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ABSTRACT 

8 

I 

An investigation of the potential hazard from airborne releases of 
depleted uranium (DU) from the Army's M829 munitions was conducted at the 
Pacific Northwest Laboratory. The study included: 1) assessing the char- 
acteristics of DU oxide from an April 1983 burn test, 2 )  postulating condi- 
tions of  specific accident situations, and 3 )  reviewing laboratory and 
theoretical studies of oxidation and airborne transport o f  DU from accidents. 
Results of the experimental measurements of the DU oxides were combined with 
atmospheric transport models and lung and kidney exposure data to help estab- 
lish reasonable exclusion boundaries to protect personnel and the public at an 
accident site. 
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EXECUTIVE SUMMARY 

L 

b 

In accordance w i t h  the Department o f  Defense's hazard classification t e s t  
requirements, the Army Armament Research and Development Center conducts a 
testing program o f  i t s  large caliber munitions. 
testing includes t e s t s  of the explosive hazards associated with various 
munitions under accident conditions, and transport classes are assigned t o  the 
munitions based on the t e s t  results.  The Army t e s t s  the behavior of these 
rounds so t h a t  an exclusion area could be established around an accident s i t e  
t o  protect Army personnel and  members of the general public. 

This hazard c lass i f icat ion 

Previous t e s t s  have focused on the potential explosive hazards and pene- 
trator ejections resulting from f i r e s  during transport or b u l k  storage of the 
munitions. 
logical a n d  toxicological hazards t o  downwind populations from the possible 
airborne release of  depleted uranium. 
potential hazard from airborne releases was evident a f t e r  tes t s  with the M829 
rounds showed t h a t ,  under severe f i r e  conditions, the penetrators remained i n  
the f i r e  and were oxidized t o  powder rather than  being ejected undamaged from 
the f i r e .  

More recently there has been a great deal of interest  in the radio-  

The need t o  further investigate the 

A study (documented in th i s  report) t o  investigate the potential hazard 
from airborne releases was conducted with two objectives. 
was t o  characterize the depleted uranium oxide samples taken from an April 
1983 external heat t e s t  for  particle s ize ,  morphology, and  lung f luid 
solubili ty.  The second was t o  conduct a l i t e ra ture  search on the uranium 
o x i d a t i o n  ra tes ,  the characterist ics of oxides generated during the f i r e ,  the 
airborne release as a resul t  o f  the f i r e ,  and  the radiological/toxicological 
hazards from inhaled uranium oxides. 

The f i r s t  objective 

Results o f  the D U  oxide sample analysis showed that a b o u t  1% of the 
uranium oxide had a least  l inear diameter < l o  urn. Particles < l o  um are 
generally considered in the respirable range. 
respirable s ize  is  the measurement of  the fraction t h a t  i s  4 0  um i n  
aerodynamic equivalent diameter ( A E D ) .  

A more sensit ive measure of 

From 0.2% t o  0.65% of the samples 

V 



measured <10 pm AED. 

maximum o f  0.6% by we igh t  (0.6 wt%) o f  t h e  DU ox ide  was i n  t h e  r e s p i r a b l e  s i z e  

f r a c t i o n  and c o u l d  become a i rborne .  

The p a r t i c l e  s i z e  and t h e  morphology i n d i c a t e d  t h a t  a 

Measurement o f  t h e  s o l u b i l i t y  o f  t h e  DU ox ide  i n  s imu la ted  i n t e r s t i t i a l  

The sample f o r  t h i s  a n a l y s i s  was smal l  because o n l y  t h e  <10 pm AED 
l u n g  f l u i d  demonstrated t h a t  96.5% o f  t h e  sample had n o t  d i s s o l v e d  w i t h i n  

60 days. 

f r a c t i o n  was used, b u t  i t  prov ided s u f f i c i e n t  evidence t o  conclude t h a t  t h e  

uranium i n  t h e  sample should be c l a s s i f i e d  as be ing  100% i n  t h e  Y c l a s s  f o r  

c a l c u l a t i o n s  o f  r e t e n t i o n  and dose u s i n g  t h e  I C R P  l u n g  model. 

i n c l u d e s  compounds w i t h  d i s s o l u t i o n  ha l f - t imes i n  t h e  l u n g  o f  more than 

100 days. 

The Y c l a s s  

I n  t h e  l i t e r a t u r e  search, l a b o r a t o r y  and t h e o r e t i c a l  s t u d i e s  o f  DU 

o x i d a t i o n  and r e l e a s e  f rom acc idents  t h a t  r e s u l t  i n  f i r e  a re  summarized. The 

r e a c t i o n  r a t e s ,  s w e l l i n g  and thermal s t r e s s ,  and v a r i a t i o n s  i n  these and o t h e r  

p r o p e r t i e s  a r e  d iscussed as w e l l  as t h e  compounds produced, t h e i r  p a r t i c l e  

s i z e ,  morphology and s o l u b i l i t y .  

Downwind t r a n s p o r t  o f  a i r b o r n e  DU f rom t h e  acc ident  s i t e  i s  eva lua ted  i n  

Models used t o  c a l c u l a t e  terms o f  plume c h a r a c t e r i z a t i o n  and plume movement. 

p a r t i c l e  ent ra inment  and atmospher ic t r a n s p o r t  a re  reviewed, and t h e i r  c a p a b i l -  

i t i e s  a r e  analyzed. The a p p l i c a t i o n  o f  t h e  atmospheric t r a n s p o r t  c a l c u l a t i o n s  

t o  t h e  hazard a n a l y s i s  s t a r t s  w i t h  f i r s t  i d e n t i f y i n g  whether t h e  main hazard 

t o  workers o r  t h e  p u b l i c  downwind o f  t h e  a c c i d e n t  i s  l i k e l y  t o  be r a d i o l o g i c a l  
o r  t o x i c o l o g i c a l  i n  nature.  E s t a b l i s h i n g  t h i s  r e q u i r e s  t h e  knowledge o f  
chemical form, s o l u b i l i t y ,  and p a r t i c l e  s i z e  o f  t h e  uranium produced by t h e  
f i r e ,  o r  t h e  use o f  worst-case assumptions. The chemical t o x i c i t y  i s  t h e  
c r i t i c a l  l i m i t  f o r  s o l u b l e  uranium compounds, and t h e  c r i t i c a l  organ i s  t h e  

k idney. 
i c a l l y  exposed occupat iona l  workers a r e  l i m i t e d  t o  0.2 mg/m 

o r  0.6 mg/m f o r  occas ional  shor t - te rm exposures (ACGIH 1983). Exposures t o  
3 3 20 mg/m f o r  s o l u b l e  uranium compounds o r  30 mg/m f o r  i n s o l u b l e  ones a r e  

des ignated as be ing  t h e  maximum l e v e l s  t h a t  a person c o u l d  be sub jec ted  t o  f o r  
30 minutes w i t h o u t  i m p a i r i n g  escape o r  caus ing i r r e v e r s i b l e  h e a l t h  e f f e c t s  

(Mackison, S t r i c o f f  and P a r t r i d g e  1978). 

I n s o l u b l e  compounds present  a hazard p r i m a r i l y  t o  t h e  lungs. Chron- 

f o r  a 40-hr week 3 
3 

. 

a . 

v i  



1 

The exposure limits for toxicity are more conservative than most of the 
radiological limits and thus protect from either type of insult. 
limits, however, are directly applicable to the accident situation, so  derived 
limits to determine exclusion boundaries are reviewed and their assumptions 
are examined. 
acterization study and are used to estimate the fraction of inhaled DU 
deposited and retained in,the lung versus the fraction that i s  transported to 
the kidney. Although it is not clear that DU in the M829 penetrators would 
consistently produce the same relative amount of respirable aerosol, the use 
of actual test results coupled with the atmospheric transport and lung and 
kidney exposure data allows calculation o f  exposure levels and provides 
pertinent input to the determination of reasonable exclusion boundaries that 
will protect personnel and the general public. 

None of the 

The derived limits are applied to results from the char- 

c 
b 
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.I 

1.0 INTRODUCTION 

I n  accordance w i t h  t h e  NATO Standard Nat iona l  Agreement, t h e  U.S. Army 

t e s t s  new and m o d i f i e d  packaged mun i t ions  and e x p l o s i v e s  t o  determine t h e i r  
p o t e n t i a l  t r a n s p o r t a t i o n  and s torage hazards. The mun i t ions  a r e  sub jec ted  t o  

s p e c i f i c  c o n d i t i o n s  s i m u l a t i n g  an acc ident  o r  f i r e  and t h e  types and degrees 
o f  hazard f o r  a g iven weapon a r e  assessed. The mun i t ions  a r e  then c l a s s i f i e d  

based on t h e i r  e x p l o s i v e  o r  t o x i c  n a t u r e  and t h e i r  p r o p e n s i t y  f o r  caus ing 
personnel i n j u r i e s  o r  p r o p e r t y  damage d u r i n g  t r a n s p o r t  o r  s torage (DOD 1982). 

Var ious f a c t o r s  must be addressed t o  eva lua te  t h e  p o t e n t i a l  hazard t o  

personnel o r  popu la t ions  near t h e  s i t e  o f  an acc ident .  Nearby i n d i v i d u a l s  
could be subjected t o  b l a s t  e f f e c t s  f rom t h e  de tonat ion  o f  t h e  p r o p e l l e n t  o r  
exp los ives  i n  t h e  rounds; these hazards a r e  s p e c i f i c a l l y  considered i n  t h e  

c u r r e n t  t e s t s .  
t i o n a l  p o t e n t i a l  hazard f rom the  r a d i a t i o n  re leased d u r i n g  t r a n s p o r t  and from 

the p o s s i b l e  d i s p e r s i o n  o f  DU under some extreme c o n d i t i o n s ;  t h e  d i r e c t  r a d i a -  
t i o n  hazard i s  covered by c u r r e n t  Department o f  Transpor tat ion/Nucl  ear  Regula- 

t o r y  Commission r e s t r i c t i o n s .  P o t e n t i a l  downwind hazards f rom a i r b o r n e  t o x i c  

o r  r a d i o l o g i c a l  re leases d u r i n g  acc idents ,  however, have n o t  been eva lua ted  i n  
d e t a i l  because t e s t s  on most c a r t r i d g e s  showed t h a t  t h e r e  was l i t t l e  poss i -  

b i  1 i ty o f  such releases. 

Muni t ions i n c o r p o r a t i n g  depleted uranium (DU) pose an addi -  

The P a c i f i c  Northwest Laboratory  a s s i s t e d  t h e  Army d u r i n g  t h e  hazard 
c l a s s i f i c a t i o n  t e s t s  on t h e  M774 ( G i l c h r i s t ,  Parker and Mishima 1978) and t h e  
M829 (Hooker e t  a l .  1983). The t e s t s  w i t h  t h e  M774 i n d i c a t e d  t h a t  l i t t l e  
p o t e n t i a l  e x i s t e d  f o r  t h e  a i r b o r n e  re lease o f  dep le ted  uranium (DU) from t h e  
penet ra to rs  d u r i n g  a f i r e  because a l l  of t h e  DU p e n e t r a t o r s  were e j e c t e d  f rom 
the  h i g h  temperature area and sus ta ined l i t t l e  damage t h a t  c o u l d  r e s u l t  i n  t h e  
o x i d a t i o n  o f  t h e  DU ( G i l c h r i s t ,  Parker and Mishima 1978). 

When t h e  M829 rounds were t e s t e d  i n  a f i r e  however, t h e  c a r t r i d g e  cases 
d i d  n o t  c o n f i n e  t h e  pressure,  and a l l  t h e  DU remained i n  t h e  h i g h  temperature 

area and was o x i d i z e d  (Hooker e t  a1 . 1983). The e x t e r n a l  heat  t e s t s  were 

performed t w i c e  f o r  t h e  M829 w i t h  s u b s t a n t i a l l y  t h e  same r e s u l t s .  I n  t h e  
repeat  o f  t h e  e x t e r n a l  heat  t e s t ,  performed i n  A p r i l  1983, t h e  r e s i d u a l  
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material from the f i r e  was collected and l i t t l e ,  i f  any, DU was lost .  Since 
the existing hazard c lass i f icat ion t e s t s  do n o t  address the possible 
radiological/toxicological hazard, the study t h a t  i s  documented i n  t h i s  report 
was necessary. The objective of t h i s  study i s  t o  accumulate and interpret  the 
d a t a  on the potential radiological/toxicological hazard t o  the downwind 
population from the possible airborne release of DU d u r i n g  and following f i r e s  
during transport and bulk storage of M829 rounds. 

To pose a radiological/toxiological hazard t o  the downwind population, 
the DU must be relocated from the accident s i t e .  The relocation of the 
unchanged DU metal penetrator was assessed i n  the previous t e s t s .  
be suff ic ient ly  subdivided before i t  can be carried by the prevailing winds 
and be considered an additional hazard.  
20 micrometers aerodynamic equivalent diameter (AED) t o  be carried s ignif icant  
distances downwind, and must be less  t h a n  10 micrometers AED (a  conservative 
estimate of the respirable f ract ion)  t o  be an inhalation hazard. 
can be subdivided i f  the metal i s  oxidized. T h u s ,  f i r e s  are the most severe 
accident conditions leading t o  the airborne release of DU. 

The DU must 

The DU part ic les  must be under 

Metallic DU 

To ascertain a particular f i r e ' s  effects  upon the DU, the f i r e ' s  tempera- 
ture ,  duration, atmosphere, etc.  must be considered. T h i s  requires a scenario 
based upon the conditions anticipated for the accident. Once a conservative 
b u t  generally r ea l i s t i c  accident scenario has been formulated, the response of 
the DU t o  these postulated accident conditions can be evaluated. The two most 
important factors i n  estimating the hazard are the amount of metal oxidized 
and the characterist ics of the oxide produced. 

The quantity and characterist ics of the material made airborne under the 
accident conditions define the i n i t i a l  hazard. The changes i n  concentration 
a n d  characterist ics of the material a s  i t  i s  carried by the wind define the 
hazards posed t o  individuals located along the p a t h  of the cloud. The degree 
of hazard t o  any individual i s  the e f fec t  t o  the body and organs from inhala- 
tion of the airborne material, because material inhaled and deposited within 
the body can pose b o t h  toxicological and radiological hazards. 

. 

This discussion includes the characterist ics of the DU oxide from the 
April 1983 external heat t e s t ,  possible accident scenarios, and a 1 i t e ra ture  
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search.  The DU o x i d e ' s  morphology, p a r t i c l e  s ize  d i s t r i b u t i o n ,  and s o l u b i l i t y  
i n  s imula ted  i n t e r s t i t i a l  lung f l u i d  were determined from experimental  mea- 
surements. 
but not exhaus t ive  review o f  uranium ox ida t ion /ox ida t ion  r a t e s ,  c h a r a c t e r -  
i s t i c s  o f  the oxides  genera ted  du r ing  f i res ,  a i r b o r n e  r e l e a s e  o f  uranium under 
f i r e  c o n d i t i o n s ,  models t o  d e f i n e  the t r a n s p o r t  o f  a i r b o r n e  m a t e r i a l ,  and 
radio1 o g i  ca l  / t ox ico log ica l  hazards from inha led  urani  um oxides .  

The l i t e r a t u r e  search  ( p r i m a r i l y  from 1979 on) i s  a comprehensive 
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2.0  ___- CHARACTERISTICS OF DU OXIDES FROM EXTERNAL HEAT TESTS 
OF M829 MIIHITIONS, -- A P R I L  1983 

Samples of oxidized penetrators were collected during the April 1983 
external heat t e s t  " C "  conducted a t  the Nevada Test S i t e  (Hooker e t  a l .  1983). 
The t e s t  consisted cf envelopinq 12 M8?9 packaged rounds, banded together 
(Figure 2 . 1 ) ,  i n  a h o t  f i r e .  
t e s t  stand 2 . 5  f t  H x 2 f t  W x 3.5 f t  L made of  3-inch angle iron ( F i g -  
ure 2 . 2 ) .  S i x  stainless-steel-clad thermocouples were positioned under the 
t e s t  stand t o  record the temperature tha t  the penetrators were subjected t o  
duripg the f i r e  (Figure 2.3). 

The munitions were placed on a prefabricated 

The t e s t  stand rested u p o n  a 30 f t  x 30 f t  square t ray made of 1/4-inch 
steel  with 3-inch h i g h  sides attached t o  the outer edges. 
in the recovery o f  the fire-generated materials from the t e s t .  
were placed around the outer edge of the tray t o  support the p las t ic  sides 
erected a f t e r  the i n i t i a l  high temperature phase of the f i r e  abated ( F i g -  
ure 2.4). The center 10 f t  x 10 f t  square of the t ray was depressed a n  
additional 5 inches t o  provide more insulation for  t h a t  portion d u r i n g  the 
f i r e .  The en t i re  t r a y  was f i l l e d  w i t h  locally obtained sandy s o i l .  

The tray was t o  aid 
Receptacles 

Large pieces of wood ( r a i l r o a d  t i e s )  were stacked under and  around the 
The en t i re  st.ack munitions t o  form a cr ib- l ike configuration (Figure 2 . 5 ) .  

was wetted with f i f ty - f ive  gallons of fuel and  ignited (Figure 2 . 6 ) .  
burned vigorously d u r i n g  the f i r s t  three hours (Figure 2 .7 )  reaching temper- 
atures i n  the 800" to  1100°C range w i t h  local highs u p  t o  1200°C (Figure 2.8). 

The f i r e  

Al l  12  rounds "cooked off"  d u r i n g  the f i r s t  hour of the b u r n .  Observa- 
t.ions following the i n i t i a l  period indicated no s ignif icant  relocation of the 
materials. Portions of four penetrators were v is ib le  (Figures 2 . 9 ,  2.10, and  
2 . 1 1 ) .  Weather conditions a n d  the internal temperatures within the residues 
delayed the collection of residual materials for  approximately two days. 
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FIGURE 2.1. T e s t  Mun i t ions  Secured t o  Test  Stand 
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FIGURE 2.2. Ammunition Test  Stand and Temperature Sensing Elements 
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FIGURE 2.3. P o s i t i o n s  o f  I n d i v i d u a l  Heat Sensors 
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F I G U R E  2.4. Containment Enclosure and Post-Test A i r -Sampl ing System 
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FIGURE 2.5. Containment Tes t  Tray P r i o r  t o  I g n i t i o n  o f  F i r e  
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FIGURE 2.6. Ex terna l  Heat Test,  I g n i t i o n  

FIGURE 2.7. Ex terna l  Heat Test,  In i t ia l -Growth-Phase F i r e  
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FIGURE 2.8. A p r i l  1983 Ex te rna l  Heat Test,  Time vs  Temperature 
(Data f rom S i x  Heat Sensors, see F igures  2.2 and 2.3) 
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FIGURE 2.10. Remnant DU Core a t  Eastern Edge o f  Tes t  Stand 

A 

FIGURE 2.11. Remnant DU Core a t  Northwest Corner o f  Test, Stand 
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2.1 SAMPLES 

All the suspected uranium-bearing materials were collected for measure- 
ment of the their uranium content. An initial rough segregation was made 
using hand-held GM counters. A single, relatively uncontaminated sample 
from the oxidized penetrator located at the eastern edge of the test stand was 
selected for particle size analysis. The remainder of the materials collected 
were uranium-fire residue (charcoal, melted aluminum, etc.) or uranium-soil 
mixtures containing varying concentrations of uranium, and the unoxidized 
remnants of the penetrators. 

