he  s t ructure .  Although there  was a chance t h a t  the  defects  would i n -  

crease i n  number and severi ty,  it was f e l t  t h a t  t h e  increase would be 

gradual. Hence, it was f e l t  t h a t  t he  plant  could be sa fe ly  cper'ated i f  

the re  were adequate surveil lance of t h e  str-uc-t;ure. it was cor,cluded t h a t  



the  probabi l i t i es  of the f a l l o u t  of a blade should be made as  low a s  pos- 

s i b l e  by "following determinations" made a s  ea r ly  a s  possible during the  

course of a s ta r tup .  Blade movements should be observed by nuclear i n s t ru -  

mentation during other operations with the  reac tor  c r 5 t i c a l .  60 

On May 27, Hearing Examiner Jensch issued a Fourth Supplemental 

Intermediate Decision which recommended issuance of a l icense allowing 

Dresden t o  resume operation a t  power leve ls  up t o  630 ~ w ( t ) .  It was held 

t ha t  operation of the  reactor  with the modified dr ives  could be resumed 

without endangering the  heal th  and safety  of the  public, suloje@t t o  con- 

siderations involving inspections, t e s t s ,  and operating procedures. I n  

addit ion t o  periodic inspection of the  control  rod drive mechanisms, the  

poison blades, and the  gr id  s t ructure ,  Commonwealth Edison w i l l  t e s t  i t s  

container and mainstream shutoff valves.  The containment t e s t s  would be 

made before October 15, 1961, witah followu,? t e s t s  t o  be made a t  subsequent 

in te rva l s .  Fourteen new f u e l  assemblies were approved f o r  the reactor  

subject t o  the  present l icense r e s t r i c t i ons  on burnout margina61 The 

new requirements and specif icat ion changes were authorLzed i n  an amend- 

ment t o  Appendix A of Edison's l icense due t o  expire on May 4, 1996. 

During s ta r tup  operations, Dresden found tha t  one of the  nine dr ive  

rods equipped with thermocouples indicated a somewhat higher temperature 

than the other e ight .  On May 31, the  approach t o  power was delayed so 

t ha t  thermocouples could be i n s t a l l ed  on the remaining dr ives .  While 

exercising the  one dr lve  during the  i n s t a l l a t i o n  period, the  cond-ftion 

apparently cleared.  None cf the dr lves  were equi.pped wlth the~mcl-ouples 

during the previous operations, but there  i s  now one tkermc?couple on 

each dr ive .  5 6 



Elk River Reactor ( ~ o c k e t  PP-1) 

Specific information was requested by the Division of Licensing and 

Regulation regarding cracks i n  the  pressure vessel  cladding of the  58-Mw 

boiling-water Elk River reactor  .5 Allis-Chalmers submitted a m i t t e n  

report62 -Lo confirm o ra l  information given t o  the  AEC on June 2. It 

was judged t h a t  t he  cracks i n  the cladding would not have any dele ter ious  

e f f ec t s  on base material  corrosion, strength of t he  vessel ,  o r  i n  the 

rad ioac t iv i ty  l eve l s  i n  the prim.ary loop. It was f e l t  t h a t  the  cracks 

which appeared a f t e r  the vessel  was pressure t e s t ed  were caused by r e -  

lease  of locked-in s t r e s se s .  Further crack formation under operating 

conditions i s  not expected. 63,64 

Allis-Chalmers a l so  f i l e d  a report65 t o  u ~ d a t e  an earl ier .  report  of 

May 4 on the 17-4 PH s t e e l  i n  the  reactor .  A repor t  on control  rod blades 

was a l so  submitted on May 4 ,66  

Enrico Fermi Atomic Power Plant  ( ~ o c k e t  F-16) 

The Supreme Court, on June 12, reversed the  judgment of the lower 

court and upheld the  l e g a l i t y  of the  AEC's order which granted a pro- 

vis ional  construction permit t o  the 3 0 0 - ~ w ( t )  Enrico Fermi fast-breeder 

reactor .  5 9  On June 10, the  Power Reactor Development Company (PRDC) r e -  

quested t ha t  the construction permit and i t s  l icense application show 

December 15, 1961, a s  completion date f o r  t h e  reactor,  ra ther  than July  15, 

1961. 67 The extension was granted on July 14 by the  Licensing and Regula- 

t i o n  Division of AEC. 6 8 

On July 13, PRDC f i l e d  portions of a revised a p p l l c a t i ~ c  f o ~  an 

operating l icense f o r  t k : ~  reactor .  Included i n  the  applicatfcn were s i x  

volumes of a seven-volume hazards report .  6 8 



FWCNG Reactor (Docket 50-152) 

A s  indicated previously,59 work on a proposed 1 5 3 - ~ w ( t )  DzO-moderated 

gas-cooled reac tor  was terminated i n  ea r ly  May 1961 by the AEC. On 

July 12, FWCNG was advised t h a t  ac t ions  were being terminated on t h e i r  

pending construction l i cense  application per t h e i r  request  of June 26.67 

Indian Point Reactor (Docket 50-3) 

