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The Atomic Energy Commission, through Fuels  and Ma te r i a l s ,  D i r e c t o r a t e  

o f  L icens ing ,  es tab l  i shed a c o n t r a c t  w i t h  t he  B a t t e l l  e, P a c i f i c  Northwest 

Labora to ry  t o  conduct a  s tudy on "Considerat ions i n  the  Assessment o f  t h e  

Consequences o f  E f f l  uents f rom Mixed-Oxide Fuel F a b r i c a t i o n  P lan ts .  " As a 

r e s u l t  o f  t h e  g r e a t  i n t e r e s t  expressed by t h e  nuc lea r  community i n  t h e  

r e s u l t s  c f  t h e  bas i c  s tudy,  documented i n  BNWL-1697, an extens ion f o r  f u r t h e r  

work i n  t h e  area was granted. Th i s  r e p o r t  con ta ins  t he  o r i g i n a l  i n f o r m a t i o n  

i n  an expanded and more d e t a i l e d  form p lus  new m a t e r i a l s  de r i ved  from t h e  

study ex tens ion .  
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I .  INTRODUCTION 

The purpose of t h i s  study was to  provide information and identify 
parameters relevant to assessing the consequences to man and his environ- 
ment of large scale mixed plutonium-uranium oxide fuel fabrication plants 

which will be needed in the next 10 to  15 years. The report ident i f ies  the 

pertinent parameters, values, factors and methods which may be used in 

evaluating the environmental consequences of routine plant operation as 

we1 1 as postulated accidents. This study provides a base f o r  the develop- 

ment of s i t i ng  c r i t e r i a  and safety analyses for  mixed oxide fuel fabrica- 

t ion f a c i l i t i e s .  



In response to instructions from AEC Regulatory (now Nuclear Regulatory 
Commission), a 1 metric t o n  (MT) per day plutonium fuels fabrication plant 

10 t o  15 years in the future was characterized and assumed as the base case. 

The "reference fac i l i ty"  manufactures U02-Pu02 fuel which contains 2 t o  
4 w t %  Pu02 in natural or depleted U02. 

Safety considerations generical ly defined and eval uated can be scaled 

as necessary for pl ants with varying capacity. Scal ing factors include : 

production capacity and ra te ,  c r i t ica l  i t y  control 1 imitations, personnel 

exposure, equipment 1 imi ta t ion,  plant design, f i l t e r  loading, fabrication 
techniques, and r isk (consequences of the release times the probability of 

such a re1 ease). 

Source terms for the reference plant were developed for normal opera- 

tion and for five postulated accidents. Normal operation of the 1 MT/day 

f a c i l i t y  i s  expected to resul t  in a source term or annual plutonium emis- 
sion ra te  of 15 pg. For the accidents analyzed, a maximum of lo-' g of 
respirable plutonium was assumed t o  be emitted from the two-stage high- 

efficiency f i l t e r  systems. Both soluble and insoluble plutonium of th i s  

magnitude were deemed credible. Since the accidents examined were n o t  
inclusive of a l l  of the credible events leading t o  releases from the faci 1- 

i ty , additional information germane to estimating source terms resul t i  ng 

from accidents i s  included in the text and i n  Appendix A .  

Probabilities of releasing radioactive material from the reference 
plant were developed by propagating accident occurrence and equipment 
f a i lu re  ra te  s t a t i s t i c s  from fuel fabrication f a c i l i t i e s  and from related 

industries.  The difference was carefully discerned between the probabil i t y  

of events leading direct ly to releases and releases which would require a 
chain of events occurring simultaneously. 

The main chemical contaminants from the f ac i l i ty  would be compounds of 

I :  f 1 uori ne and nitrogen. The antici  pated re1 eases of these chemical s repre- 

1 
sent 1 i t t l e  concern t o  the environs; they are we1 1 below recommended 

l y '  standard and threshold 1 imi t val ues. 



Mater ia l  r e l ea sed  from the f a c i l i t y  i s  assumed t o  be d i spe r sed  t o  t h e  

environment i n  e i t h e r  of  two ways: 1 )  continuous r e l e a s e s  (normal opera- 

t i o n )  based' on meteorological da t a  from 26 nuclear  f a c i l i t y  s i t e s  o r  

2 )  s h o r t  du ra t i on  r e l e a s e  ( acc iden t s )  according t o  acc iden t  d e s c r i p t i o n  

g u i d e l i n e s  i n  USAEC Regulatory Guide 1.3. 

Uranium i s  no t  s p e c i f i c a l l y  considered,  except  i n c i d e n t a l l y  when i n  

combination wi th  plutonium, because t h e  rad io logica l  cons ide ra t i ons  of 

uranium a r e  overshadowed by those  o f  plutonium. The plutonium t o  be 

processed i n  t h e  p l an t  has an i s o t o p i c  composition t y p i f i e d  by a Connect icut  

Yankee Reactor  type  (") fuel  assembly discharged a t  about 35,000 YWd/MT. 

This  i s  a conserva t ive  es t imate  of t h e  average i s o t o p i c  mixture which w i l l  

be e x ~ e r i e n c e d  during f a b r i c a t i o n  i n  t h e  next  decade and beyond. The h igher  

exposure pl utonium represen ts  t h e  g r e a t e s t  radio1 ogica l  hazard ; t h e  " r e f e r -  

ence mixture"  maximizes t h e  consequences of the pos tu la ted  plutonium source  

t e n s .  

I n h a l a t i o n  of  pl utonium ae roso l s  and subsequent depos i t ion  i n  t h e  

c r i t i c a l  organs i s  t h e  most important exposure pathway t o  man. The cri t i -  

c a l  organs f o r  plutonium a r e  t h e  bone f o r  so lub l e  compounds and t h e  lung 

f o r  i nsol ubi e compounds. 

Dose c a l c u l a t i o n s  f o r  mater ia l  deposi ted i n  t h e  c r i t i c a l  organs a r e  

made using parameters recormended by In te rna t iona l  Cornmission on Radiological 

P r o t e c t i o n  Publ i c a t i o n  2 and Publ i c a t i o n  19. Tota7 dose comi tmen t s  f o r  the 

lung and 50-year dose comnitment f o r  t h e  bone a r e  given f o r  acu t e  and con- 

t i nuous  r e l e a s e s  of t h e  individual  i so topes  a s  well as  t h e  r e f e r ence  mixture.  

Corn~arisons a r e  made between t h e  ICRP Publ ica t ion  2 lung model and t h e  ICRP 

P u b l i c a t i o n  19 model (Task Group Lung Model, TGLM). 

In t h e  f i n a l  a n a l y s i s , . a n  at temot  was made t o  quan t i fy  t h e  r i s k s  a 

plutonium fue l  f a b r i c a t i o n  f a c i l i t y  imposes on the  environment. Because of 

l i m i t e d  information on occurrences and f a i l u r e  r a t e s ,  t h e  r e s u l t s  developed 

i n  t h i s  s tudy  should be viewed a s  prel iminary.  

The 50-year dose t o  t h e  c r i t i c a l  organs of an individual  a t  1000 meters 
from t h e  f a c i l i t y  was est imated f o r  t h e  5 pg annual r e l e a s e  r a t e  of t h e  mix- 

t u r e  of  plutonium and americium. Using t h e  ICRP Publ ica t ion  2 lung model 



and Calculated Annual Maximum Sector (CAMS) atmospheric dispersion model , 
the 50-year dose t o  the lung (insoluble) and t o  the bone (soluble) from 

inhalation of the mixture continuously released a t  ground level i s  0.06 

mrem and 4 mrem, respectively. These values are a b o u t  '0.006% and 0.4%, 

respectively, of the limits proposed in this  report for  routine plant 

emi ssi  ons . 
Exposures that  could resul t  from acute inhalation following accidents 

were estimated for  an individual a t  1000 meters from the fac i l i ty .  The 

basic data used was from the I C R P  Publication 2 l u n g  Model and the USAEC 

Regulatory Guide 1.3 for  atmospheric dispersion (8 hr curve), dose commit- 

ment t o  the lung (insoluble) and the 50-year dose commitment t o  the bone 

(soluble) from acute inhalation following a ground level release of 10" g 

of the reference mixture i s  0.06 rem and 9.4 rem, respectively. Since the 

probability of releasing th is  amount of material i s  estimated t o  be 1 0 ' ~ /  

year (insoluble) and 10'~/year (soluble),  the risk for this  type of acci- 

dent i s  a b o u t  0.6 mrem t o  the l u n g  and 9.4 mrem t o  the bone. The total 

r i sk  that the f ac i l i ty  imposes on the environs i s  expressed as a summation 

of the product of the consequences and the probability of the release for 

each credible accident and for normal operation. For the accidents and 

normal operation discussed in this  report, the annual "dose commi tment" 

risk t o  an individual a t  1000 meters from the f ac i l i ty  i s  estimated to be 

1 ess than 16 mrem t o  the bone, 1.5 mrem t o  the 1 u n g ,  1 . 7  mrem t o  the 

thyroid, and 0.4 mrem t o  the whole body. I t  i s  expected that the remaining 

spectrum of accidents will no t  significantly increase these values. The 

analysis clearly indicates that the dose to the bone i s  the major considera- 

tion in evaluating the environmental impact of a plutonium fuels fabrication 

f a c i l i t y .  

Limits are proposed for  plutonium surface contamination and for the 

annual dose rate  t o  the general population from the continuous release of 

plutonium from a fabrication plant. An area was judged t o  be "contaminated" 
2 with plutonium i f  the ac t iv i ty  exceeded 10 nCi/m . I t  i s  proposed t h a t  the 

50-year dose comitment t o  the 1 ung and bone of the average individual in 

the population should n o t  exceed 0.85 rem and 1 rem, respectively, for 

routine p l a n t  emissions. 



111. SCOPE 

Although s i t i n g  guides a r e  needed for a l l  of the f a c i l i t i e s  connected 

with the fuel cycle, this report  deals only with the parameters germane t o  
. - the s i t i n g  of mixed oxide fuel fabrication plants. Extension of t h i s  study 

to  uranium and thorium fuel fabrication plants o r  fuel reprocessing fac i l  i- 

t i e s  would be re la t ive ly  simple since much of the e f for t  would overlap. 

The e f fec t s  of eff luent  releases result ing from in-plant accidents as 

well as normal operation a re  considered. Both radioactive and nonradio- 

act ive  e f f l  uents a r e  reviewed, with the emphasis placed on plutonium as  

the most 1 imiting consideration in plant s i t ing .  

Proposed plutoni um-containing fuel s i ncl ude: oxides, carbides, 

n i t r i de s ,  carboni t r i de s ,  borides, sulf ides ,  metal and various a l loys .  Each 

of these involves d i f fe ren t  preparation techniques and dif ferent  safety 

charac te r i s t i cs .  The fuel fabrication plant selected for  t h i s  study i s  a 
production f a c i l i t y  manufacturing power reactor fuel 10 t o  15 years in the 

future .  Existing fuel fabrication f a c i l i t i e s  of the "job shop" type 

should be able to handle the re la t ively  minimal demand for  the experimental 

assemblies fo r  power reactors and the special fuel fo r  R&D reactors.  

However, portions of t h i s  study will be of value in s i t ing  considerations 

fo r  any type of plutonium fuel fabrication plant. 

Fuel management experts predict t ha t  plutonium fuels fo r  LWR's and 

FBR's w i l l ,  for  the next decade, be essent ia l ly  in the form of mixed 

plutonium-uranium oxides. Routine use of carbide fuels will occur a t  some 

l a t e r  time. Plutonium fuel  requirements fo r  HTGR's in the form of Pu02-Tho2 
o r  PuC-ThC, will be minimal fo r  a t  l e a s t  the next decade. Credibil i ty 

fo r  these predictions of plutonium usage i s  i l lus t ra ted  in Table 1 by the 

number of United States commercial fuel fabricators capable of fabricating 

pl~tonium fue ls .  

Based on the projected u t i l i za t ion  of plutonium in the form of mixed 

oxide, the focus of t h i s  study has been on f a c i l i t i e s  and processes which 



TABLE 1. U.S. Commercial Fuel Fabr ica tors  
w i t h  Plutonium C a p a b i l i t i e s  

Atomics In te rna t i ona l  

Babcock & W i  1  cox 

Exxon Nuclear 

General E l e c t r i c  

Gu l f  Uni ted Nuclear 

Kerr-McGee 

Nucl ear Fuel Services 

NUMEC (a  ) 

Westi nghouse 

a. Owned by Babcock & Wilcox. 

are designed t o  f a b r i c a t e  mixed oxide f u e l s  f o r  LWR's and FBR1s. Because 

o f  t he  h i g h l y  compet i t i ve  nature o f  the  f u e l  f a b r i c a t i o n  indus t ry ,  innova- 

t i o n s  are  c o n t i n u a l l y  being made i n  mixed oxide f u e l  f a b r i c a t i o n .  There 

are  no "standard" techniques as such. However, c e r t a i n  techniques do 

predomi nate so t h a t  a l  t e rna t i ve  methods c u r r e n t l y  empl oyed have minimal 

e f f e c t  on the  source terms. 



I V .  FACILITY AND OPE9ATIONAL PARAMETE9S AFFECTIN 

THE POTEidTIAL MAGJITUDE OF RELEASES 

A. MATERIAL AND PROCESS PARAMETERS 

Fuel f a b r i c a t i o n  1 icense appl  i c a t i o n s ,  federa l  r egu la t i ons ,  and t h e  

open l i t e r a t u r e  were reviewed t o  cha rac te r i ze  t h e  mixed ox ide  f u e l  f a b r i c a -  

ti on f a c i  l i t y .  Wi th  t h e  ass is tance  o f  personnel exper ienced i n  f u e l s  

research  and operat ions,  t h e  process i n fo rma t i on  was p r o j e c t e d  t o  i d e n t i f y  

t h e  q u a n t i t i e s  and c h a r a c t e r i s t i c s  o f  f u e l  m a t e r i a l  expected f o r  p l a n t s  o f  

t h e  f u t u r e .  Uranium was n o t  s p e c i f i c a l l y  considered i n  t h e  study, except  

i n c i d e n t a l l y  when i n  combinat ion w i t h  plutonium, because t h e  hazards o f  

n a t u r a l  o r  dep le ted  uranium a re  overshadowed by those o f  plutonium. 

1. P l a n t  Product  and Design Capaci ty 

The p o s t u l a t e d  p l a n t  manufactures Pu02-U02 fue l  f o r  l i g h t  water  reac-  

t o r s  (LWR's). The p l a n t  design capac i ty  i s  1 MT o f  f u e l  p e r  day. 

2. Content of P l u t o n i u m . i n  t he  Fuel 

The LWR f u e l  i s  assumed t o  con ta in  2 t o  4 w t %  Pu02 i n  na tu ra l '  o r  

dep le ted  U02. Since t h e  LWR f u e l  process l i n e ,  w i t h  some mod i f i ca t ions ,  
- 

can a l s o  be used f o r  f a b r i c a t i c n  c f  f as t  breeder r eac to r  (FBR) f ue l s ,  t h e  

cha rac te r  o f  these f u e l s  a r e  a l s o  examined. FBR i s  assumed t o  con ta in  

8 t o  30 w t %  PuOZ i n  na tu ra l  o r  depleted U02. 

3. P l  u t o n i  um I s o t o p i c  Composit ion 

The m a j o r i t y  o f  t h e  p lu ton ium t o  be used i n  f u e l  f a b r i c a t i o n  i n  t he  

n e x t  10 t o  15 years w i l l  come from processing o f  spent u ran i  um f u e l  f rom 

LWR1s. I s o t o p i c  composit ions w i  11 range from approx imate ly  95 wtZ 2 3 9 ~ u ,  

5 w t %  2 4 0 ~ u  up t o  t h a t  r e s u l t i n g  from 30,000 t o  35,000 MWd/MT exposure i n  

an LWR. 

P lu ton ium obta ined from a process ing p l a n t  w i l l  have a range o f  i s o -  

t o p i c  composit ions, a f u n c t i o n  of t h e  s p e c i f i c  power p roduc t ion  of t h e  

f u e l  m a t e r i a l  and the  neu t ron i c  c h a r a c t e r i s t i c s  o f  the  r e a c t o r  system t o  



which t h e  f u e l  was exposed. As t h e  fue l  exposure increases, t h e  percentage 

o f  t h e  h i g h e r  i so topes  o f  p lu ton ium increase.  Because t he  r e l a t i v e  q u a n t i t y  

of 2 4 1 ~ u  increases w i t h  f u e l  exposure, t h e  s p e c i f i c  acti; i ty and t h e r e f o r e  

t h e  r a d i o l o g i c a l  hazard o f  a u n i t  q u a n t i t y  o f  p lu ton ium inc rease  w i t h  fue l  

exposure. 

For  t h e  dose c a l c u l a t i o n ,  a s p e c i f i c  i s o t o p i c  d i s t r i b u t i o n  o f  p l u -  

tonium, chosen as t h e  " re fe rence  mix ture, "  was obta ined from a Connec t i cu t  

Yankee Reactor t ype  f u e l  sample d ischarged a t  about 35,000 MWd/MT. Th i s  

i s  above t h e  i s o t o p i c  m ix tu re  f o r  t h e  p lu ton ium p resen t l y  be ing  processed 

and thus  i s  a  conse rva t i ve  es t imate  o f  t h e  i s o t o p i c  m ix tu re  which w i l l  be 

exper ienced d u r i n g  f a b r i c a t i o n  i n  t h e  n e x t  decade and beyond. 

Bone and 1 ung dose curves have been inc luded  ( i n  Appendix B) f o r  spe- 

c i f i c  u n i t  re leases o f  p i  utonium isotopes,  i .e., bone dose pe r  gram o f  

2 3 8 ~ u  released, i n  a d d i t i o n  t o  t he  curves f o r  the re fe rence  m ix tu re  ( i n  

Sec t ion  V I ) ,  i .e., bone dose p e r  gram o f  Pu released. These i s o t o p i c  

curves were i n c l u d e d  f o r  those who w ish  t o  determine doses f o r  o t h e r  

i s o t o p i c  composi t i o n s  o f  p l  u t o n i  um. Con t r i bu t i ons  o f  2 3 6 ~ u  t o  t h e  t o t a l  

dose were n o t  i nc l uded  i n  these c a l c u l a t i o n s .  

The i s o t o p i c  composi t ion o f  t h e  re fe rence  m ix tu re  o f  p lu ton ium i s  

shown i n  Table 2. 

TABLE 2 .  Reference M ix tu re  o f  Plutonium 

Iso tope  w t %  

2 3 6 ~ "  7.3 x  1 0 - ~  

2 3 8 ~ u  1.9 

2 3 9 ~ u  63.3 

2 4 0 ~ u  19.0 

241 PU 12.0 

2 4 2 ~ u  3.8 

The t o t a l  q u a n t i t i e s  o f  p lu ton ium and i t s  i s o t o p i c  composi t ion t h a t  

w i l l  be a v a i l a b l e  f o r  f a b r i c a t i o n  i n t o  r e a c t o r  f u e l  , i n c l u d i n g  recyc le ,  has 

been c a l c u l a t e d  f o r  t h e  years 1972 through 1985 i n c l u s i v e  f o r  t h e  LWR indus-  

t r y  (Appendix c ) :  The p lu ton ium w i l l  a l s o  con ta in  some 2 4 1 ~ m  ( f r o m  t h e  



A third possibili ty wou!d be t o  employ to ta l ly  remote, heavily 

shielded fabrication operations. If th is  method i s  used, personnel 

expgsure considerations would have l i t t l e  effect  on process design. 

2) Eaui oment Limitations (Capacity and Re1 iabi 1 i ty)  . Equi p e n t  
capacity 1 imitations could 1 imit the quantity of fuel processed in a par- 
t icu lar  enclosure (e.g., i f  the largest sintering furnace available has a 

capacity of 1 /6  t o n  of fuel per day, then six furnaces would be required). 

This would reduce the m o u n t  of material which i s  available for release in 
a furnace accident by a factor of six over what i t  would be with a 1 
ton/day furnace. 

Equipment re1 iabil i t y  considerations affect  the quantity of plutonium 

available for  release in an accident. A fabricator may wish to protect his 
plant from complete production stoppage in the event of equipment f a i lu re  

by using, for  example, four 1/4 ton/day capacity pel let  presses in four 

different  gloveboxes rather than one 1 ton/day press. In the event of 

a press fa i lure ,  output would only drop t o  3/4 ton/day rather than to 

zero. 

3 )  Product Uniformity Cons?aerations. The need to produce large 

quantit ies of fuel (LWR cores cwta in  22 to 44 MT of fuel)  with uniform 

characteristics makes handling large quantit ies of fuel in certain fabri-  

cation operations desirable. Such operations include homogenization of 

plutonium n i t r a t e  solution to obtain isotopic uniformity and blending of 

U02-Pu02 t o  obtain large batches with uniform plutonium content and powder 
characteristics.  Such operations would probably be conducted with the maxi- 

mum amount of material permitted by c r i t i c a l i t y  safety, radiation exposure, 
and equipment design considerations. 

Process and Product Variations 

An a l ternate  process t o  mechanically blending Pu02 and U02 powder i s  
- 

coprecipitation. In the coprecipitation process, plutonium ni t ra te  and 

uranium ni t ra te  solutions are blended and ammonium hydroxide i s  added t o  

coprecipitate plutonium hydroxide and amnonium diuranate. The precipitate 

i s  then dried and reduced and calcined in an atmosphere containing 6 to 15 



vol: H Z  in N 2  t o  yield U02-Pu02. The remainder of the fuel fabrication pro- 

cess i s  identical t o  the model process steps that follow powder blending, 

Use of the coprecipitation process rather than the mechanical blending pro- 

cess should have l i t t l e  effect on the accident source terms. However, i t  

does eliminate Pu02 powder treatment, identified as the one step represent- 

ing the greatest potential source of releasable plutonium. Elimination of 

this  step would negate this threat and could reduce the normal operation 

source tern. 

An alternative t o  loading elements with pelletized fuel i s  vibratory 

compaction. In this  process, U02-Pu02 powder i s  poured into the fuel tubes 
and compacted by vibration. (Typically, less than 10% of the Pu02 feed par- 

tic1 es used in this  process are less than 10 p. ) Other vibrational com- 

paction processing steps are similar t o  those of the model process which 

precede pellet pressing and follow fuel rod loading. I t  appears that the 

vibrational compaction process will have minimal effect on the magnitude 

of routine or accident source terms ; however, more detai led analysis could 

reveal effects n o t  currently envisioned. 

FBR Fuel Fabrication 

Because of the similarities of the fuel materials, a fabrication plant 

for LWR plutonium recycle fuel can, with minimal changes, be converted for 

fabrication of FBR fuels (possibly desirable as the FBR fuel market develops 

in the 1980's and 1990's). The principal difference in the fuel materials 
i s  that the FBR plutonium enrichment would be higher (a t o  30 w t %  Pu02 in 

natural or depleted U O Z )  and the FBR fuel pellets would be much smaller 
- 

(.~0.25 in. diam). 

If the LWR U02-Pu02 fuel fabrication plant were converted for 1/6 
MT/day FBR (75% U02 - 25% Pu02)  fuel fabrication, the plant plutonium 

inventory woul d be approximately the same, b u t  critical i t y  considerations 

would force reduction in the amount of plutonium handled in one batch. 

Therefore, assuming the same faci 1 i ty design features, the accident and 

routine source terns for 1/6 MT/day FBR fuel fabrication should be no 

greater and, in some mixed oxide processing steps, less than for 1 MT/day 
LWR U02-Pu02 fuel fabrication. 
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processing l i n e  i s  presented ' in  Appendix A.  The chemical form, physical 

form, and mass o f  plutonium i n  the var ious areas of t he  p l a n t  have been 

inc luded i n  the  desc r ip t i on  since they are important i n  determining re lease 

parameters. 

7. Add i t i ona l  Considerations 

a. Va r ia t i ons  i n  Potent ia l  Re1 ease Inventory 

For i n - p l  an t  accidents (e.g., f i r e ,  explosion) the  p o t e n t i a l  re lease 

inventory  i s  dependent on the inventory i n  the component (e-g. ,  furnace, 

g l  ovebox , process area) i n which the accident occurs. Several add i t i ona l  

considerat ions are  given i n  the fo l l ow ing  sect ions t h a t  could r e s u l t  i n  an 

in-process inventory s i ze  and d i s t r i b u t i o n  d i f f e r e n t  from t h a t  assumed i n  

t h e  re ference p lan t .  As an example o f  the  po ten t i a l  e f f e c t  o f  these con- 

s ide ra t i ons ,  a conceptual study by Merker e t  a1.,(4) o f  a 1 MT/day PuOZ-UOZ 

f u e l  f a b r i c a t i o n  p l a n t  describes a l i n e  t h a t  operates w i t h  l ess  than 2 kg 

o f  p lutonium a t  each processing ,s tat ion.  The low s t a t i o n  inventory i s  

achieved by use o f  mu1 ti p le ,  i d e n t i c a l  s ta t i ons  and semi -continuous i n f l o w  

ou t f l ow  o f  mater ia l  on conveyors. 

Consjderat ions which could a f f e c t  the  in-process inventory include: 

1 ) Chronic Radiat ion Exposure o f  Operating Personnel . The re1 a t i v e l y  

h igh  neutron and gamma r a d i a t i o n  l e v e l s  from high exposure plutonium could 

i n f l u e n c e  process changes i n  order t o  reduce the  chronic  r a d i a t i o n  exposure 

o f  opera t ing  personnel. (5) These changes could take several forms. One 

would be s h i e l d i n g  o f  t h e  gloveboxes and reduct ion  o f  t h e  quan t i t y  o f  p l u -  

tonium a t  t h e  s ta t i on .  This  would r e q u i r e  an increase i n  t he  number o f  

s t a t i o n s  and/or a continuous in f low-out f low o f  mater ia l  a t  the  s t a t i o n  i n  

order  t o  prevent the  accumulation o f  l a r g e  quan t i t i es  o f  plutonium. If 

these s t a t i o n s  are i s o l a t e d  from one another by some b a r r i e r ,  the  po ten t i a l  

re lease inventory  f o r  glovebox scale accidents could be reduced. 

Another p o s s i b i l i t y  would be t o  use the  above s t ra tegy  f o r  some opera- 

t i o n s ,  bu t  t o  (heav i l y )  s h i e l d  others such t h a t  the  c r i t i c a l i t y  considera- 

t i o n s ,  r a t h e r  than personnel exposure, 1 i m i t  the quan t i t y  o f  plutonium used 

i n  those s e l e c t  operat ions. 



beta decay of the 13 year ha l f - l i fe  2 4 1 ~ u ) .  Approximately 52 of the 2 4 1 ~ u  
will decay t o  2 4 1 ~ m  in 1 year. One year was chosen as representative of the 

elapsed time beWeen fuel processing and use in a fuel fabrication plant.  

4. Plutonium Inventory 

For a plant producing 1 MT of LWR fuel per day, the tota l  plant 

pl utoni um inventory will be of the order of 1000 t o  3000 kg.  