The samples obtained are tabulated in Table 2.1. Some samples are not 
listed because the rough field test showed they had an insignificant amount of 

TABLE 2.1. Samples From the April 1983 External Heat Test "C" 

Wei ghfs ) 
Sample # Descri p t  i on grams 

1 Uncontaminated DU oxide ( p a r t i c l e  s ize  350.4 
anal y s i  s ) 

3 Penetrator pieces, east s ide 945.9 
4 Oxide, SE corner 2249.9 
5 Oxide mixture, west s ide  2205.9 
6 Oxide mixture, east s ide  1351.2 
7 Oxide mixture, nor th  s ide 902.6 
9 Oxide mixture, west s ide  2129.9 

1 1  (2) Oxide mixture 2207.8 
1le Oxide mixture 1462.0 
12 Oxide mixture, center t o  west s ide  2696.7 
13 Oxide mixture, northeast corner 2230.9 
14 Oxide mixture, west s ide  2320.0 
15 Oxide mixture, west s ide  2390.0 
16 Oxide mixture, west s ide 1641.2 
17 Oxide mixture, n o r t h  s ide  2044.7 
18 Oxide mixture, west s ide  1608.3 
19 (2) Oxide mixture, south s ide  1744.0 
21a Oxide mixture, nor th  s ide  1292.6 
22a Oxide mixture, nor th  s ide  1337.0 
22b Oxide mixture, nor th  s ide  1069.0 
26 Metal scrap 973.2 
27a Metal scrap 740.8 - D i r t  from bag, post cleanup 1266.3 - D i r t  from bag, post cleanup 1339.7 - D i r t  from bag, post cleanup 1417.3 

sand b Periphery o f  t r a y  1794.0 
sand c Periphery o f  t r a y  649.4 

'[a) Weight includes t h e  p l a s t i c  sack conta in ing t h e  sample. 

Radi a t  i on 
Read i nq 

50,000 cpm 

>50,000 cpm 
50,000 cpm 
>50,000 cpm 

1.5 mR 
1.7 mR 
1.5 mR 
1-.? mR 
1.5 mR 
2.0 mR 
2.0 mR 
1.5 mR 
1.7 mR 
1.5 mR 
1.6 mR 
1.5 mR 
1.5 mR 
1.7 mR 
1.7 mR 
1.7 mR - - 
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DU and t h e  f i n a l  measurements showed t h a t  very  l i t t l e  o f  t h e  DU was l o s t .  
Sample #1 ( t h e  l e a s t  contaminated DU ox ide  sample) was i n i t i a l l y  chosen f o r  

a n a l y s i s .  The q u a n t i t y  a v a i l a b l e  i n  sample #1, 216.1 g ( t o t a l  we igh t  exc lud-  
i n g  t h e  p l a s t i c  sack),  was i n s u f f i c i e n t  f o r  a l l  r e q u i r e d  analyses, so m a t e r i a l  

f rom sample # l l e  was added f o r  t h e  p a r t i c l e  s i z e  a n a l y s i s  by l i q u i d  

sedimenta t i  on. 

It was subsequent ly decided t h a t  t h e  s i z e  d i s t r i b u t i o n  should n o t  be 

based upon a s i n g l e  sample. 

composited and t r e a t e d  as a s i n g l e  sample f o r  another  s i z e  a n a l y s i s  and 
morpho1 ogy . 

Therefore, t h r e e  samples (#6, #7, and #18) were 

2.2 SAMPLE PREPARATION 

A l l  samples were i n i t i a l l y  segregated by s i z e  t o  determine t h e i r  s i z e  

d i s t r i b u t i o n  and t o  p r o v i d e  samples i n  t h e  proper  s i z e  range f o r  f u r t h e r  

a n a l y s i s .  

(105 pm l e a s t  l i n e a r  diameter (LLD)) and #325 (44 urn LLD). 
remain ing on each s i e v e  and pass ing through t h e  #325 s i e v e  were recovered and 

weighed. 

comparing i t  t o  t h e  t o t a l  mass recovered. The f r a c t i o n  <44 pm LLD was p laced 
on a s t a c k  o f  20-pm and 10-pm sonic  s ieves. 

10-pm s i e v e  was c o l l e c t e d  i n  a f i n e s  c o l l e c t o r .  Again t h e  amount o f  m a t e r i a l  

i n  each f r a c t i o n  was determined by comparison w i t h  t h e  t o t a l  mass recovered. 
Some o f  t h e  m a t e r i a l  <10 pm LLD f rom sample #1 was a i r  e l u t r i a t e d  i n t o  a 
cascade impactor  c o n s i s t i n g  of a 0 (s tage c u t - o f f  11 pm AED) and a 1 stage 
(s tage c u t - o f f  9.2 pm AED). 
f i l t e r  and submi t ted  f o r  measurement o f  i t s  s o l u b i l i t y  i n  i n t e r s t i t i a l  l u n g  
f l u i d .  

<20 >10 pm LLD were submi t ted f o r  scanning e l e c t r o n  microscopy t o  a s c e r t a i n  

sample morphology. The l a t t e r  f r a c t i o n  was a l s o  used t o  determine t h e  s i z e  

separa t ion  of t h e  DU ox ide  by s iev ing .  

The samples were weighed and s ieved u s i n g  two T y l e r  s ieves  - #140 

The f r a c t i o n s  

The percentage of m a t e r i a l  i n  each f r a c t i o n  was determined by 

M a t e r i a l  pass ing through t h e  

The <9.2-pm m a t e r i a l  was c o l l e c t e d  on a membrane 

An a l i q u o t  o f  t h e  <lO-pm-LLD f r a c t i o n  and an a l i q u o t  o f  t h e  f r a c t i o n  

The dO-um-LLD m a t e r i a l  f rom sample # l l e  and t h e  composite were submi t ted  

f o r  measurement o f  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  by l i q u i d  sedimentat ion,  and 

an a l i q u o t  of  t h e  composite was submi t ted  f o r  de termina t ion  of i t s  morphology. 
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2.3 MORPHOLOGY 

. 

A scanning e l e c t r o n  microscope (SEM) was used t o  determine t h e  morphology 

o f  t h e  DU ox ide  p a r t i c l e s  i n  t h e  two samples (#1 and composite). 
o f  sample p repara t i on  were used. 

10-um s i z e  range. 

submicron range, w i t h  a s i g n i f i c a n t  shape v a r i a t i o n .  

Two methods 
The f i r s t  was f o r  un i form p a r t i c l e s  i n  t h e  

The second was f o r  sma l le r  p a r t i c l e s ,  i n  t h e  micron and,  

Method 1. The p a r t i c l e s  were d i s t r i b u t e d  on a g lass  s l i d e ,  p i cked  up on a 

p iece  o f  double-backed s t i c k y  tape, and p laced d i r e c t l y  on t h e  

mount. 

evapora t ive  process and examined i n  t h e  SEM. 

The mounted p a r t i c l e s  were then carbon coated w i t h  a vacuum 

Method 2. A smal l  q u a n t i t y  of p a r t i c l e s  was d ispersed i n  a l coho l  and a g i t a t e d  

i n  an u l t r a s o n i c  bath. 

was removed w i t h  an eye dropper  and depos i ted  upon a O.l-um m i l l i -  
pore f i l t e r ,  1/2 i n c h  i n  diameter, p r e v i o u s l y  mounted w i t h  double- 

backed s t i c k y  tape t o  an aluniinum mount. 

coated w i t h  a vacuum evapora t i ve  process and examined i n  t h e  SEM. 

A uni form m i x t u r e  of p a r t i c l e s  and l i q u i d  

The sample was then carbon 

The uranium p a r t i c l e s  were imaged us ing  t h e  secondary e l e c t r o n s  generated 

( A  d e t a i l e d  desc r ip -  by scanning a 25-keV e l e c t r o n  beam across t h e  p a r t i c l e s .  

t i o n  o f  t h e  image fo rma t ion  can be found i n  Go lds te in  e t  a l .  1977.) 

2.3.1 F r a c t i o n  <20 >10 pm LLD, Sample #1 

F igu re  2.12 i s  a l O O X  m a g n i f i c a t i o n  of a s i n g l e  f i e l d .  The photo i n d i -  

cates t h a t  good separa t i on  was ob ta ined between p a r t i c l e s  g r e a t e r  than and 
l e s s  than 10 pm LLD. F igu re  2.13 i s  a 1500X magn i f i ca t i on  of a p o r t i o n  of t h e  
prev ious  f i e l d  and shows t h e  presence o f  a few p a r t i c l e s  <10 pm LLD. 

these p a r t i c l e s  were present  i n  t h e  o r i g i n a l  sample o r  r e s u l t e d  f rom the  

a g i t a t i o n  d u r i n g  s i e v i n g  i s  n o t  known. 
have a s t r i a t e d ,  l aye red  appearance w i t h  one su r face  l e s s  c l e a r l y  d e f i n e d  
(appear t o  be t h e  rounded ends of t h e  l a y e r ) .  

Whether 

The i n d i v i d u a l  p a r t i c l e s  appear t o  
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- FIGURE 2.12. SEM 1 O O X .  P a r t i c l e  S i ze  Analysis Sample - F r a c t i o n  
<20 > l o  urn LLD - F i e l d  #1, Overall View 
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F I G U R E  2.13. SEM 1 5 O O X .  P a r t i c l e  S ize Ana lys i s  Sample - F r a c t i o n  
<20 '10 um LLD - F i e l d  f l ,  T y p i c a l  S ize and Shape 
o f  P a r t i c l e s  
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F igu re  2.14 i s  a s i n g l e  p a r t i c l e  f rom t h e  f i e l d  a t  5000X m a g n i f i c a t i o n  

and shows more c l e a r l y  t h e  s t r u c t u r e  o f  t he  p a r t i c l e s .  
a number o f  submicron p a r t i c l e s  on t h e  sur face  o f  t h e  p a r t i c l e .  

known whether t h e  submic rm p a r t i c l e s  a r e  at tached,  l y i n g  on t h e  sur face ,  o r  

superimposed on t h e  image o f  t h e  l a r g e r  p a r t i c l e .  

No t i ce  t h e  presence o f  

It i s  n o t  

2.3.2 F r a c t i o n  < l o  pm LLD, Sample fil 

A f i e l d  a t  500X magn i f i ca t i on  o f  t h i s  f r a c t i o n  i s  shown i n  F igu re  2.15. 
There appear t o  be a few p a r t i c l e s  t h a t  exceed 10 pm LLD i n  t h e  f i e l d  b u t  o n l y  

one dimension o f  t h e  p a r t i c l e  needs t o  be c l @  vm LLD f o r  t h e  p a r t i c l e  t o  pass 

through t h e  screen. 
quadrant  may be a s o i l  p a r t i c l e .  
p a r t i c l e s  i n  t h e  composite sample i n d i c a t e d  an elemental composi t ion p r i m a r i l y  

o f  S i  w i t h  A l ,  Mg, Ca, Fey Zn, and K. F igu re  2.16 i s  a 5000X m a g n i f i c a t i o n  o f  

a p o r t i o n  o f  t h e  p rev ious  f i e l d .  The i n d i v i d u a l  p a r t i c l e s  have t h e  same 

appearance as those i n  t h e  prev ious  f r a c t i o n  i n c l u d i n g  the  presence o f  sub- 

micron p a r t i c l e s .  

The amorphous-appearing p a r t i c l e  i n  t h e  lower  l e f t  
E l e c t r o n  microprobe a n a l y s i s  o f  s i m i l a r  

2.3.3 F r a c t i o n  < l o  pm LLD, Composite Sample 

The 1500X m a g n i f i c a t i o n  o f  a f i e l d  f rom t h i s  sample (F igu re  2.17) c l e a r l y  

shows t h e  presence o f  two d i s t i n c t  types o f  p a r t i c l e s  - a dark,  g lassy-  
appear ing p a r t i c l e  and a l i g h t e r  p a r t i c l e  w i t h  an appearance s i m i l a r  t o  t h e  DU 

ox ide  p a r t i c l e s  i n  t h e  prev ious  two samples. 
n o t  be de tec ted  due t o  t h e i r  low dens i t y . )  
t i o n  of a s i n g l e  p a r t i c l e  i n  t h e  f i e l d  and shows t h a t  t he  surface s t r u c t u r e  
and morphology o f  t h e  l i g h t e r  p a r t i c l e s  i s  indeed s i m i l a r  t o  t h e  DU ox ide  
p a r t i c l e s  i n  t h e  two prev ious  samples. The sur face appears t o  be more lumpy 
and l e s s  l aye red  than t h e  p a r t i c l e s  i n  sample if1 and may be due t o  a h i g h e r  

degree o f  o x i d a t i o n  (sample was taken f rom res idue i n  t h e  i n t e r i o r  o f  t h e  

major  mass o f  burned m a t e r i a l  and may have been heated a t  h ighe r  temperatures, 

f o r  a l onger  pe r iod ,  and w i t h  g r e a t e r  oxygen a v a i l a b i l i t y  than sample # l ) .  

(The carbaceous p a r t i c l e s  would 
F igu re  2.18 i s  a 5000X magn i f i ca -  

2.4 PARTICLE S I Z E  DISTRIBUTION 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  was i n v e s t i g a t e d  by s ieve  a n a l y s i s  and by 

l i q u i d  sedimentat ion.  

es t ima te  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  sample m a t e r i a l .  

The r e s u l t s  of these two methods were combined t c  
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FIGURE 2.14. SEM 5000X. P a r t i c l e  S ize  Ana lys is  Sample - F r a c t i o n  
4 0  >10 pm LLD - F i e l d  #1, P a r t i c l e  Morphology 

2.15 



L 

FIGURE 2.15. SEM 500X. P a r t i c l e  S ize  Ana lys is  Sample - F r a c t i o n  
<10 urn LLD - F i e l d  #1, Typ ica l  S ize  and Shape o f  
P a r t i c l e s  
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FIGURE 2.17. SEM 15OOX. Composite Sample ( # 6 ,  #7, and #18) - 
F r a c t i o n  <10 pm LLD - F i e l d  $1, T y p i c a l  S ize  and 
Shape of  P a r t i c l e s  
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FIGURE 2.18. SEM 5 0 G O X .  Composite Sample (#6,  #7 and #18) - F r a c t i o n  
<10 urn LLD - F i e l d  #1, P a r t i c l e  Morphology 
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2.4.1 S ize  D i s t r i b u t i o n  by  Sieve Ana lys i s  

The b a s i c  procedure f o r  determin ing t h e  s i z e  d i s t r i b u t i o n  o f  a powder by 

s i e v e  a n a l y s i s  was o u t l i n e d  i n  t h e  sample p r e p a r a t i o n  sec t i on .  

amount o f  t h e  m a t e r i a l  t o  be analyzed i s  p laced i n  t h e  upper pan o f  a s e r i e s  

o f  s ieves.  The f l o o r  of each pan i s  a screen w i t h  mesh openings o f  a ca re -  

f u l l y  c o n t r o l l e d  s i z e  and t h e  pans a r e  designed t o  nes t  i n  one another.  The 

s ieves  a r e  s tacked i n  o r d e r  o f  decreasing s i z e  openings; t h e  t o p  o f  t h e  s t a c k  

i s  sealed w i t h  a l i d  and t h e  f l o o r  of t h e  bottom pan i s  s o l i d .  The powder i s  

bounced on t h e  screens e i t h e r  manual ly,  mechanica l ly ,  o r  a c o u s t i c a l l y  so t h a t  

a l l  p a r t i c l e s  w i t h  one s i d e  sma l le r  than t h e  dimensions o f  t h e  opening pass 
through t h e  screen. The T y l e r  s ieves (approx imate ly  9 inches i n  diameter and 

2-inches deep) a r e  l a r g e r  and can h o l d  more r r a t e r i a l  than t h e  son ic  s ieves  

(approx imate ly  3 inches i n  diameter by l - i n c h  deep). Thus, t h e  e n t i r e  we igh t  
o f  most samples c o u l d  be s ieved  i n  one run  u s i n g  t h e  T y l e r  s ieves  b u t  o n l y  

2 grams c o u l d  be used f o r  each son ic  s i e v e  run .  

A weighed 

The r e s u l t s  o f  t h e  s ieve  analyses f o r  samples #1, # l l e ,  and the  composite 

(#6 ,  #7, and #18) a r e  shown i n  Tables 2.2, 2.3, and 2.4, r e s p e c t i v e l y .  

o n l y  a l i m i t e d  f r a c t i o n  (approx imate ly  4%)  of t h e  t o t a l  m a t e r i a l  d44 pm LLD 

was used f o r  t h e  subsequent sonic  s i e v e  a n a l y s i s ,  Table 2.5  shcws t h e  range o f  

values found f o r  t h e  t h r e e  f r a c t i o n s .  

<lO-pm-LLD f r a c t i o n  w i t h  a spread of approx imate ly  2OX. 
found f o r  t h e  f r a c t i o n  >10 <20 pm. The consis tency i n  t h e  r e s u l t s  i n d i c a t e s  
apprec iab le  u n i f o r m i t y  i n  t h e  samples. The s i z e  d i s t r i b u t i o n s  f o r  a l l  t h r e e  
samples a r e  shown i n  Table 2.6. The values f o r  t h e  l e s s e r  s i z e  ranges were 
d e r i v e d  by assuming t h e  f r a c t i o n  <44 urn LLD was d i s t r i b u t e d  as t h e  f r a c t i o n  

recovered i n  t h e  subsequent analyses. 