A hearing was held ea r ly  i n  May 1961 on the  f i n a l  design of the  585- 

~ w ( t )  pressurized-water thorium-converter Indian Point reactor  i.n which 

Edison sought approval r e l a t i ng  only t o  design and construction.  I n  

an intermediate decision issued on June 30, Examiner Bond recommended ap- 

proval of the  design. The "ultimate conclusion" of the  Examiner was made 

subject t o  a condition t h a t  the  applicant  present satFsfactory evidence 

on the  metallurgical  cha rac t e r i s t i c s  of the  control  rod drive sha f t s .  5 9 

On May 15  Edison had t h e i r  counselors, LeBoeuf, Lamb, and Leiby, 

f i l e  an amendment (No. 4 )  t o  the  conpany's amended and substit .uted l i cense  

application,  presenting a s  exh ib i t s  operating procedures and preoperating 

and s ta r tup  t e s t  procedures.70 On Ju ly  18, they submitted a t en t a t i ve  

regulation schedule that will lead to an anticipated issuance of an 

i n i t i a l  operating l i cense .  The schedule points  t o  a September date f o r  

a meeting with ACRS t o  discuss a l l  matters per ta ining t o  an sperat ing 

l icense  and completion of p lant  construction.  ' /  I 

Nuclear Merchant Ship N.S. Savannah 

The AEC issued i n  l a t e  July  1961 an authorization f o r  t h e  s t a r t up  

and operation of t he  6 9 - ~ w ( t )  pressurized-water reac tor  of the  N.S. 

Savannah through i n i t i a l  sea t r i a l s  During March and April, public 



hearings were held concerning fuel ing and operation of the  reac tor  f o r  

t e s t  and demonstration purposes. *, 59 The AEC s t a f f  f i l e d  i t s  "~ roposed  

Findings of  act" accompanied by a "~emorandum f o r  AEC Regulatory s t a f f "  

recommending t h a t  AEC authorize operation a s  proposed. 

The AEC authorization incorporated t he  f indings  and conclusions 

from the  favorable recommendation of Hearing Examiner ~ensch '*  but modi- 

f i e d  it a s  proposed i n  par t  by the  Licensing and Regulation s t a f f  i n  a 

memo of June 29. The ~ o ~ d i t i o n s  of authorization seek t o  assure t h a t  

de ta i l ed  wri t ten  operating and maintenance procedures f o r  each phase of 

the  reac tor  t e s t i ng  program w i l l  be prepared before commencement of t h a t  

phase. Star tup t e s t s  a t  Camden, New Jersey, a re  l imi ted t o  no more than 

7 Mw. After completion of t e s t s  of Yorktown, Virginia,  and i n i t i a l  sea 

t r i a l s ,  the  Licensing and Regulation Dlvision arid t h e  ACRS w i l l  review 

a l l  r epor t s  on t e s t  operations and s e t  down t h e i r  recom~ecdations i n  a 

public hearing before reac tor  t e s t s  a re  continuzd o r  the  ship i s  returned 

t o  Camden while pressurized. 

Piqua Nuclear Power F a c i l i t y  ( ~ o c k e t  PP-2) 

The Piqua reac tor  i s  a 4 6 - ~ w ( t )  heterogeneous organic-cooled and 

-moderated reac tor  being b u i l t  a t  Piqua, Ohio. 7 5  On May 1$-20, 1961, the 

ACRS met t o  consider the  f i n a l  safeguards repor t ,  a supplement,, xnd a 

proposal f o r  operation submitted by Atomics Internxt ional .  E a r l i e r  (on 

April 20) an ACRS subcommittee had met on the  reac tor  s i t e  wlth representa- 

t i v e s  of Atomics In te rna t iona l  and the  AEC s t a f f .  Based upon inPorm.ation 

presented and discussed, ACRS f e l t  t h a t  t h e  reac tor  could be operated by 

Atomics In te rna t iona l  without undue hazard t o  t h e  heal th  and safe ty  of 



t h e  public.  ACRS suggested t h a t  a t  each p a r t i a l  f u e l  reloading cycle 

(approximately four-  t o  six-month i n t e rva l s  of power operat ion)  t h a t  an 

inspection of a t yp i ca l  sample port ion of t he  rem.aining f u e l  elements be 

made and t h a t  a  repor t  be forwarded t o  t he  Division of Licensing and 

Regulation .7 

Plum Brook (NASA) Reactor ( ~ o c k e t  50-30) 

A provisional  operating l i cense  was issued on March 14 f o r  t he  60- 

Mw(t ) light-water-cooled and -moderated Plum Brook Reactor of NASA. 5 9  

Authorization was issued on Jw-e 12 f o r  i n i t i a l  core loading. This act ion 

followed t h e  f inding by the  Division of Licensing and RegulaCYion t h a t  

systems o r  items needed f o r  full-power operation (but  not  requir ing com- 

p le t ion  f o r  low-power t e s t i n g )  were b u i l t  and t e s t ed  and that ,  modifica- 

t i o n s  required f o r  100-kw operation were complete. ' I 7  

On June 29, NASA advised of two changes fn t h e  r e a ~ t o ~ .  One was a 

redesigned g r i d - l i f t i n g  mechanism and the  o ther  was a modification t o  the  

manual control  sect ion of t he  regula t ing rod ampl i f ier  . * 

Radiation Ef fec t s  Reactor ( ~ o c k e t  50-122) 