5 .  Desian Limitations Im~osed by Cr i t i c a l i t y  Safety Considerations 

One consideration tha t  will l imit  the amount of plutonium in a process 

area i s  c r i t i c a l i t y .  C r i t i c a l i t y  safety considerations will e i t he r  l im i t  

the plutonium to  a safe mass under specified conditions or the mass will be 

e f fec t ive ly  unlimited (e.g. ,  i f  a  plutonium solution i s  contained in a 

cylinder whose diameter i s  l e s s  than the minimum c r i t i c a l  diameter, then 

the  cylinder length i s  not limited and the cylinder can contain an i n f i n i t e  

amount of material ) . Safe masses of pl utoniuni and mi xed pl utonium-urani um 
a r e  given i n  Table 3. Because of i t s  hygroscopic nature and the poss ib i l i ty  

of the addition of binders in processing, the reduct im of the safe  masses 

of Pu02 i s  shown for  water uniformly distr ibuted in the powder and the 

pe l l e t s .  Values for  1 w t %  and 5 w t %  water a r e  given. 

6 .  Fuel Fabrication Process 

a .  General Description 

(1) Fuel Preparation. The plutonium i s  assumed t o  be received in the 

form of plutonium n i t r a t e  solutions that  must be converted t o  Pu02 However, 

the plutonium may be received in the form of Pu02 which would allow 

elimination of the  conversion s teps .  

The standard techniques for  plutonium fuel preparation are:  1 ) con- 

version of P u ( N O ~ ) ~  t o  Pu02, followed by mechanical mixing with U02 to  

obtain Pu02-U02 powder and 2) coprecipi ta t ion of U and Pu from the n i t r a t e ,  

followed by reduction t o  Pu02-UOZ powder. The Sol Gel technique, which i s  
. 

a special case of precipi ta t ion,  shows promise b u t  has been demonstrated 

only for  small batch fuel preparation. Since t o  scale  up  t h i s  process 

involves unknown d i f f i cu l ty ,  i t  has not been considered in t h i s  analysis. 



TABLE 3. Safe Masses i n  Plutonium 
Fuel ~ a b r i c a t i o n ( a  ,b,c) 

Dry Powder 11.3 kg 

Dry Pel 1 e t s  4.86 kg 

Powder w i t h  1 wt2 water 

Powder w i t h  5 w t %  water 

P e l l e t s  w i t h  1 wt5 water 

P e l l e t s  w i t h  5 wt:; water  

Optimumly Moderated Systems 230 g 

FBR Fuel ( d )  
UO -PuO islass Pu :.lass -2-2- - 

LYR Recycle Fuel ( e )  
UO -PuO Mass PuMass -4-- 

a. A sa fe  mass o r  ba tch  i s  <45% o f  a f u l l y  water  r e f l e c t e d  c r i t i c a l  mass. 

b.. Plutonium i s  assumed t o  be 100% 2 3 9 ~ u .  The presence o f  2 4 0 ~ u  w i l l  i nc rease t h e  sa fe  
masses (e.g., 20 wtE 2 4 0 ~ ~  w i l l  more than double the sa fe  mass o f  optimumly moderated 
LWR r e c y c l e  f u e l  ) .  

c .  Powder d e n s i t y  = 5.6 g/cm3, p e l l e t s  a t  t h e o r e t i c a l  dens i t y .  

d. Assumed t o  be 31 wt: Pu02 - 69 w t %  U(nat)02. 

e. Assumed t o  be 4 w t %  Pu02 - 96 wt: U(nat)02. 

(2 )  Fuel Shape Fabr ica t ion .  P e l l e t i z a t i o n  i s  t he  f u e l  shape f a b r i -  

c a t i o n  technique c u r r e n t l y  used almost e x c l u s i v e l y  f o r  power r e a c t o r  f u e l .  

A1 though v i b r a t o r y  compaction, a  developed f u e l  1  oading technique, i s  

c u r r e n t l y  r e c e i v i n g  on ly  l i m i t e d  use, i t  does have advantages t h a t  may 

r e s u l t  i n  more ex tens ive  use i n  t he  f u t u r e .  (2 93) 

( 3 )  Scrap Recovery. Whenever poss ib le ,  ox ide  scrap w i l l  be recyc led  

th rough t h e  process w i t hou t  chemical processing. For scrap and waste where 

t h i s  i s  n o t  poss ib le ,  a  t y p i c a l  recovery process i s  leaching,  o r  d i s s o l u t i o n ,  

f o l  1  o w d  bv r e d u c t i o n  and i o n  exchange y i e l d i n g  Pu (i103)4. 

b. Reference Process 

I n  o rder  t o  a l l o w  d e t a i l e d  i n v e s t i g a t i o n  i n  the  study, a  s p e c i f i c  pro-  

cess, ( c a l l e d  t h e  " re ference process,") was chosen f o r  examination. It 

inc ludes  convers ion of plutonium n i t r a t e  t o  Pu02, f o l l owed  by p e l l e t i z i n g  

o f  t h e  mechanica l ly  mixed Pu02-UO A f l o w  diagram f o r  t he  re fe rence  pro-  2  ' 
cess i s  g iven  i n  F igure  1. A t a b u l a r  d e s c r i p t i o n  o f  t h e  charac te r i zed  



For 1  MT/day FBR fuel  f ab r i ca t i on ,  the r o u t i n e  source term cou ld  be 

up t o  a  f ac to r  of approximately s i x  h igher  than f o r  equ iva len t  capac i ty  LWR 

UOZ-PuOZ f u e l  f a b r i c a t i o n .  Likewise, t he  source term from a  major f a c i l i t y  

cou ld  be h igher  due t o  t h e  l a r g e r  plutonium inven to ry  requi red.  However,, 
t he  q u a n t i t y  re leased cou ld  be 1  i m i t e d  by physica l  phenomena such as q u a n t i t y  

o f  p a r t i c l e s  which can be supported by a  volume of a i r .  For an acc ident  

i n v o l v i n g  o n l y  one batch o f  f u e l  ma te r i a l  , t h e  FBR f u e l  f a b r i c a t i o n  source 

term should be no g rea te r  than fo r  LWR UOZ-PuOZ f u e l  f a b r i c a t i o n .  

B. FACILITY 

There are  severa l  f a c i l i t y  design and opera t iona l  fea tures  i n c l u d i n g  

t h e  process confinement system, con t ro l  o f  process inventory,  and b u i l d i n g  

i n t e g r i t y  t h a t  i n f l u e n c e  o r  l i m i t  t he  p o t e n t i a l  f o r  re lease o f  p lu tonium 

from a  f u e l  f a b r i c a t i o n  p lan t .  The process confinement system, designated 

as t h e  pr imary b a r r i e r  i n  t h i s  study, inc ludes tanks and p i p i n g  i n  the  wet 

process areas, t h e  gloveboxes and associated exhaust systems i n  the  powder 

steps o f  the  process, and t h e  c ladding a f t e r  encapsulat ion o f  t h e  s i n t e r e d  

f u e l  pe l1 e t s .  Any plutonium f a c i l i t y  requ i rgs  an e f f e c t i v e  and re1  i a b l e  

p r imary  confinement system, i f  on l y  f o r  t he  p r o t e c t i o n  o f  opera t ing  person- 

n e l .  Th i s  requ i red  system p lays  an important  r o l e  i n  min imiz in9 re lease c f  

m a t e r i a l  t o  t he  environment. 

A second f a c i l  i t y  design fea tu re  (designated as the f i n a l  b a r r i e r )  

which has s i g n i f i c a n t  bear ing on the  p o t e n t i a l  re lease o f  ma te r i a l  i s  the 

i n t e g r i t y  o f  t he  b u i l d i n g  s t r u c t u r e  and the  associated bui  1  d ing  exhaust 

sys tem . 
Min imiz ing  the  f u e l  i nven to ry  which i s  a t  r i s k  i s  another design 

f e a t u r e  o f  t h i s  f a c i l i t y .  It inc ludes decoupl ing var ious steps i n  the  pro-  

cess r e l a t i v e  t o  a  given acc ident  mechanism e i t h e r  by i s o l a t i o n  by d is tance 

o r  b a r r i e r s  o r  by employing p a r a l l e l  product ion l i n e s  t o  minimize the 

normal process inventory .  I n  some f a c i l i t i e s ,  s i i n i l a r  processes a re  con- 

f i n e d  w i t h i n  separate rooms o r  areas which prov ide  an a d d i t i o n a l  f a c t o r  i n  

c o n t r o l l i n g  t h e  re lease o f  r a d i o a c t i v e  ma te r i a l .  Th is  design f e a t u r e  i s  

r e f e r r e d  t o  as a  secondary b a r r i e r .  



1 Elaboration of some of the primary and final design features follow. 

1. The Primary Barrier 

For purposes of th is  study, the tankage and piping system i s  assumed 

to kave sufficient integrity t o  assure that the system i s  capable of with- 

standing moderate s t ress  above normal requirements without rupture. Further, 

a l l  points of potential leakage (e-g.,  flanges and valves), are contained 

within enclosures t o  prevent spread of contamination t o  the room in the 

event of minor leaks that  may be expected t o  occur periodically. While 

the contents of the system may represent a large inventory for dispersal 

in a severe iccident involving catastrophic fai lure of the vessels o r  

piping, i t s  contribution t o  the normal operations source term i s  expected 

t o  be very small. 

All powder operations are assumed t o  be carried out  in discrete glove- 

boxes o r  glovebox systems that have sufficient strength to withstand opera- 

tional pressure without structural fai lure.  The gloves represent the 

principal weakness in the primary confinement barrier since they are subject 

to attack by chemical agents used in the glovebox, t o  physical damage from 

abrasion o r  cutting o r  puncture, and since they will l ikely f a i l  in case of 

an explosion o r  pressurization within the glovebox. Hood gloves will 

periodical ly fa i  1 ; however, only trace contamination wi 11 normal ly be 

observed outside the hood. In the event of a f i r e  o r  explosion within the 

gl ovebox system, substantial quantities of plutonium could be released from 
t h i s  barrier.  

The powder operations normally are carried ou t  in a i r  within a glove- 

box tha t  has ei ther  a single pass or recirculating a i r  system. Because of 

the possibili ty of propagating fumes throughout the system, i t  i s  assumed 
that a i r  in a glovebox i s  received through a HEPA f i l t e r  and exhausted 

t h r o u g h  another HEPA f i l t e r  to  an exhaust system. The HEPA f i l t e r s  a t  each 

glol~ebox exhaust are highly desirable in that they minimize the accumulation . 

of plutonium in the exhaust duct system. 

Once f i l te red  glovebox a i r  may be routed t h r o u g h  additional f i l t e r s  

prior t o  release from the building, or may be combined with the general 



room exhaust stream pr ior  to  re lease  through the f inal  building f i l t e r s .  

Glovebox exhaust a i r  typical ly  i s  f i l t e r ed  through two or three H E P A  f i l t e r s  

before re lease  to  the atmosphere. The in tegr i ty  of the glovebox system(s) 

and associated exhaust f i  1 t e r  system(s) throughout the powder processing 

stages i s  c lea r ly  a major consideration in l imiting the  release from normal 

operati  on. 

2 .  The Final Barrier 

The f ina l  ba r r ie r  i s  assumed to  be a s t ructure  of suff ic ient  strength 

to  withstand severe s t r e s s  (such as earthquake, tornado, intense f i r e  or  

process explosion). I t  i s  fu r ther  assumed tha t  a l l  building exhaust a i r  i s  

released to  the environs through a building f inal  f i l t e r  system capable of 

withstanding the same severe s t resses  as the building. 

The number of HEPA f i 1 t e r s  i n  se r i  es required i n  the b u i  ldi  ng f i  nal 

f i l t e r  system i s  not generally agreed upon; some f a c i l i t i e s  operate w i t h  

one s tage,  some w i t h  two, and in  one case f i ve  stages were deemed neces- 

sary.  (6) T h i s  apparent disagreement stems largely from the f a c t  t ha t  while 

' W  the capabi l i ty  of a s ingle  stage i s  we1 1 known, the  benefit to  be derived 

1 from additional stages of f i l t r a t i o n  has not been well established. One 

extreme position would be t ha t  i f  one HEPA f i l t e r  i s  demonstrated to be 

99.95% effect ive  by cold DOP t e s t ( 7 )  and therefore has a transmission fac- 

t o r  of 5 x loe4, then two HEPA f i  1 t e r s  i n  se r ies  will have a transmission 
7 fac tor  of (5 x lom4) x (5  x 1 0 ' ~ )  = 2.5 x 10- . The al ternate  extreme view 

would be t ha t  the par t icula tes  t h a t  can pass through the f i r s t  f i l t e r  have 

demonstrated t h e i r  capabil i ty fo r  passing through a HEPA f i l t e r  and there- 

fore  will continue to  do so ,  thus a two f i l t e r  combined transmission fac tor  

i s  5 x loe4. The t r u t h  probably 1 i e s  somewhere between. Based on AEC HEPA 

f i l t e r  guide l ines  as referenced in  Preliminary Safety Analysis Report fo r  

the Plutonium Recovery and Waste Treatment Faci l i ty  a t  the Rocky Flats ,  (8)  

the f i r s t  s tage i s  assumed to be 99.9% effect ive  and a l l  successive stages 
. 

99.8% effect ive .  Thus the  combined transmission factor  f o r  two stages 

would be (1 x loe3) x (2 x = 2 x 



In the practical  case, the second stage a t  l e a s t  f i l t e r s  t h a t  portion 

of the exhaust stream tha t  bypassed the f i r s t  f i l t e r  because of seal leaks 

t h a t  may periodically develop or during changing of the f i r s t  f i l t e r .  Two 

stages of building exhaust stream f i l t r a t i o n  are  frequently provided f o r  

t h i s  reason alone. During approximately 25 years of operation of the 

Hanford plant,  no in-service HEPA f a i l u r e s  have been ident i f ied.  F i l t e r  

changes a r e  routinely required because of f i l t e r  loading. 

One engineering study of building f i  1 t e r  capabi 1 i t i e s  determined, on 

the basis of actual measurements made on four stages of HEPA f i l t e r s ,  t ha t  
-7 (9 )  four stages a re  required t o  achieve a transmission factor  of 1 x 10 . 

Based largely on t h i s  engineering study, i t  will be assumed t h a t ,  i n  pract ice ,  

the  following benefit may be expected t o  be achieved by mu1 tip1 e f i l t e r  banks. 

Removal Transmission Factors 
Eff i ci ency Specific Aggregate 

F i r s t  Stage 99.9% 1 1 
Second Stage 99% 1 x 1 x 
Third Stage 94% 6 x 1 o-' 6 x 
Fourth Stage 83% 1 . 7 x 1 0 - 1  1 . 0 ~ 1 0 - ~  

As will be discussed fur ther  in Section VII, the material present in the 

i n t ac t  gloveboxes or  within vented piping systems was assumed t o  be sepa- 
rated from the plant environs by three  stages of HEPA f i l t e r s ,  and material 
elsewhere w i t h i n  the building, by two stages of HEPA f i l t e r s  a s  follows: 

The glovebox a i r  f i l t r a t i o n  system: . 

Overall Efficiency ( 3  HEPA) 99.99994% 

Aggregate Transmission Factor* 6 x 1 o - ~  
The room a i r  f i l t r a t i o n  system: 

Overall Efficiency ( 2  HEPA) 99.999% 

Aggregate Transmission Factor* 1 lo-= 

*Aggregate Transmission Factor i s  the  r a t i o  of the  
grams of material transmitted to  the grams impinging 
on the f i r s t  stage.  



The foregoing values have been shown to be conservative by more recent 

data obtained under laboratory conditions. Although each f i l t e r  reduces 

the  average pa r t i c l e  s i z e ,  efficiency of the next f i l t e r  remains above 

99.92. The minimum aggregate transmission factor  obtained under laboratory 

condit icns with PuOZ aerosols was 1.0 x lo-' f o r  two steps of HEPA f i l t r a -  

t ion .  A faci: i ty which has a properly ins ta l l ed  and tested HEPA f i l t r a t i o n  

system and can maintain in tegr i ty  of the f inal  confinement system will 

release ohly minor amounts of par t icula te  materials t o  the environment. 

A charac te r i s t i c  of f i l t e c  media which makes the 6.0 x lo-' and 

1.0 x 1 o ' ~  transmission factors  more conservative (higher than actual ) i s  

the  improved efficiency with loading. A1 though l i t t l e ,  i f  any, data a r e  

avai lable  on the increased efficiency due t o  dust loading, one observation 
showed tha t  approximately 250 g of dust w i t h  an aerodynamic equivalent diame- 

t e r  ( A E D )  of 2.6 pm resulted in a 3 in. pressure drop for  a 12 in. by 12 i n .  by 

6 in .  deep f i l t e r .  ( l o )  Although a pressure drop of 3 in .  i s  not excessive 

in some in s t a l l a t i ons ,  when exceeded i t  would cal l  for  a f i l t e r  change. The 

eff ic iency i s  probably s ignif icant ly  higher a t  t h i s  point in the l i f e  of 

the  f i l t e r  than fo r  the  newly ins ta l l ed  f i l t e r .  

In an i n s t a l l a t i on  requiring 100 HEPA f i l t e r s  (100,000 cfm) each of 

which were loaded with plutonium to  reach a pressure drop of 3 in .  of water, 

the  to ta l  loading would be of the order of 200 kg of Pu in the f i l t e r  bank, 

a ra ther  r idiculously large  amount. Even with t h i s  unreal i s t i c  assumption, 

the  amount of plutonium which would have penetrated the f . i l t e r  u p  t o  t ha t  

point would have been no more than about 2 g (2000 x 1.0 x x 100 f i l -  

t e r s ) .  Evidently there i s  a real i s t i c  upper boundary to  the amount of fuel 

material t ha t  can pass a HEPA f i l t e r .  A1 though without total  support, t h i s  

example plus experience apparently j u s t i f y  an assumption that  about 1 t o  5 g 

i s  the maximum release  which can be postulated from the most severe in-plant 

accident t ha t  does not compromise e i ther  the building or the two stages of-  

HEPA f i l t r a t i o n .  

Evidence t ha t  such a self-regulating mechanism i s  a t  work i s  obtained 

from examination of the releases measured from a wide variety of plutonium 



hand1 ing f a c i l i t i e s ,  characteristically equipped with two or three stages 

of HEPA f i l t e r s  between the gloveboxes and the environs. Reported releases 

a t  AEC instal la t ions for  1971 ( I 1  ) (with one notable exception which i s  n o t  

a mixed oxide plant) are in the range of 1 to  75 pCi/year. 
- 

For a nominal flow rate of lo5 cfm, the 75 pCi value i s  equivalent 

to an average release concentration of 5.0 x eci/crn3. The reporting 
of "less than" release values of 1.0 x pci/crn3, because of insuffi- 

cient analytical sensi t ivi ty,  i s  often misleading in analyzing plant 

emissions. Similar "less than" emission rates are reported for  the com- 

mercial mixed oxide fuel fabrication plants. Therefore, within the present 

p l  utoni um analytical capabi 1 i t i e s  of the industry, the apparent concentra- 

tions and annual release rates are similar for  a large number of plutonium 

instal lat ions involving a wide variety of chemical and physical processes 

and significant differences in throughput. 

Facili ty Model 

I t  i s  assumed that prudent design considerations as well as regulatory 

requirements will result  in the design of a f ac i l i ty  such that the structure 

and the final f i l t e r  system will mail?tair! the i r  integrity against the action 

of f i r e s  and natural phenomenon (earthquakes, tornadoes, floods, etc.) .  For 
the purpose of th is  study i t  i s  assumed that the f a c i l i t y  design cr i te r ia  

will be comparable to c r i t e r i a  used in the design of reactors and for cer- 
ta in new AEC plutonium fac i l i t i e s .  (1 2 )  In characterizing the reference 
f a c i l i t y ,  the design features which could have significant effect on the 
normal operation and/or accident source terms were examined. The following 

assumptions were made about these features for  the plant "model . " 
a .  Earthaua ke 

The f a c i l i t y  will be designed such that shutdown systems of the 

faci l  i t y  wi 11 remain operational during the maximum possible acceleration 

that could occur a t  the s i t e .  Additionally, the f a c i l i t y  i s  designed such 

tha t  those elements remain functional that are required for continued safe 

operation during the maximum probable acceleration that could occur a t  the 

s i  t e .  



b. Tornado 

Sections of the f a c i l i t y  as defined in the M i n i m u m  Design Cri ter ia  for  

New Plutonium ~ a c i l  i  ties( ' ')  will be hardened t o  withstand the e f fec t s  of 

the AEC Regulatory Model Tornado. (13) 

c.  Flood 

The f a c i l i t y  e i t he r  i s  located such tha t  water from the Probable 

Maximum Flood (PMF,)  which 5s the most severe flood reasonably possible 

a t  the f a c i l i t y  s i t e ,  would not reach the f a c i l i t y ,  o r  the f a c i l i t y  i s  

afforded the necessary protection in the form of dikes, diversion channels, 

e t c . ,  t o  remain unaffected by the water from the flood. (14) 

d .  Fire Protection 

The f a c i l i t y  design includes the necessary alarms and/or equipment t o  

prevent, suppress, or contain a f i r e .  In a t  l e a s t  one f a c i l i t y ( 1 5 )  the 

f i l t e r s  a re  required t o  withstand 180°F continuously and 700°F fo r  5 m i n .  

Several t e s t s  have been conducted on the e f fec t s  of elevated temperatures 
on high efficiency f i l t e r s .  5 y 1  6 y 1 7 s 1 8 )  These t e s t s  indicate tha t  f i  1 t e r s  

made according to AEC minimum specifications wi 11 withstand temperatures of 
700°F fo r  5 minutes. In the same f a c i i i t y  the glovebox system final exhaust 
f i l t e r  bank i s  t o  be protected by a minimum of a scrubber which ac t s  as a 

large heat sink, a cooling chamber which cools by deluge spray and a demister 
together w i t h  the necessary heat detectors and alarms. The room a i r  system 
final  exhaust f i l t e r  bank will be protected by a m i n i m u m  of a spark a r r e s t e r ,  

a cooling chamber and a demister together with the necessary heat detectors 
and alarms. 

The design of the process and the process equipment a re  extremely impor- 
t an t  in &fining the protection necessary to assure the in tegr i ty  of the 

building and the f inal  f i l t e r .  

e .  Cri t i c a l  i  t y  

The f a c i l i t y  i s  designed to remain subcrit ical  under a l l  operating 
ci rcumstances. This i s  assured by e i ther  mass control of the f i s s i l e  

materi a1 (doubl e batch pr inciple)  o r  by engineered safety features.  Safe 



geometry, backf low protect ion,  poisoned systems, etc., are inc luded i n  the  

design whenever f e a s i b l e  t o  assure sa fe ty  w i t h  a minimum o f  admin is t ra t i ve  

con t ro l  s. Rapid pressur iza t ion  o f  a hood o r  enclosure as a r e s u l t  o f  a 

c r i t i c a l i t y  acc ident  c o ~ ~ l d  be s u f f i c i e n t  t o  breach the pr imary b a r r i e r .  ' It 

i s  n o t  c r e d i b l e  t h a t  t h i s  fo rce  would compromise the  f i n a l  b a r r i e r ,  the  

I b u i l d i n g  s t r u c t u r e  o r  t he  f i n a l  f i  1 t e r  system. 

The generat ion o f  a f i r e  as a r e s u l t  o f  the  energy released dur ing a 

c r i  ti cal  i t y  event i n  the reference f a c i  1 i t y  i s  no t  considered c red i  b l  e. 

C r i  t i c a l  i t y  accidents are most 1 i k e l y  t o  be i n i t i a t e d  i n  so lu t ions .  A1 1 

o f  the  c r i t i c a l i t y  accidents t h a t  have occurred i n  plutonium recovery sys- 

tems have i nvol  ved sol  u t i  on. 

f. L i q u i d  Waste 

Th is  f a c i l i t y  i s  assumed t o  have three separate l i q u i d  waste systems 

consi dered i n faci.1 i t y  design. These -i nc l  ude systems f o r  contami nated wastes, 

c l  ean process wastes, and san i ta ry  wastes. P o t e n t i a l l y  contaminated wastes 

normal ly  are c o l l e c t e d  a t  the  p o i n t  where they are generated o r  i n  a 

hold-up tank. It i s  assumed t h a t  there i s  no continuous l i q u i d  effluent 

f l o w  from areas o f  the p l a n t  where there i s  po ten t i a l  f o r  1 i q u i d  e f f l u e n t s  

becoming contaminated w i t h  p l  utonium. Thus, w i t h  t h i s  type of passive system, 

acc identa l  o r  r o u t i n e  release o f  plutonium i s  extremely low. 

The san i ta ry  sewer system i s  maintained separate from the process 

system w i t h  automatic sampling provided f o r  the process system. Thus, 

t h i s  system shoul d no t  cont r ibu te  t o  environmental contamination. 

Areas where water from f i r e  f i g h t i n g  cou ld  becoine contaminated are 

assumed t o  be equipped so t h a t  t h e  p o t e n t i a l l y  contaminated water i s  pre- 

vented f rom reaching the  environs. 



ENVIRONFEYTAL CONSIDE!IAT!ONS AFFECTING CONSE@UE?ICES OF RELEASES 

A. ATMOSPHERIC DISPERSION 

1 . Normal Opera ti on 

The Atomic Energy Commission has provided guidance fo r  estimating 

the atmospheric dispersion of radionucl ides accidentally released from 
nuclear power plants. (19720) Similar guidance i s  not currently avai lable  

from routine releases. A method i s  proposed f o r  the purpose of evaluating 

long-term routine releases from normal plant operations. Two condi t ions  
were imposed on the method: (1 ) i t  should yie ld  conservative estimates,  

i .e. overestimate the average ground level a i r  concentrations, and (2)  i t  

should r e f l e c t  real i s t i c  meteorological and diffusion conditions. 

The long-term sector average a i r  concentration a t  ground leve l ,  F, 
of radioactive material diffused from a continuous point source i s  given 

(21 ) by: 

where: 
- x = long-term sector average a i r  concentration a t  ground level ,  

pCi/cm 3 

f = percent of frequency with which wind blows in a sector  during a 

specified s t ab i l i t y  a t  a given speed, % 

Q' = average ra te  of release from source, Ci/sec 

O z  
= standard deviation of crosswind ver t ical  dispersion of a i r  

concentration in cloud, rn - 
u h  = average wind speed a t  height of re lease ,  m/sec 

h = height of release,  m 
w = arc length of sector ,  m w = 2 ~ x / n  

x = downwind distance, m 
n = number of sectors contained i n  360 degrees 

Note: values for  f ,  Q', o, and u,, are long-term average values. 



In this  study, a version of RACER(") modified for annual releases, (23 

was used in the calculation of annual average a i r  concentrations for a 

22.5" sector,  normalized t o  an average annual  release. On-si te micro- 

meteorologi cal data from nuclear power plant environmental reports for 

26 s i t e s  were selected t o  calculate normalized ground level average a i r  

concentrations for b o t h  ground level and 100 meter release heights. 