Since 

The g r e a t e s t  range i s  found f o r  t h e  

A s i m i l a r  range i s  

2.4.2 Size  D i s t r i b u t i o n  by  L i q u i d  Sedimentat ion (SediGraph@) 

The l i q u i d  sedimentat ion i ns t rumen t  determines t h e  p a r t i c l e  s i z e  d i s t r i -  

b u t i o n  o f  a sample by u s i n g  a f i n e l y  c o l l i n i a t e d  X-ray beam t o  assess t h e  

p a r t i c l e  c o n c e n t r a t i o n  remain ing a t  decreasing sedimentat ion d i s t a n c e  as  a 

f u n c t i o n  of t ime. The r e s u l t s  a r e  i n  S toke ' s  o r  e q u i v a l e n t  s p h e r i c a l  (sphere 

@ M i c r o m e r i t i c s  I n s t r u n e n t  Corporat ion (MICROME), Norcross, Georgia. 
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TABLE 2.2. Sieve Ana lys is  Resul ts  - P a r t i c l e  S ize  Analys is ,  
Sample #1 

I n i t i a l  Weight o f  Sample, g: 216.1 

w o l l e c t e d  on 140-mesh screen (105 urn), g: 114.9 
Weight co l lec ted  on 325-mesh screen (44 pm) ,  g: 61.7 
Weight passing through 325-mesh screen (<44 urn), g: 30.0 
Total weight recovered, g: 206.6 
Percent recovery: 95.6% 
Weight loss, g: 9.5 
Percent 1 oss: 4.4% 

I n i t i a l  Weight o f  <44-pm Sample, g: 
Weight Loss During Transfer, g: 

Sonic Sieve 
Weight co l lec ted  on 20-pm screen, g: 
Weight co l l ec ted  on lO-pm screen, g: 
Weight passing through 10-pm screen, g: 
Total weight recovered, g: 
Percent recovery: 
Weight loss, g: 
Percent 1 oss: 

Size D i s t r i b u t i o n  

Percent >lo5 pm 
Percent >44 pm 405 urn 
Percent <44 pm 

Percent >20 pm 
Percent >lo  pm <20 pm 
Percent <10 pm 

29.4696 
0.5 

22.9670 
4.2825 
1 .8301 
29.0796 
98.7% 
0.3901 
1.3% 

Ma t e r i  a 1 
Recovered 
55.6 
29.9 
14.5 

79.0 
14.7 
6.3 

TABLE 2.3. Sonic Sieve Ana lys is  Resul ts ,  Sample # l l e  

I n i t i a l  F i  nes P e t r i e  Weiqht 
Col 1 ec to r  
0 

Dish 
0 

2.0381 0.2553 0.2216 
2.0056 0.0805 0.0673 
2.1079 0.3669 0.3527 
2.0170 0.0781 0.0703 
1.9927 0.2248 0.2166 
2.0563 0.0978 0.0907 
2.0723 0.0597 0.0485 
2.0966 0.4537 0.4394 

16.3865 1.6168 1.5171 

1.7670 
1.9228 
1.7235 
1.9165 
1.7558 
1.9521 
1.9964 
1 .6354 

14.6755 

Percentage Recovery: 

Percentage <10 urn: 
(14.6755 + 1.6168)/16.3865 X 100 

= 99.43% 
1.616W16.3865 X 100 = 9.9% 
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Sieve Analysis Results, Composite Sample TABLE 2.4. 

Samp 1 e Number 
#18 #7 #6 Tyler Sieve Analysis 

In i t ia l  weight 
Mass > l o 5  pm 
Percent > l o 5  um, i n i t i a l  
Percent > l o 5  pm, recovered 
Mass < l o 5  >44 pm 
Percent <lo5  >44 urn, i n i t i a l  
Percent 4 0 5  >44 pm, recovered 
Mass <44 um 
Percent <44 pm, in i t ia l  
Percent <44 pm, recovered 
Weight recovered 
Percent recovered 

1464.4 g 
595.7 g 

40.7% 
41.5% 

760.8 g 
383.1 g 

50.4% 
52.2% 

1198.7 g 
539.9 g 

45.0% 
45.3% 

411.3 g 
34.3% 
34.5% 

240.2 g 
20.0% 
20.2% 

1191.4 g 
99.4% 

. 
440.8 g 230.8 g 

30.1% 30.3% . 
c. 30.7% 

399.1 g 
27.2% 
27.8% 

1435.8 g 
98.0% 

31.4% 
120.5 g 

15.8% 
16.4% 

96.5% 
734.4 g 

Sonic Sieve Analysis (Samples from the composite of the <44-um portions of 
Samples #18, #7, and #6) 

>20 pm 

0 
<10 pm 

0 
In i t ia l  

W t  ( 9 )  
Recovered 

W t  ( 9 )  

4.1943 

Percent 
Recovered 

4.1672 100.6 2.7511 
(65.6%) 

1.0944 
(26 .1%)  

0.3488 
(8 .3%)  

2.6586 
(66.6%) 

4.0702 3.9953 98.2 0.9568 
(23.9%) 

0.3799 
(9.5%) 

4.1507 4.0614 97.8 2.6942 
(66.3%) 

0.9627 
(23.7%) 

0.4045 
(10.0%) 

96.2 1.2823 
(66.5%) 

0.4380 
(22 .7%)  

0.2089 
(10.8%) 

2.0069 1.9292 

3.9636 
(66.1%) 

1.3822 
(23.1%) 

6.1527 5.9936 97.4 0.6478 
(10.8%) 

6.1228 5.9795 97.7 3.9301 
(65.8%) 

1.4023 
(23.4%) 

0.6471 
(10.8%) 

2.0900 1.9430 93.0 1.2882 
(66.3%) 

0.4404 
(22.7%) 

0.2144 
(11.0%) 

2.22 



t. 

TABLE 2.5. Range of Sonic Sieve Fractions, 
Composite Sample 

Size Range 

Percent 4 0  un LLD 

22.6% X 0.083 = 1.88% ( 2 ) ( a )  
X 0.095 = 2.15% ( 2 )  
X 0.100 = 2.26% ( 1 )  
X 0.108 = 2.44% ( 3 )  Mean: 2.28% 
X 0.108 = 2.44% ( 3 )  Median: 2.44% 
X 0.108 = 2.44% ( 3 )  Range: 1.88-2.49% 
X 0.110 = 2.49% ( 1 )  

( b )  

Percent >10 <20 pm LLD 

22.6% X 0.261 = 5.90% ( 2 )  
X 0.230 = 5.20% ( 2 )  
X 0.237 = 5.36% ( 1 )  Mean: 5.38% 
X 0.227 = 5.13% ( 3 )  Median: 5.22% 
X 0.231 = 5.22% ( 3 )  Range: 5.13-5.90% 
X 0.234 = 5.29% ( 3 )  
X 0.227 = 5.13% ( 1 )  

Percent >20 <44 pm LLD 

22.6% X 0.656 = 14.8% ( 2 )  
X 0.664 = 15.0% ( 2 )  
X 0.663 = 15.0% ( 1 )  Mean: 14.9% 
X 0.665 = 15.0% ( 3 )  Median: 14.9% 
X 0.661 = 14.9% ( 3 )  Range: 14.8-15.0% 
X 0.658 = 14.9% ( 3 )  
X 0.663 = 15.0% ( 1 )  

( a )  22.6% (percentage of the entire composite sample t h a t  i s  
<44 pm LLD) X 0.083 (fraction of the <44 pm p o r t i o n  t h a t  i s  
4 0  vm LLD) = 1.88% (percentage of the t o t a l  composite sample 
t h a t  i s  <10 vm) ( 2 )  (number of sonic sieve runs w i t h  th is  
result) .  
2.28% (mean of the percentages of the entire composite 
sample t h a t  are <10 pm LLD). 

( b )  
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TABLE 2.6. Comparison of Sieve S ize  D i s t r i b u t i o n s  

Percentage o f  Sample i n  Each S ize  
Sieve Size,  LLD # 1  # l l e  Compos i t e  

55.6 

29.9 
45.2 
32.2 

<44 um (14.5) d. 9 (22.6) 
<44 >20 Urn 11.5 14.9 

2.1 5.4 

0.9 0.9 2.3 

of t h e  same m a t e r i a l  t h a t  would have t h e  same t e r m i n a l  v e l o c i t y )  d iameter  i n  

micrometers (pm). 
cumula t ive  mass f r a c t i o n  ( l o g  of t h e  d i f fe rence i n  t r a n s m i t t e d  X-ray ( t u n g s t e n  
L 1 i n e )  i n t e n s i t y )  versus t h e  e q u i v a l e n t  s p h e r i c a l  d iameter.  

The s i z e  d i s t r i b u t i o n  i s  g i v e n  g r a p h i c a l l y  u s i n g  t h e  

Pure suspension f l u i d  i s  i n i t i a l l y  c i r c u l a t e d  i n  t h e  ins t rument  and, 

a f t e r  i t  i s  a l lowed t o  remain und is tu rbed f o r  a s p e c i f i e d  p e r i o d  of t ime,  i s  
used t o  zero  t h e  inst rument .  

i s  used i n  t h e  same manner w i t h  readings taken a t  predetermined decreas ing 

s e t t l i n g  depths t o  g i v e  readings f o r  a s e r i e s  of d iameters as a f u n c t i o n  of 

t ime. The s i z e  d i s t r i b u t i o n s  f o r  t h e  <lO-pm-LLD f r a c t i o n s  f o r  samples # l l e  

and t h e  composite a r e  shown i n  F igure  2.19. Assuming a m a t e r i a l  d e n s i t y  of 
10.9 f o r  t h e  uranium oxide, i t  appears t h a t  t h e r e  a r e  no p a r t i c l e s  >8 um SED 

( s p h e r i c a l  e q u i v a l e n t  d iameter)  i n  sample # l l e .  
most of t h e  p a r t i c l e s  i n  t h e  sample appear r e l a t i v e l y  cub ic  i n  shape. 
# l l e  appears t o  be a f a c t o r  o f  5 t o  7 f i n e r  than t h e  composite. 

A d i l u t e ,  de f loccu la ted  (homogenous) suspension 

T h i s  i s  n o t  unexpected s i n c e  
Sample 

F igure  2.20 i s  a p l o t  of t h e  s i z e  d i s t r i b u t i o n  of a l l  t h e  m a t e r i a l .  The 
p l o t  i s  based on t h e  assumption t h a t  a l l  t h e  m a t e r i a l  i s  homogeneous w i t h  a 

3 d e n s i t y  o f  10.9 g/cm . The s i e v e  da ta  i s  assumed t o  be an ex tens ion  o f  t h e  

l i q u i d  sedimentat ion r e s u l t s .  

(a conserva t ive  e s t i m a t e  of t h e  " r e s p i r a b l e  f r a c t i o n " )  ranges from 0.6 t o  

0.2 w t % .  
f r a c t i o n " )  ranges f rom 0.25 t o  0.1 w t % .  

The p l o t  i n d i c a t e s  t h a t  t h e  f r a c t i o n  4 0  um AED 

The f r a c t i o n  <3 pm AED (a more r e a l i s t i c  es t imate  of t h e  " r e s p i r a b l e  
The shapes o f  t h e  d i s t r i b u t i o n s  a t  

4 

'. 

c 

r 

2.24 



i 

98 

95 

L 

2 9 0 -  

; 
v) 

80- 

70- 
v) 
2 60- 
0 
;;I 50 a 
; 40 

m 

.- 

.- ' 30- 
20- 

I2 

r" 
10- 

m m 
E 
2 
a 

0 5 -  

0 1  

- 

- 

- 
- 

5 -  

2 -  

1 -  

- 
I I I I I I I I  1 I I I I I I I  

0.1 0.2 0 5  1 0  20 3 0  4 0  6 0  
Spherical Equivalent Diameter ( p m )  

10.0 

FIGURE 2.19. S ize  D i s t r i b u t i o n  by L i q u i d  Sedimentat ion - F r a c t i o n  
<10 um LLD, Sample # l l e  and Composite 

t h e  upper end of t h e  curves appear s i m i l a r ,  perhaps i n d i c a t i n g  t h e  s t r o n g  
i n f l u e n c e  of t h e  DU oxide, w h i l e  o t h e r  m a t e r i a l s  (ash, s o i l ,  d e b r i s ,  e tc . )  

have an e f f e c t  upon t h e  s i z e  d i s t r i b u t i o n  o f  t h e  f i n e r  f r a c t i o n .  Thus, i t  

appears t h a t  t h e  maximum amount o f  DU o x i d e  t h a t  c o u l d  become a i r b o r n e  i n  t h e  

s i z e  f r a c t i o n  of concern would be <0.6 w t % .  

2.5 SOLUBILITY I N  INTERSTITIAL LUNG FLUID 

The maximum s o l u b i l i t y  of uranium compounds i n  a s imu la ted  i n t e r s t i t i a l  

l u n g  f l u i d  i s  measured by p l a c i n g  t h e  m a t e r i a l  i n  a suspension, s t i r r i n g  

v igorous ly ,  and p e r i o d i c a l l y  sampling f o r  d i s s o l v e d  uranium (Kal  kwarf 1983). 

P r e d i c t i o n s  o f  t h e  s o l u b i l i t y  o f  uranium compounds a r e  made d i f f i c u l t  by t h e  
presence of many s t o i c h i o m e t r i c  and c r y s t a l l i n e  forms of uranium, some w i t h  
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FIGURE 2.20. Size Distribution of DU Oxide From April 1983 Burn Test 

one or more hydrated forms (Kalkwarf 1983). 
sample #1 was placed in a 5-ml vial of simulated lung fluid. The vial was 
sealed with a screw cap, held at 37"C, and stirred vigorously. All the 
suspension was filtered, the solids were resuspended i n  a simulated lung 
fluid, and the quantity of uranium was measured by an extraction/fluorometric 
procedure (ASTM 1984) after Id, 3d, 7d, 10d, 20d, 39d, and 60d to determine 
the fraction present in the three solubility classes - D (day), W (week), and 
Y (year). 

The <lO-pm-AED fraction from 

The results are shown in Table 2.7. 
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TABLE 2.7. Comparison of Experimental Values of F (a) 
With Those Expected for T = 100 Days 

t (days) 
0.00 
0.96 

2.97 

6.75 
9.72 

20.79 

38.83 

59.87 

F (Exptl) 
1.000 
0.993 

0.992 

0.991 

0.990 

0.984 

0.975 

0.965 

F (T=100 d) 
1.000 

0.993 

0.980 

0.954 

0.935 

0.866 

0.764 

0.660 

(a) F is the fraction of the total uranium 
remaining undissolved after time t. 

Generally, the dissolution half-times of uranium in a sample are evaluated by 
expressing the data in the form: 

F = li fi exp (-0.693 t/Ti) 

where F = fraction of the total uranium remaining undissolved after 
time t 

fi = initial weight fractions of uranium-containing species in the 
dust with dissolution half-times Ti 

Since the experimental values of F are all equal to or greater than the F 
values for T = 100 days, the dissolution half-time of the dust must be greater 
than 100 days. 
the data. 
classified 100% Y class for calculations with the ICRP lung model. 
no evidence of any D- or W-class uranium in the sample, and it is concluded 
that any such components would comprise less than 1% by weight ( 1  wt%) of the 
total uranium. Comparison of the measured weight of the dust with its total 
uranium content showed that it contained 63.7% uranium by weight; the remain- 
ing contents of the dust were oxygen, wood ash, soil , etc. 

A value of T = 1170 days was obtained by graphic analysis of 

There is 
Thus, it is concluded that the uranium in the sample should be 
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3.0 ACCIDENT SCENARIOS 

Two types of accidents are postulated for this study of M829 munitions: 
a shipping accident involving a truck collision and fire and a bulk storage 
accident involving a fire in an igloo or Stradley magazine. 

3.1 SHIPPING ACCIDENT - TRUCK ACCIDENT WITH FIRE 
Within the U.S., munitions such as the M829 are shipped primarily by 

single load truck (only one type of munitions is included in each truck load). 
The quantity of M829s that can be shipped in any single U.S. commercial 
semi-trailer is 512 rounds. 
(2.4-2.7 x 
event of an accident is only 1.1% (Clarke 1975). 

The probability of a truck accident is small 
per mile, Clarke 1975) and the probability of a fire in the 

Nevertheless, since fire is the accident condition of concern, i t  is 
postulated that a truck collides with an accumulation of  combustible materials 
similar in composition to that which is used in the external heat test (rail- 
road ties) and the vehicle fuel (up to 130 gal) mixes with the combustible 
materials. The combustibles ignite under the bed of the truck resulting in a 
configuration similar to that used in the external heat test. Under these 
conditions, the temperatures generated and the timing of the various phases of 
the fire are assumed to be similar to those observed in the external heat 
test. 

3.2 BULK STORAGE ACCIDENT - FIRE IN AN IGLOO OR STRADLEY MAGAZINE 
In this scenario, the M829 munitions are assumed to be stored by them 

selves in either an igloo or Stradley magazine. The configuration for these 
storage facilities is shown schematically in Figures 3.1 and 3.2. The total 
number of rounds stored in each type of facility is 3408 for an igloo and 6176 

for a Stradley magazine. 
six sides by earth with only one wall (the entrance) exposed to the atmos- 
phere. Under ordinary conditions, the only other combustible materials 
present besides those in the munitions would be the wooden pallets and 
munition's packages. The quantity of combustible material per round is 

Both types o f  facilities are covered on five of the 
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Length = 60'8" 
Height = 12'9" 
Width = 26'6" 

Igloo Magazine 

FIGURE 3.1. Typical Storage in Igloo Magazine 

significantly less  t h a n  t h a t  postulated for  the transportation accidents and 
the avai labi l i ty  of a i r  would be more limited. 
l ike an enclosure f i r e ,  which i s  oxygen limited. 

The situation would be more 

I t  i s  postulated t h a t  a vehicle coll ides w i t h  the entryway, creating an 
opening approximately the s ize  of the vehicle (8 f t  x 8 f t ) .  
vehicle is  spi l led and i s  ignited by sparks generated by the contact of the 
vehicle's metal parts with structural  materials (metal o r  concrete). The fuel 
ignites the exposed outer layers of ammunition containers. Rapid combustion 
of the liquid fuel would produce a si tuation similar t o  a "flashover" condi- 
t i o n  generating high temperatures, smoke, and two-phase flow a t  the opening 
(combustion products/flames o u t  the upper p o r t i o n  and  cold a i r  in the lower 
portion of the opening). The f i r e  would spread t o  other, uninvolved wood 
munition packages as the heat generated by the f i r e  i s  absorbed. 
involves both the pyrolysis of vo la t i le  vapors and the o x i d a t i o n  of char. 
the internal temperatures within the package reach ignition temperature f o r  
the other packaging materials ( c a r d b o a r d )  and munitions, they too  will bu rn .  
If the stored munition has a noncombustible, r igid case (M774), the penetra- 
tors are displaced as the cases rupture and the impact of the displaced 

The fuel i n  the 

Wood b u r n i n g  
As 

. 

i 
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Length = 80'0" 
Height = 25'0" 
Width = 14'0" 

. 

FIGURE 3.2. Typical Storage in Stradley Magazine 

materials may cause damage/breakup of adjacent packages. 
cases are combustible (M829) , the case and propel 1 ant "f 1 are". 
contains its own oxidizers and does not require air to support combustion. 

The M829 staballoy penetrators are not displaced but fall to the next 
rigid horizontal surface (the bottom of the wood package or the top of the 
wooden package below). 
i f  sufficient oxygen is available, begins to oxidize. Burning of the wood 
packages may not be as vigorous in the tightly packed wooden cases as in  a 
pile/crib fire. 
staballoy penetrators continue to fall and oxidize. The impact of the fall 
could dislodge the oxide on the outer surface of the penetrator and, thus, the 
dispersion/injection of the DU oxide from staballoy may be a free-fall spill 
of a powder. 

If the munition 
The propel 1 ant 

The staballoy begins to absorb heat from the fire and, 

As each subsequent layer of munitions becomes involved, the 
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The f l a r i n g  o f  t h e  p r o p e l l a n t  c o u l d  a l s o  generate a i r b o r n e  DU o x i d e  

p a r t i c l e s .  

c e i l i n g  o f  t h e  enc losure and expels  combustion gases and unburned p y r o l y z a t e s  

o u t  i n t o  t h e  atmosphere c r e a t i n g  a buoyant plume. 

t h e  wood packages c o u l d  e n t r a i n  and c a r r y  o u t  a i r b o r n e  DU p a r t i c l e s  i n t o  t h e  

atmosphere. 