The Lockheed Aircraf t  Corporation on June 8 advised the  Division 

of Licensing and Regulation t h a t  it agreed t o  withdrawal of i t s  applica-  

t i o n  f o r  an operating l i cense  f o r  t he  10-Mw(t) pressurized-water rad ia t ion  

e f f e c t s  reac to r  but  t h a t  it an t ic ipa ted  a resu-9misslon a t  some fu tu re  date .  7 9  

ACRS had recommended i n  December 1960 and March i961 t h a t  the r e ac to r  be 

operated a t  f u l l  power i n  i t s  present  form ociy f o r  work e s s e n t i a i  t o  

t he  nat ional  defense. 58,3 5 9  



Saxton Reactor (Docket 50-146) 

The ACES issued a favorable repor t  on the  Saxton 20-Mw pressurized- 

water reactor  based on documents considered i n  i t s  meeting of Ju ly  6-8. 

They noted t h a t  the re  was the  pos s ib i l i t y  t ha t  complete withdrawal of 

one s ingle  con t ro l  rod could make t he  reac tor  c r i t i c a l  but  t h a t  a system 

involving manually s e t  l i m i t  switches i s  provided t o  prevent excessive rod 

withdrawal and t o  provide an adequate shutdown margin. The committee 

concluded t h a t  the  reac tor  could be operated through i t s  s t a r t up  without 

undue hazard t o  the  heal th  and sa fe ty  of the public.*' 

The Saxton Nuclear Experiment Corporation on June 9 i n  i t s  s i x th  

l icense  appl icat ion amendment l i s t e d  proposed technical  speci.flcations, 

proposed a de f in i t i on  of the  Saxton f a c i l i t y ,  and requesked t h a t  d i s -  

cussion of Saxton's technical  and f i nanc i a l  qual i f ica t ions  5e considered 

i n  a fu tu re  September pu7alic bearing r a the r  than t he  Ju ly  hearing. 8 1 

Valleci tos  Boiling-Water Reactor (Docket 50-18) 

Permission t o  resume operation of the  Val lec i tos  boiling-water 

reactor  was grated by the  AEC on April  13, 1961, under conditions pro- 

viding f o r  con t ro l  rod tes t ing ,  inspection, and behavior study. 59 The 

operator, General E l ec t r i c  Company, concurred with t h e  conditions with 

s l i g h t  modifications. 82 On May 22, General E l ec t r i c  i n  an "overdue 

followup" reported on the  Division of Licensing and Regulation's  concern 

over General E l e c t r i c ' s  a p ~ a r e n t  f a i l u r e  t o  repor t  cracks found i n  one 

of the  BVWR boron-stainless s t e e l  coxtrol  rods d.uring a r ' o ~ ~ t i n e  inspection 

of March 10. General E l ec t r i c  reported t h a t  the re  had been no i n t en t  t e  

withhold information since there  had been a voluntary repor t  of the  



incident t o  a San Francisco Operations Office inspector  on March 15. It 

was f e l t  by General E lec t r i c  t h a t  the cracks d id  not cons t i t u t e  a "pos- 

s i b l e  unsafe condition" since s t r u c t w a l  s t a in l e s s  s t e e l  backs up the  

boron-stainless s t e e l .  On May 16, General E l ec t r i c  sought permission 

t o  t e s t  a new control  blade materTal by fas tening it t o  a standard blade 

t o  t e s t  i t s  long-time performance i n  t he  reactor .  B3 

On june 6, General E lec t r i c  f i l e d  with the  Division of LFcensing 

and Regulation repor t s  of four  proposed changes o r  experiments. Three 

had t o  do with i r r ad i a t i on  experiments; the  f cur th  was on a steam.-water 

separator being i n s t a l l e d  i n  t he  reac tor  pressure vesse l  t o  reduce en- 

trainment of water i n  the  eff luent  steam. 84 On May 4, General E l ec t r i c  

reported on a proposal t o  i r r a d i a t e  a f u e l  assembly prepared f-om re jec ted  

Savannah Core I1 s t a ln l e s s  s t e e l  tubing t o  study t he  e f f e c t s  of microscopic 

leaks  and i r r a d i a t i o n  on t he  The D 2 ~ i s i o n  of Licensing and 

Regulation on June 15 expressed concern over t h e  f u e l  assembly and r e -  

quested a reappraisa l  with addi t ional  information. *' General E l ec t r i c  

submitted an amendment (ED. 46) t o  VBWR1s appl icat ion with respect  t o  a 

loop ca l led  E-SADE on June 26.86 On July  12, General E l ec t r l c  proposed 

an experiment t o  study t h e  causes of a leak i n  one of t he  VBWR steam 

generator tubes. 8 7 

Valleci tos  Experimental Superheat Reactor ( ~ o c k e t  50-183) 

The A E C ' s  Chief Hearing Examiner Jensch i n  an intermediate decision 

recommended on Ju ly  25 t h a t  a constructicn permit be issued f o r  the  12.5- 