Calculations of the y/Q' values with the data from each s i t e  were 

performed in a manner to  obtain the maximum possible values. The calcula- 

tional method went further than just using the sector with the greatest - x/QO value, i t  maximized z/Q' in each step by using the joint frequency of 

occurrence of wind speed and direction data, separated into s tabi l i ty 

classes. Table 4 i s  representative of d a t a  from one of the s i tes  for the 

stable class.  The maximum wind occurrence values for each wind speed 

group were found as shown by the circled numbers in Table 4.  These maximum 

occurrence values were combined t o  create a hypothetical maximum sector for 

this  s tabi l i ty  class. The identical process of selecting the maximum occur- 

rence values was used for each of the other s tabi l i ty classes for the s i t e .  

Then, an average y/Q' value was calculated as a function of distance based 

o n  the hypothetical maximum sector using RACER. This complete process was 

repeated for  each of the s i tes .  After the y/Q' values for a l l  of the s i tes  

were plotted as a function of distance, the maximum values were f i t ted  t o  

form an upper limi t for both the ground level and 100 meter release heights. 

These curves are referred t o  as the calculated annual maximum sector curves 

(CAMS). (Appendix D )  

The effect  of a change in the distribution of s tabi l i ty  classes result- 

i n g  from th is  procedure was investigated and found t o  lead t o  a slight 

tendency t o  emphasize the effects of stable conditions. As a result ,  the 

CAMS curves tend to  be slightly more conservative a t  greater distances. 

For comparison, the on-si te meteorological da t a  from the reactor s i t e s  

were also used t o  calculate mean values of sector average annual a i r  con- 

centrations. In this  instance, the frequency distributions within each 

s tabi l i ty  class and for each wind speed class were summed and then divided 

by sixteen. This results i n  a mean frequency distribution for a 22.5" 



TABLE 4. Sample Data Sheet for Maximum Sector Derivation 
CONflECTICUT YANKEE 

100 F i  MIND OATA ANNUAL (3/4/63-3/6/64) 

STABLE 
DELTA T LESS MAN +I .5 BUT GRWTER :W\N OR EQUAL TO 

U I !ID UIND SPEED (MPH) 
FROM 1-3 4-7 8-12 13-18 19-24 25-31 

NNE 8 3 0 0 0 0 
(1)  3.3 1.2 0.0 0.0 0.0 0.0 
(2)  0.1 0.1 0.0 0.0 0.0 0.0 

NE 7 5 0 0 0 0 
( 1 )  2.9 2.1 0.0 0.0 0.0 0.0 
(2)  0.1 0.1 0.0 0.0 0.0 0.0 

ENE 19 20 0 0 0 0 
( 1 )  7.0 7 .4  0.0 0.0 0.0 0.0 
( 2 )  0.3 0.4 0.0 0.0 0.0 0.0 

E 33 45 5 0 0 0 
( 1 )  10.5 14.3 1.6 0.0 0.0 0.0 
(2 )  0.6 0.8 0.1 0.0 0.0 0.0 

ESE 47 70 13 0 0 0 
(1 )  13.0 19.4 3.6 0.0 0.0 0.0 
(2)  0.9 1.3 0.2 0.0 0.0 0.0 

32-38 39+ ALL 

SE 25 35 9 5 0 0 0 0 74 
( 1 )  8.2 11.5 3.0 1.6 0.0 0.0 0.0 0.0 21.3 
( 2 )  0.5 0.6 0.2 0.1 0.0 0.0 0.0 0.0 1.3 

SSE 7 21 9 2 0 0 44 
( 1 )  2.5 7.6 3.3 0.7 1.: (9 0.0 0.0 16.0 
( 2 )  0.1 0.4 0.2 0.0 0.1 \p.O 0.0 0.0 0.8 

. . 

UNW 

30 2 

NNW 26 18 0 0 0 
(1) 9.5 6.5 0.0 0.0 0.0 
(21 0.5 5.3 0.0 0.0 0.0 

VRBL 14 2 0 0 0 0 0 0 16 
0.0 0.0 0.0 0.0 0.0 6.5 
0.0 0.0 0.0 0.0 0.0 0.3 

ALL 360 447 240 131 4 1 5 0 0 1224 
(1 )  24.7 30.7 16.5 9.0 2.8 0.3 0.0 0.0 84.1 
(2)  6.5 8.1 4.4 2.4 0.7 0.1 0.0 0.0 22.3 

( 1 )  PERCENT FOR THIS STABILITY AND WIND DIRECTION 
( 2 )  = PERCENT OF ALL GOOD OBS 
8568 TOTAL PSBL HRS 1455 HRS THIS PAGE (26.4 PCT) 
231 HRS o f  CAM (4.2 PCT) 3047 HRS OF nSG UINDS/OELTA T 



sec to r .  The mean meteoro log ica l  c o n d i t i o n  f o r  a l l  of t he  sec to rs  around a 

f a c i l i t y  i s  represented by the mean sec to r  va lue.  Normalized average a i r  

concen t ra t i ons  were then c a l c u l a t e d  as a func t ion  of d is tance .  The aver-  

ages o f  these mean curves f o r  a l l  s i t e s  a re  re fe r red  t o  as t he  mean sec to r  

curves. F igures  2 and 3 c o n t a i n  the CAMS and mean sec to r  curves o f  7/Q0 
as a f u n c t i o n  o f  d is tance  f o r  a l l  s i t e s  f o r  t h e  ground l e v e l  and 100 meter 

re leases,  r e s p e c t i v e l y .  

The CAMS curves were developed t o  be used as i n i t i a l  est imates o f  t he  

annual average Y/Q0 values t h a t  m igh t  occur a t  any s i t e .  Comparisons w i t h  

independent ly  c a l c u l a t e d  Y/QO values (24) has shown t h a t  t h e  CAMS curves may 

be used as r e a l  i s t i c  b u t  conserva t i ve  est imates of Y/Q0 i n  the absence o f  

a c t u a l  s i t e  c l i m a t o l o g i c a l  data.  

It i s  necessary t o  cons ider  the  a p p l i c a b i l i t y  o f  meteorc log ica l  data 

d e r i v e d  f rom nuc lear  power p l a n t  s i t e s  t o  a  s i t e  f o r  a  p lu ton ium f u e l  fab-  

r i c a t i o n  p l a n t .  The r e s u l t s  can on l y  be as good as the s i m i l a r i t y  o f  t h e  

s i  tes .  Moreover, p lu ton ium f u e l  p l a n t s  may be loca ted  under d i f f e r e n t  

s i  t i n g  c r i t e r i a ,  and may we1 1 have d i f f e r e n t  l o c a l  topographica l  fea tu res .  

As noted e a r l i e r ,  t he  at tempt  t o  d i v i d e  d i f f u s i o n  regimes by apparent l o c a l  

topograph ica l  d i f fe rences  showed t h a t  s i m i l a r  v a r i a t i o n s  occurred i n  a l l  

groups. There were nea r l y  equ i va len t  extremes i n  a l l  groups, suggest ing 

t h a t  whatever makes a s i t e  "good" o r  "bad" cannot be expressed s imply  i n  

terms of apparent  topographica l  d i f f e rences .  

A1 though t he  most conservat ive s e c t o r  (CAMS) has been used i n  t h i s  

s tudy,  i t  i s  d e s i r a b l e  t o  g i v e  c r e d i t  f o r  l o c a l  s i t e  c h a r a c t e r i s t i c s  i n  

s p e c i f i c  a p p l i c a t i o n s .  Conversely, i t  should be recognized t h a t  even 

though CAMS has been shown t o  be conserva t i ve  i n  t h i s  study, i t  i s  n o t  

expected, i n  a  s t a t i s t i c a l  sense, t h a t  the  CAMS curves w i l l  enclose the 

p o p u l a t i o n  of Y/Q0 values. 

I n  o rde r  t o  p rope r l y  i n t e r p r e t  the  Y/QO values ca l cu la ted  f o r  t h e  

extreme d is tances  presented here in ,  i t  must be understood t h a t  an uppgr 
\c 

l i m i t  has n o t  been placed on v e r t i c a l  d i f f u s i o n .  Such a l i m i t  does 

n a t u r a l  l y  occur  and i s  duscussed by Holzworth.  ('=) For t he  Un i t ed  States - 
t 



FIGURE 2. Maximum (CAMS) and Mean y/Q' Curves for  Ground Level Releases 



DISTANCE (M) 

FIGURE 3. Maximum (CAMS) and Mean y/Q' Curves f o r  an Elevated 
Release (100 meters) 



th is  l imit i s  around 1000 meters. When no l i m i t  i s  placed on vertical 
diffusion, estimates of T/Q' are affected a t  distances beycnd 6 x 10 3 

meters. These values w i l l  be underestimated less  than an order of 
5 magnitude a t  10 meters. Allowance may be made for  the mixing depth in 

any particular region by use of maps published by Holzworth. 

The above method and the CAMS curves are not designed t o  replace in 
any way the need for on-site meteorological data collection programs. 
Thess are only for in i t i a l  estimates for an undefined s i t e  for use in 
plant design. I t  i s  anticipated that once a particular s i t e  i s  chosen, 

on-site data will be collected and used to make a more accurate assessment 

of the diffusion climatology both for the routine as well as accidental 
release calculations. 

2. Accidents 

The method for  estimating atmospheric dispersion of an accidental 
release must entertain the possibili ty that the release may occur during 
any diffusion regime. This i s  because releases resulting from accidents 

are inherently of short duration (a few minutes, u p  t o  a day in length) 
and random w i t h  respect t o  t i m i n g .  A method for estimating the atmospheric 

dispersion of accidental releases from nuclear power plants i s  presented 
i n  USAEC Regulatory Guide 1.3. The enveloped maximum curve method dis-  
cussed i n  the Guides should apply equally well t o  plutonium fuel plants. 

The method i s  clearly explained in the safety guides, and i s  in wide 
enough usage that no further detai l  on the method will be presented here. 
I t  should be recognized, however, that the cl imatol ogi cal model employed 
i n  the Regulatory Guide estimates less dilution and therefore i s  more 
conservative than the previously discussed CAMS model f o r  routine releases. 

3 .  Effects of Dry Deposition, Scavenginq, and Resuspension on Accidental 
and Normal Operation Release Consequences 

Dry deposition, scavenging, and resuspension are important considera- 
tions in the evaluation of the consequences from accidental and normal 
operating releases. F i rs t ,  these factors, wi t h  exception of resuspension, 
reduce the imediate  atmospheric concentration of plutonium. Second, some 



plutonium will  deposit on the ground where recovery or containment may be 

possible. T h i r d ,  an accurate prediction of atmospheric a i r  concentrations 
following an accident will require consideration of these mechanisms. The 

atmospheric dispersion curves fo r  normal operation (CAMS) shown in Figure 2 

do not separately consider the e f fec t s  of these three mechanisms; deposi- 

ti on, scavengi ng, and resuspension. 

The deposition velocity of plutonium par t i c les  cannot be specified 

exactly because i t  wil l  vary depending on the s ize  d i s t r ibu t ion  of the 

par t i c les .  the nature of the surface on which deposition occurs, the wind 

speed, and other meteorological variables . In addition, the s i  ze di s t r i  - 
bution of the par t i c les  w i t h  which the plutonium i s  associated can be 

expected to.  change downwind as a r e su l t  of a number of natural processes. 

For a par t i cu la r  s i tua t ion ,  once a deposition velocity is  known, an e s t i -  

mate may be obtained by use of the methods recorr~mended in Meteorology and 

A tomi c Energy (1 968). (21 

Inspection of this method reveals t ha t  an order of magnitude change 

e i t h e r  way from the example deposition veolocity of 1.0 cm/sec r e su l t s  i n  

a d r a s t i c  change i n  deposition. The deposition velocity f o r  plutonium 

par t i c les  with an average diameter of 0.3 w i s  0.01 t o  0.20 cm/sec f o r  

wind speeds of 2 m/sec to 13 mlsec. (26) This par t i c le  s i z e  has the great-  
e s t  f ract ional  penetration through a HEPA f i l t e r  and hence has been 

assumed to  be applicable to  the normal operation re lease  as well as the 

accident re lease ,  assuming the HEPA f i l t e r  remains i n t ac t .  The value of 

the deposition velocity w i  11 a lso  depend on the nature of the re lease ,  

i n  t h a t  d i f f e r en t  s i z e  dis t r ibut ions  may be generated. For an uncontained 

f i r e ,  Mishima determined the s ize  of airborne par t ic les  from the oxidation 
of metal 1 i c  plutonium was about 4.2 prn w i t h  no par t i c les  greater  than 

8 pm detected. (") If other nonradioactive part icl  es  a re  produced a t  

the same time, such as during a f i r e ,  a combination of par t i c les  can be 
expected. Higher deposition veloci t ies  would be applicable fo r  such a 
re lease .  However, as long as  the HEPA f i l t e r s  are  i n t ac t ,  the s i ze  d i s t r i -  

bution will be mostly a function of the properties of the exhaust system. 

Laboratory measurements suggest the s i ze  will be around 0.3 pm as assumed 



e a r l i e r .  However, t h i s  va lue i s  open t o  some ques t ion  based on exper i -  

mental evidence. Actual  measurements a t  a  p lu ton ium f u e l  p l a n t  showed 

t h e  r a d i o a c t i v e  p a r t i c l e s  downstream from HEPA f i l t e r s  were an o rder  o f  

magnitude g rea te r  i n  s ize .  (281 Th is  i n  t u r n  would r e s u l t  i n  increased 

d e p o s i t i o n  v e l o c i t i e s  and increased importance of d r y  depos i t ion .  

The range o f  maximum depos i t i on  on ground l e v e l  surfaces near t h e  

p l a n t  per imeter  may be est imated us ing  t h e  ground l e v e l  CAMS curves and a  

reasonable depos i t i on  v e l o c i t y  f o r  t h e  re leased p a r t i c l e s  of 0.05 cm/sec 

a t  300 meters. An annual r e l ease  o f  y grams produces maximum annual 
2 d e p o s i t i o n  r a t e s  o f  y x  9 x  g/m . 

Depos i t ion  r a t e s  f o r  an acc iden t  w i l l  have t o  be ca l cu la ted  on a  case 

by case bas is ,  t a k i n g  i n t o  account t he  ac tua l  s i t u a t i o n .  The poss ib le  

cases i n c l u d e  n e a r l y  complete depos i t i on  w i t h i n  a  f a i r l y  s h o r t  range up 

t o  almost no depos i t i on  a t  a l l .  

More s t a b l e  atmospheric cond i t ions ,  a1 though having a  lower  d e p o s i t i o n  

v e l o c i t y ,  general  l y  have h igher  ac tua l  deposi t i on as a  resu l  t o f  t he  

Comi n a t i  ng e f f e c t  o f  h i ghe r  a i r  concentrat ions under s tab le  cond i t i ons  . 
An onsi  t e  measurement o f  atmospheric s t a b i l i t y  w i  11 be requ i red  as one of 

t h e  i n p u t s  i f  t h e  depos i t i on  from an acc iden ta l  re lease  i s  t o  be ca l cu la ted .  

The magnitude o f  t h e  change i n  depos i t i on  between a  very uns tab le  case and 
3 a very  s t a b l e  case i s  about a  f a c t o r  o f  two, a t  10 meters. 

A s i m i l a r  es t imate  may be made f o r  the acc iden t  case us ing  the curves 

f rom Safety  Guides 3 and 4. For an acc iden ta l  re lease  the  maximum ground 

l e v e l  depos i t i on  a t  300 meters may be expected t o  be i n  the range of 
2 y' x  3  x  1  o ' ~  and y '  x  6 x  g/m /hour where y '  i s  the acc iden ta l  

r e l ease  r a t e  i n  grams per  hour. 

A t  any p rospec t i ve  s i t e ,  the  p o t e n t i a l  f o r  scavenging by p r e c i p i t a t i o n  

should be considered. Assuming a  un i f o rm  d i s t r i b u t i o n  o f  p r e c i p i t a t i o n  i n  

t h e  reg ion,  the  maximum depos i t i on  from r o u t i n e  releases should occur a t  

o r  i n  t he  immediate v i c i n i t y  o f  the  s i t e .  The washout c o e f f i c i e n t  i s  

def ined as the  cons tan t  o f  t he  time-dependent exponent ia l  decay 

x = xo exp(-At)  



where x i s  the  a i r  concen t ra t ion  a t  t ime t, x0 i s  the  i n i t i a l  a i r  

concen t ra t i on ,  and A i s  the  washout c o e f f i c i e n t .  (29 ) 

Experimental  and t h e o r e t i c a l  evidence has shown the  washout c o e f f i -  - 1  c i e n t  i s  about t o  lom3 sec f o r  uranium p a r t i c l e s  t h a t  have 

median mass d iameter  o f  between 6 and 15 pm, r e s p e c t i v e l y .  (30) Th is  

i m p l i e s  t h a t  f o r  a  f i v e  minute r a i n f a l l ,  between 26% and 3% o f  a  p l a n t  

r e l ease  would be deposi ted w i t h i n  1500 meters o f  t he  p l a n t  assuming a  

5  m/sec wind speed. The v a r i a t i o n  i s  p r i m a r i l y  the r e s u l t  o f  d i f f e r e n t  

r a i  n f a l l  ra tes ;  the  washout c o e f f i c i e n t  i s  approx imate ly  p ropo r t i ona l  t o  

the  r a i n f a l l  r a t e .  The main e f f e c t  of the  wind speed i s  i n  the  d i s p e r s i o n  

o f  t he  re lease .  The washout r a t e  i s  a l s o  a  f u n c t i o n  o f  t he  p a r t i c l e  s i ze .  

Theo re t i ca l  models based on i n e r t i a l  e f f e c t s  alone p r e d i c t  sma l le r  washout 

c o e f f i c i e n t s  f o r  sma l le r  p a r t i c l e s .  S l i n n  has p rov ided  a  theory  t h a t  

p r e d i c t s  h igher  washout c o e f f i c i e n t s  f o r  smal l e r  p a r t i c l e  s izes .  (30,31 ) 

Fu r the r  research i s  needed i n  t h i s  area t o  develop the  theory  and data 

f o r  p r e d i c t i o n  o f  t he  p o t e n t i a l  e f f e c t s  o f  scavenging a t  a  s i t e  based on 

p r e c i p i t a t i o n  c l imato logy .  

Any m a t e r i a l  t h a t  i s  deposi ted on a  sur face  can be resuspended t o  t h e  

atmosphere by n a t u r a l  processes. Most experiments have been p r i m a r i l y  

concerned w i t h  resuspended p a r t i c l e s  over  a  contaminated area. The 

p rob l  em of downwi nd concentrat ions w i  t h  nonrad ioac t i ve  ma t e r i  a1 s have been 

cons idered by Sehmel . (32) 

Resuspension r a t e s  f o r  ma te r i a l  deposi ted on t he  ground a re  t ime 

dependent and tend t o  decrease w i t h  i nc reas ing  t ime  a f t e r  i n i t i a l  

depos i t i on .  Local  cond i t i ons  can be expected t o  s t r o n g l y  a f f e c t  t he  r a t e ;  

r a i n f a l l ,  winds, and sur face  c h a r a c t e r i s t i c s  be ing predominant. The exac t  

r e1  a t i onsh ips  a re  n o t  we1 1  enough understood a t  t h i s  t ime t o  account f o r  

these e f f ec t s .  The na tu re  o f  t he  process, as p r e s e n t l y  understood, 

suggests t h a t  i n i t i a l l y  the  resuspension may be r e l a t i v e l y  h igh,  b u t  then  

becomes sma l le r  as the  p a r t i c l e s  weather i n t o  the  s o i l  . Th is  suggests 

t h a t  a  long- term bu i l dup  can be reasonably expected, b u t  a t  some r a t e  l e s s  

than  the  depos i t  r a te .  



I t  has been assumed t h a t  the amount of material available 

for  resusoension decreases with a half- l i fe  of 30 t o  45 days. 
2 Therefore the level of "surface" contamination Q(g/m ) will eventually 

come to  equilibrium i f  the contamination i s  deposited on the surface over 
2 an extended period of time a t  a specified Rate P (g/m per year) in 

accordance with the following relationship. 

The amount of material that  i s  resuspended i s  given in terms of a 

resuspension factor, K y  with units of m-' . 
3 - airborne concentration (uni ts/m 

K . -  ,-, 
surface concentration (uni ts/mL) 

In a review of suspension factors obtained by a l i terature search, 

 ish hi ma'^^) tabulated measurements ranging from 10 -3 m-I t o  a b o u t  

m - '  for several materials under different condi tions with various 

deqrees of physical a c t i v i t . ~  in the area. Stewart (35) concludes t h a t  
under quiescent outdoor conditions a factor of 10 -6 .-I i s  reasonabl e ,  

and under conditions of moderate physical ac t iv i ty  in the area a factor 

of about 10 -5 ",-I would be appropriate, a further discussion of resus- 

pension may be found in Appendix A .  

The importance of resuspension in the exposure of the public may be 

estimated for the reference p l a n t .  Using the Y/Q0 from Figure 2 of 
3 1.8 x 1 o - ~  sec/m a t  300 meters from the point of release a deposition 

velocity of 0.05 cm/sec (5 x mlsec) appropriate t o  a windspeed of 

about 3 m/sec, and an annual release rate  of 5 mg/year, a depletion rate 

may be obtained: 

3 per year. 1 . 8 x 1 0 - ~ s e c / m  x 5 x 1 0 ~ 4 m / s e c x 5 x 1 0 ~ 6 g / y r = 4 . 5 x 1 0  
m 

over a period of years, assuming a fixation hal f - l i fe  of 30 days 

(0.082 years) the surface contamination level will come t o  equilibrium a t  



mL year - 2 
0.693 - 1 - 5.3 x 1 0 - l ~  g/m . 

year 

I f  the h a l f - l i f e  i s  taken t o  be 45 days, the  e q u i l i b r i u m  sur face contamina- 
2 t i o n  l e v e l  would be 8 x g/m . 

For mix ture  number 111 described i n  Table 23 Sect ion X, w i t h  an alpha 

s p e c i f i c  a c t i v i t y  of 4 x  10" a C i l g ,  t h i s  i s  20 fCia per square meter, o r  

a f a c t o r  o f  2 x  be1 ow the "contaminated area" dec is ion  1 eve1 proposed 

i n  F igure 33. 

Using resuspension fac to rs  o f  10 m" f o r  quiescent condi t ions,  and - 
1 0  m - I  f o r  moderate physical a c t i v i t y  condi t ions,  a i rborne concentrat ions 

3 3 
from resuspension would be 5.3 x glm and 5.3 x lo- ' '  g/m respect ive ly .  

3  For mix ture  111 t h i s  would be equ iva len t  t o  7.5 x  10-I ' ~ C i l c r n  under quies- 
3 cent  cond i t ions  and 7.5 x 1 0 " ~  pCi/cm under moderate a c t i v i t y  condi t ions.  

B. PLUTONIUM PATHWAYS 

Exposure t ranspor t  routes t o  man were developed f o r  plutonium as a 

means of 1 oca t i ng  po in ts  o f  expected 1 ong-term contaminant accumul a t ions  

and p o i n t s  o f  populat ion - contaminant i n te r faces .  (36) Since the p l  utanium 

content  i s  c l e a r l y  l i m i t i n g  based on r e l a t i v e  hazard o f  the two mater ia ls ,  

(Pu and U) ,  o n l y  plutonium exposure routes were considered. The more 

important  plutonium pathways are shown i n  F igure 4. 

Media appearing i ns ide  the diamond shapes on the f i gu re  a re  those 

commonly sampl ed i n  envi ronmenta.1 survei  11 ance programs. I nd i v idua l  d i s -  

c r i m i n a t i o n  fac to rs  (IDF) def ined as the r e c i p i e n t  t o  donor concentrat ion 

r a t i o  o r  as the  f r a c t i o r i  o f  i n c i d e n t  contaminant re ta ined  by r e c i p i e n t s  

a re  prov ided f o r  each medium-to-medium t r a n s f e r  1 i nk .  ~ d e n t i f i c a t i o n  o f  

the predominant exposure pathways was made by propagating the IDFs i n t o  

combi ned d i sc r im ina t i on  fac to rs  (CDF) f o r  each recognized p o t e n t i a l  t rans-  

p o r t  rou te  from e f f l u e n t  re lease t o  human exposure. A CDF i s  defined as 

the  product o f  a l l  o f  the IDFs i n  an exposure pathway. 



*( )DENOTES THESOURCEOF IDF'S. THE 
NUMERICAL VALUES ARE REFERENCE 
NUMBERS AND THE'T" MEANS M A T  M E  
BAS I S  FOR THE VALUE I S  DEVELOPED l N 
TABLE 5. 

**A UNITLESS VALUE IS  NOT CURRENTLY AVAILABLE 

FIGURE 4. Exposure Pathways and Discr iminat ion Factors  
f o r  Plutonium i n  t h e  Biosphere 



i 
i Disc r im ina t i on  f a c t o r s  which were n o t  ava i l ab le  from the  1 i te ra tu re  
i 

were i n f e r r e d  by comparison as shown i n  Table 5. Two assumptions were made 

based on s i m i l a r  t ranspor t  routes (noted i n  Table 5) .  . The f i r s t  assumption 

was t h a t  bottom-feeding aquat ic animals e x h i b i t  the  same IDF toward t h e i r  

sources o f  nourishment as do p l  ant- feeding aquat ic  animal s. Add i t i ona l l y  , 
the  i r r i g a t i o n  water -so i l  - land p l a n t  pathway and the sediment-aquatic p l a n t  

pathway were assumed t o  have the same IDF. Based on work by Langham, (37) 

an IDF o f  2 x l o e 5  was assigned t o  most animal inges t ion  processes, l o e 2  
f o r  sur face contaminat ion mechanisms, and 10-I f o r  food processing. Other 

in fe rences i n d i c a t e d  i n  Table 5 a re  based on work by Soldat (41 ) and 

Noshkin. (39)  Exposure routes w i t h  CDF's l e s s  than were considered 

i n s i g n i f i c a n t  and are n o t  shown on t h e  diagram. Four t ranspor t  routes 

have CDF' s g rea te r  than 1 o - ~  ; these are  ind ica ted  by heavy 1 i nes on the 

f i g u r e .  The g rea tes t  CDF's f o r  both l i q u i d  and gaseous e f f l u e n t  exposure 

pathways a r e  i n d i c a t e d  a t  the r i g h t  o f  t he  f igure.  