The burn ing  of t h e  fue l  c rea tes  a h o t  l a y e r  of gases near t h e  

These h o t  gases r i s i n g  f rom 

E s t i m a t i n g  t h e  d u r a t i o n  o f  t h e  f i r e  may be prob lemat ic  s i n c e  it i s  

u n c e r t a i n  whether t h e  c o n d i t i o n s  descr ibed would a l l o w  complete combustion o f  

a l l  t h e  wood c o n s i d e r i n g  t h e  depth o f  t h e  enclosure/compartment. 
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4.0 LITERATURE SEARCH 

A l i t e r a t u r e  search was conducted t o  f i n d  in fo rmat ion  about acc idents  

i n v o l v i n g  f i r e s ,  t h e  behav io r  o f  DU i n  f i r e s ,  t he  downwind t r a n s p o r t  o f  

a i rbo rne  DU p a r t i c l e s ,  and the  p o t e n t i a l  i n h a l a t i o n  hazard f rom a i r b o r n e  DU. 

4.1 POSTULATED ACCIDENT CONDITIONS 

Our concern i n  t h i s  area i s  t o  determine t h e  acc iden t  cond i t i ons  t h a t  can 
lead  t o  t h e  a i rbo rne  re lease o f  t h e  s t a b a l l o y  penet ra to rs .  

made a i rborne ,  be c a r r i e d  downwind, and be an i n h a l a t i o n  hazard, i t  must be 

subdiv ided i n t o  p a r t i c l e s  < l o  vm AED. 
i t  i n t o  an oxide, some of which can be i n  t h e  " r e s p i r a b l e "  s i z e  f r a c t i o n .  

Ox ida t ion  o f  DU metal  i s  acce le ra ted  by heat, and, t he re fo re ,  f i r e  i s  t h e  

acc ident  category o f  i n t e r e s t .  

For  t h e  DU t o  be 

Ox ida t ion  of t h e  DU metal can conver t  

The l i t e r a t u r e  on f i r e s  i n  textbooks,  documents, and a r t i c l e s  on the  
chemist ry  and phys ics  o f  combustion i s  extens ive,  and the  i n f o r m a t i o n  covers 

c o n t r o l l e d  burn ing  devices (e.g., b o i l e r s ,  i n c i n e r a t o r s ,  i n t e r n a l  combustion 

engines, j e t  engines, e tc . )  as w e l l  as u n c o n t r o l l e d  burn ing  (e.g., pool f i r e ,  

enclosure/compartment f i r e s ,  unconf ined burn ing,  e t c . ) .  Since o n l y  a p o r t i o n  
of t he  l a t t e r ,  u n c o n t r o l l e d  burn ing,  i s  p e r t i n e n t  t o  ou r  s tudy,  on l y  those 

references a re  provided. 

4.1.1 Ana lvs is  o f  F i r e s  I n v o l v i n a  DU Mun i t ions  

. 
* 

Var ious analyses and f i e l d  s tud ies  have eva lua ted  f i r e  cond i t i ons  f o r  
p o t e n t i a l  f i r e  scenar ios i n v o l v i n g  DU muni t ions.  
evaluated t h e  p o t e n t i a l  re lease  o f  uranium du r ing  a f i r e  and t h e i r  r e p o r t  i s  
most ly  devoted t o  t h e  c h a r a c t e r i s t i c s  o f  uranium and t h e  assumptions used f o r  
c a l c u l a t i o n  o f  c o n t r o l  l i m i t s .  A f i r e  i s  pos tu la ted  i n  an i g l o o  magazine and 
i t  i s  assumed t h a t  a l l  t h e  re leased uranium i s  i n  t h e  r e s p i r a b l e  s i z e  range. 

The U.S. Army (ARMY 1979) 

F i e l d  t e s t s  were conducted i n  October 1977 t o  eva lua te  the  hazards 
c l a s s i f i c a t i o n  o f  t h e  M774 round ( G i l c h r i s t ,  Parker and Mishima 1978). 

ex te rna l  heat  t e s t  was conducted i n v o l v i n g  12 packaged rounds engu l fed  i n  a 

f i r e  (wood c r i b  under and around t h e  rounds wet ted  w i t h  50 ga l l ons  of f u e l ) .  

An 
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The f i r e  s e l f - e x t i n g u i s h e d  w i t h i n  2 hours and a l l  12 pene t ra to rs  were e j e c t e d  

f rom the  f i r e .  

observable damage. 

A l l  pene t ra to rs  were recovered i n t a c t  and had undergone l i t t l e  

The U.S. Army conducted a separate f i e l d  t e s t  t o  determine t h e  p o t e n t i a l  
downwind hazard f rom t h e  DU mun i t ions  d u r i n g  an 'up-loaded" tank f i r e  (B loo re  

and Wilsey 1979). A tank  loaded w i t h  37 rounds o f  M774, 20 M456 HEAT rounds, 

and s i x  M393A2 HEP rounds and c o n t a i n i n g  300 g a l l o n s  o f  f u e l  was i g n i t e d  and 

burned. The ac tua l  burn t ime  o f  t h e  f i r e  was n o t  g iven  b u t  a 24-hour p e r i o d  

was r e q u i r e d  f o r  t h e  tank t o  cool  down s u f f i c i e n t l y  f o r  examinat ion.  

temperature w i t h i n  t h e  tank was moni tored by 20 chrome1 alumel thermocouples 
and remained genera l l y  under 1000°C w i t h  b r i e f  excurs ions t o  1250°C. 

a i r  samplers and f a l l o u t  t r a y s  w i t h  environmental  a i r  samplers a t  t h e  pe r iph -  

e ry  o f  t he  t e s t  s i t e  i n d i c a t e d  no s i g n i f i c a n t  DU concent ra t ions .  

plumes were observed; t h e  i n i t i a l  plume reached 382 m some 2 min a f t e r  i g n i -  

t i o n  and the  second reached 1620 m some 10 min a f t e r  i g n i t i o n .  

"cooked o f f "  and t h e  tank was complete ly  "gut ted."  

pene t ra to rs  su rv i ved  i n t a c t  and p ieces e q u i v a l e n t  t o  an a d d i t i o n a l  4.5 pene- 
t r a t o r s  were recovered. 

The 

Downwind 

Two separate 

A l l  63 rounds 

Th i r t y -one  o f  t h e  DU 

For t h e  31 pene t ra to rs  recovered i n t a c t ,  o x i d a t i o n  

ranged from 0 ( t h e  t o t a l  amount o f  uranium recovered exceeded t h e  nominal 

weight  o f  DU i n  a p e n e t r a t o r )  t o  40.5%. 

Walters,  E l l i o t  and B loore  (1979) addressed t h e  Safe ty  and Hea l th  
Considerat ions f o r  Handl ing S taba l l oy  Muni t ions.  
scenar ios were addressed - t r a n s p o r t a t i o n ,  s torage,  and use. 
o f  DU muni t ions  a lone o r  mixed loads w i t h  h igh-exp los ive  (HE) rounds were 
considered. Storage scenar ios i nc luded  o u t s i d e  s torage o f  mixed loads , i g l o o  

s torage o f  DU alone, and i g l o o  s torage o f  DU and HE. Use covered "up-loaded" 

tanks. Several o rgan iza t i ons  i n v o l v e d  i n  research o f  wood f i r e s  (Na t iona l  
Bureau o f  Standards, John Hopkins App l ied  Physics Laboratory ,  Fac tory  Mutual 

Research Corporat ion,  and U.S. Naval Surface Weapons S t a t i o n )  were consu l ted  
as t o  t h e  temperatures a n t i c i p a t e d  f o r  unconf ined and con f ined  wood c r i b  

f i r e s .  
maximum temperature i s  sus ta ined a re  f u n c t i o n s  o f  t h e  c o n f i g u r a t i o n  o f  t h e  

c r i b ,  surface-to-volume r a t i o ,  t ype  o f  wood, and v e n t i l a t i o n .  Maximum 

temperatures o f  such a f i r e  cou ld  reach 1300°C w i t h  gas temperatures a t  750°C 

Three c lasses o f  a c c i d e n t  
T r a n s p o r t a t i o n  

They suggested t h a t  t h e  temperature,  d u r a t i o n  o f  t h e  f i r e ,  and t i m e  

. 
I 
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t o  800°C w i t h i n  an enclosure or compartment. 
several days i f  maximum conditions would n o t  be maintained d u r i n g  the en t i re  
period. The d a t a  appears t o  apply t o  cr ibs  t h a t  are  controlled configurations 
al lowing good ventilation. 
in the external heat t e s t  and t a n k  b u r n  or on the presence of H E ,  the D U  
penetrators are assumed t o  be ejected and n o t  subjected t o  extreme oxidizing 
conditions for long periods of time. 

These f i r e s  could b u r n  for 

Based upon the d a t a  from the M774 rounds involved 

The U.S. Army addressed Setting Control Boundaries from Igloo S t o r i n g  
Pyrophoric Depleted Uranium (Funkhouser 1981). 
addressed. 
rounds are aerosolized, 50% of the aerosolized compounds are i n  the respirable 
s ize ,  and 50% of the respirable s ize  are transportable (soluble i n  l u n g  
f l u i d ) .  

No f i r e  conditions are 
I t  i s  assumed t h a t  30% of the rounds are "effected," 50% of the 

Field t e s t s  on another type of D U  munitions (M829) were conducted t o  
evaluate the i r  hazard c lass i f icat ion (Hooker e t  a l .  1983). The M829 i s  a 
120-mm round w i t h  a combustible cartridge case. 
each w i t h  twelve packaged rounds engulfed i n  a f i r e  (wood crib under and 
around the rounds and  wetted w i t h  55 gallons of fue l ) .  
(March 1982), the external heat t e s t  was performed i n  the same manner as f o r  
the M774. 

and the penetrators f e l l  into the f i r e  rather t h a n  being ejected. The pene- 

Two t e s t s  were conducted, 

For the f i r s t  one 

The cartridge cases burned prior t o  the i g n i t i o n  of the propellant 

trators were oxid ized  extensively, a n d ,  owing t o  climatological conditions and 
the rudimentary collection methods t h a t  had t o  be applied, only 80% of the 
uranium could be accounted for a f t e r  cleanup. 
was performed i n  April 1983. Addi t iona l  equipment was uti l ized t o  monitor the 
airborne release, t o  col lect  samples for mass balance evaluation, and t o  
measure the time/temperature curve i n  the burning material. 

The second external heat t e s t  

The detai ls  and resul ts  of the second t e s t  are  covered i n  section 2.0, 
and the time/temperature curve i s  shown i n  Figure 2.8. 

rapidly t o  approximately 1000°C and remained a t  this level for the f i r s t  three 
hours. The maximum recorded temperature was approximately 1200°C. The 
temperature decayed slowly over the next 16 hours t o  the 600" t o  700°C range 
and remained a t  abou t  t h a t  temperature for the next 16 hours. Due t o  a 

The temperature rose 
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v a r i e t y  o f  reasons, i n c l u d i n g  h igh  temperatures, sample c o l l e c t i o n  was delayed 

u n t i l  4 8 t  hours a f t e r  i g n i t i o n  when t h e  temperature w i t h i n  t h e  p i l e  s t i l l  

exceeded 300°C. Dur ing t h i s  per iod ,  t h e  DU pene t ra to rs  were 87% ox id ized.  

4.1.2 F i r e s  Where Wood i s  t h e  P r i n c i p a l  Fuel 

Harmathy (1972a) p rov ided a comprehensive l ook  a t  wood f i r e s  ( con f ined  

and unconf ined)  and prov ided a semi-empir ica l  model t o  es t imate  some o f  t h e  

impor tan t  parameters i n f l u e n c i n g  f i r e  damage. He found t h a t  t h e  use o f  t h e  

" f i r e  l oad ing "  concept does n o t  p rov ide  s a t i s f a c t o r y  est imates o f  f i r e  endur- 

ance. 

f i r e  ( a  conf ined space communicating w i t h  an unconf ined atmosphere th rough one 
o r  more v e r t i c a l  openings) est imates.  

t o  f i r e s  i n  ve ry  l a r g e  o r  ve ry  deep compartments. 

General l y  , poor reproduc i  b i  1 i ty  was found f o r  enc l  osure/compartment 

H i s  conc lus ions  do n o t  normal ly  app ly  

Wood decomposes i n t o  v o l a t i l e  vapors and char  endothermica l l y  below 320°C 

and exo the rm ica l l y  above t h a t  temperature. 

enhances t h e  exothermic products genera t ing  l e s s  char  and more v o l a t i  l e s  

r i c h e r  i n  carbon (and t h e r e f o r e  w i t h  h i g h  c a l o r i f i c  con ten t ) .  

p o s i t i o n  i s  n o t  n o t i c e a b l y  a f f e c t e d  by t h e  presence o r  absence o f  a i r .  

Approximately 13% o f  t h e  d ry  weight  of wood r e s u l t s  i n  char. 

v o l a t i l i z a t i o n  i s  a func t i on  o f  t h e  species of wood, mo is tu re  conten t ,  geom- 

e t r y ,  ne t  heat  f l u x ,  e tc .  

be t h e  r a t e  o f  heat  penet ra t ion .  

Heat ing a t  h ighe r  temperature 

The decom- 

The r a t e  o f  

The c r i t i c a l  i so therm f o r  decomposi t ion appears t o  

For  complete combustion o f  wood, 5.11 kg o f  a i r / k g  o f  wood a r e  requ i red .  
Combustion i s  seldom complete and CO,/(CO, + CO) r a t i o s  o f  0.6 a re  normal ly  
found i n  enc losure f i r e s .  On t h i s  bas i s  assuming a " t y p i c a l "  composi t ion f o r  
wood, 3.39 kg a i r / k g  of v o l a t i l e s  and 9.21 kg a i r / k g  o f  char  a re  requ i red .  

Heats of combustion f o r  t h e  " t y p i c a l "  composi t ion o f  wood a re  16.7 x 10 J/kg 
v o l a t i l e s  and 33.4 x 10 J/kg char. 

6 
6 

For con f ined  burn ing  o f  wood, t h e  mass-loss r a t e  i s  n o t  n e c e s s a r i l y  
synonymous w i t h  burn ing,  s ince  m a t e r i a l  can be v o l a t i l i z e d  i n  an atmosphere 

t h a t  does no t  suppor t  combustion. The bu rn ing  of a p i l e / c r i b  o f  wood occurs 

i n  th ree  stages - growth, pr imary bu rn ing  (burn ing  o f  v o l a t i l e s  and o x i d a t i o n  

o f  char ) ,  and secondary burn ing  ( o x i d a t i o n  o f  char ) .  

i s  u n c e r t a i n  and i s  ignored i n  Harmathy's model. 

The f i r e - g r o w t h  d u r a t i o n  

Genera l ly ,  t h e  mass-loss 
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ra te  accelerates (growth stage) until approximately 20% of the i n i t i a l  mass i s  
consumed. 
stage) until the mass i s  reduced t o  approximately 30% of i t s  i n i t i a l  s ize  and 
then the mass-1 oss rate decl ines (secondary b u r n i n g  stage).  

The mass-loss ra te  remains relatively constant (primary burning 

Harmathy's model assumes tha t  the primary burning stage covers the ent i re  
period of volat i le  generation and that  half of the char i s  also oxidized 
dur ing  this period. I t  i s  further assumed t h a t  the volat i les  are ignited by 
the glowing char surface and b u r n  i n  the vicinity of the pile.  
where the l a s t  statement i s  n o t  valid are mentioned l a t e r . )  The model indi- 
cates that  the oxidation of char i s  independent of the avai labi l i ty  of oxygen 
b u t  really defines the relationship between a i r  flow and mass-loss rate.  I t  
i s  assumed t h a t  the presence of oxygen in the pile affects  volati l ization by 
some indirect means such as  contro!ling the combustion of some of the vola- 
t i l e s  w i t h i n  the pi le  and, therefore, the net heat flux. 

(Special cases 

The process of burning wood i s  not analogous t o  a pool f i r e  where the 
mass-loss rate i s  controlled by the "feedback" from the flames above and a i r  
can only be entrained from the sides of the vapor plume. 
volat i les  can burn  above and within the pi le  and a i r  i s  entrained a t  the base 
and sides of the pile. 
the average flame temperature. a 
wood f i r e  i s  fed by air  entering through the sides and base, a glowing layer 
of char (approximately 1000°C) develops on the surface of the wood, heat 
generated from the oxidation of the char (and  t o  a lesser  extent from the 
b u r n i n g  of  some volat i les  within the p i le )  generates volat i les  and char, and 
increases i n  a i r  flow increase the amount of  glowing char (and therefore the 
ra te  of volat i l izat ion)  until heat loss from the pi le  balances the heat 
generated. 
extent,  by convection and radiation (short-range, high-intensity fluxes). 
average temperature f l u x  within the pi le  depends upon the total  area of 
glowing char and the geometry (internal - dimensions of the wood pieces/free 
surface area, porosity of the pi le  or fractional voidage, permeability in the 
horizontal and vertical direction, e tc . ,  - and external)  of the pile. 

In wood f i r e s ,  

Temperatures are normally much higher in the pi le  than 
The most plausible sequence appears t o  be: 

Heat transfer within the pi le  is  by conduction and, t o  a lesser  
The 
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Bul-k v o l a t i l e s  l e a v i n g  t h e  p i l e  burn  w i t h  t h e  f o r m a t i o n  o f  a buoyant 

d i f f u s i o n  f lame whose h e i g h t  i s  a f u n c t i o n  o f  t h e  t y p e  o f  f u e l  used, t h e  
v e l o c i t y  o f  t h e  gas a t  t h e  base o f  t h e  flame, and t h e  d iameter  o f  t h e  base. 
Harmathy prov ides  equat ions t o  es t imate  t h e  ent ra inment  o f  a i r  i n  t h e  flame. 

Al though e s t i m a t i o n  o f  t h e  v e n t i l a t i o n  o f  an unconf ined wood p i l e  i s  
d i f f i c u l t ,  t h e  v e n t i l a t i o n  o f  an enclosure/compartment i s  c o n t r o l l e d  by t h e  

s i z e  of t h e  opening. I n  a f u l l y  developed f i r e ,  a i r  e n t e r s  through r o u g h l y  

t h e  lower  t h i r d  of t h e  vent  due t o  t h e  d i f f e r e n t i a l  pressure generated by t h e  

f i r e .  
o f  t h e  gases, p rov ided t h e  temperature exceeds 300°C. The mass-loss r a t e  p e r  

t i m e  i s  q u i t e  d i f f e r e n t  i n  a compartment, and p y r o l y s i s  may n o t  occur over  t h e  

e n t i r e  p i l e .  If t h e  f i r e  i s  zonal ,  a cons tan t  mass-loss r a t e  may never be 

obta ined.  