M w ( t )  Val leci tos  experimental superheat reac tor  proposed by Geceral 

E l ec t r i c .  e8 The case had been heard on June 29 when testimony was given 



by four  representa t ives  of General E lec t r i c  and AEC. B ~ o t h  of the  Division 

of Licensing and Regulation had t e s t i f i e d  t h a t  General E l ec t r i c  had "sup- 

pl ied suf f ic ien t  information t o  provide reasonable assurance t h a t  the  

f a c i l i t y  can be constructed and operated without undue r i s k  t o  the  heal th  

and sa fe ty  of t he  public 

ACRS has considered the  reactor  i n  two f u l l  committee meetings and 

two subcommittee meetings. I n  a repor t  issued a f t e r  the  l a t e s t  meeting 

( ~ a y  18-20), t he  Committee concurred i n  the  d e s i r a b i l i t y  of t he  sa fe ty  

rods proposed by General E lec t r i c  i n  addit ion t o  nuclear poison rods. The 

ACRS l i s t e d  s i x  items which they would l i k e  t o  consider a t  a l a t e r  date .  7 6 

On June 19, AEC's Division of Licensing and Regulation held an i n -  

formal public meeting a t  Pleasanton, Cal i fornia ,  t o  discuss  t h e i r  regulatory 

program and i t s  review of VESR i n  order t o  give members of the  public l i v ing  

i n  t he  area  a chance t o  ask questions. Whether o r  not t h i s  pract ice  w i l l  

be extended t o  other  reac tors  i s  not known.90 

Westinghouse Test  Reactor ( ~ o c k e t  50-22) 

Westinghouse on April 25 requested an amendment of i t s  6 0 - ~ w ( t )  

Westinghouse Test Reactor l icense  t o  authorize them t o  lower t he  head 

tank-to-vent e f f luen t  discharge r a t i o  by a f a c t o r  of 2 while inereasing 

the  monitor alarm se t t i ng  Sy the  same factor .91 The Division of Licensing 

and Regulation authorized the  change on May 17. we stinghouse submitted 

r e s u l t s  on May 18 of a sampling program on the  e f f luen t .  93  on ~ u l y  l d ,  

Westinghouse submitted a repor t  requesting au thor i ty  t o  nodify a higk- 

pressure t e s t  thimble. 9 4 



Yankee Reactor ( ~ o c k e t  50-29) 

I n  a l icense  amendment dated June 23, AEC authorized the  Yankee 

Pressurized-Water Reactor t o  operate a t  power l eve l s  up t o  485 M w ( t  ) . 93 

Yankee's provisional  l icense  was a l so  converted t o  a 40-year operating 

l icense .  Hearing Examiner Jensch authorized t he  amendment i n  a decision 

dated June 20, 96 following a public hearing on June 8 .  97 Both ACRS and 

the  Licensing and Regulation s t a f f  concluded t h a t  the  reac tor  which had 

been operating a t  392 M w ( t )  s a t i s f a c t o r i l y  could be 0 p e ~ a t e d  a t  the  

higher power l eve l  without undue hazard t o  t he  heal th  and safe ty  of the  

public. The Division of Licensing and Regulation approved several  minor 

modifications t o  the  plant  and specif icat ions  designed t o  improve per- 

formance and t o  correspond with changes. (J. R.  ~uchanan)  



SAF'EGUARDS REPORTS AND SEUCTED READING 

The recent ly  issued safeguards repor t s  and selected l i t e r a t u r e  per- 

t a in ing  t o  hazards of reactors  a re  l i s t e d  below f o r  reference. Because 

of t he  s imi la r i ty  of many reac tors  ( i n  par t i cu la r ,  research reac tors ) ,  

t h i s  l i s t  i s  not intended t o  be a l l  inclusive.  

1. R .  J. Smith, A L i te ra tu re  Search, Reactor Safety, USAEC Report 

TID-3525, Rev. 3, July 1961. 

2. J. Coombe e t  a l . ,  Hazards Report f o r  the  SM-1 Core I1 wTth Special 

Components, USMC Report APAE-84, March 30, 1961. 

3. J. G. Gallagher, Hazards Report f o r  the  SM-1 Core I1 Without Special 

Components, USAEC Report APAE-84, Add. 1, April 19, 1961. 

4.  N .  G. Wittenbrock and J. Muraoka, Plutonium Recycle Test Reactor 

F ina l  Safeguards Analysis, Supplement 2. Consequences of a Primary 

Coolant Leak, USAEC Report HW-61236, Suppl. 2, November 15, 1960. 

5. R .  W. Clack e t  a l . ,  Hazards Summasy Report f o r  t he  Kansas S ta te  

Universi ty TRIGA Mark I1 Reactor. Special Report No. 7. Section I - 

Kansas S ta te  University TRIGA Mark I1 Reactor Hazards Summary Report; 

Section I1 - Kansas S ta te  University TRIGA Mark I1 Reactor Operations 

Manual; Section I11 - Kansas Sta te  University TRIGA Mark I1 Reactor 

Administrative Plan, USAEC Report NP-10074, January 1961. 

6. F ina l  Hazards Summary Report f o r  the  UCNC Research Reactor, Union 

Carbide Nuclear Company, Research Center, Tuxedo, New York, USAEC 

Report NP-9674, November 1960. 