TABLE 5. D iscr iminat ion  Factors f o r  Plutonium Pathways 

Water + Aquatic Plants + Aquatic Animals = 10 
3 

(38) 
Water + Aquatic P lan t  = 10 (39) 

Aquatic Plants + Aquatic Animals = 10- 2 

Sand and Sediment + Aquatic Animals = lo- '  (Assumption #1 ) 
Water + Sand and Sediment + Aquatic Animals = 300 

4 
(38 

Water + Sand and Sediment = 3 x 1 0  

I r r i g a t i o n  Water + S o i l  + Land Plants = 4 x loe5 (37) 

Sand and Sediment + Aquatic Plants = 4 x l o e 5  (Assumption #2) 

Soi 1 -. Land Fl ants = 2 l o - 3  (38 

I r r i g a t i o n  Water -. Soi 1 
- 2 = 2 x 1 0  

A i r  + Man = 0.25 (40) 

S o i l  + A i r  + Man = 0.25 

S o i l  + A i r  + Land Animals = 0.25 l o -3  
A i r  + Land Animals = 0.25 



The re1 a t i ve  importance of each c r i t i c a l  pathway was deduced by 

weighing the  CDF for  each route with quant i t ies  related to  ( a )  the  r e l a t i ve  

amounts of credi bl e contaminants a.dai lab1 e to t ha t  pathway via environmental 

re lease  of process materials and (b) the re la t ive  extent  to  which members of 

each route a r e  used by human populztions. By this process, the most impor- 

t a n t  exposure pathway ident i f ied  is  inhalation of airborne plutonium. 

The domestic water and aquatic animal pathways a r e  a t  l e a s t  four orders of 

magnitude l e s s  s ignif icant .  

Tab1 es 6 ,  7 and 8 1 i s t  the radiation dose ra tes  (mrad/sec) received . 
by cer tz in  aquatic organisms and the i r  predators from exposure to a un i t  

3 water concentration (g/m ) of the mixtures of transuranic nuclides specified 
by L. G. Faust as available fo r  fuel manufacturing i n  the years 1975, 1980 

and 1985 (Appendix C ) .  These dose ra tes  can be interpreted i n  terms of 
3 integrated dose per u n i t  of "exposure" (mrad per g.sec/m ) from a short-  

term accident s i tua t ion ,  provided one i s  wil l ing to make the highly. con- 

servat ive  assumption tha t  there i s  an instantaneous equilibrium between 

the water concentration, the organisms' d i e t  and the organism i t s e l f .  
Because of the  time lag in t ransfer  through the trophic levels the body 

burdens of the organisms and the result ing doses wil l  be l e s s  fo r  short 

term exposure than estimated via the above method. 

The formula and computer code CRITR used fo r  these calculations has 

been described in an AEC report BNWL-1754. (41 ) Basically, the program 

f i r s t  converts aqueous eff  1 uent re1 ease ra tes  t o  water concentration (by 
applying mixing ra t ios  t o  flow data)  and then t o  concentration in the  

organism (by applying bioaccumulation fac tors )  and f i na l l y  t o  dose r a t e  
( u t i l i z i n g  e f fec t ive  energies per disintegration of the nuclide i n  the s i ze  
of organism of i n t e r e s t )  through Equation 1 be1 ow. 



TABLE 6. Estimated Dose Rates t o  "Aquatic" Organisms 
from Transuranium Nucl ides  i n  Water 

3 [mradlsec per  (g o f  m ix tu re)  1 (m o f  water)]*  

Summary 

Organism Fresh Water Sal t Water 

1975 - 1980 - 1985 - 1975 - - 1980 1985 

F i sh  5.2 6.9 7.4 4.8 6.4 6.8 

I nve r teb ra tes  180 230 250 260 350 370 

A1 gae 770 990 1100 1300 1700 1800 

Muskrat 2.2 2.7 2.9 2.9 3.7 4.0 

Heron 0.017 0.021 0.023 0.016 0.020 0.022 

* o r  mrad per  (g seclmJ) assuming instantaneous e q u i l i b r i u m  between 
organisms and water.  

TABLE 7. Percent o f  Doses t o  Aquat ic Organisms 
Cont r i  buted by Pu Isotopes* 

Fresh Water Sal t Water 
Orqani sm - 1975 1980 - 1985 1% 1980 1985 

F i s h  5 4 5 7 5 7 50 5 4 5 3 

I nve r teb ra tes  45 49 48 62 66 65 

A1 gae 37 40 40 62 66 65 

Muskrat 18 20 20 3 9 42 42 

Heron 31 34 33 28 31 30 

* The remainder o f  t h e  dose i s  due t o  241h. 



TABLE 8. Percent of Pu Dose Contributed by Individual 
Isotopes (A1 1 Organisms, Fresh o r  S a l t  Water) 

Nucl ide  -- 1975 - 1 s  1985 - 
2 3 8 ~ u  6 2* 72 7 4 

2 3 9 ~ u  15 9 .2 8 .4  

2 4 0 ~ u  19 15 14 

2 4 1 ~ u  4.0 3.5 3.6 

* For example the dose t o  fresh water f i s h  from 2 3 8 ~ u  i n  the 1975 mixture 
i s  (5.2 mrad) x (0.62) x (0.54) = 1.7 mrad 

where (D.R.)i = the dose r a t e  t o  an organism from a deposi t ion of 
nucl ide i  (mrad/yr) 

i  = the  concentration of nuclide i  i n  the organism 
(pCi/kg) 

- 
i = the  e f f e c t i v e  energy per d i s in t eg ra t ion  of nucl ide i  

i n  the pa r t i cu la r  s i z e  of organism involved (MeV/dis) 

i = t he  concentrztion of nuclide i i n  the water (pCi/l i  t e r )  

(BA)i = the  bioaccumulation f a c t o r  f o r  nucl ide i  from water 
t o  the  organism (pCi/kg per pCi/li  t e r )  

For t h e  ca lcu la t ion  of dose to  predators ,  the concentrat ion in d i e t  i s  c a l -  

cu la ted  from W and BA and then the radionuclide in take  r a t e  i s  est imated.  

The accumulated body burden and dose r a t e  i s  then ca lcula ted  as  ICRP c a l -  

c u l a t e s  dose r a t e  t o  man, except the appropriate  values f o r  mass and 

e f f e c t i v e  decay energy a r e  subs t i tu ted .  Since 1 i t t l e  o r  no data on f r ac -  

t i  onal uptake and e f fec t ive  half-1 i f e  in these organisms a r e  avai 1 ab le ,  

s tandard man values a r e  assumed f o r  these two parameters. In a l l  instances 

the  dose i s  ca lcula ted  in rads because the  f a c t o r s  of DF and QF a r e  not 

app l i cab le  to organisms o ther  than man. 



A rev iew of t h e  processes which w i l l  be used i n  a mixed oxide f a c i l i t y  

i nd i ca tes  t h a t  the  mai n chemical contaminants w i  11 be compounds o f  f l  u o r i  ne 

and n i t rogen.  A1 though chemicals used i n  the  process w i l l  appear i n  both 
l i q u i d  and gaseous streams, a t t e n t i o n  i s  given exc lus i ve l y  t o  the  a i rborne 

p a r t i c l e s  and gases. L iqu id  streams must meet s t r i n g e n t  Federal and State 
re1 ease 1 i m i  t s  and 1 icense appl i can ts  w i  11 be requ i red  t o  ob ta in  discharge 

permi ts  if discharges are t o  na tura l  water bodies. The p r i n c i p l e  of 

"zero" re lease w i l l  be fo l lowed t o  such a degree t h a t  evaporat ion and 

r e c y c l i n g  w i  11 v i r t u a l l y  e l  iminate 1 i q u i d  waste streams beyond the conf ines 

of the p l a n t  per imeter .  Some gases and a i rborne p a r t i c u l  a te  mater ia l  w i l l  

be avai  1 abl e f o r  inadver ten t  and r o u t i n e  re1 eases. Sources, c h a r a c t e r i s t i c s  

and standards f o r  an t i c i pa ted  chemical contaminants are described below. 

1 . F l  u o r i  ne Compounds 

A p o t e n t i a l  e x i s t s  f o r  emissions o f  gaseous and p a r t i c u l a t e  f l u o r i n e  

compounds from nuc lear  f ue l  f a b r i c a t i o n  p lan ts .  The pr imary source o f  

f l u o r i n e  i s  the  s t a r t i n g  compound IJF which i s  converted t o  uranium oxide. 
6 

One process used i s  t o  hydrolyze the lJF6 i n  water and p r e c i p i t a t e  ammonium 

diuranate,  which i s  then separated, d r i e d  and calc ined t o  the  oxide. This  

conversion i s  shown i n  the  fo l l ow ing  equations: 
4 

A l a r g e  f r a c t i o n  of the f l u o r i d e  i o n  w i l l  remain i n  the aqueous waste 

streams. During the  c a l c i n i n g  process, gaseous compounds o f  f l u o r i n e  and 

i no rgan ic  f l u o r i d e  p a r t i c l e s  w i l l  be evolved i n  re1 a t i v e l y  small amounts. 

A1 1 processes g i v i n g  r i s e  t o  gaseous f l u o r i n e  compounds w i l l  be 

requ i red  t o  have e f f i c i e n t  caus t ic  scrubbers o r  o the r  h i g h l y  e f f i c i e n t  

methods f o r  removing HF. 



Particles generated from sprays, s inter i  ng , grinding, etc. ,  wi 11 be 

f i l te red  t h r o u g h  two high efficiency f i l t e r s .  If caustic scrubbers are 

not eff icient  and high f l  uori ne concentrations reach HE?A f i  1 ters  , severe 

degradation of the f i l t e r s  may result. However, there appears t o  be a 

limit t o  the concentrations of fluorine t h a t  can exist in the exhaust 

system due t o  the chemical reactivity of fluorine with the structural 

material. Perspective can be gained for the significance of fluorides that 

could be released by accounting in a rea l i s t i c  manner for the attenuation 

of fluoride t h r o u g h  the process. Exact partitioning between sol id-1 i quid 

and solid-gas i s  n o t  known for the processes, b u t  good approximations are 

possible. If a plant o f  1 MT (2206 1b) of U02 per day i s  assumed, the 

s tar t ing UF6 will be 2875 1 b of which 929 1 b i s  fluorine. 

I t  i s  reasonable that no more than 10% will remain with the solid 

product, and the remainder will appear in the waste water. The calcining 

can be counted on t o  remove a l l  except traces of the fluoride. The 

fluorides passing into a scrubber will thus be about 90 Ib/day. Assum- 

ing that  a l l  the fluoride i s  a gas and the scrubber efficiency i s  :99%, 

about (0.01 ) (90) = 0.9 1 b of fluoride (HF) per day will penetrate the 

scrubber. 

A uniform release rate of 0.9 1b per day (410 g per day) from a 30 m 
3 stack would produce a ground concentration of about 1.5 x lo-' g/m i f  a 

5 m/sec wind and slightly unstable a i r  s tabi l i ty  are assumed. In reference 

t o  fluoride standards t o  be discussed, i t  i s  not 1 ikely that  fluoride levels 

released from the reference plant would be of great concern. There may be 

occasional episodes during off-standard operations which may momentarily 

increase 1 eve1 s. 

Fluoride i s  an accumulative toxicant, and vegetation injury can be 

associated with accumulation over a long period. During chronic exposures, 

f l  uoride i s  gradual ly absorbed, transported, and concentrated in the t ips 

and margins of the leaves. The amount of fluoride accumulated, and the 

extent of injury t o  the plant, i s  determined not only by fluoride concen- 

tration and exposure duration, b u t  a1 so species sensitivity, absorption 

capacity and plant maturity, as well as climatic and environmental factors 



such a s  temperature, humid,i ty ,  1 ight  in tensi ty ,  precipitat ion,  and soi 1 

type (42)  Injury to plants apparently depends also on the r a t e  of f luoride 

absorption by the t i s sues .  Severe defoliat ion and other damage occurs in 

plants when t i s sue  f l  uori de concentrations rapidly accrue. If the same 

concentrations were accumulated over an extended period, l i t t l e  or  no e f f ec t  

would be induced. 

Flora are frequently categorized into three classes a s  t o  s ens i t i v i t y  
to  atmospheric f l  uoride or t i s sue  concentrations: as  suscepti bl e ,  in ter-  

mediate, and to le ran t  species; although i t  i s  recognized t ha t  differences 

in tolerance by individual species within each grouping i s  great  and dependent 
on the variables previously described. In a review (43) of the current  

information on the concentrations in a i r  of gaseous f luor ide  causing f o l i a r  
3 markings, threshold level s were described as: (1 ) 3-4 yg/m fo r  the most 

3 susceptible species and 10 yg/m o r  higher fo r  species of intermediate 

su scep t ib i l i t y ,  f o r  exposures of one day; and ( 2 )  f o r  exposure periods 
3 longer than a month, about 0.5 yg/m fo r  the most susceptible and between 

3 1-3 yg/m f o r  some intermediate species. I t  was also noted t ha t  although 

the  re1 a t i  onshi p of accumulated fol i a r  f1 uoride t o  the occurrence of 1 es i  ons 
i s  complex, susceptible plant species show fol i a r  lesions when t i s sue  
f luor ide  concentrations range from 20-15G ppm. The Washington Sta te  Air- 

borne Fluoride Standards shown in Table 9 appear to  be consistent  w i t h  the  
experimental data and the concentrations ci ted as protective fo r  most plant  
species  , (44 '45) a1 though i t  has been noted tha t  unique circumstances may 

e x i s t  in  which the values may be e i t he r  over- or  under-protective. (46 

In sumary,  the considerations tha t  need to  be given in terms of 
important pathways a re  the e f fec t s  of f luorides on animals via feed crops 

such as a l f a l f a ,  fo r  which l imi ts  a re  l i s t ed  in Table 10, and the growing of 

ce r ta in  ornamental plants such as evergreens and gladioli  fo r  commercial 

use where f luorides have a detrimental ef fect .  I t  appears cer ta in  t h a t  
controls  can be imposed t o  meet a r e s t r i c t i ve  l imi t  on fluoride releases.  



TABLE 9. S t a t e  of Washington Ambient Air Fluoride Standards 

Gaseous f l u o r i d e s  i n  t h e  ambient a i r  ca l cu la t ed  a s  HF a t  
t he  s tandard condi t ions  s h a l l  no t  exceed: 

3 3.7 pg/m average f o r  any 12 consecutive hours; 
3 2.9 pg/m average f o r  any 24 consecutive hours; 
3 1.7 pg/m average f o r  any 7 consecutive days ; 

3 0.84 pg/m average f o r  any 30 consecutive days; 
3 0.5 pg/m average f o r  t he  period March 1 through 

October 31 of any y.ear 

TABLE10. Washington S t a t e  Fluoride Standards (44) 

Fluoride content '  of dry forage s h a l l  not  exceed: 

40 ppm f l u o r i d e  ions (averaged over a month), each month f o r  a 

period of 12 consecutive months. 
60 ppm f l u o r i d e  ions f o r  more than two consecutive months. 

80 ppm once i n  any two consecutive months. 

Dry forage t o  be so ld  s h a l l  not exceed 40 ppm f luo r ide  ions.  

I f  dry forage i s  used ~ n l y  p a r t  of  t h e  yea r ,  t h e  f luo r ide  content  of 

t h e  dry forage  may be average over a 12 month period so t h a t  t he  r a t e  

i s  no more than 40 ppm per month. 

2. Ni troqen Compounds 

Two cons t i tuen t s  evolved i n  the  process a r e  amnonia, N H J y  and n i t rogen 
d ioxide ,  -NO 2' 

a .  Ammonia 

Ammonium hydroxide i s  used t o  convert  t he  hydrolyzed UF6 t o  

ammonium diuranate  according t o  Equation ( 2 ) .  Reaction vessel vents wil l  

c a r r y  away amonia  from t h i s  system. Larger q u a n t i t i e s  of amnonia wi l l  
be generated from t h e  subsequent thermal reduct ion of the  ammonium s a l t  

a s  shown by equation ( 3 ) .  Ammonia i s  a very so lub le  gas and should be 
r e a d i l y  removed by a scrubber  t o  innocuous l e v e l s .  Estimates of ammonia 



evolution can be made to support th is  conclusion. The ammonia to be dis- 

posed for  the 1 MT of fuel per day reference plant will be about 270 1 b 

per day. If 99% i s  removed by a scrubber, about 2.7 1 b/day would 

appear in the airborne effluents. The resulting maximum downwind concen- 

tration near the ground would be about 0.4 pg/m3, i f  uniform release i s  

assumed. The Threshold Limit Value i s  35 mg/m3, f ive orders of magnitude 

greater than that  estimated to be present with the assumptions used. 

Ammonia i s  in the ambient a i r  primarily due to  decaying organic 

material , and the use of fe r t i l izers .  Junge c i t e s  research to show that  
3 (47) Other ambient a i r  contains from a fraction of a pg per m to 14 pg/m . 

work has shown that  ammonia in rain represents about 60% of the total  

nitrogen present. Ammonia and ni t rates  were col lected in rain a t  the 

monthly rate  of 5.8 1 b per acre. (48) Anbania i s  used widely as a f e r t i l i z e r  

and i t seems hi ghly unl i kely that the anticipated concentrations would 

have any environmental effects above those from ammonia already present. 

b.  Nitrogen Oxides 

In the conversion of plutonium ni trate  to plutonium oxalate, n i t r i c  

acid i s  formed per equation (4):  

The preci pi tated pl utoni um oxal a te  i s  removed, carrying a small 
quantity of n i t r i c  acid. The oxalate i s  calcined in a stream of hydrogen, 
yielding Pu02, C O Y  C02 and NOX from the carry-over of acid. 

The evolution of nitrogen oxides from calcining P U ( N O ~ ) ~  to  the 

oxide can be shown to  be an almost inconsequential release. For the refer 

ence plant producing a IJO2 - 4% Pu02 fuel,  about 44 1 b  of plutonium or 



bd about 108 1 b of P u ( F I O ~ ) ~  will be calcined dai ly .  The a02 evolved would be 
about 7 1 b/day. If  th i s  were released uniformly in a 5 m/sec wind, under 

s l i g h t l y  unstable meteorological conditions, the downwind concsntration 
3 would be about 1.1 x mg/m . The national ambient a i r  standard for  

NO2 i s  0.1 mg/m3, o r  two orders of magnitude greater  than t ha t  estirriated. (49) 

Conversion to  oxide will l i ke ly  The Threshold Limit Value i s  9 mg/m . 
be a batch operation, ra ther  than a continuous one; hence., higher concentra- 
t ions  could be experienced over a shorter time period, b u t  i t  i s  extremely 

unlikely t ha t  nitrogen dioxide concentrations will be of any concern. No 
c r e d i t  was taken fo r  reduction of the source by scrubbing. The scale of 
the operation i s  such tha t  a compact water scrubber could achieve a fac tor  

of 10 lower re lease .  

3. Accident Considerations - Toxic Chemicals 

A few toxic chemicals a r e  used i n  the fuel fabrication process. These 

a re  the usual industrial  chemicals fo r  which standard safe handling pro- 

cedures should greatly l i m i t  the potential f o r  accidental release.  An 
~d applicant f o r  a l icense to operate a fuel fabrication plant would be required 

to address the impact of accidents involving these materials on  the plant 
and the environment. The chemicals ident i f ied which would be of concern 

a re  the following: 

I a .  Uranium Hexafluoride, UFg 

i Although a radioactive material,  UF6 should a lso be regarded as a 
1 vo la t i l e ,  toxic chemical which could be released in a serious accident such 

a s  a gasoline f i r e  following a break in the container. Such release m i g h t  

occur in an involvement of a UF6 c a r r i e r  w i t h  a gasoline tanker truck. 
UF6 i s  a white sol i d  a t  temperatures below 133.5'F and a t  atmospheric 
pressure sublimes a t  temperatures above th i s .  Under pressure and a t  
temperatures above 147OF, UF6 i s  a c lear  l iquid.  When released to the a i r ,  . 
UF6 i s  converted quickly t o  uranyl f luor ide,  U O Z F z ,  and HF gas. A f ine  

smoke i s  produced on release of UF6 t o  the atmosphere. Uranium compounds 

such a s  U02F2 a re  toxic to the kidneys when inhaled o r  ingested, and the 

chemical tox ic i ty  i s  more important than the tox ic i ty  due t o  radioactive 



cons t i tuen ts ,  up t o  an enrichment of about 10%. The Thresh01 d Limit 
3 Value f o r  uranium i s  0.2 mg/m as uranium, and for  f luorides i s  2.5 mg/m 3 

as f luor ine .  ' These values represent the 40 hour time weighted average 

concentrations t o  which personnel may be repeatedly exposed day a f t e r  day 

without adverse e f f ec t .  The values appropriate t o  the accident case a re  
those obtained by multiplying the TLV by the appropriate excursion fac tors ,  

3 fo r  uranium and 2 fo r  fluorides. The excursion TLV values a re  therefore 
3 3 0.6 mg/m f o r  uranium and 5 mg/m f o r  f luor ides .  

Accidents which could r e su l t  in s ign i f ican t  releases of UF6 will 
involve rapid container fa i lu re  while the UF6 i s  in 1 iquid form. Because 

the handling systenis a re  pressurized and the llF6 i s  in l iqu id  form, a 
cyl inder f a i l u r e  during t ransfer  operations would r e su l t  in a 1 iquid sp i l l  

o r  forceful in ject ion to  the a i r  and surroundings. A s ign i f ican t  external 

force would be required t o  bring about breaching of a container, and must 
be regarded as  a very low probability event since no events of this  kind 
have occurred in over 20 years of experience w i t h  shipping and processing 

UF6 in thousands of cyl i nders. (5 1) 

The r a t e  of re lease  from a serious accident involving UF6 cannot be 
determined w i t h  any confidence Seczuse of lack of examples. The downwind 

airborne concentration a t  ground level can be estimated as shown in  Table 11 

fo r  a re lease  of 1 g/sec, which probably would be within a fac tor  of 10 of 
a ser ious  accident re lease  ra te .  

TABLE 11. Dispersion Characterist ics of a Ground 
Release P I  ume Center1 i ne 

D i  s tance 
Downwi nd 
Meters Stabi 1 i t y  Stabi 1 i ty  Stabi 1 i t y  Stabi 1 i ty  Stabi 1 i t y  Stabi 1 i t y  

100 8.5 6 x 4 x 8.2 x 5 x 10" 3.3 x 10 -2 . 



If a 5 m/sec wind and the s t ab i l i t y  c lass  with the lowest dilution 
fac tors  (Class F) are assumed, a 1 g/sec re1 ease will resul t in a center- 

3 l i n e  ground concentration of about 7 mg/m a t  100 meters, and 0.15 mg/m 3 

3 3 a t  1000 meters. The excursion TLVs of 0.6 mg/m of uranium and 5 mg/m of 

f luor ide would be exceeded a t  100 meters b u t  not a t  1000 meters, a t  a 

re lease  r a t e  of 1 g/sec. 

These estimates are  made to suggest the levels  of release which may be 

of concern in an accident involving the UF6. Further definit ion of the 

hypothetical accident and the meteorological s i tuat ion prevai 1 i ng would be 
necessary in a detailed s i t e  selection study. 

b. Ammonia, NH3 

Ammonia can be used in large amounts as a source of hydrogen for  the 

conversion step to prepare uranium dioxide (see equation 3 ) .  Many large 
cylinders of l iquid ammonia would be available and subject to the same 

potential  accidents as f o r  the UF6 containers. Ammonia i s  a gas a t  ordinary 

temperatures and would disperse ra ther  quickly. Applying the same release 

assumption of 1 g/sec released, resu l t s  i n  a downwind ground level concen- 
3 t r a t i on  of 7 m g / m  a t  100 meters. The excursion TLV factor  fo r  ammonia i s  

3 27 m g / m  or about four times the indicated concentrat'ons. Good industrial  

sa fe ty  practices should v i r tua l ly  eliminate the possibi l i ty  of a serious 

ammonia re1 ease. 

c. Other Acids, Chemicals 

Small amounts of n i t r i c  acid,  hydrochloric acid,  and ordinary chemical s 
a re  used routinely. These should not pose a problem from accidental release 

in to  the environment due to t h e i r  low volumes. 



VI. DOSE CALCULATIONS 

The behavior of material released from a plutonium fuels  fabrication 
f a c i l  i t y  has been di scussed in the previous section. Environmental 

consequences of atmospheric emissions from normal plant operation were 
examined using dispersion charac te r i s t i cs  fo r  a calculated annual maximum 

sector  (CAMS) . (52)  Atmospheric dispersion fol lowing accidental re1 eases 

was assumed to  be the  same as  t ha t  postul ated in USAEC Regulatory Guide 1.3.  

Doses were estimated from the 8 hour release curves f o r  the accidents 
postulated in t h i s  report .  

As concluded in a previous section on pathways, inhalation of the a i r -  

borne plutonium i s  the  most important exposure pathway for  plutonium 
releases from a fue l s  fabr icat ion f a c i l i t y .  The organs of in te res t  f o r  

t h i s  pathway a re  the bone f o r  soluble plutonium and both lung and bone f o r  

insol ubl e plutonium. 

A .  DOSE MODELS 

Two 1 ung model s have been recomended by the ICRP. The i n i t i a l  1 ung 

model, recommended i n  ICRP Publication 2 and hereinafter referred t o  a s  the 

ILM, t r e a t s  the inhaled material as e i ther  soluble or  insoluble. When the 

material inhaled i s  soluble,  then the uptake by other organs i s  assumed t o  
be essential  l y  instantaneous. The more sophisticated 1 ung model , recently 

recommended i n  ICRP Publication 19 and hereinafter  referred to  as the TGLM, 

t r e a t s  the  inhaled material in a more complex way. The derived equations 

fo r  estimating the dose t o  organs other than the lung are considerably more 

complex than those f o r  the ILM. A computer program has been developed for  

calculating the dose to 1 ung and other organs using the TGLK ( 5 3 )  and the 
r e su l t s  are compared with those obtained using the ILM. The reader i s  

referred to  the reference document fo r  a deta i led discussion of the TGLM - 
computer program. 

Two equations f o r  calculating the dose to  organs of in te res t  via inhala- 
t ion  a re  presented f o r  the emissions postulated from the reference f a c i l i t y ;  
a continuous intake equation f o r  normal operation and an equation f o r  intake 



over a short time interval for accidents. They are generally formulated 
to permit dose estimates for various model parameters and a t  different dis-  

tances from the point of release. Relevant parameters in the dose models 

are  part ic le  s ize ,  inhalation time, human ventilation ra te ,  chemical form, 
fractional uptake by the organ of interest ,  and the effective ha1 f-1 i  fe  of 

the deposited material . Additionally, the dose to the organ of interest  

from plutonium deposited in the organ i s  highly dependent on the isotopic 
composition. The isotopic composition of the plutonium assumed for the 

reference f a c i l i t y  and the dose parameters used in th i s  analysis are shown 

in Table 12. 

The dose to the lungs and bones were calculated using two models which 

have been recommended by ICRP. (54,551 In l ieu of detailed information, the 

following release parameters have been assumed: 

The part ic le  size for a l l  the released material was assumed to be in 

the respirable range. 
The inhaled material was assumed to be soluble when estimating the dose 

to  the bone and insoluble when estimating the dose to the lung. 
The time of inhalation was assumed to be the same as the duration of 
re1 eese. 