The v e l o c i t y  o f  t h e  gases i s  v i r t u a l l y  independent o f  t h e  temperature 

There a r e  two types o f  compartment f i r e s  - f u e l  c o n t r o l l e d  and v e n t i l a -  

t i o n  c o n t r o l l e d .  A c r i t i c a l  t r a n s i t i o n  regime between t h e  two types probab ly  

e x i s t s  (0.235 < v e n t i l a t i o n  p a r a m e t e r / i n i t i a l  f r e e  sur face  o f  t h e  wood <0.290). 

The burn ing  r a t e  f o r  a f u e l - c o n t r o l l e d  f i r e  i s  0.0062 kg/m2*seconds o f  i n i t i a l  

f r e e  sur face  o f  wood and i s  independent o f  t h e  geometry. Heat losses  a r e  l e s s  

s i g n i f i c a n t  i n  compartments due t o  t h e  presence o f  boundaries. Heat f l u x e s  

w i t h i n  t h e  burn ing  m a t e r i a l  tend t o  be more u n i f o r m  and more independent o f  

geometry. S ize  and shape o f  t h e  compartment may have an ef fect .  

The r e l a t i o n s h i p  between f lame and compartment s i z e  i s  i m p o r t a n t  

I f  t h e  l e n g t h  o f  t h e  f lame i s  l e s s  than t h e  
(Harmathy 1972b) s ince  i t  has a d i r e c t  b e a r i n g  upon t h e  amount o f  heat  

re leased t o  t h e  compartment. 
h e i g h t  o f  t h e  compartment, a l l  t h e  b u r n i n g  occurs i n  t h e  compartment and t h e  
heat  i s  a l l  re leased i n  t h e  compartment. 
g r e a t e r  than t h e  h e i g h t  o f  t h e  compartment, p a r t  o f  t h e  b u r n i n g  and h e a t  

r e l e a s e  may occur  o u t s i d e  t h e  compartment. T a l l  f lames w i t h i n  a compartment 

have t h r e e  sec t ions :  1 )  a p r imary  v e r t i c a l  s e c t i o n  where a i r  a v a i l a b i l i t y  i s  

l i m i t e d  b u t  combustion r a t e  i s  good due t o  t h e  ent ra inment  o f  a i r  by t h e  h i g h  

tu rbu lence o f  burn ing,  2) a h o r i z o n t a l  s e c t i o n  f l o a t i n g  under t h e  c e i l i n g  
towards t h e  vent  (combustion i n  t h i s  s e c t i o n  i s  poor due t o  a low a i r  

I f  t h e  l e n g t h  o f  t h e  flame i s  

4.6  



entra inment) ,  and 3 )  a p r imary  v e r t i c a l  s e c t i o n  ou ts ide  the  compartment t h a t  
burns under h i g h l y  t u r b u l e n t  c o n d i t i o n s  bu t  has r e s t r i c t e d  (one-sided) a i r  

ent ra inment  due t o  t h e  presence o f  t h e  w a l l  o f  t he  b u i l d i n g  above t h e  ven t  and 

t h e r e f o r e  combustion i s ,  a t  bes t ,  o n l y  f a i r .  Harmathy's model assumes 

n e g l i g i b l e  a i r  ent ra inment  i n  the  h o r i z o n t a l  s e c t i o n  and t h a t  t h e  f lame 

ou ts ide  the  compartment i s  an ex tens ion  o f  t h e  v e r t i c a l  f lame i n s i d e  t h e  

compartment. 

the  compartment can be ca lcu la ted .  

a r e  always i n s i d e  t h e  compartment. 

Heat re lease from t h e  burn ing  o f  v o l a t i l e s  i n s i d e  and ou ts ide  
Heat re leases  f rom t h e  o x i d a t i o n  o f  char  

F i r e s  w i t h i n  enc losures genera l l y  progress i n  t h r e e  stages - i n i t i a l  

growth o f  t h e  f i r e ,  f u l l y  developed f i r e ,  and f i n a l  decay o f  t h e  f i r e .  The 
f i r s t  and l a s t  stages are  n o t  amenable t o  t h e o r e t i c  t reatment ,  and t h e  heat  

generated du r ing  these stages i s  o n l y  a f r a c t i o n  o f  t he  t o t a l .  A c t u a l l y ,  t he  
r a t e  o f  combustion i s  seldom a cons tan t  va lue even i n  outdoor  burn ing  o f  wood 

c r i b s ,  and the  r a t e  shows a cons iderab le  decrease as t h e  predominant char-  

a c t e r i s t i c s  o f  t h e  f i r e  change f rom t h e  combustion o f  t he  v o l a t i l e s  t o  t h e  

o x i d a t i o n  o f  t h e  char. 

t h e  f u l l y  developed f i r e  stage ends and the  f i n a l  decay begins. 
a r b i t r a r i l y  chose t h e  p o i n t  when t h e  average gas temperature w i t h i n  t h e  

compartment i s  80% o f  i t s  maximum value. He a l s o  presents  a formula t o  

determine i f  t h e  f i r e  i s  f u e l  o r  v e n t i l a t i o n  c o n t r o l l e d .  The d u r a t i o n  of an 

enc losure f i r e  depends o n l y  on t h e  f r e e  sur face  o f  t he  wood and i s  independent 

o f  t he  load. 

25 minutes,  which Harmathy shows does n o t  agree w i t h  exper imental  data. 

There does n o t  appear t o  be a c l e a r - c u t  p o i n t  a t  which 

Harmathy 

Large f i r e s  w i t h i n  t h e  compartments a re  c a l c u l a t e d  t o  l a s t  6 t o  

Physio-chemical and thermodynamic data on wood can be found i n  many 
re fe rences  (Harmathy and Mahaffey 1982; Tewarson 1972, 1979, 1980; Stec iak,  
Tewarson and Newman 1983; Lynch undated).  
model o f  f i r e  growth and behavior  f o r  compartment f i r e s  i s  t h e  Harvard 
Computer F i r e  Code (Emmons 1978; M i t l e r  and Emmons 1981; b l i t l e r  1978). 
model c a l c u l a t e s  t h e  e v o l u t i o n  of a f i r e  i n  an enc losure w i t h  a number of 

vents and ob jec ts  t h a t  can be flammable o r  not .  

o f  impor tan t  f i r e  c h a r a c t e r i s t i c s  - h o t  l a y e r  temperature,  mass f l o w  ra tes ,  

Probably t h e  most s o p h i s t i c a t e d  

The 

The model c a l c u l a t e s  a number 
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w a l l / c e i l i n g / t a r g e t  temperatures, oxygen concent ra t ions ,  e t c .  

concepts and mathematics a re  t o o  complex t o  be covered adequately i n  t h i s  

rev iew (see t h e  above references f o r  more d e t a i  1 s )  . 
The model 's  

So the  t ype  o f  f u e l ,  t h e  presence o r  absence o f  an enclosure/compartment, 

and the  f u e l  c o n f i g u r a t i o n  can have a s i g n i f i c a n t  e f f e c t  upon f i r e  cond i t i ons .  

The apparent d i f f e r e n c e s  i n  behavior  o f  t h e  f i r e s  d u r i n g  t h e  tank  burn (a 

l i q u i d  pool  f i r e ) ,  t h e  M774 ex te rna l  heat  t e s t  (sc rap  wood w i t h  l a r g e  su r face  

t o  volume r a t i o s ) ,  and t h e  M829 ex te rna l  heat  t e s t s  a re  now understandable.  

Some f i r e s  may generate cond i t i ons  t h a t  a re  h i g h l y  d e s t r u c t i v e  b u t  a r e  n o t  

n e c e s s a r i l y  those t h a t  would be most conducive t o  complete o x i d a t i o n  of t h e  

s t a b a l l o y  penet ra to rs .  

4.2 BEHAVIOR OF DEPLETED URANIUM (DU) UNDER ACCIDENT CONDITIONS 

Based upon t h e  data discussed i n  t h e  prev ious  two sec t i ons  (3.0 Acc ident  

Scenar ios,  and 4.1, Pos tu la ted  Acc ident  Cond i t ions) ,  t h e  f i r e  c o n d i t i o n s  

a n t i c i p a t e d  f o r  t h e  t h r e e  c lasses o f  f i r e s  are: 

T ranspor ta t i on  - The c r e d i b l e  maximum cond i t i ons  a n t i c i p a t e d  a r e  s i m i l a r  

t o  those du r ing  t h e  ex te rna l  heat  t e s t s .  

t o  1000°C) f o r  s i x  t o  10 hours. Unless remedial  a c t i o n s  were taken, t h e  

r e s i d u a l  m a t e r i a l  would smolder f o r  another  day o r  two, g r a d u a l l y  

decreasing i n  temperature t o  a few hundred degrees. 

The f i r e  would be i n tense  (800" 

Bulk Storage - The maximum c r e d i b l e  cond i t i ons  would be s i m i l a r  t o  those 
o f  a v e n t i l a t i o n - l i m i t e d  enc losure f i r e .  

s t a b a l l o y  pene t ra to rs  would be sub jec ted  t o  temperatures rang ing  f rom 
1000°C ( t h e  temperature o f  g lowing char )  t o  300°C f o r  many days un less  
remedial  measures were taken. It i s  u n c e r t a i n  whether t h e  f i r e  would 
cont inue o r  would s e l f - e x t i n g u i s h  o r  if t h e  b u i l d i n g  would w i ths tand  the  

heat  load. 

ext inguished,  b u t  some o f  t he  smal l -s ized,  l i g h t e r  p a r t i c l e s  c o u l d  be 

e j e c t e d  from t h e  enc losure by t h e  a i r  mot ion generated by t h e  f a l l i n g  

debr i s .  The atmosphere 

du r ing  t h e  hea t ing  o f  t h e  pene t ra to rs  would be predominant ly  a i r ,  w i t h  

i nc reas ing  amounts of combustion products  as t h e  f i r e  moved f u r t h e r  i n t o  

It i s  a n t i c i p a t e d  t h a t  t h e  

I f  t h e  b u i l d i n g  co l lapsed,  t h e  f i r e  would p robab ly  be 

The remainder o f  t h e  d e b r i s  would be bur ied .  

4.8 



8 

the enclosure.  The p e n e t r a t o r s  would be subjec ted  t o  the impact of 
f a l l i n g  debris (p r imar i ly  remnants of the wooden packages and pene- 
t r a t o r s )  and t o  the impact of  f a l l i n g  and landing on s o l i d  s u r f a c e s  as  
the f i r e  progressed.  The impacts would occur  before  and a f t e r  s ig-  
n i f i c a n t  ox ida t ion  of  the pene t r a to r s .  

- Use - The assessment provided i n  Walters ,  E l l i o t  and Bloore (1979) 
appears  t o  adequate ly  d e f i n e  the cond i t ions  a n t i c i p a t e d  f o r  f i res  i n  an 
up-loaded tank. 

The next da t a  requi red  f o r  the assessment of the a i r b o r n e  r a d i o l o g i c a l /  
t ox ico log ica l  consequences a r e  the behavior  of  the s t a b a l l o y  under f i r e  
cond i t ions  and of the a i r b o r n e  D U  p a r t i c l e s .  
some i n d i c a t i o n  of t he  type  of t h r e a t  ( r a d i o l o g i c a l  o r  t o x i c o l o g i c a l )  based 
upon their  s o l u b i l i t y  i n  i n t e r s t i t i a l  lung f l u i d .  The p a r t i c l e  s ize  d i s t r i b u -  
t i o n  i s  important  i n  a s ses s ing  the p o t e n t i a l  amount of mater ia l  t h a t  can be 
t r anspor t ed  and inha led  because i t  provides  a " r e a l i s t i c  e s t i m a t e  of the u p p e r  
bound" f o r  the i n h a l a t i o n  hazard envelope. Knowing the f r a c t i o n a l  a i r b o r n e  
r e l e a s e  under f i r e  cond i t ions  can provide some " r e a l i s t i c "  e s t ima tes  of  the 
p o t e n t i a l  downwind hazard a s  a func t ion  of  time. 

The types  of compounds can give 

4.2.1 Uranium ComDounds and Reaction Rates 

Uranium metal r e a c t s  w i t h  many ma te r i a l s .  The r a t e  and compounds formed 
a r e  dependent upon the cond i t ions  imposed ( tempera ture ,  pressure, time, 
concen t r a t ion ,  e tc . ) .  For f i res ,  the p r inc ipa l  r e a c t i o n s  appear  t o  be w i t h  
m a t e r i a l s  i n  the gaseous s t a t e  ( a i r ,  combustion products ,  e t c . )  b u t  some s o l i d  
m a t e r i a l s  could r e a c t  ( c h a r ,  a sh ,  e tc . ) .  The ac tua l  m a t e r i a l s  formed a r e  a 
ma t t e r  of  equ i l ib r iums ,  kinetics, e t c .  

Pene t r a to r s  a r e  not  e n t i r e l y  uranium b u t  con ta in  0.75 w t X  t i t an ium,  which 
can a l t e r h o d i f y  the ox ida t ion  c h a r a c t e r i s t i c s  of uranium. 
s o l i d  s o l u t i o n s  w i t h  uranium (ARMY 1962). 
exhibi ts  s i g n i f i c a n t l y  higher ox ida t ion  r a t e s  and lower i g n i t i o n  temperatures  
than o t h e r  forms (ARMY 1962).  
s t a g e s  w i t h  a break weight o r  time. The r a t e  of ox ida t ion  inc reases  w i t h  time 
under isothermal cond i t ions  and the r e a c t i o n s  gene ra l ly  produce hea t  (Hi1 1 i a r d  
1958; Schniz le in  e t  a l .  1959; Megaw e t  a l .  1961; Gittus 1963; Ritchie 1981).  

Titanium forms 
As-cast ,  beta-quenched uranium 

Uranium ox ida t ion  gene ra l ly  proceeds in  two 
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An a d d i t i v e  can a f f e c t  t h e  ox ida t ion  c h a r a c t e r i s t i c s  of the uranium i n  
three ways: 
3 )  change the second-stage r a t e .  The effect  is  shown i n  a t a b l e  (Table  16 i n  
Schn iz l e in  e t  a l .  1959) ,  b u t  the t a b l e  does n o t  conta in  information on t i t a n -  
ium.  Titanium i s  the lower atomic number of the same group i n  the p e r i o d i c  
t a b l e  a s  zirconium, which is  l i s t e d  and shows a s l i g h t l y  a c c e l e r a t e d  f i rs t -  
and second-stage r a t e  cons t an t  a t  a concen t r a t ion  of 0.5 w t %  (Schn iz l e in  
e t  a l .  1959). 
a r e  r epor t ed  t o  have an "aluminum-type" effect  ( i n h i b i t s  t r a n s i t i o n  t o  a 
p r o t e c t i v e  oxide a t  450°C) (Schn iz l e in ,  Baker and Bingle 1966). T h u s ,  
s t a b a l l o y  may have a s i n g l e  r a t e  cons t an t  o r  an oxida t ion  r a t e  higher than 
pure, unalloyed uranium. 

1) change the f i r s t - s t a g e  r a t e ,  2 )  change the break weight ,  and 

Titanium a d d i t i v e s  a t  concen t r a t ions  of 0 .5 ,  0.99, and 1.43 w t %  

The ox ida t ion  of  pure, unal loyed uranium is  a func t ion  o f  the amount of  
s u r f a c e  a rea  exposed t o  the ox id iz ing  atmosphere and the amount of ox idan t  
reaching the metal .  
and c o n t r o l s  the r a t e  a t  which oxidant  r e a c t s  w i t h  t he  su r face .  The o u t e r  
s u r f a c e  of  the oxide r e a c t s  w i t h  the ox idan t  d i f f u s i n g  through i t  t o  form 
hypers to ich iometr ic  uranium dioxide  and, subsequent ly ,  the higher oxides  o f  
uranium. The physicochemical c h a r a c t e r i s t i c s  of the higher oxides  formed a r e  
dependent upon the temperature  and oxidant  a v a i l a b i l i t y .  The f a c t o r s  t h a t  
could influence the ox ida t ion  of  uranium a r e  shown i n  Table 4.1 taken from 
Schniz le in  e t  a l .  (1959).  The p o s s i b i l i t y  t h a t  uranium ox ida t ion  could 
a c c e l e r a t e  t o  i g n i t i o n  i n  var ious  ox idan t s  has been recognized and i s  a 
surface-to-volume func t ion  ( s e e  Figure 4.1) .  
w i t h  s t a b a l l o y  p e n e t r a t o r s  a t  h i g h  temperatures  and f u l l  a c c e s s i b i l i t y  t o  a i r  
(Elder and Tinkle 1980; Hooker e t  a l .  1983) ,  i t  i s  not  a n t i c i p a t e d  t h a t  
p e n e t r a t o r s  will  a c c e l e r a t e  t o  i g n i t i o n  under f i re  scena r io  cond i t ions  (see 
Figure 4.1) .  

A t h i n ,  adherent  l a y e r  of oxide forms a t  the i n t e r f a c e  

Based upon experiments conducted 

Oxidation of  uranium has been determined i n  var ious  wet and dry 
atmospheres a t  temperatures  u p  t o  1400°C. A t  low temperatures  ( less than 
approximately 300"C), the r a t e  i n  most atmospheres i s  low (Schn iz l e in  e t  a l .  
1959; Leibowitz e t  a l .  1961; Gittus 1963; Bennett and P r i c e  1981; Ritchie 
1981) ,  and the ox ida t ion  i s  then termed cor ros ion .  Water vapor a c c e l e r a t e s  
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TABLE 4.1. Table from Schniz le in  e t  a l .  1959 

S tep  

Metal su r f ace  of u n i t  a r ea  
oxid iz ing  i n  a i r  

, 
Loss of hea t  of r e a c t i o n  
by conduction t o  the 
surroundings 

Poss ib le  Fac tors  Inf luencing Rate 

(1) Metal p u r i t y  
( 2 )  Metal lurg ica l  condi t ion  ( g r a i n  s i z e ,  

( 3 )  Temperature 
( 4 )  Time 
( 5 )  Gas composition 
( 6 )  Type of oxide film formed ( p r o t e c t i v e  

s t r a i n s ,  e tc .  ) 

o r  n o t )  

(1) Thermal conduc t iv i ty  of metal 
( 2 )  Thermal conduc t iv i ty  of oxide coa t ing  
( 3 )  Cross-sect ional  a r ea  a t  r i g h t  ang le s  

t o  d i r e c t i o n  of hea t  flow 
( 4 )  Temperature g r a d i e n t  

SPECIFIC AREA, sq cm/g 

FIGURE 4.1. Dependence of Uranium Ign i t ion  on S p e c i f i c  Area 
(Baker, Schniz le in  and Bingle 1966) 
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the ox ida t ion  r a t e s  a t  these lower tempera tures  ( Jackson ,  Condon, and S t e c k l e  
1977) but  l o s e s  i t s  effect  a t  h ighe r  tempera tures  (Schn iz l e in  e t  a l .  1959; 
Gittus 1963; Tyzack and Cowen 1976; Bennett and P r i c e  1981; R i t c h i e  1981; 
Condon, C r i s t y  and Ki rkpa t r i ck  1983).  The  water  vapor effect  persists t o  
h ighe r  tempera tures  (350" t o  500°C) i n  carbon d iox ide  (Tyzack and Cowen 1976).  
Colmenares, Howell and McCreary (1981) r epor t ed  t h a t  the effect  of wa te r  vapor 
on the a c c e l e r a t i o n  of the ox ida t ion  of uranium was sensitive t o  the oxygen 
c o n t e n t  i n  the wa te r  vapor. 