7. D. Hunter, J. Jedruch, and P. W .  Davison, Yankee C r i t t c a l  Experim.ents 

Hazards Summary Report, USAEC Report YAEC-31, Suppl. 2, July  1, 1958. 



J. Carothers, Hazards Summary Report f o r  t h e  LRL C r i t i c a l  F a c i l i t y ,  

USAEC Report UCRL-6220, March 3, 1960. 

J. L. Murray, General E l e c t r i c  Va l lec i tos  Boil ing Water Reactor. 

F i n a l  Hazards Summary Report, USAEC Report SG-VAL-2, 3rd ed.. , 
November 30, 1959. 

Hazards Summary Report f o r  Diamond Ordnance Radiat ion F a c i l i t y ,  

General Atomic D i v i s i o ~ ,  General Dynamics Corporation, San Diego, 

Cal i fornia ,  USAEC Report NP-10188 (1960). 

E .  Feinauer and R .  D .  Thomas, Safeguards Repcrt f o r  t h e  Northrop 

Pulse Radiation F a c i l i t y ,  USAEC Report NP-9978, March 22, 1961. 

A. H .  Emmons and W.  R.  Pearce, Preliminary Hazards Report, Exhibit  A, 

Class 104 F a c i l i t y  License Application with Exhibi ts  E, C,  and D, 

USAEC Report NP-9951, March 1961. 

P. M. Finnegan, Preliminary Hazards Summary, Mock-Up Reactor, NASA 

Plum Brook Reactor F a c i l i t y ,  USAEC Report NP-9947, January 1961. 

P. D. OtBrier,, Hazards Evalu-atlon of the  Sandia Pulsed Reactor 

F a c i l i t y  (SPRF), USAEC Report SC-4357A (RR), February 1961. 

C .  L. Blackshaw and C .  H .  Skeen, Safeguards Summary f o r  t h e  AE-6 

Reactor, USAEC Report NM-SR-5499 [no d a t e ] .  



References 

1. Nuclear Reactors Bui l t ,  Building, o r  Planned i n  t he  United S ta tes  

a s  of June 30, 1959, USAEC Report TID-8200. 

2. F. W .  Thalgott, Fas t  Reactor Safety; EBR-1, Proceedings of t h e  1957 

Fast Reactor Information Meeting, Chicago, Ill., Nov. 20-21, 1957, 

pp. 68-76. 

3. H. V .  Lichtenberger, F. W .  Thalgott,  W .  Y. Kato, and M. Novick, 

Operating Experience and Eqer lmental  Results  Obtained from an N a K -  

Cooled Fast  Reactor, Proceedings of the  United Nations In te rna t iona l  

Conference on the  Peaceful Uses of Atomic Energy, Geneva, 1955, 

Vol. 3, pp. 345-60, United Nations, New York, 1955. 

4. Argonne National Laboratory, unpublished report ,  April 15, 1961. 

5. W .  H. Zinn, Basic Problems i n  Central  S ta t ion  Nuclear Power, Nucleonics, 

lO(9) :  8-14 (Sept. 1952). 

6. T .  Trocki, e t  a l ,  Sodium and Sodium-Potassium Alloy f o r  Reactor 

Cooling and Steam Generation, Proceedings of United NatLons i n t e r -  

nat ional  Conference on the  Peaceful Uses of Atomic Energy, Geneva, 

1955, Vol. 9, pp. 241-51, United Nations, New York, 1955. 

7. W .  E. Unbehaun, History and Sta tus  of t he  EBR, USAEC Report AECD-3712, 

April 15, 1953. 

8. J. H. K i t t e l  and S. H. Paine, Effects  of High Burnup on Natural 

Uranium, USAEC Report ANL-5539, Argonne National Laboratory, May 1957. 

9. W .  H. Zinn, Let ter ,  Nucleonics, 14(6) :  35 (1956). 

10. J. H. K i t t e l ,  M. Novick, and R .  F. Buchanan, The EBE-i Meltdobn - 

Physical and Metallurgical Changes i n  the  Core, USAEC Re;?ort mi-5731, 

Argonne National Laboratory, November 1957. 



11. F. L. Yaggee, The Manufacture of Centr i fugal ly  Cast Reactor Fuel 

Slugs, Mark I1 Fuel Loading f o r  EBR-1, USAEC Report ANL-5724, Argonne 

National Laboratory (no date given).  

12. Argonne National Laboratory Annual Report, 1957, USAEC Report ANL-5870. 

13. Argonne National Laboratory Annual Report, 1958, USAEC Report ANL-5980. 

4 Argonne National Laboratory Annual Report, 1959, USAEC Report ANL-6125. 

15. Argonne National Laboratory, unpublished repor t ,  Dec. 15, 1960. 

16. Idaho Chemical Processing Plant  C r i t i c a l i t y  Incident,  Nuclear Safety, 

l ( 3 ) :  75-77  a arch 1960). 

17. R. C .  Paulus e t  a l . ,  Nuclear Incident a t  t he  Idaho Chemical Processing 

Plhnt - January 25, 1961, USAEC Report, IDO-10036, June 1, 1961. 

18. Act ivi ty  Releases a t  Oak Ridge National Laboratory, Nuclear Safety, 

l ( 3 ) :  77-80  arch 1960), see esp. Fig.  5, p. 78. 