1 . Normal Operati on Model 

The 50 year dose t o  organs of interest  via inhalation using the ILM 

from a continuous atmospheric release of a radionuclide i s  given by: 

where : 
D - dose to organ of interest  delivered over time t,  rem 

f a  - fractional uptake, via inhalation, by organ of interest  

k - dose conversion factor in rem per pCi in organ of interest  



inhalation ra te ,  pCi/d 

effective el imination rate  constant, d-' 

X + A,, 

radioacti ve decay constant, d- 1  

biological elimination rate  constant, d- l 

duration of re1 ease/exposure, d 
3 ventilation rate for standard man, m / d  [20m3/d (24 hour averaqe 

ra te) ]  

atmospheric release ra te ,  Ci/sec 
3 sector average dilution rate  a t  ground 1 eve1 ; sec/m as defined 

in Section V-A.  

TABLE 12. Dose Parameters Used in Calculation Models 

305e Conversion  actor(^) 

A c t i v i t y  
Ha l f  L i f e ,  C i / g  

3uc l  i d e  Y r .  o f  Nuc l i de  

Du-236 2.85 550 

PU-238 a7.9 17.5  

rem 
~ e f e r e n c e " '  A c t i v i t y  A c t f v i t y  

I l i x t u r e .  C i / g  i n  ! l i x  
( F )  LUNG 

wt: o f  Y i x  (i,,):;' BONE 1~1 . i  i C )  TGLM (d  

7 . 3 x 1 0 - ~  4 . 0 ~ 1 0 - '  2 . 9 ~ 1 0  

1.9 0.33 2.4 750 500 :I00 

Reference 
M i x t u r e  

0.43 ( a  o n l y )  

a.  goes n o t  add t o  100".ecause i s o t o o i c  data  a r e  accd ra te  t o  o n l y  two s i g n i f i c a n t  f i g u r e s .  
b. Fo r  m a t e r i a l  depos i t ed  i n  organ o f  i n t e r e s t .  
c .  ICRP Pub 2. 
d.  ICRP Pub 19. 



2.  Accident Model 

The dose to  the organ of i n t e r e s t  via inhalation again using the ILM, 

from a radionucl ide accidently released t o  the atmosphere i s  given by: 

where : 
D - dose t o  organ of i n t e r e s t  del ivered over time t ,  rem 

f a  - f ract ional  uptake, via inhalation by organ of i n t e r e s t  

k - dose conversion fac tor  f o r  organ of i n t e r e s t ,  rem per pCi i n  organ 
P - quantity inhaled, pCi s 
'e 

- ef fec t ive  elimination r a t e  constant, d-' 

t - dose time, d 
3 b - vent i la t ion r a t e  f o r  standard man, cm /sec 

3 b = 350 cm /sec (8 hour working r a t e s )  
3 = 230 cm ./set (24 hour da i ly  r a t e )  

Q' - atmospheric release r a t e ,  Ci/sec 
T - duration of release exposure, sec 

Q - quanti ty released, C i  

E / Q  - time integrated a i r  concentration normal i zed to  quanti ty 
3 released,  Ci-sec/m per Ci 

B. NORMALIZED DOSE CURVES 

The dose to  the organ of i n t e r e s t  per uni t  mass of radionuclide or  

reference mixture released was estimated by combiniug dose and atmospheric 

d i s ~ e r s i o n  models f o r  both continuous and short duration releases.  Dose 



calculat ions  for the lung and bone were made using both ICRP recomnended 

lung models: the ILM and TGLM. The CAMS curves were used for  an estimate of 

the  atmospheric dispersion f o r  the normal operation releases and Regulatory 

Guide 1.3 was used for  the accident releases. When deal ing w i t h  a specif ic  

s i t e ,  meteorological data f o r  t h a t  s i t e  should be used. 

1 . Normal Operation Re1 eases Cur\~e 

The 50-year doses to the bone and lung from continuous emission from 
the reference f a c i l i t y  using the ILM and the TGLM are  shown in Figures 5 

through 8. Release heights corresponding to ground level and 100 meter 

re lease  a r e  i l l u s t r a t ed .  The curves are normalized to a constant re lease  

r a t e  of 1 p gram of reference mixture per year. 

2. Accident Release Curves 

A comparison i s  made between the dose estimates f o r  the bone and the 

lung u s i n g  the ICRP recommended lung models fo r  short  duration releases a t  

ground level .  Only the 8 hour release curves are  shown b u t  the re la t ionship 

remains about the same for  the other release times. Figures 9 and 10 show 

the difference between the dose estimate using the two lung models fo r  the 

bone and the 1 u n g ,  respectively. The treatment of soluble and insoluble 
material by the two 1 ung model s can be seen by examining the two figures . 
IVo curve i s  shown in  Figure 10 f o r  the dose commitment to  the lung from 

inhalation of the reference mixture in soluble fom.  The ILM has no pro- 

visions f o r  estimating the lung dose from soluble material.  The remainder 

of the accident release curves, both for the  bone and the lung, were 

developed using the ILM. 



D I S T A N C E  ( M E T E R S )  

FIGURE 5. Comparison of the Dose to Bone from Inhalation of a 
Continuous Re1 ease of the Reference Mixture (Sol ubl e )  
Using the Two ICRP Recomended Lung Models, Ground 
Level Re1 ease, Maxi mum Sector Curves 



D I S T A N C E  ( M E T E R S )  

FIGURE 6. Comparison o f  the  Dose t o  Bone from I n h a l a t i o n  o f  a 
Continuous Re1 ease o f  the Reference Mix tu re  (Sol ubl e)  
Using the  Two I C R P  Recommended Lung Model s , Rel ease 
Height 100 m, Maximum Sector Curves 



01 STANCE ( M E T E R S )  

FIGURE 7. Comparison of the Dose to Lung from Inhalation of a 
Continuous Re1 ease of the Reference Mixture (Insoluble) 
Using the Two ICRP Recomended Lung Models, Ground 
Level Re1 ease, Maximum Sector Curves 



D I S T A N C E  (METEkS)  

FIGURE 8. Comparison of the Dose to Lung  from Inhalation of a 
Continuous Re1 ease of the Reference Mixture (Insol ubl  e )  
Using the Two ICRP Recomnended Lung  Model s , Release 
Height 100 m ,  Maximum Sector Curves 



The 50-year dose to  bone following an accidental atmospheric release 
was calculated as a function of distance for  a one gram release of each 

radi onucl ide in the reference mixture. The calculation assumes inhalation 
exposure a t  ground level for release heights of ground level and 100 meters. 
The calculations were made fo r  four release times. The 50 year bone dose 

commitment fo r  acute inhalation following ground level releases are shown 
i n  Figures 8-1 through 8-5 (Appendix 6 )  for  each radionuclide. A s imilar 
curve i s  shown f o r  the reference mixture in Figure 11. The 50 year bone 

dose commitments f o r  the 100 meter releases of the individual radionuclides 
are  shown in Figures E-6 through 6-10 (Appendix 6 ) .  Figure 12 shows the 
commitment f o r  the reference mixture when re1 eased a t  a height of 100 meters. 

The accumulation of dose with time for  each of the isotopes of the 

reference mixture following acute inhalation and subsequent deposition i n  

the bone i s  i l l u s t r a t ed  on Figure 13. The figure demonstrates t ha t  the 

bulk of the dose from the mixture used i n  th i s  study both i n i t i a l l y  and 

a f t e r  50 years, i s  due to  2 3 8 ~ u  and 2 4 1 ~ u .  The dose contribution from 

2 4 2 ~ ~  i s negl i g i  bl e .  

Similar calculations were made for  the dose to  the lung. Based on the 

1 ung  niodel recommended by ICRP i n  i t s  Pub1 ication 2 ,  the dose to the lung 

from insoluble plutonium i s  delivered in about a two year period following 
acute inhalation.  Figures B-11 through B-15 (Appendix B )  display the dose 
commitment per gram of each of the radionucl ides re1 eased a t  ground 1 eve1 . 
The dose commitment fo r  a ground level release of one gram of the reference 
mixture i s  shown in Figure 14. Similar dose curves fo r  the lung are shown 

i n  Figures 6-1 6 through 6-20 (Appendix B )  for  100 meter releases of each 
radionuclide. The dose commitment to the lung following a 100 meter release 
of one gram of the reference mixture i s  shown in Figure 15. 



O I S T A N C E  ( M E T E R S )  

FIGURE 9. Comparison of the Dose to Bone from Acute 
Inhalations of the Reference Mixture Using the 
Two ICRP Recommended Lung Models, Ground Level 
Re1 ease 
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D I S T A X C E  ( M E T E R S )  

FIGURE 10. Comparison o f  the  Dose t o  Lung from Acute 
Inha la t i on  o f  the  Reference Mixture Using the  
Two ICRP Recomnended Lung Models, Ground Level 
Re1 ease 
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FIGURE 11.  Dose to Bone from Acute Inhalation of the 
Reference Mixture of Plutonium and Americium, 
Ground Level Re1 ease 
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FIGURE 12. Dose t o  Bone f rom Acute I n h a l a t i o n  o f  t h e  
Reference M ix tu re  o f  P l  u t o n i  urn and Americium, 
Release Height  100 rn 
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FIGURE 13. Dose to Bone as a Function of Tim Following 
Acute Inhalation of the Reference Mixture of 
Pl utoniurn and Americium (Soluble) 
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FIGURE 14. Dose t o  Lung from Acute Inhalation of the 
Reference Mixture of Pl utoni urn and Ameri ci um,  
Ground Level Re1 ease 



D I S T A N C E  ( M E T E R S )  

FIGURE 15. Dose to  Lung from Acute Inhalat ion of the 
Reference Mixture of  Pl utonium and Americium, 
Release Height 100 m 



V I I .  SOIJRCE TERMS 

I n  order  t o  evaluate the  r i s k  t o  i n d i v i d u a l s  i n  the  environs o f  a 

f a b r i c a t i o n  p lan t ,  re leases from normal opera t ion  and f o r  var ious acc i -  

dents have been estimated. The source term from normal operat ion r e s u l t s  

f rom having ma te r ia l  i n  process. Theore t i ca l l y  small quan t i t i es  of p l  u to -  

nium can, w i thou t  equipment o r  operator  e r ro r ,  f i n d  i t s  way o u t  o f  t h e  

conf ined systems i n t o  t h e  p l a n t  environs. Th is  type o f  re lease would be 

n e a r l y  cont inuous. Normally, t h e  re lease would be marg ina l ly  de tec tab le  

i n  t h e  environs. However, due t o  i t s  h igh  probab i l  i t y  of occurrence, i t s  

consequences and subsequent environmental r i s k  must be evaluated r e l a t i v e  

t o  l e s s  f requent  source terms r e s u l t i n g  from accidents. 

Pos t u l  a ted  accidents have been charac ter ized according t o  consequences 

and p r o b a b i l i t y  o r  est imated frequency o f  occurrence. The accidents range 

from those w i t h  t r i v i a l  o f f - s i t e  consequences t o  those which could cause 

s i g n i f i c a n t  o f f - s i t e  consequences. The assignment o f  occurrence ra tes  f o r  

acc idents  r e s u l t i n g  from equipment mal func t ion  o r  operator e r r o r  i n  f u e l  

f a b r i c a t i o n  f a c i l i t i e s  i s  d i f f i c u l t  due t o  l a c k  o f  s t a t i s t i c s .  The 

l i m i t e d  s t a t i s t i c s  a re  a r e s u l t  o f  t he  r e l a t i v e l y  small number o f  these 

types o f  p l a n t s  and t h e i r  e x c e l l e n t  sa fe ty  records. However, acc ident  

da ta  from non-nuclear f a c i l i t i e s  have been assembled i n  an e f f o r t  t o  

ex t rapo la te  t o  a plutonium p l a n t .  Due t o  the  specia l  emphasis on sa fe ty  

a t  f u e l  f a c i l i t i e s ,  i t  i s  expected t h a t  these data w i l l  be conservat ive by 

a t  l e a s t  an order  o f  magnitude. I n  add i t i on ,  general statements can be 

made about t h e  occurrence frequency o f  acc idents.  

Accidents r e s u l t i n g  i n  t r i v i a l  o f f s i t e  consequences w i l l  occur more 

f r e q u e n t l y  than those r e s u l t i n g  i n  s i g n i f i c a n t  o f f s i t e  consequences. 

Accidents w i l l  occur more f requen t l y  i n  non-rout ine operat ion than 

r o u t i n e  operat ions.  

Accidents w i l l  occur less  f requen t l y  where safety i s  achieved by 

engineered fea tures  r a t h e r  than a d m i n i s t r a t i v e  cont ro ls .  



NORMAL OPERATION 

The general process for plant operation along with the expected quan- 

t i t i e s  and the physical and chemical forms of the fuel material in each 

step have been defined for the reference plant. In order t o  estimate the 

source term for normal plant operation, parameters related t o  the mobility, 

dispersion and deposition of plutonium compounds have been reviewed. Pri- 
mary variables include particle size, physical and chemical form of uncon- 

tained material, a i r  flow within the enclosure or glove box, and temper- 
ature of the environment. Other considerations relating primarily t o  
operational practices include batch size, the form of containment within 
the enclosure, the uncontained time within the enclosure, and the degree 

of physical activity during the process step. 

In estimating the source term from normal operation, a summation of 

the individual source terms from the various process steps may grossly 

overstate the real case. Due t o  the inherently conservative approach taken 

in characterizing the process parameters, the source term for each process 

step would be overestimated. Additional conservatism would be interjected 
since a simple summation of individual source terms would assume that a l l  

of the process steps occur simultaneously. Because of these considerations, 

the calculated annual source term for normal operation would have t o  be 

viewed as a maximum value rather t h a n  an expected average. 

In order to interject real ism into determining the source term fo r  
normal operation, measured releases from existing plutonium fuel fabrica- 
tion plants have been reviewed. Assuming further development, standardiza- 

tion, and implementation of sound design criteria and improved operating 
practices, i t  i s  reasonable t o  assume t h a t  the releases from future fabri- 
cation will be less than from the plants of the past. This being the case, 
the source term used in the analysis for the normal operation case should 
be the one projected from industry experience rather than an individual 
process analysis. 

Plutonium release rates from various fuel fabrication facil i t ies 

making oxide fuels were examined. No consistency or trend was observed 



between t o t a l  p lu tonium re1 eased and f u e l  throughput. One o f  t h e  major 

l i m i t a t i o n s  of t h i s  approach was t h a t  t he  m a j o r i t y  o f  the re lease r e s u l t s  

were "1 ess than" t he  de tec t i on  s e n s i t i v i t y  o f  the  methods employed a t  the  

f a c i l i t i e s .  It was considered t h a t  the  re lease r a t e  may n o t  be h i g h l y  

s e n s i t i v e  t o  the  p lutonium throughput, b u t  may on l y  be dependent on the  
q u a n t i t y  o f  ma te r i a l  maintained i n  process and the  degree o f  a c t i v i t y  i n  each 

step.  Th i s  being t h e  case, i t  was concluded t h a t  t he  emission r a t e s  f rom 

a 1 MT o f  f u e l  per  day f a c i l i t y  may be s i m i l a r  t o  the  emission r a t e s  o f  

much smal le r  f a c i l i t i e s .  I n  t h i s  l i g h t ,  a  consis tency i n  the  re lease from 

present  p lutonium ox ide  and mixed ox ide f a c i l i t i e s  was noted. Th is  cons is -  

tency  may be a t t r i b u t e d  t o  the  f i l t e r  load ing  phenomenon p rev ious l y  d i s -  

cussed and/or t o  t he  i n a b i l i t y  o f  the present  mon i to r ing  methods t o  d i sce rn  

a d i f fe rence.  The re lease r a t e  f o r  nornial ope ra t i on  from the  re fe rence 

f a c i l i t y  has been i n fe r red  t o  be l ess  than 5 pg o f  plutoniuni/year. Th i s  

i s  c o n s i s t e n t  w i t h  previous work. (56 ) 

The source term i s  therefore: Quantity - 5 pg/yr . ,  Particle Size - 
* 

a l l  i n  respirable range, Chemical Form - insoluble i n  body f luids, 

Height of Release - ground level,  Duration of Release - continuous. 

The acc idents have been character ized i n  general terms i n  o rder  t o  

develop an envelope o f  cond i t ions  t h a t  cou ld  occur i n  rea l  p l a n t  s i t u a t i o n s .  

L i t t l e  emphasis has been placed on the  ac tua l  sequence o f  the  events d u r i n g  

t h e  acc ident ,  s ince  these are c h a r a c t e r i s t i c s  o f  s p e c i f i c  p l a n t  and process 

design fea tures .  The consequence o r  r e s u l t a n t  exposures are  t h e o r e t i c a l  and 

should n o t  necessa r i l y  be expected as a r e s u l t  o f  p l a n t  operat ion. Th is  i s  

t r u e  because o f  the  s t a t i s t i c a l  nature o f  these types o f  events and because 

o f  t h e  conservat ism appl i e d  t o  t he  ca l cu la t i ons .  I n  order  t o  p lace t h e  

* P a r t i c l e  size, however may be small enough t h a t  p a r t i c l e s  behave as 
though the  m a t e r i a l  i s  so luble.  Hence, i n  t he  bone dose c a l c u l a t i o n  the  
m a t e r i a l  i s  assumed t o  be so lub le  and i n  t he  lung dose c a l c u l a t i o n  the  
m a t e r i a l  i s  assumed t o  be inso lub le .  



r i sks  of releases from these postulated accidents into perspective with the 

e f fec t s  of normal operation, the calculated effects  of the accidents should 

be scaled by their estimated frequency of occurrence. The product of 
consequence and frequency of occurrence provides an "environmental r isk  
f ac to rN  f o r  each operating function, whether i t  be normal operation or an 

accident s i tuat ion.  

In examining the various accidents deemed credible i n  the reference 

f ac i l  i t y ,  i t  became obvious t ha t  the environmental e f fec t s  would be incon- 

sequential unless the  f inal  containment barrier  was compromised. Wi th  the  

amount of fuel material limited i n  each process area,  the typical opera- 
t iona l ly  induced accidents resulted only i n  inconvenient in-plant condi- 

t ions  w i t h  negl igible environmental effects .  For t h i s  reason, the conse- 
quences of accidents coincident with - the postulated part ial  f a i l  ure of the 

f ina l  f i l t r a t i o n  system have been examined. Probabil i t i e s  fo r  these f i l t e r  
f a i l u r e s  have been assigned to allow comparative analysis.  

Accidents are  unique occurrences. Their consequences depend for  the 
most par t ,  upon the sequence of events leading to  and following the i n i t i a l  

malfunction and to the amount and character of fuel material i n i t i a l l y  

present. For t h i s  reason, not every conceivable accident can be discussed. 

Efforts  were concentrated on analyzing the accidents and the i r  parameters 

i n  the  process areas having the potential for  the greates t  environmental 
consequences. Cri ter ia  for selection of these accidents were: amount of 
plutonium present, fraction of plutonium par t ic les  in the respirable range, 
d i f f i c u l t y  generating plutonium aerosols, probability of occurrence and 

exposure by other means (e.g.,  c r i t i c a l i t y ) .  Based on t h i s  s e t  of c r i t e r i a ,  
i t  was obvious that  the at tention should be focused on four process areas 
o r  steps in the fabrication process. These areas arp  fuel storage, con- 

version, powder treatment, and scrap recovery. In the other areas,  the 

fuel material i s  not eas i ly  dispersible,  i t  i s  diluted by U02 and/or con- 

tained,  was present only i n  small quant i t ies  or the majority of the par- 

t i c l e s  a r e  not in the respirable range. A large quantity of dispersible 

plutonium i s  in the homogenization tank during blending of the n i t ra te  

solution.  This solution, which i s  mixed i n  c r i t i c a l i t y  safe, interconnect- 



d i n g  tanks, w i l l  t y p i c a l l y  be 1000 l i t e r s  o r  g rea ter .  For the re ference 

f a c i l i t y ,  t h i s  blending operat ion occurs i n  an area w i t h  a h igh degree o f  

p r o t e c t i o n  o r  a hardened f a c i l i t y  l i k e  a vau l t .  

Source terms were developed f o r  the  fo l l ow ing  types o f  accidents: 

c r i t i c a l i t y ,  explosion, l o c a l i z e d  f i r e ,  glovebox damage and major f a c i l i t y  

f i r e .  

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

One o f . t h e  major sa fe ty  considerat ions i n  a f u e l  f a b r i c a t i o n  p l a n t  i s  

c r i t i c a l i t y .  The occurrence o f  a c r i t i c a l i t y  event can have severe i n -  

p l a n t  consequences i f  process sh ie ld ing  and emergency procedures a r e  n o t  

adequate. To date f o u r  nuclear excursions have occurred i n  United States 

f u e l  f a b r i c a t i o n  and scrap recovery fac i  1 i t i e s .  ( 5 7 )  None have occurred 

s ince  1964. A1 1 of these involved f i s s i l  e so lu t i ons  en ter ing  "unsafe" 

conta iners .  Although there  has never been any s i g n i f i c a n t  environmental 

consequences r e s u l t i n g  from t h i s  type o f  acc ident ,  t he  considerat ions i n  

eva lua t i ng  the  environmental e f f e c t  o f  nuclear  excursions a re  s t i l l  

4 exarni ned. 

Since an accident  i s  a unique event, i t  i s  impossible t o  conceive 

a prior; t h e  exact rnechanism(s) which could cause i t  o r  t o  r e l a t e  the  

exac t  steps which i t  w i l l  f o l l ow .  Knowing t h i s  i n  approaching a sa fe ty  

ana lys i s ,  i t  i s  more important t o  examine t h e  parameters i n  c r i t i c a l i t y  

events which have bearing on the  f i n a l  ana lys is .  These parameters inc lude:  

The t o t a l  number o f  f i s s i o n s  - determines t h e  amount o f  f i s s i o n  

products generated. 

The "steady s ta te "  power l e v e l  - def ines  t h e  r a d i a t i o n  exposure r a t e  

and determines the  f i s s i o n  product and energy re lease r a t e .  Probably 

a second order  e f f e c t .  

The "peak power" pulse - def ines the  i n i t i a l  r a d i a t i o n  exposure and 
- t h e  i n i t i a l  energy re lease which i s  pr imary t o  terminat ing the event 

and d ispers ing  t h e  rad ioac t i ve  ma te r ia l .  . 
I n  examining these parameters, one must a l s o  consider  t he  p o t e n t i a l  

exposure pathways i n  t h e  environment from a c r i t i c a l i t y  event; prompt gamma 



and neutron radia t ion exposure, external and internal exposure from released 

f i s s i on  products, and internal exposure from plutonium released as a r e su l t  

of the c r i t i c a l i t y .  As an example of a c r i t i c a l i t y  event in the reference 

f a c i l  i t y ,  we have assumed a c r i t i c a l  i  ty event i n  an "unsafe" tank of plu- 

t o n i u m  n i t r a t e .  Simplifying assumptions have been made in a conservative 

manner f o r  the  1 ack of a specific f ac i l  i  ty  design or process procedure. 

In a l l  cases,  the assumptions maximize the environmental consequences and 

are  important only in the mechanism(s) and the r a t e  of terminating the 

c r i t i c a l  i t y .  For t h i s  study, i t  has been assumed tha t  the event was caused 

by exceeding the c r i t i c a l  volume by 10 1 i t e r s  during the f i l l i n g  of the 

tank and i t  resulted i n  1018 total  f i s s ions .  Termination of the event was 

assumed t o  be by evaporation and expulsion of the 10 l i t e r  excess volume 

from the tank. An 8 inch wall of ordinary concrete was assumed.to shield 

the plant  environs from the d i r ec t  radiat ion from the event. An empirical 
method f o r  estimating credible number of f iss ions  in a plutonium solution 

system i s  reported in Appendix E.  

The dose t o  an individual from the prompt gamma and neutron radiation 

resul t ing f ron the c r i t i c a l i t y  accident was examined as  a function of d is-  

tance from the f a c i l i t y .  Table 13 summarizes these calculations.  Even 
though experimental evidence (58) does ex i s t  which indicates tha t  the neutron 

f lux decrease can be approximated by the inverse distance t o  the fourth 

power f o r  d i  stances greater  than 100 meters, inverse squared formulation 
was used. A qual i ty  factor  of 10 was used fo r  correcting the absorbed 

neutron dose t o  rem. ( 5 9 y  60' 61) The doses in the table  have been corrected 

f o r  the  assumed shielding. Values f o r  f ract ional  transmission through the  

shielding wall of 0.17 and 0.22 were used fo r  the neutron and gamma radi- 

a t i on ,  respectively.  (61 ) 

As a r e su l t  of the excursion, f i s s ion  products are  formed and a large 

amount of energy released. About 85% of the approximate 200 MeV released 

per f i s s i on  i s  available for  heating the solution. The energy input to  the 

solution provides the power limiting and ultimate terminating mechanism f o r  
6 the  accident. For t h i s  accident greater  than 6 x 10 calor ies  of heat 

energy i s  i n i t i a l l y  available t o  the system. The solution would, more than 

l i ke ly ,  c r i t i c a l l y  pulse a t  an "equilibrium" f i s s ion  r a t e ,  until  the solu- 

t ion i s  below the c r i t i c a l  volume. 
7 4 
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TABLE 13 .  Prompt Gamma and Neutron Dose t o  an Ind iv idua l  a s  a Func t ion  

of Dis tance  from a C r i t i c a l  i t y  (1 020  F i s s i o n s )  

Gamma Dose (a Neutron Dose Total  Dose 
D i s t a n c e ,  m Rem Rem Rem 

1 o2 4 .6  x 10" 5.5 6 
1 o3 4.6 5.5 x l o m 2  6 x 1 o - ~  
1 o4 4 .6  l o +  5.5 x 6 x 

a .  A t o t a l  f i s s i o n  gamma energy o f  5 MeV per f i s s i o n .  

Vapor iza t ion  o f  some of  t h e  s o l u t i o n  dur ing  t h e  i n i t i a l  power p u l s e  

c,ould c a u s e  a r a p i d  volume expansion o r  p r e s s u r i z a t i o n  of  s u f f i c i e n t  magni- 

t u d e  t o  r u p t u r e  t h e  glovebox. Th is  i s  assumed t o  o c c u r .  