The ox ida t ion  of uranium is  g e n e r a l l y  desc r ibed  a s  two l i n e a r  r a t e s  
s epa ra t ed  by a break weight (Schn iz l e in  e t  a l .  1959; Leibowitz e t  a l .  1961; 
Gittus 1963). 
the r e a c t i o n  w i t h  50 pg of  oxygen per squa re  cen t ime te r  o f  uranium s u r f a c e  
(Leibowitz e t  a1 . 1961). 

A t  lower tempera tures ,  the break weight appears  t o  occur  a f t e r  

A t  h ighe r  t empera tu res ,  uranium ox ida t ion  r a t e s  i n c r e a s e  w i t h  t empera ture  
[see Figure 4.2,  Overall  Oxidation Rate Versus 1 / T  f o r  Various Specimen S i z e s  
( a f t e r  H i l l i a r d  1958) ;  F igure  4.3, Oxidation of Uranium i n  Air ( a f t e r  Megaw e t  
a l .  1961) ;  Gittus 1963; Baker, Schn iz l e in  and Bingle 19661. 
(1961) r epor t ed  r a t e s  a s  high a s  3000 t o  8000 mg U/cm2-hr a t  800" t o  1000°C. 
Using a p e n e t r a t i o n  r a t e  of 55 pm = 100 mg U/cm e h r  ox ida t ion  r a t e  and ,  
assuming the s u r f a c e  a r e a  dec rease  i n  a c y l i n d r i c a l  p e n e t r a t o r  does n o t  a l t e r  
the pene t r a t ion  r a t e ,  a s t a b a l l o y  p e n e t r a t o r  w i t h  a r a d i u s  of  12.7 cm would be 
completely ox id ized  i n  2.9 t o  7.7 hours. H i l l i a r d  (1958) r e p o r t s  a r a t e  of 

2 950 t o  1000 mg U/cm -hr a t  600" t o  800°C and o t h e r s  have r epor t ed  va lues  i n  
the range of  700 t o  1820 mg U/cm O h r .  A t  a r a t e  of 700 mg U/cm -hr and using 
the assumptions above, a s t a b a l l o y  p e n e t r a t o r  would ox id ize  completely i n  
33 hours. 
observed behavior i n  f i r e s .  
normally found do no t  appear t o  have a s i g n i f i c a n t  effect  but  lowering the 
oxygen con ten t  dec reases  t h e  ox ida t ion  r a t e s  [see Figure 4.4 Var i a t ion  i n  
Oxidation Rate a t  600°C w i t h  Oxygen Content of  Gas Stream (based on Megaw e t  
a l .  1961) l .  Oxidation r a t e s  i n  carbon d iox ide  a r e  s i m i l a r  t o  those  f o r  a i r  a t  
high tempera ture  [see Figure 4.5 Oxidation of Uranium i n  Carbon Dioxide (based 

Megaw e t  a l .  

2 

2 2 

T h i s  range of  t imes  f o r  complete ox ida t ion  i s  c o n s i s t e n t  w i t h  
Inc rease  i n  the oxygen con ten t  above t h o s e  

4.12 
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on Megaw et al. 1961)] and may compensate to some extent for the reduction of 
oxidation due to oxygen content by carbon dioxide oxidation. 
increase in oxidation rate at the beta-gamma phase transition has been 
observed by several authors. 

A significant 

Swelling (Bennett and Price 1981) and thermal stresses due to differ- 
ential heating of materials (Stobbs and Whittle 1966) resulting in the crack- 
ing o f  the oxide coat, loss of outer oxide coat (Megaw et al. 1961) and 

4.13 
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sur face  i n c l u s i o n s  such as carb ides  (Bloch and Min tz  1982; Tyzack and Cowen 

1976; Stobbs and W h i t t l e  1966) and hydr ides  (Bennett  and P r i c e  1981) a l l  
a c c e l e r a t e  o x i d a t i o n .  N i t rogen can r e a c t  w i t h  uranium a t  h i g h  temperature,  

b u t  t h e  r e a c t i o n  i s  v e r y  s low compared w i t h  a i r  and carbon d i o x i d e  and w i l l  
n o t  r e a c t  i n  t h e  presence of any oxygen ( G i t t u s  1963; S t ra f fo rd  1979). 
Uranium w i l l  a l s o  r e a c t  w i th  hydrogen (Stakebake 1979; Stakebake and B ixby  

1979), b u t  f r e e  hydrogen i s  n o t  a n t i c i p a t e d  i n  f i r e  atmospheres. 
r e a c t  t o  form carb ides  ( S t i n t o n  e t  a l .  1979; Suzuki e t  a l .  1982) b u t  t h e  
c a r b i d e  conver ts  t o  ox ides when contac ted  w i t h  a i r .  

Carbon w i l l  

F i e l d  and l a b o r a t o r y  s t u d i e s  have been conducted on t h e  o x i d a t i o n  o f  

s taba l  l o y  p e n e t r a t o r s  under s imu la ted  and a c t u a l  f i r e  c o n d i t i o n s  ( E l d e r  and 

T i n k l e  1980; Hooker e t  a l .  1983). E l d e r  and T i n k l e  (1980) i n v e s t i g a t e d  t h e  

behavior  of s t a b a l  l o y  p e n e t r a t o r s  a t  v a r i o u s  temperatures and atmospheres ( a i r  

and 50% a i r / 5 0 %  carbon d i o x i d e )  under s imu la ted  f i r e  c o n d i t i o n s .  

of those l a b o r a t o r y  o x i d a t i o n  s t u d i e s  a r e  shown i n  Table 4.2. 
The r e s u l t s  

O x i d a t i o n  

. 
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Varia t ion  of  Oxidation Rate a t  600°C w i t h  Oxygen Content 
of Gas Stream (Megaw e t  a l .  1961) 

6.0% i n  2 hours a t  a temperature  of 500°C i n  an a i r / c a r b o n  
d i o x i d e  mixture t o  30.2% i n  4 hours a t  a temperature  of 800°C i n  an a i r / c a r b o n  
d ioxide  mixture.  S i g n i f i c a n t  ox ida t ion  was detected i n  one of the f i e l d  tests 
i n  an appara tus  l ike  a forge- type furnace.  
900°C were measured during most of  the 3-hour run w i t h  a i r  a t  a v e l o c i t y  o f  
223 cm/sec ( 5  mph) .  
shown i n  Table 4.3 and represent an average oxida t ion  o f  44% dur ing  this 
per iod.  A t  the r a t e  i n d i c a t e d ,  a l l  p e n e t r a t o r s  would have been oxid ized  i n  
6 2 /3  hours. For the maximum r a t e s  i n d i c a t e d  i n  the l a b o r a t o r y  s tudy  i n  a i r  
and a i r /carbon d ioxide  mixture ,  complete oxida t ion  of the p e n e t r a t o r s  would 
occur  i n  9 t o  13.5 hours. The oxida t ion  of  s t a b a l l o y  p e n e t r a t o r s  a s  a func- 
t i o n  of  temperature  i n  these experiments is shown i n  Figure 4.6. 

Temperatures ranging from 700" t o  

The results of the tes t  on the three p e n e t r a t o r s  a r e  

. 
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OC 

1000 900 800 700 600 500 

Reynolds Numbers 
0 6,750 
o 10,000 
A 18,000 

10,000 

L : 1,000 

6 
F 
3 

- 
0, 

m 

C 

- 
a 
0 

0 
s. 100 
0 

- m 

10 

I 
I 
I 
I 
I 

A 
B 0 '  

d 
9 3  

!?I 0 
0 

I 

I 

b 
I 

I 
P 

d 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

I 

I 
I 
i 
I 
I 
I 
I 
I 

I 
0 ;  

b 

A 
0 
0 

8 

8 ,  
0 

I , I  I I I  I 

0.7 0.8 0.9 1 0 1.1 1 2 1.3 

1000/T(OK) 

FIGURE 4.5. Ox ida t ion  o f  Uranium i n  Carbon D iox ide  
(Megaw e t  a l .  1961) 

Hooker e t  a l .  (1983) conducted f i e l d  s tud ies  i n  which 12 M829 packaged 
rounds were engu l fed  i n  a fuel-wood f i r e  u n t i l  se l f -ex t i ngu ishmen t  o f  t h e  

f i r e .  
t e s t  were 1200" t o  700°C. Temperatures remained a t  t h e  300°C l e v e l  a f t e r  
48 hours, when sample c o l l e c t i o n  began. 

83% t o  84% o x i d i z e d  a t  t h a t  t ime, which probably  r e f l e c t s  t h e  reduced oxygen 

a v a i l a b i l i t y  and t h e  v a r i a b l e  temperatures i n  a r e a l  f i r e .  

Temperatures du r ing  the  s teady-s ta te  burn ing  o f  t he  wood i n  t h e  second 

The pene t ra to rs  were approx imate ly  

4.16 



'L) 

TABLE 4.2. Penetrator Oxidation 

Penet r a  t o r  We i gh t s  
Nominal After L ight  Af te r  Wire Metal Metal 

Penetrator Temp Time Or ig inal  Mechanical Brush Oxidation Oxidation 
No. - -  ("C) ( h )  ( 9 )  Removal ( 9 )  ( 9 )  ( 9 )  ( 0 )  

A i r  a t  223 cm/s 

6151 2 500 2 
59603 600 2 
61310 700 2 
61 501 800 2 
61 51 0 900 2 

COJAir  Mixture a t  223 cm/s 

61 402 5 00 2 
61 406 600 2 
45401 700 4 
4551 0 800 4 
451 04 800 4 
5961 3 900 4 
45204 1000 4 

A i r  a t  Zero Ve loc i ty  

45407 700 2 

3354.0 
3358.8 
3354.9 
3354.5 
3354.0 

3355.0 
3353.0 
3357.0 
3354.2 
3355.4 

3355.0 
3352. a 

3355.9 

3130.8 
3162.0 
2640.0 
2794.5 
2869.4 

3156.8 
3149.0 
2652.9 
2405.9 
2378.1 
2544.2 
2586.2 

2929.0 

3123.8 
3149.2 
2613.1 
2761.5 
2827.1 

3153.2 
3140.9 
2642.2 
2351.1 
2343.7 
2518.8 
2564.7 

2908.9 

230.2 
209.6 
741.8 
593.0 
526.9 

201.8 
212.1 
714.8 
1003.1 
1011.7 
834.0 
790.3 

447.0 

TABLE 4.3. Burn #4, Final  Penetrator Weights 

Location Number 

To P 3 

Middle 2 
Bottom 1 

S e r i a l  Final  
Number Weight ( 9 )  

045313 

045109 
045108 

1874 
1772 
1947 

% Oxide 
( %  o f  Or ig ina l  
3355 g Weight) 

44 

47 
42 

6.8 
6.2 

22.1 
17.6 
15.7 

6.0 
6.3 
21.3 
29.9 
30.2 
24.9 
23.6 

13.3 
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(E lde r  and T i n k l e  1980) 

4.2.2 The C h a r a c t e r i s t i c s  of DU Oxides Generated by F i r e s  

A t  1 ow temperatures ( l e s s  than 200°C) , hypers to i ch iomet r i c  U02+x (where 

x may be as h i g h  as 0.45) a r e  found ( S c h n i z l e i n  e t  a l .  1959; R i t c h i e  1981; 
Colmenares, Howell and McCreary 1981; Iwasaki  e t  a l .  1969; Iwasaki  and 

Ishikawa 1970; Bennet t  and Myat t  1977; Bennett  and P r i c e  1981). 

o f  o t h e r  compounds such as U307 and U308 (Schn iz le in  e t  a l .  1959), and 

and s l i g h t l y  h i g h e r  temperatures. 
a t  temperatures g r e a t e r  than 275°C ( R i t c h i e  1981). R i  t c h i e  (1981) repo r ted  
t h e  presence of y e l l o w  UO3*O.8 H20 f o r  low temperature o x i d a t i o n  (115°C) of 
uranium a t  r e l a t i v e  h u m i d i t i e s  g r e a t e r  than 90%. A t  a r e l a t i v e  humid i t y  o f  

l e s s  than 90%, U02 was generated. 

A t  h ighe r  temperatures (exceeding 300"C), U308 mixed w i t h  hypers to i ch io -  
m e t r i c  U02 a re  found ( H i l l i a r d  1958; Megaw e t  a l .  1961; G i t t u s  1963; Aronson, 

Roof and B e l l e  1957; Iwasaki  e t  a l .  1969; Iwasaki  and Ishikawa 1970; E l d e r  and 

T i n k l e  1980). A t h i n  l a y e r  o f  adherent U02 forms a t  t h e  metal  su r face  (Tyzack 

and Cowen 1976) and t h e  r a t e  of convers ion t o  h ighe r  ox ides i s  c o n t r o l l e d  by 
t h e  d i f f u s i o n  of o x i d a n t  through t h e  ox ide  l a y e r  (Aronson, Roof and B e l l e  

1957; Iwasaki  and Ishikawa 1970). 

The presence 

(Colmenares, Howel 1 and McCreary 1981) have a1 so been r e p o r t e d  a t  these U4O7-y 
A combinat ion of UOp+x and U308 was found 

F igure  4.7 i l l u s t r a t e s  t h e  phenomena. 
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u409 >> U308 
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I 

P e a k i l l  and A n t i l l  (1960) found th ree  regimes i n  t h e  a i r  o x i d a t i o n  of U02 
I n  the  350" t o  600°C range, U02 a t  temperatures rang ing  f rom 350°C t o  1000°C. 

o x i d i z e d  r a p i d l y  t o  U308, which f e l l  away as a f i n e  powder. 
i n  t h e  650" t o  850°C range was p r o t e c t i v e  b u t  broke away a t  some p o i n t .  
temperatures g rea te r  than 9OO"C, t he  ox ide  was adherent and p r o t e c t i v e .  

The ox ide formed 
A t  

Iwasaki  e t  a l .  (1969) found the  s i z e  of  t h e  powder produced f rom t h e  a i r  

o x i d a t i o n  o f  s i n t e r e d  U02 p e l l e t s  depended upon t h e  temperature; genera l l y ,  

powders were produced w i t h  a s i g n i f i c a n t  f r a c t i o n  l e s s  than 10 vm (probab ly  

4.19 



geometr ic  d iameter)  a t  temperatures from 400" t o  500°C and g r e a t e r  than 10 vm 

a t  temperatures exceeding 600°C. 
voluminous powder was found, b u t  many f l a t  lumps 1 and 2 mm i n  d iameter  were 

found a t  temperatures g r e a t e r  than 700°C. 

found t h r e e  temperature regimes du r ing  t h e  a i r  o x i d a t i o n  of U02 p e l l e t s ,  b u t  

t h e  temperature ranges observed were: 

t o  1100°C ( t h e  maximum temperature used). The breakaway of t h e  ox ide  a t  t h e  
800" t o  900°C range l e d  t o  an a c c e l e r a t i o n  o f  t h e  o x i d a t i o n  r a t e .  

d i d  n o t  breakup when t h e  U:O r a t i o  was 2.25, b u t  broke i n t o  smal l  p ieces  when 

t h e  U:O r a t i o  reached 2.7 (U308). 

than s i n t e r e d  U02, and, thus,  t h e  phenomena c i t e d  above may occur  a t  lower  

temperatures and h ighe r  r a t e s  f o r  f i re -genera ted  ma te r ia l s .  

f i n e ,  b lack ,  nonadherent powder from t h e  a i r  o x i d a t i o n  of metal a t  tempera- 

t u r e s  l e s s  than 450"C, a f i n e  powder s i n t e r e d  i n t o  lumps a t  a temperature o f  

535"C, and a hard, b lack ,  sca le  from a i r  ox ida t i ons  a t  temperatures g r e a t e r  
than 700°C. 

A t  temperatures l e s s  than 600"C, a f i n e ,  

Iwasaki  and Ishikawa (1970) a l s o  

400" t o  700°C; 800" t o  900°C; and 1000" 

The p e l l e t s  

Schn iz le in  e t  a l .  (1959) observed t h a t  newly formed U02 was more r e a c t i v e  

H i l l  i a r d  found a 

The h i g h  temperature o x i d a t i o n  o f  uranium metal  i n  carbon d i o x i d e  pro-  

duces a m ix tu re  of hypers to i ch iomet r i c  U02 and uranium carb ide  ( G i t t u s  1963; 

Tyzack and Cowen 1976). Carbides r a p i d l y  o x i d i z e d  t o  uranium ox ides i n  a i r  a t  

e leva ted  temperatures.  
some o f  t he  uranium m a t e r i a l s  formed du r ing  t h e  o x i d a t i o n  o f  va r ious  grades o f  
uranium meta l  i n  carbon d iox ide .  
con ten t  o f  t h e  powder formed from t h e  o x i d a t i o n  o f  s t a b a l l o y  i n  a i r  and 
a i r / ca rbon  d i o x i d e  mix tu res  increased w i t h  temperature (see Table 4.5). 
observa t ion  may be an a r t i f a c t  of t h e  exper iment s ince  metal  was n o t  com- 

p l e t e l y  o x i d i z e d  and t h e  ox ides produced d i d  n o t  have s u f f i c i e n t  t i m e  t o  
e q u i l i b r a t e  w i t h  the  atmosphere p r i o r  t o  quenching o f  t he  reac t i on .  

Table 4.4 f rom Stobbs and W h i t t l e  (1966) descr ibes  

E lde r  and T i n k l e  (1980) r e p o r t e d  t h e  U02 

Th is  

4.2.3 P a r t i c l e  S ize  o f  t h e  Oxides Formed From a F i r e  

Megaw e t  a l .  (1961) repo r ted  the  s i z e  d i s t r i b u t i o n  o f  t h e  ox ides produced 
from the  o x i d a t i o n  o f  t h e  metal  i n  a i r  and carbon d i o x i d e  a t  temperatures f rom 
600" t o  1000°C and va r ious  degrees o f  turbulence.  

a l lowed t h e  ox ide  formed t o  drop away f rom the  specimen as i t  broke away. 
The exper imenta l  apparatus 

8- 
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Samp 1 e 
No. 