19. Personal telephone communication, K.  K.  Kennedy t o  J. P. Eichols, 

July  27, 1961. 

20. C .  A. Nelson, Chairman, Report on t he  SL-1 Incident,  January 3, 1961 

(by the  General Manager's Board of ~ n v e s t i g a t i o n ) ,  May 10, 1961. 

21. Hearings on Radiation Safety and Regulation Before the  Jo in t  Com- 

mittee on Atomic Energy, June 12-16, 1961, Government Pr in t ing  Office, 

Washington 25, D .  C. ,  t o  be released.  

22. Combustion Engineering Inc.,  SL-1 Accident on January 3, 1961, Interim 

Report, USAEC Report IDO-19300, May 15, 1961, Of f i c i a l  Use Only. 

23. Combustion Engineering, Inc . ,  SL-1 Reactor Evaluation, F ina l  Report, 

USAEC Report IDO-19003, July  15, 1959. 

24. A. Smaardyk, ed., Hazard Summary Report on the  &gonne Low Power 

Reactor, USAEC Report ANL-5744, Argcsme National Laboratory, NovemSer 

1958 



25. SL-1 Reactor Accident Developments, Atomic Energy Clearing House, 

7(37):  2 (September 11, 1961). 

26. M. A. Schultz, Control of Nuclear Reactors and Power Plants,  2nd ed., 

pp. 36-38, McGraw-Hill, New York, 1958. 

27. Control Rods and Control Rod Drives i n  Power Reactors, Nuclear 

Safety, 2 (4 ) :  17-37 (June 1961). 

28. Analytical Radiochemistry and Nuclear Incidents,  Nuclear Safety, 

2 (4 ) :  51-42 (June 1961). 

29, Reactor S i t ing  Trends and Developments, Nuclear Safety, 2 ( 4 ) :  1-3 

( June 1961 ) . 
30. Changes i n  Licensing Regulations, Nuclear Safety, 2 (4 ) :  63-64 

(June 1961). 

31. Atomic Indus t r i a l  Forum, Inc., Summary of Seminar on Reactor S i t e  

Cr i t e r i a  - Proposed Guides, March 17, 1961, available a t  AEC Public 

Document Room. 

32. Atomic Indus t r i a l  Forum, Reactor S i t e  C r i t e r i a  (Proposed Revision), 

June 6, 1961, available a t  AEC Public Document Room. 

33. S i t e  Evaluation, Proposed Revision by Atomics Internat ional ,  W. L. 

Sequeira, June 7, 1961, available a t  AEC Public Document Room. 

34. Comments on Proposed AEC Regulations, Atomic Energy Clearing House, 

7(21) :  19-23 ( ~ a y  22, 1961). 

35. Comment from American Public Power Association, A. Radir~, June 13, 1961, 

avai lable  a t  AEC Public Document Room. 

36. Further Comments, Atomic Energy C1earin.g House, Special. Issue, 1 -6  

( Ju ly  20, 1960). 



37. Comment from ACRS, T. J. Thompson, June 16, 1961, available a t  AEC 

Public Document Room. 

38. Comment on AEC Regulations, Atomic Energy Clearing House, 7(27) : 11-27 

( Ju ly  3, 1961) . 
39. Comment on Reactor S i t e  Cr i te r ia ,  Atomic Energy Clearing House, 

7(28): 14-17 ( Ju ly  10, 1961). 

40. Comment from City of Los Angeles Department of Waters and Power, 

I. L. Bateman, March 7, 1961, available a t  AEC Public Document Room. 

41. Comment from Socony Mobile O i l  Company, D .  H. Clewell, May 29, 1961, 

available a t  AEC Public Document Room. 

42. Comment from Bechtel Corporation, W .  Kenneth Davis, June 9, 1961, 

available a t  AEC Public Document Room. 

43. An AEC Regulation Atomic Energy Clearlng Hoase, 7(2k): 33 

(June 12, 1961 ) . 
4 .  Comments on Proposed AEC Regulations, Atomic Energy Clearing House, 

7(21) : 19-23 ( M ~ Y  22, 1961). 

45. Comments on AEC Proposed Regulations, Atomlc Energy Clearfng House, 

7(22) : 1 3 2 1  ( ~ a y  29, 1961). 

46. Comments on AEC Regulations, Atodc Energy Clearing House, ~ ( 2 5 ) :  8-10 

( ~ u n e  19, 1961). 

47. Comments on AEC Regulations, Atomic Energy Clearing House, 7(26) : 29-31 

(June 26, 1961). 

48. Comments on AEC Regulations, Atomic Energy Clearing f;.2use, 7(27): 11-17 

( Ju ly  3, 1961). 

49. Opposition t o  License Exem~tions f o r  Lock I l l - m i ~ i a t o r s ,  A:,ornie Energy 

ClearLng House, 7(32) : 14 ( ~ u g .  7, 1961). 



50. AEC Actions on Regulations, Nuclear Safety, 3 (1 ) :  (September, 1961). 

51. Comments on AEC Proposed Rule f o r  Change Procedures, Atomic Energy 

Clearing House, ~ ( 2 9 ) :  27-30 ( Ju ly  17, 1961). 