The excurs ion  i s  t e rmina ted  fo l lowing  t h e  e v a p o r a t i o n  o f  t h e  1 0  1 i t e r s  

o f  e x c e s s  s o l u t i o n .  Airborne r e l e a s e  f r a c t i o n s  f o r  plutonium i n  n i t r a t e  

s o l u t i o n  v a r y  widely  depending upon tempera tu re  and a c t i v i t y  o f  t h e  s o l u t i o n ,  

t h e  plutonium c o n c e n t r a t i o n  and a i r  f low over  t h e  s o l u t i o n .  The h e a t  

energy  from t h e  excurs ion  would r a i s e  a 1000 l i t e r  s o l u t i o n  a b o u t  1 5  O F  i f  

t h e  h e a t  were uniformly d i s t r i b u t e d .  However, i t  was c o n s e r v a t i v e l y  assumed 

t h a t  a l l  o f  t h e  h e a t  was used t o  c r e a t e  l o c a l i z e d  b o i l i n g ,  v a p o r i z a t i o n  of 

t h e  e x c e s s  volume, and s u r f a c e  f i l m  breakup. A r e l e a s e  f r a c t i o n  o f  0.2% 

was c o n s e r v a t i v e l y  used f o r  t h i s  a c c i d e n t .  Work by Mishima e t  a l .  (62)  

i n d i c a t e s  t h a t  a s  much a s  0.18% o f  t h e  plutonium i n  a d i l u t e  s o l u t i o n  was 

made a i r b o r n e  dur ing  evapora t ion  of approx imate ly  90% of t h e  s o l u t i o n  i n  a 

deep  form beaker o f  t h e  s o l u t i o n  a t  a r o l l  ing  b o i l .  The r e l e a s e  f r a c t i o n s  

would be i n  t h e  range  o f  10" t o  1 o - ~ P .  f o r  1 e s s  extreme c o n d i t i o n s .  

Assuming a s o l u t i o n  c o n t a i n i n g  150 g o f  Pu p e r  1 i t e r ,  a maximum of  

3 g o f  plutonium cou ld  become a i r b o r n e .  The hood f i l t e r  was assumed t o  

have plugged r e l e a s i n g  every th ing  i n t o  t h e  room and o u t  t h e  f i n a l  f i l t e r  
- 

system.  

5 The source term for t h i s  accident would be: Quantity - 3 x 10- g 

for tWo HEPA f i t t e r s  and 3 x g for one irrPA f i t t e r ,  Particle Size - 



a l l  i n  resp i rwle  rmge,  C h i c a l  Tom - soluble, Hzigizt o j iielease - 
ground Zevel, Duration of Release - Zess than ttlo hours. 

The f iss ion products generated as a resul t  of the c r i t i c a l i t y  event 

also offer a dose potential and thus merit a consideration. For th is  
analysis, simplifying assumptions are  made to  permit a view of the maximum 

condition possi bl e. These assumptions are: 

A11 of the noble gases generated are released from the building. 

One fourth of the iodine i s  released. The material i s  released over 

a 10 minute interval. 

The radioactive material was released a t  ground level and dispersion 
was during a Pasquill type F meteorological inversion. 

The inventory of fission products generated during the c r i t i c a l i t y  

were calculated using the computer code RIBD (63) aid the act ivi ty a t  

selected t-imes a f t e r  termination of the event i s  tabulated in Table 14. 

Cumulative yields for  thermal neutrons were used in determining the act ivi ty 

of the f iss ion products. The volat i le  solids and remaining fission products 

are  not released from the building to any significant extent and therefore 
were not considered in the dose calculations. 

The total  body dose from the passage of the cloud following the 

c r i t i c a l i t y  accident was calculated as a function of distance from the 
f a c i l i t y  using the computer code RACER. (64) Radioactive decay i s  considered 

during the dispersion of the radioactive material. The dose to a 20 g 
thyroid from radioactive iodine inhaled during the passing of the cloud was 

calculated using a code INDOSE. (65) The results of these calculations are 

summarized in Table 15. 

2 .  Expl osions 

Several types of explosions are conceivable in this  type of f ac i l i ty .  

The most commonly examined are explosions in sintering furnaces, autoclaves, 

and plutonium solution tanks. These types of events are highly localized 

and will resul t  in damage only to small areas. No explosion can be con- 

ceived which would affect  the ent i re  f ac i l i ty  and resul t  in major damage 

to  the building. 



TABLE 14. F i s s i o n  Produc t  I n v e n t o r y  From C r i t i c a l i t y  A c c i d e n t  

18 10 T o t a l  F i s s i o n s  (32 Ftw-sec) Q u a n t i t y  i n  C u r i e s  

Decay Time 
Nuc l  i de D u r a t i o n  o f  
C l a s s i f i c a t i o n  Event  Shutdown 10 m in  60 m in  2 h r  5 h r  1 0  h r  - 1 day 

0.5 sec 2 . 5 ~ 6 ( ~ )  2.4E3 2.1E2 l . l E 2  5.9E1 3.2E1 1.4E1 
Noble  Gases 5 m in  3.8E4 1.8E3 2.OE2 l . l E 2  5.9E1 3.2E1 1.4E1 

1 hour  4.OE3 5.3E2 1 .5E2 9.9E1 5.4E1 3.1E1 1.4E1 

Ha1 ogens 
0 .5  sec 6.OE5 4.7E2 2.7E2 2.1E2 7.4E1 3.4E1 1.5E1 
5 min 2.1E4 3.7E2 , 2.7E2 2.1E2 7.4E1 3.4E1 1.5E1 
1 hour  2.1E3 2.8E2 2.5E2 1.8E2 6.5E1 3.2E1 1.4E1 

0.5 sec 9.OE5 2 . 3 ~ 3  6.7E2 2.4E2 1.8E1 5.8EO 3.3e0 
V o l a t i l e  S o l i d s  5 min  3.4E4 2.OE3 6.4E2 2.3E2 1.8E1 5.8EO 3.3EO 

1 hour  4.1E3 1 . l E 3  4.2E2 1.5E2 1.4E1 5.6EO 3.3e0 

ARFP (a  ) 
0 .5  sec 1 .5E6 1.5E4 2.OE3 7.5E2 3.3E2 1.8E2 6.4E1 
5 min  1 . l E 5  1.2E4 1.9E3 7.3E2 3.3E2 1.8E2 6.4E1 
1 hour  1.6E4 4.7E3 1.2E3 6.OE2 3.1E2 1.7E2 6.2E1 

a. ARFP = A l l  rema in ing  f i s s i o n  p r o d u c t s  

b. 2.5E6 means 2.5 x 1 0  6 



TABLE 15. Total Body and Thyroid Doses t o  an  Individual Located 
Downwind from a Cri t ical i ty  (1018 Fissions) 

Downwind Distance, m 
1 o2 
1 o3 
1 o4 

Dose, rem 

Total Body Thyroid 

1.4 1.1 x 10 1 

3.1 x 10" 2.0 x 10-I 

2.2 4.3 

Hydrogen explosions in pel 1 e t  s i  ntering furnaces have a 1 imi ted 

amount of energy. The damage that  could resul t  from th is  type of event 

would likewise resul t  in limited consequences. The explosion would prob- 

ably be directed out the ends of the furnace. The glove box could be 

breached and pellets and possibly a small amount of mixed oxide fines could 

be spread around the room. I t  would be virtually impossible to produce 

significant quantities of plutonium particles in the respirable range from 

damage to the pellets or dispersion of the fines.  This type of accident 

would resul t  in an in-plant contamination spread and i s  a negligible 

source ten11 to the environs. 

The rupture of an autoclave wall during operation, could resul t  in 

the high speed projection of fuel pins a t  the building walls or ceil  i og .  

Building design against missile precludes penetration of the structure 

from th is  type of accident. Significant source terms of respirable aero- 
sols of plutonium are not credible either within or outside the building 

from th is  type of event. 

A chemical explosion involving a plutonium solution could resul t  in 

the production of a substantial quantity of airborne plutonium particles.  

If the vessel i s  open, some liquid would be pushed out of the vessel and 

some plutonium particles in the respirable range would be generated. If 

suff icient  force i s  not available to cause extensive film break-up, i t  

seems probable that most of the liquid would impact on and adhere to 

adjacent surfaces. If an explosion i s  of sufficient magnitude to rupture 

a heavy walled, closed vessel, a considerable number of fine particles 

could be generated by the liquid passing through the jagged opening. 



In any case, the  number of pa r t i c l e s  t ha t  pe rs i s t  in  the a i r  i s  l imited.  
Swain and Haberman reviewed data from non-nuclear sources and calculated 

t h a t  33 mg plutonium per cubic meter was the maximum airborne concentration 

a few minutes a f t e r  an accident.  (66) Castleman, Horn and Lindauer using an 
exploding wire technique to  generate very f i n e  par t i c les  found concentra- 

t ions  as  high as  71 mg plutonium per cubic meter a few minutes a f t e r  gen- 
6 e r a t i ~ n . ( ~ ' )  By calcula t ion,  a to ta l  of 10 plutonium par t i c les  with an 

aerodynamic equivalent diameter (AED) of 10 um per cubic centimeter would 

r e s u l t  i n  an airborne concentration of 2 g of plutonium per cubic meter. 

Considerable care and e f f o r t  a r e  required t o  generate monodispersed par- 

t i c l e s .  Generally par t i c les  generated by a s ingle  mechanism a r e  log- 
normally dis t r ibuted.  T h u s ,  the  anticipated weight concentration of 10 pm 

AED par t i c les  would be much lower than t ha t  calculated fo r  monodispersed 

par t i c les .  An upper value of 100 mg Pu per cubic meter fo r  par t i c les  i n  

the  respirable  range appears reasonable. Because of t h i s  upper mass 1 imi t 

f o r  airborne plutonium pa r t i c l e s ,  the consequences f o r  explosion accidents 

appear t o  be limited by the material t ha t  can be maintained in the a i r  and 

not by the to ta l  volume or mass i n i t i a l l y  involved. An explosion w i l l ,  of 

course, s p l a t t e r  the  solution on  the wall and f loor  which may l a t e r  become ' 

airborne as  i t  dr ies .  T h i s  i s  expected t o  be a small contribution t o  the 

overall  source term because of the small re lease  f ract ion from this condi- 

t ion  without considering t h a t  corrective action will  be implemented to 

contain the contamination spread. 

The room in which the  explosion occurs i s  assumed to  have a volume of 
4 10 cubic meters. A t  a maximum airborne concentration of 100 mg plutonium 

per cubic meter of a i r ,  the  t o t a l  amount of airborne plutonium which could 
be sustained in the  room following the explosion would be about 1000 g. 

2 The sowlce term from t h i s  type of accident i s :  @ant i t3  - 10- g for 

tuo HEPA f i l t e r s  and 1 g for one HEPA f i i t e r ,  Particle Size - a l l  i n  

respirable range, Chemical Form - soluble, Height of Aelease - groud  l e v e l ,  

Duration of Release - l e s s  than 2 hours (an exponential purge r a t e ) .  



3 .  Local Fire 

The occurrence of a f i r e  near the n i t r a t e  blending tanks represents 

one of the  g rea tes t  potentials  f o r  re lease  of plutonium. Airborne releases 
from f i r e  around a blending tank can be envisioned i n  several ways depend- 
ing on whether the tanks a r e  vented or closed. If  the blending vessel i s  
a vented container,  the  f i r e  could heat the l iquid  and cause i t  to  boi l .  

Boiling a d i l u t e  plutonium n i t r a t e  solution unt i l  a 90% volume reduction 

is  a t t a ined  could r e su l t  in an airborne release no greater  than 0.2%. (62) 
Fractional releases from concentrated solutions could be higher. After a 

substant ia l  quantity of l iquid is  l o s t ,  the l iquid thickens and vapor 
trapped under the surface tends t o  throw sol ids  in to  the a i r .  The s a l t  
content would be high and the tendency would be f o r  the  majority of material 
t o  form a coarse cake which i s  sintered to the surface of the  vessel.  Less 

than 0.5% of a uranium n i t r a t e  solution (applicable t o  plutonium) as a th in  

filni on a s t a in less  s tee l  surface involved i n  a gasoline f i r e  was made a i r -  
borne by a i r  a t  a nominal velocity of 2.5 mph passing over the surface. (68) 

Approximately 80% of the uranium aerosol was in the respi rable  s i ze  range. 

A smaller f rac t ion is  anticipated under the accident conditions due t o  the 
lack of airf low and depth of the vessel.  

If  the blending tank i s  a closed vessel ,  f i r e  i n  the area around the 

vessel would r e s u l t  i n  pressurization of the vessel.  Pressurization of the 
vessel could r e s u l t  i n  an airborne release i n  several ways. The pressure 
within the vessel could cause the  n i t r a t e  solution t o  be j e t t ed  from various 

openings. If the opening i s  large ,  some small pa r t i c les  could be formed by 
f i lm break-up along the edges of the stream w i t h  subsequent evaporation of 
the  1 i q u i d  to  form par t i c les .  In this case,  the f rac t ional  release is 

small. Small pa r t i c les  a l so  could be formed by forcing the 1 i q u i d  through 

small openings, however, h i g h  pressures a r e  required. A 10 pm AED Pu02 

p a r t i c l e  i s  formed by a 41 pm drop of n i t r a t e  solution of 150 g plutonium/ 
- 

1 i t e r  concentration. Each par t i c le  contains approximately 2 x 1 0-lo g Pu .  
8 3 TO generate an airborne concentration of 20 mg/m3,  10 particleslm of a i r  

of this  s ize  would be necessary. The number of holes required to produce 
this number of pa r t i c les  i n  a shor t  period of time i s  large and i t  is  not 

l i ke ly  t ha t  such a condition could ex i s t .  



If the pressure i s  high enough, the vessel could rupture. If the 

rupture occurred above the liquid level some plutonium would~become airborne 

b u t  n o t  a significant quantity. I f . t h e  rupture occurs near the bottom of 

the tank and i s  large, a large stream of solution would pour onto the floor 

and extinguish par t  or a l l  of the f i r e .  If the f i r e  i s  extinguished the 

fractional airborne release i s  low -- less  ' t h a n  0.003%. ( 6 2 )  If the f i r e  

continues and-dries the n i t ra te  solution, the airborne release could be a s  
high .as 0.5%. 

For the source term calculation, i t  was assumed t h a t  there were 150 kg 

of plutonium as a n i t r a t e  in 1000 1 i t e r s  blending solution. If the blend- 

ing tank i s  vented, a f i r e  that  boils the vessel dry could release as much 
5 as 0.72 of the plutonium present - 1.5 x 10 g x 0.007 = 1050 g plutonium 

into the available a i r  space. If the vessel i s  closed and i s  ruptured by 

the internal pressure, the n i t r a t e  would sp i l l  on the floor and be dried 

by the f i r e .  Fractional airborne release could be a s  high as 0.52 - 
5 1.5 x 10 g x 0.005 = 750 g plutonium into the available a i r  space. An 

internal detonation could generate a large quantity of fine droplets into 

the available a i r  space i f  i t  were of suff icient  magnitude t o  rupture the 

vessel. For a maximum release, a conservative estimate would assume a n  
instantaneous uniform a i r  concentration. The airborne concentration would 

be approximately 100 mg plutonium/m5 of a i r  for  a few minutes. 

Using 1050 g of airborne plutonium as the release t o  the building, 

source terms were calculated f o r  the f i r e  accident. 

The source terns  would be: Quantity - 1.1 z g for two HEPA 

f i l t e r s  and 1. 1 g for one HEPA f i l t e r ,  Particle S ize  - 80% i n  respirable 

range, Chemical Form - insoluble,  Height of  Release - ground level ,  h r c -  

t i o n  o j  Release - l e s s  than tLio hours. 

4 .  Glovebox Damaae 

An accident involving the loss of primary barrier has been examined 

for the powder treatment areas.  The sized Pu02 powder prior t o  the UOZ 

blending represents one of the greatest  sources of respirable plutonium 



i n  a f a b r i c a t i o n  f a c i l i t y .  For t h i s  reason,  an acc iden t  has been explored b 
t o  focus  a t t e n t i o n  on some of t h e  c h a r a c t e r i s t i c s  of t h i s  ma te r i a l .  

I t  was assumed t h a t  mechanical damage occurs i n  t h e  a rea  of t h e  PuOe 

powder l i n e  rup tur ing  the  glovebox and breaking an ad jacent  compressed 

a i r  l i n e .  The l i n e  sags and d i r e c t s  a jet  of a i r  i n t o  an open conta iner  

holding the PuOZ powder. I t  i s  a1 so  assumed t h a t  t h e  mater ia l  i s  awaiting 

blending and involves  t he  e n t i r e  batch l i m i t  of  11.3 kg of Pu. Under such 

c o n d i t i o n s ,  g r e a t e r  than 50% of t h e  powder could be made a i rbo rne .  Mishima, 

e t  a1 , found t h a t  60 t o  70% of r e l a t i v e l y  coa r se  o x a l a t e  powder (Median 

Mass Diameter of 50 m )  could be made a i rbo rne  by air-drawn t angen t i a l l y  

a c r o s s  t h e  powder. (69)  Royster and Fish found approximately 80% of 5 pm 

p a r t i c l e s  wi l l  be made a i rbo rne  from a s t a i n l e s s  s t e e l  sur face  by a i r  a t  

a v e l o c i t y  of g r e a t e r  than 60 m per sec impinging on t h e  su r f ace  a t  var ious 

ang le s .  (70)  Most of t he  plutonium powder f o r  the operat ion i s  assumed t o  

be i n  t h e  r e s p i r a b l e  range (a PuOZ sphere l e s s  than 3.3 pm).  Deagglomer- 

at-ing a powder con~posed of such f i n e  p a r t i c l e s  is not  a t r i v i a l  t ask .  But 

making a "conservat ive" assumption t h a t  t h e  mater ia l  a i rborne  is  deaggl om- 
4 e r a t e d  and uniformly d i s t r i b u t e d  i n  a room of 10 cubic  meters ,  t h e  maxi- 

mum amount of plutonium which could be made ins tan taneous ly  a i rborne  i n  

t h e  room would be 1000 g.  Continuously applying t h e  j e t  of a i r  on the 

powder over  an extended period would, of course ,  put more plutonium i n  t h e  

a i r  but  i t  i s  expected t h a t  t he  s i t u a t i o n  would be co r r ec t ed  immediately. 

The glovebox f i l t e r  is assumed t o  plug causing a l l  flow of mater ia l  t o  

be o u t  of t h e  glovebox, thereby bypassing t h e  hood f i l t e r  system. 

The source term for t h i s  accident s i tuat ion wouZd be: Quantity - 
1 0 - ~ ~  for two HEPA f i l t e r s  and I g for one HEPA f i l t e r ,  Particle Size - 
a l l  i n  respirable range, Chemical Form - insoluble,  Height of Release - 
ground level ,  Duration of Release - l e ss  than two hours (an exponential 

purge r a t e ) .  

5. M a j o r F a c i l i t y  F i re  

I t  would r e q u i r e  a major d i s a s t e r  t o  breach f a c i l  i t y  confinement and 

r e l e a s e  un f i l t e r ed  plutonium t o  the environs.  There a r e  only a few acc idents  



in th is  "plant disaster" class that can theoretically producg damage of 

su4ficient magnitude t o  compromise the final confinement barriers. Specific 
plants wi l l ,  as a minimum, be structurally designed and bui l t  t o  sa t i s fy  

c r i t e r i a  relat ive to earthquakes and tornadoes. However, f i n i t e  possi bil - 
i t i e s  ex is t  that the f ac i l i ty  could be stressed by forces beyond those used 

for  design. Major f a c i l i t y  f i r e s  also seem incredible in buildings where 

combustibles are  limited, b u t  experience indicates they can occur. In 
summary, plant disaster  accidents that can cause major f a c i l i t y  damage are  

not "incredible" b u t  highly improbable. 

The bulk of plutonium in the f ac i l i ty  will be in storage in a hardened 

area l ike  a vaul t. For the reference faci l  i t y ,  only a few hundred kg of 

plutonium will be in-process, with about one-half in dispersible form. 

A plant f i r e  that  could cause 'catastrophic breaching of the f inal  

barrier could n o t  be conceived. With the expected concrete construction 

of a f a c i l i t y  of th is  type, the low f i r e  loading, and the expected a i r -  

t ight  nature, total  burning i s  incredible. For analysis, the f inal  barrier 

was assumed t o  remain intact  a f t e r  a f ac i l i ty  f i r e  involving the glove- 

boxes and other combustibles in process and the deluge system was assumed 

t o  remain operable. I t  was estimated that less  than 1% of the in-process 

dispersible inventory could become airborne within the f ac i l i ty .  

Assuming tuo stages of f i l t ra t ion  the source term would be: Quantity- 

g, Particle Size - a l l  i n  respirable range, Chemical Form - insolubte, 

Height o f  Release - elevated, Duration of Release - atended (greater thun 

two hours and less than eight hours). 

Other Accident 'Considerations 

From the previous accident discussions, i t  should be obvious tha t  
there are  many other accidents that can be hypothesized for  a fuel fabri-  

cation f a c i l i t y .  However, for  lack of specific design detai ls  in the 

reference f a c i l i t y ,  the accidents focused on the process areas and opera- 

t ions offering the greatest  potential environmental consequences. Less 

dramatic events such as small liquid or powder s p i l l s  and ruptured drybox 



gloves occur more f requent ly  than the  accident cases examined, b u t  the  

environmental consequences would be i n s i g n i f i c a n t  and the considerat ions 

would be f a r  l ess  i n s t r u c t i v e .  For t h i s  reason, add i t i ona l  i n fo rma t ion  

r e l a t i n g  t o  t h e  generat ion o f  plutonium aeroso'ls f o r  o ther  acc ident  con- 

d i t i o n s  has been included i n  Table 16 and i n  Appendix F. The re lease values - 
i n  the  t a b l e  were selected as maximum values from the  data ava i l ab le ,  w i t h  

rounding toward t h e  h ighest  values found. Judic ious a p p l i c a t i o n  o f  re lease 

f r a c t i o n s  should inc lude a ca re fu l  review o f  the  cond i t ions  under which t h e  

re lease values were obtained. Postulated accidents may not  conform we1 1 t o  

t h e  experimental cond i t ions  ; hence, the  analys i  s must recognize d i  screpan- 

c i  es between postu lated and experimental circumstances . Abst rac ts  o f  most 

o f  t he  techn ica l  repor ts  r e l a t i n g  t o  plutonium releases a r e  presented i n  

Appendix F . The reader charged w i t h  the  responsi b i  1 i t y  o f  assessing 

acc ident  consequences should be thoroughly f a m i l i a r  w i t h  the  d e t a i l s  o f  

t h e  experimental measurements described i n  the o r i g i n a l  documents. 



TABLE 16. Sumnary of Experimentally Determined and Estimated Airborne 
Release Fractions of Plutonium Under Various Thermal and 
Aerodynamic Stresses 

Z o f  Source 
St ress  Imoosed I n i t i a l l y  A i rbo rne  

F i r e  - 
Metal - I g n i t e d  a i r f l o w  l e s s  than 100 cm/sec 0.01 ( a )  

(2.2 mph) 

P a r t i a l  d i s r u p t i o n  o f  mol ten metal  , 1 . o ( ~ )  
a i r f l o w  g r e a t e r  than 100 cm/sec 

D i o x i d e  
Powder - A i r f l o w  l e s s  than 100 cm/sec 

A i r f l o w  100 cm/sec 1.5 

A i r f l o w  g r e a t e r  than 100 cm/sec 15 

Invo l ved  w i t h  flammable m a t e r i a l  0.05 
n a t u r a l  convect ion  

Invo l ved  w i t h  flammable m a t e r i a l  40 
forced d r a f t  

Oxa la te  
Powder - A i r f l o w  l e s s  than 100 cm/sec 

F l u o r i d e  
Powder - A i r f l o w  l e s s  than 100 cm/sec 

N i t r a t e  
S o l u t i o n  - A i r f l o w  l e s s  than  100 cm/sec 

A i r f l o w  g r e a t e r  t han  100 cm/sec 1  .O 

Gaso l ine  f i r e ,  s t a i n l e s s  s t e e l  10 
sur face,  20 mph 

Invo l ved  w i t h  flammables, n a t u r a l  0.2 
convec t i on  

Invo l ved  w i t h  flammables, f o rced  10 
d r a f t  

Exp los ion 

Any e x p l o s i v e  mechani sm o f  s u f f i c i e n t  magni tude t o  comple te ly  des t roy  
the  i n t e g r i t y  o f  t h e  containment i s  assumed t o  make a i r b o r n e  a l l  t he  
source m a t e r i a l  d i r e c t l y  i nvo l ved  o r  f i l l  the  a v a i l a b l e  a i r  space 
w i t h  an aeroso i  which has a  mass concen t ra t i on  o f  100 mg Pu/cm3 a f t e r  
10 minutes.  

Other 

I f  a i r  a t  a  v e l o c i t y  o f  g r e a t e r  than 10 rnph i s  d i r e c t e d  upon o r  through 
a  f i n e l y  d i v i d e d  powder ( p a r t i c l e s  l e s s  than 50 microns AED), 100% o f  
t h e  powder i s  assumed a i rbo rne .  

a .  Percent  o f  source a i r b o r n e  assoc ia ted w i t h  p a r t i c l e s  l e s s  than 10 
microns Aerodynamic Equ iva len t  Diameter (AED) . 



VIII. PROBABILITY OF RELEASES 

There are two kinds of releases, chronic and accidental. The chronic 

releases occur as a result  of normal operation. These releases are kept 

"as low as practicable" by using the highest design standards and then per- 

forming a periodic inspection and maintenance program. The accidental 

releases are normally produced by a sequence of events which ultimately 

result  ' i n  a release. Oel ineation of events before, during and after  an 

accidental release inevi tab1 y disc1 ose that prior t o  the system breakdown, 

w i t h  i t s  resultant release, there occurred a chain of events i n  which a 

series o r  combination of system component fai 1 ures or deficiencies 1 ed t o  
a release. These accidental releases are usually n o t  the result  of a single 
event. All t o o  frequently, man-machine interactions are important contributors 

t o  the accident chain. The causal relationships can be obtained from 

operating data i f  sufficient facts about the accident situations are 

reassembled. A faul t  tree analysis technique i s  the best safety analysis 

tool for  showing these causal relationships. 

The following subsections describe the fai lure modes for b o t h  the con- 
tainment building and the internal equipment. The failure probabilities 

for  the containment structure will be based on the potential for major 
natural disasters such as tornadoes, earthquakes, f i res  and meteor strikes. 
The equipment fai lure data will be based on the personal experience of the 

authors of th is  report, fai lure data for similar equipment i n  related 
industries, and also from data tabulated by the Nuclear Safety Information 
Center. 

A. PROBABILITY OF MAJOR EVENTS WHICH COULD BREACH CONTAINMENT 

The accidents which could result  in a breach of the containment are 

shown i n  Table 17.  The basis for each of the numbers will be given i n  

separate paragraphs which follow. 

1 Tornado 

The probability of a tornado striking a fac i l i ty  has been considered 
in nuclear fac i l i ty  safety analysis reports. Articles by Ooan (71 ) and 



Event 

Tornado 

Earthquake 

Intensity IX 

TABLE 17. Frequencies of Major Accidents 

Probable Frequency Of 
Occurrence Per Plant - Year - Ranae 

6 x 4x1 o ‘ ~  - 6x1 o - ~  

Airplane Impact 1 o ' ~  
Meteori tes  o-l0 

Flood 1 om4 
Fire 2 

Dunlap and Wirdner (72) summarize the analyses carried o u t  for these 

f a c i l i t i e s .  Doan s ta tes  tha t  the worst s i t e ,  i n  Oklahoma, has a probability 

of a s t r ike  i n  any-year of 3.62 x 1 0 ' ~ .  The probability of a tornado in 

the western United States, based on a study by Smith and Mirabel l a  (73 i s  
1.3 x l ~ ' ~ / ~ e a r .  All locations in the U.5. f a l l  within that range. The 

average for  the contiguous 48 s tates  i s  6.0 x s t r i  kes/year. Doan 
s ta tes  that  "severe tornadoes of design proportions have a probability of 

occurrence about two decades be1 ow the above f i  gures . " 
Dun1 ap and Weidner discuss tornado driven mi ssi  l es considered in nuclear 

power plant design for the midwest. They are: 

( I )  A 4 in. x 12 in. x 12 f t  long wood plank weighing 108 I b  traveling on 
end a t  300 mph and striking any place on the sides of the reactor 

building. 