A-774-7 

A-774-2 

A-774-4 

A-774-6 
A-774-5 

M-774-1 
M- 774-2 

M-774-5 

N-774-1 

TABLE 4.5. Resul ts  o f  X-Ray D i f f r a c t i o n  o f  DU Oxide Powders 
(E lde r  and T i n k l e  1980) 

E f f e c t i v e  
Test  Condi t ions Crys ta l  A i  t e  

Temp ( " C )  Time ( h r )  Atmosphere S ize  (A) 

500 
600 

700 

800 

900 

500 
600 

800 

700 

A i r  
A i r  
A i  r 
A i r  
A i  r 
50% Ai r /50% C02 

50% Ai r /50% C02 

50% Ai r /50% C02 

A i r  - No Flow 

730 

1100 
1700 

2300 
3800 

770 
1350 

1900 

1650 

R e l a t i v e ( a )  
uo* 

Amount 

0.35 

0.73 

0.82 

0.99 

4.24 
0.30 

0.22 

2.54 

2.19 

( a )  The mass o f  U02 d i v i d e d  by t h e  mass of t h e  o t h e r  powder compounds, 

Thus, t h e  s i z e  d i s t r i b u t i o n s  shown i n  F igures 4.8 and 4.9 may rep resen t  oxides 

t h a t  have g r e a t e r  access t o  o x i d a n t  f rom f i re -genera ted  m a t e r i a l  b u t  may n o t  

have been exposed t o  h igh  temperatures f o r  as long. The s i z e  d i s t r i b u t i o n  f o r  

uranium metal  o x i d i z e d  i n  a i r  and a i r / c a r b o n  d i o x i d e  mix tu res  a t  temperatures 
f rom 500" t o  1000°C repor ted  by E lde r  and T i n k l e  (1980) a re  shown i n  F ig -  

u re  4.10. The s i z e  d i s t r i b u t i o n s  a l l  i n d i c a t e  a minimum a t  a temperature 
around 600°C b u t  t h e  mass median diameters (MMD) repo r ted  by t h e  two s e t s  o f  
authors appear t o  be a f a c t o r  o f  3 t o  10 apar t .  

The s i z e  d i s t r i b u t i o n  (aerodynamic) f o r  t h e  m a t e r i a l  c o l l e c t e d  f rom the  

Th is  would i n d i c a t e  a nominal o x i d a t i o n  tempera- 
A p r i l  1983 burn o f  M829 rounds was shown i n  F igure  2.20 and i n d i c a t e s  a MMD 
( i n  LLD) o f  100 t o  150 Fcm. 

t u r e  o f  around 800°C us ing  Megaw e t  a l .  (1961) data and a temperature o f  600°C 
us ing  E lde r  and T i n k l e ' s  (1980) p l o t .  
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FIGURE 4.8. Size D i s t r i b u t i o n  o f  Oxides from Uranium Ox id i z ing  i n  A i r  
(Megaw e t  a l .  1961) 
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FIGURE 4.9. S ize  D i s t r i b u t i o n  o f  Oxides from Uranium O x i d i z i n g  
i n  Carbon D iox ide  (Megaw e t  a l .  1961) 

a -  

* 

4 

c 

4.24 



600 I 

- 

500 

400 
! 
v) 
W 

2 

f 

a 

300 
W 

- 
a, 

$ 200 
0 In 

100 

400 500 600 700 aoo 900 1000 

Nominal Temperature (OC) 

FIGURE 4.10. Sieve P a r t i c l e  S ize of Uranium Oxides as a Funct ion 
o f  Temperature ( E l d e r  and T i n k l e  1980) 

F i n a l l y ,  t h e  s i z e  d i s t r i b u t i o n  f o r  a i r b o r n e  m a t e r i a l  f rom a f i r e  i n v o l v -  

i n g  DU muni t ions used i n  a d r a f t  B r i t i s h  document(a) f o r  p r e d i c t i n g  t h e  d i s -  

p e r s i o n  i s  shown i n  Table 4.6 and a p o r t i o n  of t h e  data i s  p l o t t e d  i n  
F igure  4.11. 
AED. 

found i n  t h e  A p r i l  1983 burn t e s t .  

The p l o t  i n d i c a t e s  t h a t  around 0.15 w t %  i s  assumed t o  be <10 pm 

Th is  i s  somewhat l e s s  than t h e  0.2 t o  0.65 w t %  <lO-pm-AED p a r t i c l e s  

( a )  T h i s  document was ob ta ined f rom D. G. V a l l i s ,  M i n i s t r y  o f  Defense, 
Un i ted  Kingdom. 

t 
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TABLE 4.6. P a r t i c l e  S ize  D i s t r i b u t i o n  o f  DU Oxide Aerosol Used i n  D i f g y s i o n  
P r e d i c t i o n  Ca lcu la t i ons  f o r  a F i r e  I n v o l v i n g  DU Mun i t ions  

P a r t i c l e  S ize  
Band, Nominal 

d i a  (AMAD) (pm) 

<0.7 
1.5 

2.5 
4.0 

7.5 

12.5 
17.5 

25 
35 

45 

55 

70 

90 

110 

130 
150 

170 
190 

210 
2 30 

250 
270 
290 

3 10 
330 

350 

Mass % i n  
S ize Band 

0.05 

0.01 

0.01 
0.01 

0.02 

0.06 

0.06 

0.34 

0.49 
0.65 

0.80 

2.0 
2.5 

2.8 

3.2 

3.5 
3.5 

4.0 
4.0 
3.5 
3.5 
3.0 
3.0 
3.0 

4.0 

2.5 

P a r t i c l e  S ize  
Band , Nomi na 1 

d i a  (AMAD) (pm) 

370 

390 
410 

430 
450 

470 

490 

5 10 
530 
550 

570 

590 

610 

630 

650 

670 
690 

710 
730 
750 
770 
790 
825 
875 

92 5 

>955 

Mass % i n  
S ize  Band 

3.0 
2.5 

2.5 

2.5 
2.5 

2.5 
2.0 

1.5 
2.5 

1.0 

2.0 

2.0 
2.0 

1.5 

1.5 
2.0 
1.5 

1.5 
1.5 
1.5 
1.0 

1.5 
2.5 

2.5 
1.5 

0.5 

t 

1 

( a )  From d r a f t  document, "Guidance Notes f o r  t h e  Stora  e and 
Transpor t  o f  Depleted Uranium Muni t ions  ( 4 t h  D r a f t  3 ,I' 
obta ined f rom D. G. V a l l i s ,  M i n i s t r y  of Defense, Un i ted  
Kingdom. 
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FIGURE 4.11. S i z e  D i s t r i b u t i o n  f o r  D i s p e r s i o n  C a l c u l a t i o n s  
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4.2.4 Airborne Release of Uranium Under Postulated Accident Conditions 

The potentially harmful material i n  the three types of  f i r e  scenarios 
appears t o  be the oxide formed by the f i r e .  To pose a radiological/ 
toxiological hazard t o  the downwind population, D U  oxide par t ic les  must be 
under 20 micrometers AED t o  be carried significant distances downwind, and 
must be less  than 10 micrometers AED (a  conservative estimate of the respir-  
able s ize  f ract ion)  t o  be an inhalation hazard (See Figure 4.12 based on 

Mercer 1977).  

DU oxide could be released d u r i n g  i t s  formation (break-away and 
entrainment of  the powder) and a f t e r  formation. The types of events t h a t  

1 .o 
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I 
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Brit ish Medical 
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Lung Dynamics 
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FIGURE 4.12. Respirable Size Fraction of Airborne Particles 
(Based on Figure 5 i n  Mercer 1977) 
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could disperse and entrain the oxides a f t e r  formation are: 
combustion of the substrate upon which the powder lands; pressurized "f lar ing" 
(of propellant) o r  explosion (detonation of explosives o r  propellant);  and 
aerodynamic entrainment (resuspension) of the powder a f t e r  i t  has been on the 
ground. 

f ree-fal l  s p i l l s ;  

c 
Some of the fractional airborne release values reported i n  the published 

l i t e r a tu re  are shown i n  Table 4.7. 

TABLE 4.7. Uranium Airborne Releases 

Ma t e r i  a 1 Re1 ease Fraction 

O x i d i z i n g  Metal, Penetrators (Elder & Tinkle 1980) 

Air, u p  t o  3.2 m/sec, Fire 
A i  r/Ai r-C02, 2.3 m/sec , 

O x i d i z i n g  Metal (Carter & Stewart 1970) 

Air, S ta t ic  
Fa1 1 i n g  Mol ten Drops 

Uranium Oxides on Combustibles From Burning 
(Mishima 1974) 

Natural Convention 
Forced Ventilation 
Cellulosic 
Polymethylmethacrylate 
Polychloropene 

Uranium Dioxide Powder (Sut ter  1981, 1983) 

Free-Fall Spill  , 1-3 m Fall 
Pressurized Release, 50 t o  500 p s i g  

4 x  

0. OOO?, ( a )  ) 
0.006 

0.005 
0.3 

0.0002 t o  0.0009 
0.0025 t o  0.045 
0.003 to  0.035 

0.00003 t o  0.0012 
0.02 t o  0.21 

( a )  Par t ic le  10 urn aerodynamic equivalent diameter and less .  
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Carter and Stewart (1970) estimate an airborne release of less t h a n  
0.04 w t %  for  molten uranium under s t a t i c  conditions and a release of 0.6 w t %  
from fa l l ing  molten drops. 
experiments , which have been described i n  previous sections, on the oxidation 
of staballoy penetrators. 
temperature i s  shown i n  Figure 4.13, and the mass concentration of respirable 
par t ic les  i s  shown i n  Figure 4.14. 
represents from 5% t o  10% of the airborne material. 

Elder and Tinkle (1980) performed a ser ies  of 

The mass concentration airborne as a function of 

I t  appears that  the respirable material 

Using the maximum mass concentration l i s ted  for  the f i e ld  experiments 
(bu rn  #4) and the respirable fraction (61%) indicates that  as much as 21.9 mg 
U/min could be released, of which 13.4 mg/min could be respirable. 
maximum rate  could be maintained until a l l  the material was oxidized 
(6.82 hours), 8.9 g of uranium (5.47 g respirable) would be released. 
represents 0.089 w t %  of the three penetrators used. 
temperature in the laboratory experiments (see Figure 4.15). 

If this 

This 
The MMAD decreased w i t h  

Hooker e t  a l .  (1983) detected no significant airborne release d u r i n g  
the i r  f i e ld  experiment. 
(1980) study i s  applied (0.09 w t % ) ,  an airborne release of  45 mg U/min would 
be anticipated. Since Elder and Tinkle's study was on uncovered penetrators 
exposed to  an airflow of 525 cm/sec, the lack of release may imply that  the 
f i r e  residue provided an additional barr ier  t o  airborne release. Schmitt 
(1975) reported the airborne release of ignited uranium was reduced a factor 
of 30 when covered w i t h  carbon microspheres (0.5 vm). Experience in nuclear 
f a c i l i t i e s  handling plutonium indicates a reduction of airborne release when 
ignited metal i s  covered w i t h  magnesium dioxide. 

If the maximum value inferred from Elder and Tinkle's 

Data on the airborne release from events t h a t  could disperse and entrain 
Mishima (1976) reported on par t ic les  generated by the f i r e  are also covered. 

airborne release values in a variety of accident si tuations.  
releases of 0.5 w t %  of a f ine  uranium dioxide powder for s t a t i c  conditions and 
self-extinguishment of the b u r n i n g  cellulosic material (paper, rags, e tc . )  and 
up t o  38 w t X  for  forced convection (150 cm/sec). Elore recently, Halverson and 
Ball inger (1984) conducted experiments on the airborne release of contaminants 

He reported 
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FIGURE 4.13. Aerosol Mass as a Function o f  Temperature 
(Elder and T i n k l e  1980) 
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FIGURE 4.14. Respirable  Mass as a Funct ion o f  Temperature 
( E l d e r  and T i n k l e  1980) 
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FIGURE 4.15. S ize  o f  Aerosol <10 pm as a Funct ion o f  Temperature 
( E l d e r  and T i n k l e  1980) 

(a  f i n e  uranium d i o x i d e  powder) f rom t h e  burn ing  o f  var ious  po lymer ic  m a t e r i -  

a l s  found i n  f u e l - c y c l e  f a c i l i t i e s .  

i n d i c a t e  a maximum o f  0.09 w t X  f rom t h e  burn ing  o f  c e l l u l o s i c s  (paper) .  

T h e i r  r e s u l t s  a r e  l i s t e d  i n  Table 4.7 and 

S u t t e r ,  Johnston and Mishima (1981) conducted a s e r i e s  o f  exper iments t o  

eva lua te  t h e  a i r b o r n e  re lease f rom a f i n e  uranium d i o x i d e  powder w h i l e  i t  

f e l l  through a i r .  A maximum o f  0.12 w t %  was repor ted.  S u t t e r  (1983) found as 

much as 21  w t %  was made a i r b o r n e  by t h e  re lease of p ressur ized  uranium d i o x i d e  

powder. 

l e v e l  i n d i c a t e d ,  i t  i s  f e l t  t h a t  t h i s  type  o f  re lease would exceed most 
s i t u a t i o n s  f o r  t h e  d i s p e r s a l  o f  uranium products  f rom f i r e s .  

Since t h e  a i r  i n  t h e  i n t e r s t i c e  o f  t h e  powder was pressur ized  t o  t h e  

Sehmel (1980) reviewed t h e  i n f o r m a t i o n  on resuspension (aerodynamic 
ent ra inment)  and concluded t h a t  t h e  phys ics o f  t h e  s i t u a t i o n  a r e  so p o o r l y  
d e f i n e d  t h a t  much more research i s  needed. In an e a r l i e r  work, Sehmel and 
L l o y d  (1976) i n d i c a t e d  a va lue  o f  10 x 10-8/sec was a general  powder 

resuspension f l u x  a p p l i c a b l e  f o r  normal ized annual c o n d i t i o n s  a t  t h e  Hanford 

s i t e .  
powder f rom wind tunnel  exper iments u s i n g  var ious  sur faces b e f o r e  and a f t e r  a 

Mishima (1976) r e p o r t e d  t h e  resuspension o f  a f i n e  uranium d i o x i d e  
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g a s o l i n e  f i r e .  

smooth, sandy s o i l  a t  a windspeed o f  8.9 m/sec t o  9 x l o s 3  w t %  f rom a s t a i n -  

l e s s  s t e e l  sur face  f o l l o w i n g  a gaso l ine  f i r e .  

found t o  vary  over  11 t o  13 orders  o f  magnitude. 

The va lues ranged f rom 9.8 w t %  i n  a 24-hour p e r i o d  f rom 

Resuspension f a c t o r s  have been 

F i n a l l y ,  v a r i o u s  computer code models have been generated t h a t  can 

c a l c u l a t e  t h e  p o t e n t i a l  a i r b o r n e  r e l e a s e  under some acc ident  c o n d i t i o n s .  

F I R I N  i s  a f i r e  cpmpartment code t h a t  can c a l c u l a t e  some o f  t h e  f i r e  param- 

e t e r s  and source terms ( B a l l i n g e r  and Owczarski 1985). Empi r i ca l  c o r r e l a t i o n s  

t o  p r e v i o u s l y  generated exper imenta l  data have been i n c l u d e d  t o  cover  f r a c -  

t i o n a l  a i r b o r n e  re leases  f rom t h e  b u r n i n g  o f  contaminated combust ib le  s o l i d s  

and l i q u i d s ,  t h e  h e a t i n g  of contaminated noncombust ib le sur faces,  t h e  h e a t i n g  
o f  unpressur ized contaminated l i q u i d s ,  t h e  pressur ized  re lease o f  r a d i o a c t i v e  

powders and l i q u i d s ,  t h e  s p i l l s  o f  r a d i o a c t i v e  powders and l i q u i d s ,  and t h e  
burn ing  o f  pyrophor ic  metals.  A dra f t  user  manual f o r  t h e  i n i t i a l  FIRIN code 

was prepared b u t  t h e  code and user  manual f o r  t h e  l a t e s t  v e r s i o n  i s  n o t  
p u b l i c a l l y  a v a i l a b l e  a t  t h i s  t ime. 

S t e i n d l e r  and S e e f e l d t  (1980) p rov ided an e m p i r i c a l  f i t  t o  a l l  a i r b o r n e  

The model p r e d i c t s  t h e  mass re lease values they  c o u l d  f i n d  f o r  detonat ions.  
and median d iameter  o f  t h e  m a t e r i a l  a i r b o r n e  as a f u n c t i o n  o f  TNT equiva lency 

and t h e  t o t a l  amount o f  i n e r t  m a t e r i a l  invo lved.  The model has n o t  been 

v e r i f i e d  w i t h  any exper imenta l  e f f o r t ,  and t h e  au thors  c a u t i o n  a g a i n s t  apply-  

i n g  t h e  model before t h i s  i s  done. One problem w i t h  a p p l i c a t i o n  of t h i s  
method f o r  f i re -genera ted  m a t e r i a l  i s  t h e  l a c k  o f  knowledge as t o  t h e  t o t a l  
amount o f  i n e r t  m a t e r i a l  ( s o i l ,  ash, charcoal ,  noncombustibles, e t c .  ) 
invo lved.  A code, DETIN, has been generated f o r  t h i s  model b u t  i s  n o t  c u r -  
r e n t l y  a v a i l a b l e .  

Bander (1982) reviewed t h e  s o i l  l o s s  models t o  p r e d i c t  t h e  long- term 

entra inment  o f  m a t e r i a l  from t h e  ground. Most of t h e  a p p l i c a b l e  models were 

a g r i c u l t u r a l  models t o  p r e d i c t  t h e  e r o s i o n  o f  s o i l .  I f  t h e  q u a n t i t y  o f  
m a t e r i a l  i n v o l v e d  were known, t h i s  t y p e  o f  model c o u l d  be a p p l i e d  t o  p r e d i c t  

t h e  aerodynamic ent ra inment  o f  t h e  f i r e - g e n e r a t e d  debr is .  M a r t i n  e t  a l .  
(1983) reviewed T r a v i s '  f r i c t i o n a l  v e l o c i t y  (shear s t r e s s )  model f o r  t h e  

ent ra inment  of p a r t i c l e s  from surfaces as a f u n c t i o n  o f  t h e  h o r i z o n t a l  a i r  

. 
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v e l o c i t y  above t h e  sur face.  The model a p p l i e s  t o  t h i c k  beds (nomina l l y  g r e a t e r  
than 3- t o  4 -par t i c le -d iameters  t h i c k ) .  
c a l c u l a t e  a su r face  f r i c t i o n  v e l o c i t y .  
v e l o c i t y  f o r  t h e  m a t e r i a l  o f  i n t e r e s t  (F igu re  4.16) i s  determined. 

su r face  f r i c t i o n  v e l o c i t y  does n o t  exceed t h e  t h r e s h o l d  f r i c t i o n  v e l o c i t y  f o r  

* the  m a t e r i a l ,  no ent ra inment  occurs. I f  t h e  t h r e s h o l d  f r i c t i o n  v e l o c i t y  i s  

The h o r i z o n t a l  v e l o c i t y  i s  used t o  
A c h a r a c t e r i s t i c  t h r e s h o l d  f r i c t i o n a l  

I f  t h e  

exceeded, semi-empir ica l  equat ions can be used t o  c a l c u l a t e  t h e  v e r t i c a l  f l u x  

of suspendable m a t e r i a l  and, knowing t h e  area covered by t h e  suspendable 
m a t e r i a l ,  t he  t o t a l  amount o f  m a t e r i a l  suspended. Th is  model i s  most 

a p p l i c a b l e  f o r  t h e  en t ra inment  o f  a powder f rom an powder- l ike sur face .  