52. Presented Below Are Further Comments, Atomic Energy Clearing House, 

Special Issue ( Ju ly  20, 1961). 

53. Two Memoranda Set t ing Forth Comments, Atomic Energy Clearing House, 

7(32) : 2 3 2 7  (AX. 7, 1961). 

54. Comments on AEZ Regulations, Atomic Energy Clearirig House, ~ ( 2 3 ) :  21-24 

(June 5, 1961). 

55. The Weekly Round-Up of Licensing Material, Atomic Energy Clearing 

House ~ ( 2 4 ) :  8 (June 12, 1961). 
-9 

56. Commonwealth Edi son Company, Atomic Energjr Clearing House, 7(25) : 4 

(June 19, 1961 ) . 
57. Action on Reactor Projects  by Ltcensing a,nd. Regulatory Eodies, 

Nuclear Safety, 2 ( 3 )  : 6 3 7 4  (~arcl.1 1960). 

58. Action on Reactor Projects  by Ltcensing acd Regulatcry Bod.ies, Nuclear 

Safety, 2 ( 4 )  : 65-74 ( ~ u n e  1961 ) . 
59. Action on Reactor Projects  by Licensing and Regulatory BodTes, Nuclear 

Safety, 3 (1 )  : (~eptember  1961). 

60. Further Hearings on Operations of Dresden Reactor, Atornic Energy 

Clearing House, 7(19):  42 ( ~ a y  8, 1961). 

61. Issuance of a License Authorizing Resumption, Atornic Energy Clearifig 

House, ~ ( 2 3 ) :  36 ( ~ u n e  5, 156i.j. 

62. Elk River Reactor Vessel Cladding Defects, Su~plenent  8, ALlEs- 

Chalmers ( ~ o c k e t  P2-1) (June 16, 1561). 



63. Elk River, Atomic Energy Clearing House, 7(26) :  18 (June 26, 1961). 

64. Elk River, Atomic Energy Clearing House, 7(31):  7 ( Ju ly  31, 1961). 

65. 17-4 PH Material i n  the  Elk River Reactor, Supplement A, Al l i s -  

Chalmers ( ~ o c k e t  PP-1) (July  3, 1961). 

66. Elk River Reactor, Atomic Energy Clearing House, 7(21):  10 ( ~ a y  22, 

1961) . 
67. Power Reactor Development Company, Atomic Energy Clearing House, 

7(30) :  4 ( Ju ly  24, 1961). 

68. Power Reactor Development Company, Atomic Elergy Cleartag House, 

7(31):  8 ( Ju ly  31, 1961). 

69. Approval of F ina l  Design, Atomic Energy Clearing House, 7(28] : 17-19 

( Ju ly  10, 1961) . 
70. Consolidated Edison Company of New York, Inc.,  Atcmfc Energy Ciearlng 

House 7(22) : 7 (May 29, 1961). 
-7 

71. Consolidated Edison Company of New York, Inc . ,  Atomic Energy Cleazing 

House 7(31) : 7 ( Ju ly  31, 1961). 
-7 

72. Authorization f o r  Start-Up t o  Operation, Atomic Energy Clearing Eouse, 

7(31) :  4 (July  31, 1961). 

73. N.  S. Savannah, Atomic Energy Clearing House, 7(19):  40 (May 8, 1961). 

74. A Report Recommending That t he  Commission, Atomic Energy Clearing House, 

7(25) :  30 (June 19, 1961). 

75. Hearings on Reactor Projects ,  Nuclear Safety, l ( 3 ) :  81-85 (March 1966). 

76. ACRS Reports t o  AEC on Three Projects,  AEC News Release, D-144 

(June 2, 1961). 

77. National Aeronautics and Space r n n i s t r a t i o n ,  Atomic Energy Clearing 

House, 7(25) :  5 (June 19, 1961). 



78. National Aeronautics and Space Administration, Atomic Energy Clearing 

House 7(29) : 7 (July  17, 1961). 
-J 

79. Lockheed Aircraf t  Corporation, Atomic Energy Clearing House, ~ ( 2 5 ) :  5 

(June 19, 1961). 

80. A Report on the  Saxton Reactor Project ,  Atomic Energy Clearing House, 

~ ( 3 1 ) :  24 ( Ju ly  31, 1961). 

81. Saxton Nuclear Experiment Corporation, Atom.ic Energy Clearing House, 

7(26) : 21 (June 26, 1961). 

82. General E l ec t r i c  Company, Atomic Energy Clearing House, 7(22) :  7 

( ~ a y  29, 1961 ) . 
83. General E lec t r i c  Company, Atomic Energy Clearing House, 7(25) :  5 

(June 19, 1961 ) . 
84. General E l ec t r i c  Company, Atomic Energy Clearijng House, 7(26) : 20 

(June 26, 1961). 

85. General E l ec t r i c  Company, Atomic Energy Clearing House, 7(26) :  18 

(June 26, 1961 ) . 
86. General E l ec t r i c  Company, Atomic Energy Clearing House, 7(29) :  7 

(July  27, 1961). 