(2)  A 3 in. diameter schedule 40 pipe 10 f t  long traveling on end a t  100 
mph striking any place over the ful l  height of the structure. 

(3)  A passenger car weighing 4000 1b traveling on end a t  50 mph with a - 
2 contact area of 20 f t  and a t  a height not more than 25 f t  above ground 

1 eve1 . 



In the western states, the missile velocities are ratioed down by the 

factor of 200/300 since the highest expected velocity i s  200 mph for t h a t  

region. 

In addition t o  the missiles, the passing of a tornado gives r ise t o  an 
atmospheric pressure fluctuation which must be considered in any design. 

The lower pressure i s  expected t o  las t  for 3 seconds and then recover to 
normal atmospheric pressure in the next 3 seconds. For the midwest a 
pressure transient of 3 psi in 3 seconds i s  consistent with the 300 mph 

design basis tornado. In the western U.S. the maximum pressure drop i s  

expected to be 1.5 psi and the rate of fluctuation i s  expected to be below 
0.4 psi/second. (73) Thus i t  would take about 4 seconds for the decrease 

of 1.5 to occur in the west. 

In the analysis i t  i s  important t o  consider the cumulative effect of 

the pressure fluctuations, the missiles and the vortex on the plant struc- 

tures. If the internal building pressure adjusts t o  the pressure fluctu- 

ation, then the effect of the pressure fluctuation on equipment such as 
gl oveboxes should be considered. 

2. Aircraft Impact 

Another missile source i s  an aircraft  impact into the side of the 

faci l i ty .  Chelapati, Kennedy and Wall (74) anal.yzed the aircraft hazard 

for nuclear power plants. They determined that the probability of a 
s t r ike  per year varied from 1.4 x 1 0 ' ~  for distances greater than 5 miles 

from an airport t o  3.4 x for distances less t h a n  5 miles from the 
airport.  No variation in the number of flights over a given region were 

considered in their analyses. Thus the hazard could vary by a t  least a 
factor of 100 abou t  this mean. 

Chelapati e t  a l . ,  looked a t  the thickness of concrete required t o  
prevent penetration of the barrier. If the barrier was reinforced con- 

crete 1 f t  thick, approximat'ely 1/3 of all  crashes will produce missiles 

which can penetrate the barrier. Most airplane crashes result in f i re  

of varying duration. The addition of f i re  can add t o  the severity of the 

event. 



3. Fire - 
Fire data were derived from s t a t i s t i c s  of the chemical industry. 

Although the plutonium fuel fabrication industry has many operations which 

are more nearly 1 ight manufacturing in nature, the scrap recovery, 

co-preci pi t a t i  on, and powder bl  ending operations have a great deal of 

simi 1 a r i  ty  to  common chemical processes. 

Hence, the use of f i r e  data from the chemical industry can be justified 
even though i t  may be conservative. Major f i res  in the chemical industry 
for  the years 1966-70 were 25. (75)  I t  was assumed that the population from 

which this  s t a t i s t i c  was derived was the entire number of plants l i s ted  
under Chemical Industry (SIC #28) which i s  given in the 1967 industrial 
census as 11,799. (76) This results in a probability of 4.x major 

f i r e s  per plant per year. Recognizing the difference in industry charac- 
t e r i s t i c s ,  a lower range value of 2 x was arbi t rar i ly  assigned. 

4. Earthquake 

The risk from seismic events i s  very dependent on the geographic 

location of a particular fac i l i ty .  The region west of the Rockies i s  

considered to have much greater seismicity than the res t  of the country. 
Cal i forni a in particular has very high seismicity because of the numerous 

active faul ts  in the s tate .  Algermissen (77) has estimated the seismic 
r isk in the various regions of the country. Gutenberg and Richter (78) 

have summarized the seismicity of the entire earth for  the 1904-1952 time 

period. Of particular interest  to  th i s  study are reports by G. A. 

Boll i nger (79) and a book by Wiegel . (80) The Boll i nger a r t i c l e  discusses 
the historical and recent seismic activity in South Carolina. In th is  
a r t i c l e  Bollinger states "the great Charleston, South Carolina earthquake 
of August 31 , 1886 provides an exampl e' of a major United State earthquake 

outside the Pacific coast region. No prior severe shocks were known to 

have occurred in this  region since i t s  settlement by the English in 1670. 

Because of th is  long aseismic history, the 1886 event i s  often cited as - 
an example that no region i s  completely safe from earthquake hazard." The 

- estimated magnitude of ihis  earthquake was 7.7 on the Richter scale. . 



On t h e  Modified Mercall i s c a l e  t h i s  earthquake had a maximum i n t e n s i t y  
o f  X and a region of  about 3,000 square mi les  experienced damage i n  excess  

o f  IX on the  Modified Mercalli  s ca l e .  In t h i s  3,000 square mi les ,  bu i ld ings  

were s h i f t e d  o f f  foundat ions ,  cracked,  thrown o u t  o f  plumb, ground was 

cracked and underground pipes  broken. For purposes of  t h i s  r e p o r t  the 

r i s k  c a l c u l a t i o n  w i l l  use an i n t e n s i t y  o f  IX t o  c a l c u l a t e  t h e  p r o b a b i l i t y  

o f  an ear thquake s t r i k i n g  a f a b r i c a t i o n  p l an t .  The use of t h i s  i n t e n s i t y  
i s  n o t  meant t o  i n d i c a t e  t h a t  t he  earthquake wi l l  r e s u l t  i n  a r e l e a s e ,  i t  

was used a s  a po in t  of  re fe rence .  More severe  ear thquakes w i l l  have a 

lower p r o b a b i l i t y  of  occurrence and thus  l e s s  se i smic  risk. 

Boll inger  shows t h a t  t h e  p robab i l i t y  of an earthquake s t r i k i n g  a reg ion  

of 3,000 square  miles  along t h e  - e a s t  c o a s t  i s  about  0.005/year. Assuming 
6 t h e  e a s t  c o a s t  c o n s i s t s  of 10 square mi les ,  then t h e  r i s k  of an ear thquake 

a t  any poin t  on t h e  e a s t  c o a s t  i s  approximately 0.005 x 3000 . Thus the 
1 o6 

probabil  i t y  of - an earthquake a t  some gener ic  e a s t e r n  s ~ t e  would be approxi-  

mately 2 x l ~ - ~ / ~ e a r .  

In C a l i f o r n i a ,  t h e  p r o b a b i l i t y  o f  a Rich te r  magnitude 7.5 ear thquake 

i s  0.076/year. (80) This would r e s u l t  i n  an i n t e n s i t y  of  g r e a t e r  than IX 

on t h e  Modified Mercalli  s c a l e  over  about 2,000 square miles .  The p r o b a b i l i t y  

o f  an earthquake with a magnitude g r e a t e r  than 8.0 i s  0.021 and 6,000 

squa re  miles  can be expected t o  experience heavy damage. The p robab i l i t y  

o f  a magnitude 8.5 ear thquake i s  es t imated t o  be 0.006/year. Approxi - 
mately 14,000 square miles  can be expected t o  experience heavy damage from 

t h i s  earthquake. Thus t h e  p robab i l i t y  of  an ear thquake s t r i k i n g  a random 

po in t  i n  Ca l i fo rn i a  (150,000 square mi l e s )  i s :  

I t  should be recognized t h a t  some a r e a s ,  p a r t i c u l a r l y  along f a u l t s ,  expe r i -  

ence a higher  probabil  i t y  than being involved i n  a severe earthquake once 
every  500 years .  



5. Meteor i tes  

As p a r t  of  the space e f f o r t ,  s i g n i f i c a n t  research has been done on 

the p r o b a b i l i t y  o f  meteor i tes  impacting t h e  e a r t h .  Gera and Jacobs (81 

sumnarized c u r r e n t  knowledge on t h e  s u b j e c t  and concluded t h a t  t h e  proba- 
7 -2 2 b i l  i t y  o f  a 2 x 10 kg meteor i te  impacting an a r ea  i s  10 /km -yr.  The 

frequency o f  f a l l s  i s  inverse ly  proport ional  t o  the weight o f  meteors, and 
-8 2 

f o r  a 2,000 kg meteor,  t h e  p r o b a b i l i t y  i s  10 /km -yr.  This  me teo r i t e  with 

an impact v e l o c i t y  of approximately 4,500 f t / s e c . w i t h  a r e s u l t i n g  c r a t e r  of 
2 over  3 f t  a r e a ,  would c e r t a i n l y  be capable  of pene t ra t ing  a containment 

s t r u c t u r e .  However, t he  f a b r i c a t i o n  p l a n t  does no t  occupy a square km bu t  

occupies  about  1 a c r e  of  land.  Thus t h e  p robab i l i t y  of a meteor s t r i k i n g  

t h e  f a b r i c a t i o n  p l a n t  is  about 4 x 1 0 - ' ~ / ~ r .  

6. Flood 

Most f a b r i c a t i o n  p l an t s  a r e  designed t o  be above t h e  Probable Maximum 

Flood (PMF). I f  t h e  f a c i l i t y  were innundated, t h e  g r e a t e s t  danger would be 

from water  seepage. The consequence of such seepage was not i nves t i ga t ed  

i n  t h i s  r e p o r t .  

B. RELEASE PROBABILITY FROM IN-PLANT ACCIDENTS 

1 . Data Sources 

A1 though plutonium f a b r i c a t i o n  experience i s  1 imited,  c e r t a i n  amounts 

of ope ra t i ng  d a t a  a r e  avai  lab1 e .  Experimental plutonium bearing fue l  

e lements  have been manufactured a t  P a c i f i c  Northwest Laborator ies  and 

Argonne National Laboratory f o r  the p a s t  15 yea r s .  The handling of plu- 

tonium f o r  weapons work a t  P a c i f i c  Northwest Labora tor ies ,  Rocky F l a t s ,  

Mound Laboratory and Los Alamos a l s o  has y ie lded  invaluable  experience on 

t h e  handling and cont ro l  of plutonium. S imi l a r ly ,  t h e r e  has been a s i g n i -  

f i c a n t  amount of experimental chemistry conducted i n  gloveboxes a t  a l l  of 

t h e  l a b o r a t o r i e s .  While t h i s  work involves  equipment somewhat d i f f e r e n t  

from t h a t  used i n  fue l  f a b r i c a t i o n ,  the hand1 ing of hazardous r ad io i so topes  

i n  va r ious  chemical regimes c o n t r i b u t e s  va luable  da t a  f o r  s a f e ty  ana lyses .  

A l t h o ~ ~ g h  s t a t i s t i c s - f r o m  these ope ra t i ons  a r e  probably d i r e c t l y  app l i cab l e ,  

i t  should be noted t h a t  they were compiled i n  many cases  i n  experimental 



rather than industrial f a c j l i t i e s .  The very nature of th i s  experimental 

work leads to a comparatively high accident ra te .  

Other sources of information have been the Safety Related Occurrences 
in Nuclear ~ac i l i t i e s . ( " )  The data in this  publication a re  most applicable 

to  the problem a t  hand. Unfortunately, t h i s  i s  of 1 imi ted use in i t s  

present form. The classification of the accidents reported i s  not direct ly  

applicable and l i t t l e  or no work has been done on reduction of the data to  
accident frequency. In 1967, a Reliabili ty and Maintainability Data- 

Source Guide was prepared for  the U .  S .  Naval Applied Science Laboratory, 

Brooklyn, New York. (83) The guide 1 i s t s  twenty-three Government re1 iabil  i ty  

and maintainability data sources and over ninety-five sources of technical 

and scient i f ic  information for related engineering data. A prel iminary 
review of one of the more promising r e l i ab i l i t y  and maintainability data 

sources (FARADA PROGRAM) indicated that  the data had been reduced to 
direct ly  usable form, namely, fa i lure  rates per kinds of equipment based 

on operating experience. (84) The Failure Rate Data (FARADA) information 
i s  compiled into loose-leaf handbooks (SP-63-470) of f ive  volumes, which 

are  now updated quarterly. These data have some value in the study even 

though i t  i s  oriented entirely t o  the Army, Navy, A-ir Force, and NASA. 

In summary, i t  i s  better to have some data,  used judiciously, than 
none. I t  should be emphasized that  there i s  no subst i tute  for  operating 
s t a t i s t i c s .  If preliminary analysis based on 1 iniited or inferred data a re  
reexamined w i t h  time, they have positive benefits. If they are  "cast i n  

concrete" and the limited nature of their  origins forgotten, they have 
dubious value. 

2 .  Equipment Failure Rates and Accident Frequencies 

In most cases, the fai lure  of a single piece of equipment will not 
resu l t  in an uncontrolled release of plutonium to the environs. However, 
equipment failures or accidents involving resin col umns, gl oveboxes , 
c r i t i c a l i t y ,  and sintering furnaces, could, by themselves, resu l t  in 
small release through the normal building exhaust system. In a l l  cases, 

the magnitude of accidental releases as well as  release from normal 



opera t i on  are  h i g h l y  dependent on the  e f f i c i e n c y  o f  t he  b u i l d i n g  f i n a l  

f i l t e r  system. Analys is  o f  the  prev ious ly  discussed f a i l u r e  r a t e  data 

source has lead t o  estimates o f  f a i l u r e  ra tes  fo r  selected pieces o f  equip- 

ment. A d d i t i o n a l l y ,  t he  r e l i a b i l i t y  o f  t he  HEPA f i l t e r s  f o r  operat ing a t  

quoted o r  design e f f i c i e n c i e s  has been developed. This in fo rmat ion  i s  

summarized i n  Table 18 and Table 19. A d iscussion o f  the  development o f  

TABLE 18. ~ s t i m a t e s  o f  t he  Occurrence Frequencies and F a i l u r e  Rates 
o f  Major Equipment 

Fa i 1 ures 
o r  Events 
Per Year 

Res i n Col umns (82) 

Dry Glovebox Operations (82) 

Autoclave (82 

S in te r i ng  Furnaces (85 ) 

V e n t i l a t i o n  Equipment (82 1 
D i r e c t  Dr iven Fan 

Be1 t Dr iven Fan 

Contro ls  

C r i t i c a l  i t y  

TABLE 19. E f f i c i e n c y  o f  a  Two Stage Bu i ld ing  Exhaust F i l t e r  System 
Under Various Conditions 

Most Probable 
Condi t ion F i  1  t e r  Transmi ss ion 

F i l t e r s  n o t  t es ted  p r i o r  t o  i n s t a l l a t i o n  o r  
i n  place, 8% o f  f i l t e r  operat ing l ess  than (a 1 
design e f f i c i e n c y  7 l o - 5  
F i l t e r s  tes ted  p r i o r  t o  i n s t a l l a t i o n  and i n  
place, r o u t i n e  inspect ion  and rep1 acement 
program 1  

a. Assumes a  f i l t e r  e f f i c i e n c y  o f  0.95 f o r  t he  d e f e c t i v e  f i l t e r s .  

94 



tiously applied administrative controls, rel iable monitoring equipment and 

adequate safety features would presumably successfully control the process. 

There would s t i l l  exist  some f i n i t e  probability of a simultaneous 

breakdown of the administrative controls (operator inattention, etc . ), 
monitoring equipment fai lure (thermocoupi es and amp1 i f i e r s )  and  inoperative 

safety devices (rupture disks o r  check valves). If fa i lure  ra te  d a t a  can 

be obtained or projected from operating history on equipment in related 
(88) operations, and the contribution from operator error adequately evaluated, 

some of these values follows. The estimated occurrence ra te  of a c r i t i c a l -  

i t y  in a fuel plant i s  also included in Table 18. The basis for th is  value 

i s  sumnarized in the text. 

a. Resin Columns 

Four incidents have been reported resulting in a release of radio- 

ac t iv i ty  into the fac i l i ty  as a result  of thermochemical ins tabi l i t ies  in 

an  ion-exchange processing. Plutonium solutions were involved in three and 

a uranium solution in the other. (86 1 

Thermal transients, i f  n o t  properly control led, a r i se  from radiolytic 

heating, excessive applied heat, oxidation due t o  nitration under uncon- 

t rol led conditions, o r  heating by strong oxidants. During the excursion, 

the column heats, becomes pressurized, and could rupture t o  discharge resin 

and solution. The accident has been successfully modeled and the operating 

condi tions required to avoid the incident are we1 1 known. (8 7, ~ a n s c  i en- 

the frequency of a resin column f i r e  and explosion can be developed. 

Prior work, (89) assuming t h a t  the column inventory was a b o u t  1400 grams 

and that the glovebox ruptured postulated that the resul ting plutonium 

release through the f i l t e r s  to the stack i s  about 0.00003 g (30 pg)  for  

th is  incident. 

b. Glovebox Explosions 

Since 1967, four glovebox explosions o r  f i r e s  have been reported in 

which significant amounts of materials were released. One involved a hood, 

another an explosion i n  a vacuum dry box, a third was a glovebox 

explosion and f i r e  involving 2 3 8 ~ ~  and the fourth was the Rocky ~ 1 a t s  



plutonium f a c i l i t y  f i r e .  The l a s t  lnvolved plutonium metal and i s  not 
representative of a process in a fuel fabrication plant. 

The safety problem from a glovebox explosion and f i r e  again would 
be expulsion of plutonium compounds into the work area and possible carrying 
out of plutonium through the exhaust system to the environs. 

'There are  several passive and active safety actions used in the plant 
to  prevent glovebox f i res  and contain them. Normal operating procedures 
would specify that: 

Flammable solvents with flash points below 140 O F  be not 
permitted inside the boxes. 

Inert atmospheres be used in boxes where heat i s  present. 

Trash (such as wipes) be kept to  a m i n i m u m  inside boxes and 
stored i n  covered metal containers. 

Pu02 and U02 not actually i n  process inside the gloveboxes be 
kept inside metal containers. 

The dry operation involves Pu02 and U02 which are nor 
flamnable materials. 

Well-designed gloveboxes contain heat detectors and f i r e  extinguishers 
mounted inside the boxes w i t h  devices for automatically ini t ia ted f i r e  
suppression. Fi l ters  are preceded by fiberglass pref i l te rs ,  and the final 
f i l t e r  bank i s  protected from hot or burning debris automatically by a 
temperature activated deluge system. 

The probability of a glovebox explosion and f i r e  i s  low, b u t  again a 
f i n i t e  and a tentative number has been assigned based on available infor- 
mation. The accidents analyzed in th is  study involving a f i r e  and an 
explosion in a glovebox are extreme examples of th is  type of accident. 
I t  i s  expected that these types of accidents would have a probability of 
occurrence a t  least  a factor of 100 less than the l i s ted  value in Table 15. 

c. Sintering Furnace 

Published operating fa i lure  rate  data (explosions) were not available 
for  sintering furnaces although i t  appears that the numbers of sintering 

wi 



furnaces i n  fue l s  fabrication faci  1 i t i e s  a re  avai lable .  A major vendor 

'for example, has 30 units  in service a t  uranium plants and one a t  a 

plutonium fac i l  i t y  and four vendors furnish over 95:; of the large uni ts  

commercial ly  in use. 

Accidents have occurred a t  s i n t e r i  ng furnaces resul ting from detona- 

t ions  of explosive mixtures of oxygen from a i r  and hydrogen, the reducing 

gas. The explosive mixtures develop usually from: 

Incomplete removal of a i r  (oxygen) from a cold furnace a t  

s ta r tup  before introducing the forming gas containing hydrogen. 

In-leakage of a i r  (oxygen into the furnace during operation 

wi t h  the furnace a t  temperature). 

In-leakage of a i r  (oxygen) in the l i ne  exhausting the 

forming gas mixture (Hz >12%) without f i r s t  d i lut ing the 

H 2  content t o  l ess  than a non-explosive content (about 5% H z )  

Basic safety  features on a l l  s inter ing furnaces include an automatic 

nitrogen f lush w i t h  hydrogen isola t ion unti l  the  f lush i s  complete (timed 

ou t )  fo r  furnace s tar tup,  and, fo r  protection when the furnace i s  a t  

temperature, and automatic t rans fe r  from H2 t o  N 2  make-up i f  the hydrogen 

pressure f a i l s  or a power f a i l u r e  develops. 

Forming gas mixtures a r e  established i n  some sintering furnaces 

en t i re ly  by valving and monitoring individual gas flow streams. The 

probabil i ty fo r  operator error  t h a t  would r e s u l t  in the furnace f i l l i n g  

with H2 i s  f i n i t e .  When mixing gases automatically a t  the furnace with 

a metering device, o r i f i ce s  have become plugged and the gas mixture can 

suddenly rever t  t o  100% H 2 .  Flow alarms a r e  recommended b u t  apparently 

seldom used. Their reduction of the r i sk  i s  dependent upon the i r  own 
r e l i a b i l i t y .  

A reasonable assessment of the potential  f o r  an accident in a s i n t e r -  

i n g  furnace would be estimated from compi l i n g  operating experience, i f  

possible; by applying f a i l u r e  r a t e s  t o  the safety  equipment and to  con- 

t r o l l e r s ;  and by assessing the contribution of operating e r rors .  



d. Cr i t i ca l  i t y  

The objective of t h i s  section i s  t o  estimate the probabil i ty of a 

c r i t i c a l  i t y  accident in fuel fabrication f a c i l i t i e s .  This probabil i t y ,  

PC,, wi l l  be estimated as: 
A, 

whe, e Af  = Number of c r i t i c a l  i  t y  accidents in Fuel 
Fabrication related plants t o  date 

Qf = Quantity of fuel processed through Fuel 
Fabrication re la ted plants t o  date  

The number of c r i t i c a l i t y  accidents t o  date i s  - four. (") These 

accidents have a l l  occurred i n  operating f ac i l  i t i e s  i n  the United Sta tes  

from a c t i v i t i e s  t ha t  could be related t o  fuel fabrication i f  the scrap 

recovery operation i s  included, a s  a l l  four occurred during scrap recovery. 

Two involved plutonium, two highly enriched uranium, and a l l  four occurred 

during wet chemistry operations. No c r i t i c a l i t y  accident has occurred in  

the  United Sta tes  during the  processing of dry material and no c r i t i c a l i t y  

incident has occurred i n  the processing of wet or dry material of low 

e n r i c h ~ e n t .  The locations,  dates, and personnel exposures resul t ing from 

these accidents a r e  summarized in Table 2C. 

Four accidents in 25 years i s  obviously very limited experience and 

does not give a comprehensive pic ture  of the ways c r i t i c a l i t y  accidents 

can occur. A more proper appraisal perhaps would be t o  include "near- 

misses"; b u t  quant i ta t ive  information of t h i s  type i s  not available.  

Nonetheless, i f  a l l  f a c i l i t i e s  similar  to  those in which the above acci-  

dents have occurred a r e  included i n  the assessment of Q ,  the  probabil i ty 

est imate should be valid fo r  the in tent  of t h i s  study. 

The scope of the probabil i ty estimate thus includes f a c i l i t i e s  tha t  

process, f abr ica te ,  recover, or  otherwise handle non-irradiated plutonium, 

s l i g h t l y  enriched uranium, and f u l l y  enriched uranium. Fuel reprocessing 

f a c i l i t i e s  and f a c i l i t i e s  f o r  processing U-233 and Pu-238 a r e  not included 

a t  t h i s  time. 



TABLE 20. Summary of C r i t i c a l  i  t y  Accidents Included in  This Study 

F i s s i l e  Form of Personnel 
Material F i s s i l e  Exposures, 

Location Date Involved Material Deaths Rem 

Y-12Plant  6/58 ~ ( 9 3 ) ( ~ )  Solut ion 0 461 298 
428 86 
413 86 
341 29 

LASL 12/58 Plutonium Solut ion 1 12,000 
134 

5 3 

Hanford 4/62 Plutonium Solut ion 0 110 
43 
19 

U NC 7/64 U (93) Sol u t ion  1 10,000 
80 
80 

a .  U(93) means uranium whose 235-U enrichment i s  93 w t Z .  

The choice of "p lan t  years"  f o r  Q i s  recognized as  not the  bes t  bas i s ,  

but i t  i s  the  only bas is  t h a t  could be est imated quan t i t a t ive ly  a t  this  

t ime.  A b e t t e r  bas is  would be t o t a l  fuel  throughput,  with allowance f o r  

d i f f e r e n c e s  i n  the fue l  forms and fue l  r e a c t i v i t i e s  processed. Such f i g u r e s  

of fue l  processed through USAEC p lan t s ,  of course,  a r e  not ava i l ab le .  So a 

d i f f e r e n t  bas i s  must be used. Consideration was given t o  p lan t  f l o o r  a r e a ,  

number of employees, p lant  design capaci ty  and simply years  of opera t ion ,  

f o r  the bas is .  These f i g u r e s ,  too,  a r e  d i f f i c u l t  t o  obtain and lead t o  

various degrees of inaccuracy. Consequently, f o r  the  purposes of the  present  

s tudy,  i t  was decided t o  use "p lan t  years"  f o r  the  probabi l i ty  est imate.  

The "number of p l an t  years" of  opera t ion  t o  the  present i s  estimated !o 

be - 432. This est imate was obtained by summing p l a n t s '  years  of opera t ions  

s i n c e  1942, a s  shown on Table 21. (91 - 94) 

Imbalances in  production r a t e s  should be p a r t i a l l y  compensated by t h e  

l a r g e  number of small s c a l e  p lan t s  t h a t  a r e  included in the t a l l y .  I t  i s  



recognized tha t  some of the dates may be off by a few years; b u t  overal l ,  
the est imate i s  considerably better  than a guess. Improvement of the 
accuracy of t h i s  information will be the subject of a l a t e r  study. 