87. General E l ec t r i c  Company, Atomic Energy Clearing House, 7131): 8 

(July  31, 1961 ) . 
88. Recommendation That a Construction Permit Be Issued, Atomic Energy 

Clearing House, 7(31):  18 (July  31, 1961). 

89. A 2 1/2 H r  Hearing Was Eeld Last Week, Atornic Energy Clearfng Hr~use, 

~ ( 2 7 ) :  27 (July  3, 1961). 

90. An Informal Public Meeting, Atonic Energy Clearing House, ~ ( 2 4 ) :  32 

(June 12, 1961). 



91. Westinghouse Elec t r i c  Corporation, Atomic Energy Clearing House, 

7(20):  7 (May 15, 1961). 

92. Westinghouse E l ec t r i c  Corporation, Atomic Energy Clearing House, 

7(22) : 9 (May 29, 1961). 

93. Westinghouse E l ec t r i c  Corporation, Atomic Energy Clearing House, 

7(23):  6 (June 5, 1961). 

94. Westinghouse Elec t r i c  Corporation, Atomic Energy Clearing House, 

7(31) :  9 ( Ju ly  3, 1961). 

95. Yankee Atomic Elec t r i c  Company, Atomic Energy Clearing House, 7(27):  6 

(July  3, 1961). 

96. Amendment of Yankee Atomic Provisional  Operating License, Atomic 

Energy Clearing House, 7(26):  35 (June 26, 1961). 

97. A Hearing Was Held Last Week t o  Consider, Atomic Energy Clearing 

House 7(24):  33 (June 12, 1961). -, 



ORNL -Tl4-- 9 

INTERNAL DISTRIBUTION 

1. C .  G .  B e l l  17.  A. W .  Savolainen 
2-6. W .  B. C o t t r e l l  18. M. J. Skinner 

7. E.  E .  Gross 19.  J. A. Swartout 
8.  C .  E .  Guthrie 20. C .  S. Walker 
9.  W .  L .  Harwell (K-25) 21. A. M. Weinberg 

10.  W .  de Laguna 22-27. Laboratory Records Department 
11. H .  G .  MacPherson 28. Laboratory Records Department, RC 

12-16. E .  J. Murphy 

EXTERNAL D I  STRIBITPI ON 

R . Anderson, Patent  Branch, AEC, Washington 
H .  A. B la i r ,  Universi ty of Rochester, Rochester, N . Y .  
B .  F. Boardman, P h i l l i p s  Petroleum Co., Idaho F a l l s ,  Idaho 
E.  T. Bond, OTIE, Oak Ridge 
T. W .  Hazard, Jr., Office of Technical Information, Washington, D.C.  
T. S. Chapman, Dow Rocky F l a t s ,  Denver, Colorado 
B.  J. Colley, TISE, Oak Ridge 
F . E . Croxton, Goodyear Atomic Corporation, Por t  smouth, Ohio 
F. L. Cutherbert,  National Lead Company of Ohio, M t .  Healthy Sta t ion,  

Cincinnati ,  Ohio 
James Dodd, Babcock & Wilcox, Lynchburg, Vi rg in ia  
W .  E .  Dreeszen, Ames Laboratory 
K. A. Dunbar, Chicago Operations Off ice  
W. E. E l l i o t t ,  Patent  Group, Livermore, Ca l i fo rn ia  
E .  E .  Hall,  Office of Ind.  Dev., Washington, D .  C .  
C .  D.  Harrington, Mallickrodt Chemical Works, S t .  Charles, Mo. 
Henry Reyman, Los Alamos S c i e n t i f i c  Laboratory 
D .  W .  King, Albuquerque Patent  Group 
S . Lawroski, Argonne National Laboratory 
G. H .  Lee, Chicago Patent  Group, Lemont, I l l i n o i s  
Max Linn, Sandia Corporation, Albuquerque, New Mexico 
F. R .  Long, Atomics In te rna t iona l ,  Canoga Park, Ca l i fo rn ia  
W . K . Woods, Hanf ord Atomic Products, Richland, Washington 
W .  A. Minkler, Westinghouse, Pi t tsburgh,  Pennsylvania 
J. W .  Morris, Savannah River Laboratory, Du Pont, Aiken, South 
Carolina 

J. C .  Nevenzel, Universi ty of Cai i fornia ,  Los Angeles, Ca l i fo rn ia  
H. S. Po t t e r ,  New York Patent  Group, Brookhaven National Laboratory 
Dennis Puleston, TID, Brookhaven National Laboratory 
Helen Redman, Los Alamos S c i e n t i f i c  Laboratory 



68. F. A. Robertson, Savannah River Patent Group, Augusta, Georgia 
69. H. M. Roth, OR0 
70. H.  W. Russell, Ba t te l le  Memorial I n s t i t u t e ,  Columbus, Ohio 
71. E.  M. Simmons, Ba t t e l l e  Memorial I n s t i t u t e ,  Columbus, Ohio 
72. Delia F.  Vroman, Knolls Atomic Power Laboratory 
73. R .  K.  Wakerling, Lawrence Radiation Laboratory, Berkeley, Cal i fornia  
74. H. D. Young, Argonne National Laboratory 
75. W .  H. Zinn, General Nuclear Engineering Corporation 

76-90. DTIE, AEC 