TABLE 2 1 .  Estimate of Plant-Years of Production Since 1942 
Involving Uranium and Plutonium Fuel Fabrication 

Plant 

Hanford 
Savannah River Laboratory 
Los Alamos Sc ien t i f i c  Laboratory 
National Lead Company of Ohio 
Oak Ridge National Laboratory 
Lawrence Radiation Laboratory 
Argonne National Laboratory 
Aero j e t General Nucl ear  
Atomics International 
Babcock & Yilcox 
C l  evi t e  Research Corporation 
Combustion Engineering 
Curtiss-Wright Davison 
Gulf General Atomics 
General El e c t r i c  
Gul f  United Nuclear 
M & C Nuclear, Incorporated 
Exxon 
Mall inckrodt Nuclear Corporation 
Martin Company 
Kerr-McGee 
National Carbon Company 
National Lead Company 
Engel hard Industries,  Incorporated 
Nuclear Development Corporation of 

America 
Nucl ea r  Materials and Equipment 

Corporation 
Syl vania-Corning Nucl ear Corporation 
Westinghouse Elect r ic  Corporation 
United Nucl ea r  

Estimated Estimated 
Dates Plant Years 

11 
8 

18 
16 - 

Total 432 



From the foregoing, the probability of a c r i t i ca l i ty  accident in 

uranium and plutonium fuel fabrication f a c i l i t i e s  i s  estimated t o  be as  

follows: 

- 4 c r i t i c a l i t y  accidents 
Pf - 432 plant years 

Pf = 9 x 10 -3 Critical i ty accidents 
plant year 

This probability estimate can undoubtedly be further improved by 

considering greater production detai 1 .  Improvements t h a t  could be con- 

sidered a t  a future date are as follows: 

Obtain more accurate dates of plant startups 
Make allowance for reactivity of fuels processed. 

Obtain a better basis for quantities of fuel produced t o  date. 

Consider types of fuel operations - wet versus dry. 

e. High Efficiency Fi l te r  ( H E P A )  

In fuel fabrication f a c i l i t i e s ,  the f i l t e r  in the glovebox and build- 

ing exhaust systems provide the final protection between the building 

process a i r  and the environment. For this reason i t  i s  very important that 

the f i l t e r s  be within the design specifications. On the average, 3% t o  6% 

of the HEPA are  defective upon receipt from the vendor with the percentage 

of rejects  on some shipments being significantly higher. (957 96) Fil ters  

are judged defective for excessive penetration, f i l t e r  ~nedium fai lure,  

frame fa i lure ,  gasket fa i lure ,  and damage during shipment. Recent t e s t s  on 
13,000 f i l t e r s  showed that rejections due t o  these defects occurred in the 

ra t io  3.2:4.0:2.3:1 .0:1 .3. About  355 t o  452 of the defective f i l t e r s  have 

f i l  t e r  efficiencies 1 ess than design specifications. (96) The efficiency 
for  the f i l t e r s  judged t o  be defective due t o  excessive penetration i s  i n .  

the 95% to  99% range. (95) 



F a i l u r e s  du r ing  i n s t a l l  a t i o n  due t o  improper seat ing o r  care1 ess 

hand1 i n g  seem t o  occur a t  somewhat lower percentages, namely about 1  t o  
2%. (97) Hence, i f  t e s t i n g  i s n ' t  done p r i o r  t o  o r  fo l low ing i n s t a l  l a t i o n ,  

4 t o  8% o f  a1 1  HEPA f i l t e r s  i n s t a l  l e d  w i l l  l eak  and be s i g n i f i c a n t l y  l ess  

e f f i c i e n t  than the  design value; 

F a i l u r e s  o f  the  f i l t e r s  wh i le  they are i n  serv ice  a re  a  f u n c t i o n  o f  

t h e i r  environment. Continuous moni tor ing o f  the  pressure drop across the  

f i l  t e r s  should be coupled w i t h  a  r o u t i n e  fi 1 t e r  rep1 acement program t o  i nsu re  

a  re1 i a b l e  f i l t e r  system. The p rac t i ce  of such q u a l i t y  assurance procedures 

by AEC con t rac to rs  over the past 25 years has made in -se rv i ce  HEPA f a i l u r e  

an almost unheard of phenomenon. 

Because o f  these s t a t i s t i c a l  defects,  a  fuel f a b r i c a t i o n  f a c i l  i t y  

should have a  p r e - i n s t a l l a t i o n  program f o r  examining the  HEPA f i l t e r s  t o  

assure they meet design spec i f i ca t ions .  

3. Operat ing Data Obtained from National Safety Informat ion Center 

The National Safety Informat ion Center (NSIC) organizes i n  several 

ways t h e  i nc iden ts  t h a t  a re  repor ted t o  the  AEC by f a c i l i t y  l icensees. 

The r e p o r t i n g  requirements f o r  f a c i  1  i t y  1  icensees are described i n  Par ts  

20, 40, 50, 70 and 73 o f  T i t l e  10 o f  the  Code o f  Federal Regulat ions. 

I n fo rma t ion  from repo r t s  o f  abnormal occurrences o r  unusual events pro- 

v ided  most o f  t he  source mater ia l  i n  t he  compilat ions developed by NSIC. 

Despi te the  extensive cata loging and organizat ion o f  t he  in format ion,  

more i n fo rma t ion  about each occurrence seems necessary t o  c o n t r i b u t e  t o  

a  s tudy on r i s k  us ing  frequencies o f  accidents, f a i l u r e  ra tes  o f  equipment, 

c o n t r i b u t i o n s  by design inadequacies and the l i k e .  However, several i n f o r -  

mat ive  comparisons are  possib le using the  data as i nd i ca ted  i n  the  f o l l o w -  

i n g  tabu la t i ons .  A summary of the  repor ted occurrences i s  shown i n  

Table 22. 

To be p rope r l y  app l icab le  i n  acc ident  reviews, each o f  the  personnel 

exposure inc idents ,  f o r  example, should be reviewed t o  determine the  ac tua l  

opera t iona l  step o f  the  fab r i ca t i on  process i n  which i t  occurred. This  

should be repeated f o r  each o f  the  o ther  th ree  categories. 



TABLE 22. Occurrence Frequencies  

No. f o r  Est. Frequency, ( a )  
1970-77 Ava lyr  No. Ipl a n t l y r  

Personnel  Exposure ( b )  5 2 26 3 .2  

Contamination i n  t h e  Work Areas 10 5 0.6 

. Local F i r e  3 1.5  0.2 

Contamination Outs ide  Work Area 2 1 0.7 

a .  In  o r d e r  t o  normalize t o  a one m e t r i c  t o n  per  day p l a n t ,  e x i s t i n g  
f a c i l  i t i e s  were weighted a s  shown: Genera1 E l e c t r i c  ( 3 ) ,  Westing- 
house ( 2 ) ,  Babcock & Wilcox ( 1 / 2 ) ,  Combustion Engineering ( 1 / 2 ) ,  
Numec ( 1  1 / 2 ) ,  Kerr-McGee ( I ) ,  Gulf ( I ) ,  Nuclear Fuel S e r v i c e s  (1  1 1 2 ) .  

b .  Personnel  Exposure r e p o r t s  involved t h o s e  occur rences  r e q u i r e d  by 
1 0  CFR 20 Sec t .  405. 

For purposes  of demons t ra t ion ,  t o t a l s  on i n c i d e n t s  f o r  each of  t h e  

c a t e g o r i e s  were averaged from t h e s e  p l a n t s  f o r  t h e  l a s t  two y e a r s  ' t h a t  

t h i s  in fo rmat ion  was pub l i shed ;  namely, 1970 and 1971,  and t h e y  a r e  shown 

i n  column two. From s t r i c t l y  c o n j e c t u r e  and on ly  f o r  t h e  purposes of 

i l l u s t r a t i o n ,  i t  was suggested t h a t  i n  t o t a l ,  the averages  were approx i -  

mate ly  equa l  i n  o u t p u t  t o  e i g h t  f u e l  f a b r i c a t i o n  p l a n t s  of  one tonne per  

day c a p a c i t y .  T h i s  was used t o  develop t h e  e s t i m a t e d  f requency;  number 

p e r  p l a n t  p e r  y e a r .  

The same d a t a  has  been organized a s  t o  t h e  c a u s e  of r e l e a s e  i n  

T a b l e  23. 

TABLE 23. Occurrence Causes 

Equipment F a i l u r e  

No. f o r  Es t . Frequency, 
1970-77 Avqlyr No . /p lan t /y r  

24 1 2  1 .5  

Opera t ing  E r r o r  17 8 .5  1 . I  

A d m i n i s t r a t i v e  Control 12  6 0.75 

Design E r r o r  10 5 0.62 
Maintenance E r r o r  4 2 0.25 

I n s t a l l a t i o n  E r r o r  0 0 -- 



I 

1 Again, detailed information a s  to  kinds of equipment t ha t  f a i l ed  and Cr 
i a t  which work s ta t ions  must be sought out fo r  proper analysis. These data , 

i were extracted from the abstracts summarizing incidents only from plants 
I 
I 

involved i n  fuel fabrication. 

The following table ,  using s l i gh t ly  di f ferent  categories than above, 

. was gathered from the same sources, and occurrences from rela ted industr ies ,  

primarily the preparation of radioactive pharmaceuticals, were included. 

Information was usually not available in the abstract  to determine much 

about each occurrence. Therefore, the incidents a t  th i s  time a re  categor- 

ized only in general terms in Table 24. 

TABLE 24. Occurrence Frequencies fo r  Fuel Fabrication Plants Plus 
Related Industry 

Est. Frequency 
Event - 70 71 Avg/yr No./Plant/Yr 

I Sp i l l s  6 19 13 1.3 

Failure of Gl ovebox or Hood 23 18 20 2.0 

Exceeded Design Limitations 10 13 12 1.2 

I f  one knew what the related industr ies ,  i n  t o t a l ,  contributed t o  the  

s t a t i s t i c s ,  accident occurrence ra tes  could be developed considering a 

wider base which includes the related industries. Arbi t rar i ly  assuming 

t h a t  the a c t i v i t i e s  of the pharmaceutical houses and related industry 

incl uded above were equival ent to  2 additional fuel fabrication pl ants ,  

accident occurrence frequencies have been estimated. To repeat ,  to  com- 

p i 1  e a meaningful study of accident frequencies, the records from which 

the data above were summarized must be reviewed in de t a i l .  From t h i s ,  an 

accident frequency r a t e  per powder handling glovebox per year o r  per scrap 

recovery glovebox per year, can be developed. This i s  the kind of compila- 

t ion needed to develop useful concepts of r isks  for  the generic one MT/day 

due1 fabrication plant. I t  appears t h a t  records may be available to obtain 

i t  i f  additional e f f o r t  i s  expended. 



I X .  ASSESSi*IEi'IT OF E;IVIRO?:MEi4TAL R I S K  

I n d i v i d u a l s  l i v i n g  i n  t h e  env i rons o f  a  p lu ton ium f u e l s  fabr icat- ion 

f a c i l i t y  w i l l  be exposed t o  emissions from normal p l a n t  opera t ion  and 

those  r e s u l t i n g  from acc idents .  Since acc iden ta l  re leases a r e  norma l l y  

o f  g rea te r  magnitude and occur i n f r e q u e n t l y ,  they  must.be placed i n  per -  

s p e c t i v e  w i t h  re leases f rom normal ope ra t i on  be fo re  t h e i r  r e l a t i v e  r i s k  

can be assessed. One method o f  do ing t h i s  i s  t o  take the insurance man's 

approach by we igh t ing  t h e  est imated consequence o f  a  re lease  by i t s  f r e -  

quency o f  occurrence. The ou tpu t  o f  t h i s  approach i s  commonly r e f e r r e d  

t o  as " r i s k " .  When t h i s  i s  done, a l l  r e l ease  nodes can be d i r e c t l y  com- 

pared and t h e  t o t a l  r i s k  o f  t h e  p l a n t  q u a n t i t a t i v e l y  assessed. 

I n  making such a  r i s k  assessment, one must conduct a comprehensive 

s a f e t y  ana lys is .  Th is  a n a l y s i s  must i nc l ude  est imates o f  t he  magnitude 

o f  c r e d i b l e  re lease  modes; bo th  from acc iden ts  and normal opera t ion .  A  

t y p i c a l  l o g i c  diagram f o r  an a n a l y s i s  o f  t h i s  t y p e  f o r  a  f u e l s  f a b r i c a t i o n  

f a c i l i t y  i s  shown i n  F igu re  16. P o t e n t i a l  r e l ease  modes a re  i n p u t  i n t o  

t h e  F a c i l i t y  "Model" which i s  cha rac te r i zed  by m a t e r i a l  and process para- 

meters and b u i l d i n g  des ign c r i t e r i a .  The magnitude o f  t he  i n p l a n t  r e l ease  

and t h e  f a c i l i t y  des ign c h a r a c t e r i s t i c s  de f ines  the q u a n t i t y  o f  m a t e r i a l  

re leased.  The re leased m a t e r i a l  i s  d ispersed and acted upon i n  t h e  p l a n t  

surroundings i n  a  manner p red i c ted  by t h e  Environmental "Model". D i f f e r -  

e n t  atmospheric d i spe rs i on  models should be used f o r  cont inuous and s h o r t  

d u r a t i o n  re leases.  Est imates o f  t he  dose t o  t h e  organs o f  i n t e r e s t  f o r  

an  i n d i v i d u a l  exposed t o  t h e  d ispersed m a t e r i a l  a r e  made us ing t h e  Dose 

"Model". The r e s u l t s  of these dose c a l c u l a t i o n s  a r e  r e f e r r e d  t o  as t h e  

"consequences o f  a  re lease" .  

Coup1 i n g  t h i s  ou tpu t  w i t h  t he  probably  o f  t h e  re lease,  one ge ts  a  pre-  

d i c t i o n  o f  t he  environmental r i s k  o f  t h a t  p a r t i c u l a r  re lease  mode. A  

summation o f  the  " r i s k "  o f  a l l  c r e d i b l e  re leases,  bo th  from normal opera- 

t i o n  and from acc idents ,  p rov ide  a  measure o f  t h e  t o t a l  imposed r i s k  o f  

t h e  f a c i l i t y .  An ana l ys i s  such as t h i s  permi ts  d i r e c t  r i s k  comparison o f  

d i s s i m i l a r  f a c i l i t i e s .  
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' w  A summary of the risk analysis for the referencs f ac i l i ty  i s  presented 

in Table 25. The r isk for a l l  of the release modes discussed in th is  report 

have been quantified in the final column called, "Annual Dose Comi tment 

Risk." This column shows the annual risk of incurring appropriate dose commit- ' .  
rnents t o  the noted cr i t ica l  organs. Unlike a reactor where "Annual Risk" i s  

used as an index, r i sk  for a plutonium f a c i l i t y  must be assessed on a "Dose 

Commitment" basis. This i s  because the dose t o  the cr i t ica l  organs from 

deposited plutonium i s  delivered over a long period of time and therefore 

cannot be adequately expressed on an annual dose "received" basis as in the 

case of a reactor f ac i l i ty .  

For releases for  normal operation and accidents discussed in th i s  

report,  the annual dose commitment risk t o  an individual 1,000 meters 

from the faci l  i ty  i s  estimated t o  be less than 16 mrem t o  the bone, 1.5 

mrem t o  the lung, 1 .7  mrem t o  the thyroid, and 0.4 mrem t o  the whole body. 

I t  i s  expected that the remaining spectrum of accidents will not  s igni f i -  

cantly increase these values. 

For t h i s  f ac i l i ty ,  the analysis clearly indicates that the dose t o  
the bone i s  the major consideration in evaluating the environmental impact 

of a plutonium fuels f ac i l i ty .  Based on the results shown in Table 25, 

the largest annual dose comitment t o  an individual in the environs 

resul t s  from a n  accident involving plutonium in a soluble form. Therefore, 

special emphasis should be directed toward refining the probability of such 

re1 eases and, as necessary, provide additional engineered safety features 

and administrative control for operations involving plutonium in th is  chem- 

ical form. Additionally, if  a c r i t i ca l i ty  accident of greater magnitude 

can be deemed credible, the thyroid dose from radioactive iodine becomes a 

s ignif icant  factor. The removal effectiveness of iodine for the f a c i l i t y  

f i l t e r  system should be reviewed t o  determine if  credi t  can be taken for  

iodine removal in the safety analysis. If this i s  found inadequate, con- 

sideration should be given t o  the addition of f i l t e r s  containing iodine 

removal media. 

In sumary, th is  report provides a comprehensive view of the techno- 

logical considerations germane in analyzing the safety of a plutonium fuel 



TABLE 25. Annual Risk of an I n d i v i d u a l  i n  the Environs 
o f  a Plutonium Fuels Fab r i ca t i on  F a c i l i t y  

C r i t i c a l  D o s e a t  j 0  3 (c )  

Organ meter, mrem 

Annual "Dose 
Corrrni tmen t" 
Risk, mrea(e) 

Probabi 1  i ty o f  
Release, y r - 1  

Radioact ive 
Source Term, g Con tami n a n c  Condi t ion 

Normal Opera t i  on bone, 4/50 y r ( d )  
1  ung 0.06/50 y r  

3  ( s )  Pu Mix 
d i r e c t  r a d i a t i o n  
Noble gases and 

Ha 1 ogens 
i od i ne  

l o -2  (S) Pu Mix 

C r i t i c a l i t y  bone 28/50 yr 
whole body 16 
whole body 31 

t h y r o i d  200 

bone 9400/50 y r  Explosion 

F i r e  1.1 x  10-2 (1) Pu Mix 1  ung 70/2 y r  
bone 700/50 yr  

1  ung 60/2 yr 
bone 600/50 y r  

lo -2  (1) Pu Mix Glovebox Damage 
4 

F a c i l i t y  F i r e  l o - z  ( I )  Pu Mix 1  ung 60/2 y r  
bone 600/50 y r  

3  x  10-5 (S) Pu Mix Resin Column F i r e  bone 28/50 y r  

Normal Operat i on TOTALS : Bone 4.0 mrem 
Lung 0.6 mrem 

Accident TOTALS : Bone <25 
Lung <1.3 

Thyro id  1.7 mrem 
Whole Body 0.41 mrem 

a. I = inso lub le ,  S = so lub le .  
b. Pu Mix = re ference mix tu re .o f  plutonium and americium. 
c. Estimated us ing  the  ICRP Pub 2  lung model (ILM). 
d. 4/50 y r  means t h a t  the 4  mrem i s  de l i ve red  t o  the bone over a pe r iod  of 50 y r .  
e. The probable dose t o  which an i nd i v i dua l  i s  annual ly  committed t o  rece ive.  Th is  could be Instantaneously 

rece ived o r  i t  could be de l i ve red  over an extended pe r i od  as i n  the case of the bone and lung. 



fabrication f a c i l i t y .  Additionally, i t  quantifies the r i sk  for  the fuel 

fabrication operations and more importantly, ident i f ies  the areas where 

special safety emphasis should be placed. Effort should continue toward 

developing improved safety procedures and refining the release probabil- 

i t i e s  for  operations involving the greates t  r i sk .  
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APPENDIX A 

PLUTONIUM FUEL PROCESSING AREAS IN REFERENCE PLANT 

PROCESS AREA I - FUEL STORAGE 

Typical  Operations: Plutonium and mixed plutonium-uranium i n  var ious forms i s  s tored.  Plutonium 

n i t r a t e  so lu t i ons  are  blended i n  l a r g e  volume vessels t o  achieve i s o t o p i c  

un i fo rm i t y .  

Inventory:  1000-3000 kg Pu ~ 5 0 0 0  kg U  (mixed w i t h  4  w t %  Pu) 

Chemical Forms: Pu (NOj)4, so lub le  

Pu02, i nsol ubl  e  

Pu02-U02, i nso l  ub l  e  

Small q u a n t i t i e s  o f  m i s c e l l  aneous so lub le  Pu compounds 

Physical Forms: Pu02 powders, d i s p e r s i b l e ,  p a r t i c l e  s i z e  0.1-80 pm 

Pu02-U02 powders, d i spe rs ib le ,  p a r t i c l e  s i z e  0.1 -1400 pm 

Pu02-U02 pel 1  e ts ,  essent ia l  l y  nondispers i  b l  e  

Solut ions ( p r i m a r i l y  n i t r a t e )  conta in ing  so lub le  Pu, d i s p e r s i b l e  

S l u r r i e s  conta in ing  i nso lub le  Pu, d i s p e r s i b l e  

Pu02-U02 fue l  rods and e l  enients, nondispers ib l  e  

Comnents: 1. The homogenization tank, o r  innerconnected tanks, f o r  b lending the 

plutonium n i t r a t e  s o l u t i o n  w i l l  t y p i c a l l y  have a  volume o f  1000 l i t e r s  

o r  greater .  This  tank o r  tanks w i l l  be o f  heavy wa l l  cons t ruc t i on  

which w i l l  prov ide a  h igh  degree o f  p r o t e c t i o n  f o r  the contents. 



2. The q u a n t i t a t i v e  d i v i s i o n  o f  the  p lutonium between the  var ious  chemical 

and physica l  forms w i l l  va ry  i n  t ime. 

3. A l l  of the p lutonium i n  the  p l a n t ,  except f o r  the in-process inventory  

o f  the  order  o f  a few hundred ki lograms o f  plutonium, w i l l  be i n  the  

f u e l  storage area. Typ i ca l l y ,  about h a l f  of the  in-process inventory  

o f  plutonium w i l l  be i n  the d i s p e r s i b l e  forms o f  so lu t i ons ,  s l u r r i e s  

and powders; the  remainder w i l l  be i n  the form o f  p e l l e t s  o r  encapsulated 

rods. The decontaminated rod  and f u e l  element s torage w i l l  be separated 

from o ther  s torage t o  avoid contaminat ion. 

4. The uranium storage drea w i l l  be separate from the p lutonium and mixed 

plutonium-uranium storage area. Typica l  uranium forms w i l l  be UF6, U02, 

U03, UO (NO ) and U308 (ye1 lowcake). The t y p i c a l  maximum uranium 2 3 2  
inventory  w i  11 be 104- 1 o5 kg. 

PROCESS AREA I 1  - CONVERSION 

Typ ica l  Operations : Plutonium n i t r a t e  s o l u t i o n  i s  p r e c i p i t a t e d  as Pu ( IV )  oxa la te  by the  a d d i t i o n  

o f  o x a l i c  ac id.  Hydrogen perox ide i s  sometimes added i n  t h i s  s tep  f o r  

valence adjustment o f  the plutonium. The Pu o x a l a t e  i s  f i l t e r e d ,  d r i e d ,  and 

ca lc ined t o  Pu02 a t  a temperature o f  650-850°C. The Pu02 powder from the  

c a l c i n e r  has p a r t i c l e  s izes ranging from 0.3 t o  80 pm. The l a r g e r  p a r t i c l e s  

a re  l oose l y  bound agglomerates. Approximately 95% o f  t he  p a r t i c l e s  a re  

l a r g e r  than 1 pin and the  average p a r t i c l e  s i z e  i s  6-10 pm. 

Inventory :  50 kg Pu 

Chemical Forms: Pu oxalate,  so lub le  

Pu02, i nsol ub l  e 



Phys ica l  Forn~s: Pu oxa la te  s l u r r y  and wet powder, d i s p e r s i b l e  

d ry  Pu02 powder, d i s p e r s i b l e  

Comnents: A l l  opera t ions  w i l l  be conducted i n  equipment t h a t  i s  c r i t i c a l l y  safe by 

geometry. Therefore t he  i nven to ry  i s  l i m i t e d  by  process throughput  requ i re -  

ments r a t h e r  than by c r i t i c a l i t y  s a f e t y  cons idera t ions .  

PROCESS AREA 111 - POWDER TREAT= 

Typica l  Operat ions: The ca l c i ned  Pu02 powder i s  crushed and screened t o  o b t a i n  p a r t i c l e s  o f  a 

few micrometers and then blended w i t h  U02 povrder. The blended Pu02-U02 i s  

mi 1 led,  agglomerated ( e i t h e r  by d r y  compaction o r  b i n d e r  a d d i t i o n ) ,  and 

granulated t o  14-180 mesh (85-1400 granules t o  produce a f r e e  f l o w i n g  

feed powder f o r  t he  p e l l e t  press. The powder i s  c o l d  pressed t o  y i e l d  

green p e l l e t s  (0.3-0.5 i nch  d iameter )  o f  40-55% of the t h e o r e t i c a l  dens i t y .  

Inventory :  50 kg Pu ( t o t a l )  11.3 kg Pu (pe r  ba tch)  

A f t e r  b l end ing  the Pu i s  niixed (4  w t %  Pu02-96 w t %  U02) w i t h  U02 

Chemical For~ns : PuOp, i n s o l u b l e  

U02, i n s o l  ub l  e 

Phys ica l  Forms: Pu02 powder, d i s p e r s i b l e  

U02 powder, d i s p e r s i b l e  

Pu02-U02 powder, d i s p e r s i b l e  

Green Pu02-U02 p e l  1 e t s  , no t  e a s i l y  d ispersed 

Comments: These batch- type opera t ions  w i l l  be conducted d r y  o r  w i t h  a c o n t r o l l e d  degree 

o f  moderat ion because o p t i m a l l y  moderated c r i t i c a l i t y  s a f e t y  l i m i t s  a r e  too  

r e s t r i c t i v e  on ba tch  s i z e .  A l a r g e  ba tch  s i z e  i s  e s p e c i a l l y  d e s i r a b l e  i n  
u 

blending ope ra t i ons . ' t o  assure un i f o rm  powder c h a r a c t e r i s t i c s .  



PROCESS AREA I V  - PELLET TREATMENT 

Typical  Operations: The green pel l e t s  a re  s in te red  a t  1500-1700 "C i n  a  reducing atmosphere 

(6-15 w t %  hydrogen i n  n i t rogen) .  I f  an organic b inder  was used, t h i s  

operat ion may be preceded by p res in te r i ng .  The s in te red  p e l l e t s  a re  center -  

less  ground (up t o  2-4% o f  the  ma te r ia l  i s  removed) t o  a  spec i f ied  diameter, 

washed, d r i e d  and outgassed ( a t  ~ 6 0 0 - 8 0 0  "C i n  h igh  vacuum). 

Inventory:  1700 kg Pu02-U02 (60 kg Pu) i n  p e l l e t s  

1.6 kg Pu i n  s o l u t i o n  o r  s l u r r y  

Chemical Forms: Pu02-U02, i nso lub le  

Physical Forms : PuO -UO green (no t  e a s i l y  dispersed) and s in te red  (essen t i a l  l y  nondispers ib l  e) 2  2  
pel l e t s  

Pu02-U02 powder i n  s o l u t i o n  o r  s l u r r y ,  d i s p e r s i b l e  

Comnents : The center1 ess g r i nd ing  opera t ion  y i e l d s  Pu02-U02 dust  o r  s l  u r r y  depending 

on whether the operat ion i s  performed wet ( t h e  usual case) o r  d ry .  The 

washing operat ion y i e l d s  a  PUO~-UO~ s o l u t i o n  o r  s l u r r y .  

PROCESS AREA V - PELLET LOADING AND FUEL ROD ENCAPSULATION 

Typical  Operations: The out-gassed Pu02-UOZ p e l l e t s  a re  loaded i n t o  f u e l  rods. The rods are  then 

welded closed and decontaminated. 

Inventory:  850 kg Pu02-U02 (30 kg Pu) 

Chemical Forms : Pu02-U02, i nso lub le  

Physical Forn~s: Sintered Pu02-U02 p e l l e t s ,  e s s e n t i a l l y  nond ispers ib le  

Fuel rods conta in ing  s in te red  Pu02-U02 p e l l e t s ,  nond ispers ib le  








































































































































































