* 

4.2.5 Conclusions 

Although the  c o n d i t i o n s  p o s t u l a t e d  f o r  f i r e s  i n  t r a n s p o r t  and use a re  

based upon maximum phys i ca l  damage, they  are  a reasonable maximum f o r  t h e  

expected c o n d i t i o n s  f o r  these c lasses  of acc idents .  The c o n d i t i o n s  p o s t u l a t e d  

f o r  f i r e s  ir !  b u l k  s to rage o f  mun i t i ons  do n o t  appear t o  be as e a s i l y  ca tegor -  
i zed ,  and a d d i t i o n a l  da ta / i n fo rma t ion  i s  r e q u i r e d  t o  make a reasonable assess- 

ment o f  t h e  p o t e n t i a l  DU behav io r  f o r  t h i s  c l a s s  o f  acc idents .  

acc idents  p o s t u l a t e d  appear t o  address the  "wors t  case" f o r  a i rbo rne  re lease,  

b u t  t h e  c o n d i t i o n s  t o  generate t h e  amount o f  DU ox ide  rep resen t ing  t h e  wors t  

case may n o t  be c r e d i b l e .  

None o f  t h e  

For f i r e s  d u r i n g  t h e  sh ipp ing  o f  d i f f e r e n t  mun i t ions ,  t h e  i n f o r m a t i o n  i n  

t h e  s e c t i o n  i n d i c a t e  t h a t :  

0 One a n t i c i p a t e s ,  as a maximum, a severe f i r e  as i n  t h e  ex te rna l  heat  t e s t  
I 'C"  f o r  t r u c k  t r a n s p o r t  acc idents .  Truck acc idents  i n v o l v i n g  f i r e s  a r e  
r a r e  - approx imate ly  1 x per  m i l e .  Less severe acc idents  than 
s imu la ted  i n  t h e  e x t e r n a l  heat  t e s t  would n o t  be se l f - sus ta in ing .  

0 The h i g h  exp los ives  i n  mixed loads would detonate and r e l o c a t e  a lmost  
a l l  t he  mun i t ions  and pene t ra to rs  away f rom t h e  f i r e  be fo re  s i g n i f i c a n t  

o x i d a t i o n  cou ld  occur. The pene t ra to rs  n o t  r e l o c a t e d  would o x i d i z e  about 

85% i n  16 t o  20 hours i f  they  were b u r i e d  i n  wood res idues  and ma in ta in  a 

temperature o f  g r e a t e r  than 600°C. An a i r b o r n e  re lease  of l e s s  than 
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0.1 w t %  o f  t h e  t o t a l  amount o f  uranium ox id ized,  as r e s p i r a b l e  p a r t i c l e s ,  
i s  a n t i c i p a t e d  f o r  ox ide  b u r i e d  i n  wood f i r e  res idues.  

0 The response and a i r b o r n e  re lease a n t i c i p a t e d  f o r  s i n g l e - l o a d  shipments 

o f  so l id-cased mun i t ions  such as t h e  M774 would be t h e  same as f o r  

mixed loads. 

a The response o f  combustible-cased mun i t ions  such as t h e  M829 would be 
s i m i l a r  t o  t h a t  observed i n  t h e  e x t e r n a l  heat  t e s t  o f  t h a t  round. The 

a n t i c i p a t e d  a i r b o r n e  re lease o f  r e s p i r a b l e  p a r t i c l e s  would be l e s s  than 

0.1% o f  t h e  uranium ox id ized.  

0 The c o n d i t i o n s  p o s t u l a t e d  i n  Walters,  E l l i o t  and B loore  (1979) appear t o  

be c r e d i b l e  f o r  f i r e s  i n  up-loaded tanks. It i s  a n t i c i p a t e d  t h a t  5% t o  
10% o f  t h e  t o t a l  uranium would be o x i d i z e d  d u r i n g  t h e  f i r e .  
m a t e r i a l  would be b u r i e d  i n  o rgan ic  and metal  f i r e  res idue,  l e s s  than 

0.1 w t %  o f  t h e  uranium o x i d i z e d  would be re leased as r e s p i r a b l e  p a r t i c l e s  

( t h e  a i r b o r n e  re lease might  be even l e s s  s i n c e  t h e  tank i s  an enc losure  

w i t h  a l a r g e  s u r f a c e  area p r e s e n t i n g  o p p o r t u n i t y  f o r  d e p o s i t i o n  as w e l l  

as thermophoresis) .  
p e n e t r a t o r s  remain ing i n  t h e  tank  d i d  n o t  o x i d i z e ,  and, i f  t h e  uranium 

d i d  n o t  o x i d i z e  when heated, t h i s  p o t e n t i a l  DU behavior  should be 
i n v e s t i g a t e d  t o  determine i f  t h e  uranium d i d  n o t  r e a c t  because o f  t h e  

atmosphere o r  i f  some o t h e r  mechanism prevented o x i d a t i o n .  

S ince t h e  

B loore  and Wi lsey (1979) i n d i c a t e d  t h a t  t h e  uranium 

0 The c o n d i t i o n s  and behav io r  o f  t h e  DU mun i t ions  i n  f i e l d  s torage a r e  
adequately def ined by t h e  a n a l y s i s  o f  a f i r e  i n v o l v i n g  mixed- load 
s h i pment s . 

0 The c o n d i t i o n s  and m a t e r i a l  responses f o r  f i r e s  i n v o l v i n g  b u l k  s to rage o f  

mun i t ions  (mixed, s i n g l e  s to rage o f  s o l i d -  and combustible-cased muni- 
t i o n s )  cannot be adequately d e f i n e d  w i t h  t h e  i n f o r m a t i o n  a v a i l a b l e  a t  
t h i s  t ime. 

t h e  p o t e n t i a l  a i r b o r n e  re lease from such an i n c i d e n t  are: 

Some of t h e  quest ions t h a t  must be i n v e s t i g a t e d  t o  eva lua te  

0 Can a f i r e  i n  c losely-packed, packaged mun i t ions  cont inue t o  

propagate under t h e  c o n d i t i o n s  p o s t u l a t e d  ( a  v e n t i l a t i o n - l i m i t e d ,  

enc losure f i r e ) ?  
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0 Can t h e  magazine ( i g l o o  o r  S t r a d l e y )  w i t h s t a n d  t h e  heat  load? 

0 I f  h i g h  exp los ives  a r e  present  o r  i f  t h e  p r o p e l l a n t  becomes 
s e n s i t i z e d ,  can t h e  compromised magazines (a l a r g e  h o l e  i n  t h e  e n t r y  

w a l l  ) w i t h s t a n d  t h e  b l a s t ?  

What i s  t h e  temperature and atmosphere i n  t h e  r e s i d u e  f rom t h e  f i r e  

( t h e  r e g i o n  where t h e  p e n e t r a t o r s  w i  11 be)? 

What i s  t h e  e f f e c t  of these temperatures and atmospheres on t h e  

behav io r  o f  s t a b a l l o y  ( s i z e  d i s t r i b u t i o n  o f  t h e  ox ides and 

s o l u b i  1 i t y ) ?  

0 What i s  t h e  f r a c t i o n a l  a i r b o r n e  r e l e a s e  under these c o n d i t i o n s ?  

Using t h e  c u r r e n t  i n f o r m a t i o n ,  t h e  a i r b o r n e  r e l e a s e  can be c o n s e r v a t i v e l y  

es t imated  by choosing t h e  maximum re lease mechanism t h a t  c o u l d  be o p e r a t i n g  
and t h e  f i n e s t  s i z e  d i s t r i b u t i o n  found. The re lease mechanism w i t h  t h e  

h i g h e s t  p o t e n t i a l  f o r  t h e  a i r b o r n e  r e l e a s e  o f  f i r e - g e n e r a t e d  p a r t i c l e s  t h a t  

c o u l d  be reasonably p o s t u l a t e d  would be an explos ion.  

energy a v a i l a b l e  i s  n o t  known, the  S t e i n d l e r  and S e e f e l d t  (1980) model cannot 
be a p p l i e d  ( t h e  t o t a l  q u a n t i t y  o f  i n e r t  m a t e r i a l  i s  a l s o  n o t  known), and t h e  

fo rce  o f  t h e  b l a s t  i s  assumed t o  be s u f f i c i e n t  t o  e j e c t  t h e  f i r e  r e s i d u e  f rom 

the  enclosure.  It i s  f u r t h e r  assumed t h a t  a l l  t h e  uranium present  i s  o x i d i z e d  

p r i o r  t o  t h e  b l a s t  a t  a temperature t h a t  r e s u l t s  i n  a s i z e  d i s t r i b u t i o n  shown 
i n  F igure  4.8 f o r  600°C a t  a Reynolds number exceeding 8800. Thus, as much as 

4% o f  t h e  p a r t i c l e s  c o u l d  be i n  t h e  r e s p i r a b l e  s i z e  range (<3.3 vm LLD shown 
i n  t h e  graph) and t r a n s p o r t e d  downwind. 

Since t h e  p o t e n t i a l  

4.3 DOWNWIND TRANSPORT OF AIRBORNE DU PARTICLES 

I n  t h e  acc ident  scenar ios discussed i n  Sec t ion  3.0, t h e  hazardous mater- 

i a l  i s  moved f rom t h e  s i t e  o f  t h e  a c c i d e n t  ( t h e  re lease p o i n t )  t o  t h e  s i t e  o f  
a person p o t e n t i a l l y  a t  r i s k  ( t h e  dose p o i n t )  by atmospher ic t r a n s p o r t .  

Atmospheric t r a n s p o r t  takes i n t o  account t h e  d i r e c t i o n  and speed o f  movement 

and t h e  r e l a t i v e  concent ra t ions  o f  t h e  hazardous m a t e r i a l  i n  a i r  as t h e  

movement progresses. 

plume ( f o r  a cont inuous r e l e a s e  o f  l o n g  d u r a t i o n )  o r  a p u f f  ( f o r  a shor t - te rm 

o r  instantaneous r e l e a s e ) .  

The re leased m a t e r i a l  i s  assumed t o  move i n  e i t h e r  a 
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The starting p o i n t  for an atmospheric transport calculation requires 

This source term i s  usually described as the 
f i n d i n g  the "source term": 
released t o  the atmosphere. 
total  amount of hazardous material released d u r i n g  the course of the accident 
or as the release rate ,  which may be ei ther  constant or variable d u r i n g  the 
course of the accident. For radioactive material, the total  quantity released 
i s  usually specified a s  a l i s t  of radionuclides, w i t h  an appropriate number of 
curies for each. 
time, w i t h  a value (or se t  of values, i f  the release rate is  variable) for  
each radionuclide. If the hazardous material were toxic rather t h a n  rad io-  
active,  the release would be specified i n  mass units rather t h a n  curies. 

a complete description of the hazardous material 

The release rate would then be in curies released per unit  

In  addition t o  quantity released, the source term should a l s o  include a 
description of other characterist ics of material that  a f fec t  biological hazard 
a t  the dose p o i n t .  
and par t ic le  size description are also important characterist ics of the source 
term. 

Thus, chemical composition ( for  uranium, amount oxidized) 

The source term for any accident analysis must be determined from the 
accident conditions. 
quantity of D U  t h a t  could be released into the atmosphere, the characterist ics 
of the f i r e  and quantity of D U  involved must be compared to  the resul ts  o f  

previous experiments or t o  a mathematical model. 

For a f i r e  involving depleted uranium, t o  determine the 

4.3.1 Models For In i t ia l  Plume Characterization 

The in i t i a l  mixture of released material i n t o  the plume depends on the 
nature of the release. 
performed t o  evaluate the amount t h a t  actually leaves the building, b u t  such 
an analysis requires a complex model (Martin e t  a l .  1983). When material is  
forcibly ejected i n t o  the atmosphere, as i n  an open f i r e  or an explosion, a 
conservative approach assumes t h a t  a l l  of the released material becomes p a r t  
of the plume. 
i n i t i a l  s ize  of the plume ( tha t  i s ,  the volume of air  that  the material i s  
originally released into) and  the subsequent entrainment into the plume of 
additional a i r  and  any resuspended material t h a t  had previously been deposited 
on the ground. 

For a f i r e  i n  an enclosure, a detailed analysis may be 

The atmospheric dispersion model must then account fo r  the 
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Entrainment o f  p a r t i c l e s  i n t o  t h e  plume. I n  t h e  Gaussian plume model and 

o the rs  t h a t  c a l c u l a t e  downwind t r a n s p o r t  o f  a re lease,  t h e  m a t e r i a l  i s  assumed 
t o  be re leased f rom a p o i n t  source. 

o f  t h e  wind speed, and downwind d i l u t i o n  depends on the  crosswind d i s p e r s i o n  

parameters. 
w i l l  r e s u l t  i n  a h i g h  va lue  f o r  t h e  downwind a i r  concent ra t ion .  

r e a l i s t i c  va lue  can be ob ta ined by mod i fy ing  t h e  equat ion  by a term f o r  t h e  

i n i t i a l  volume o f  t h e  explos ion,  based on the  energy released. 

d iscussed an i n i t i a l - v o l u m e  m o d i f i c a t i o n  t o  t h e  Gaussian equat ion  f o r  i ns tan -  

taneous re1  eases. 

Thus, t h e  i n i t i a l  d i l u t i o n  i s  a f u n c t i o n  

For a re lease  caused by an explos ion,  t h e  p o i n t  source assumption 
A more 

Slade (1968) 

P a r t i c l e s  t h a t  a r e  deposi ted on t h e  ground may be resuspended by 

subsequent wind o r  mechanical d is turbances,  such as animals o r  people wa lk ing  

through t h e  contaminated area. The resuspension can be c a l c u l a t e d  us ing  a 

resuspension f a c t o r ,  K: 

a i r b o r n e  contaminat ion 
surface contaminat ion K =  

where K has u n i t s  o f  l / m .  
vegeta t ion ,  d i s t u r b i n g  ac t i on ,  and p a r t i c l e  c h a r a c t e r i s t i c s .  

presents  an ex tens ive  comp i la t i on  o f  resuspension f a c t o r s  and demonstrates 

t h a t  t h e r e  i s  a l a r g e  v a r i a b i l i t y  and u n c e r t a i n t y  i n  es t imated  values. 

K depends on t h e  roughness o f  t h e  ground, 

S u t t e r  (1982) 

B u i l d i n g  wake e f fec ts .  The i n i t i a l  c i rcumstances and c h a r a c t e r i s t i c s  o f  

t he  re lease can have an impor tan t  e f f e c t  on t h e  ground- level  concen t ra t i ons  
downwind o f  t h e  re lease p o i n t .  When a i r  i s  f l o w i n g  around a b u i l d i n g  o r  o t h e r  
l a r g e  obs tac le ,  tu rbu lence i s  in t roduced,  and t h e  f l o w  p a t t e r n  i s  broken up i n  
a way t h a t  tends t o  decrease the  concen t ra t i on  o f  m a t e r i a l  i n  a plume. 
Usua l ly  t he  decrease i n  concen t ra t i on  o n l y  occurs i n  t h e  range o f  a few 
k i l omete rs  downwind o f  t he  obs tac le ,  and t h e  concent ra t ions  f a r t h e r  downwind 

a re  n e a r l y  una f fec ted  by t h e  obs tac le .  For  a plume emi t ted  i n  the  immediate 
v i c i n i t y  of a b u i l d i n g ,  t h e  b u i l d i n g  wake e f f e c t  should be taken i n t o  account 

when c a l c u l a t i n g  t h e  downwind concent ra t ions .  

A commonly used model discussed by G i f f o r d  (1976) mod i f i es  t h e  crosswind 

s tandard d e v i a t i o n s  i n  t h e  Gaussian plume formula us ing  t h e  c ross -sec t i ona l  
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area of the building. 
the term i s  replaced by: 

In the equation for  finding relat ive concentrations, 

(TU a + CA) 
Y Z  

where u = horizontal crosswind standard deviation ( m )  
Y 

A = building cross-sectional area normal to  wind direction ( m  ) 
C = the fraction of A over which the plume i s  i n i t i a l l y  dispersed 

= vertical crosswind standard deviation ( m )  
2 uZ 

= 0.5 (appropriate value for  most s i tuat ions) .  

One of the defects of t h i s  model is  i t s  fa i lure  t o  account fo r  meandering 
of the plume under stable atmospheric conditions w i t h  low wind speeds. 
NRC, in Regulatory Guide 1.145 ( N R C  1979), recommends accounting for  the 
effects  of plume meander and building wake ef fec t ,  t o  a degree determined by 
the atmospheric conditions, by selectively using three equations. 
these equations uses the term suggested by Gifford; the others use different  
adjustments t o  the (J values. 

The 

One of 

Plume r i se  effects.  Other release characterist ics affecting downwind a i r  

** concentrations are the elevation of the release point and factors t h a t  would 
cause the plume t o  r i se  even further above the p o i n t  of release. Plume r i s e  
can typically increase the effective plume release height by a factor of 2 t o  
10, t h u s  decreasing maximum downwind concentrations by a factor as large as 
100. In a very h o t  release, such as m i g h t  occur i n  a f i r e  involving metallic 
depleted uranium, the effective plume height could very well be high enough t o  
guarantee no exposure within the f i r s t  one or two kilometers from the release 
point. Models t h a t  accurately predict potential plume rise are therefore 
important parts of any scheme of accident analysis. 

There are two types of plume r i se  mechanisms that  shou ld  be considered in 
an accident analysis: momentum effects  (due t o  the in i t i a l  upward velocity of 
the released par t ic les)  and buoyancy ef fec ts  (due t o  the heat released into 
the plume). 

Momentum effects  for  plume r i s e  are  usual ly smal 1 e r  t h a n  buoyancy 
ef fec ts ,  especially fo r  a plume rising from a hot f i r e ,  b u t  momentum effects  
could be important fo r  particles ejected by an explosion. An early empirical 
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formula for momentum-dominated plume r i s e  for  effluent leaving a stack was 
( R u p p  1948): 

1.5 v d 
Ah = 

U 

where Ah = release height correction due t o  plume r i s e  (m) 
v = velocity of effluent leaving the release opening (m/s) 

9 
d = inside diameter of t o p  of stack ( m )  
u = average wind speed a t  release height (m/s) .  

This formula was based on a number of observations of the point a t  which 
the plume flattened o u t  t o  a r i se  of less  than eight degrees. 
f a i r ly  useful, b u t  improvements were made by making the plume r i s e  a function 
of downwind distance (Briggs 1969). 
approach t o  derive another model. 

The formula was 

Briggs also used a dimensional-analysis 

Buoyancy effects  dominate the plume r i s e  correction in cases where 
significant heat i s  generated by the accident. 
r i s e  t o  800 or more meters above the release point, greatly decreasing the 
downwind ground-level a i r  concentrations. Plume r i s e  due to  buoyancy effects  
i s  usually calculated based on the temperature profile and s t ab i l i t y  of the 
ambient a i r ,  and the temperature (or heat content) of the effluent.  A number 
of models are used for  calculating buoyant plume rise.  
has several good discussions of existing models. 

I n  a severe f i r e  the plume can 

Briggs (1969 and 1975) 

An early model for  buoyant plume r i s e  was presented by Morton, Taylor and 
This model calculates the plume r i se  by the following formula: Turner (1956). 

where 

a 
Ah = 2.66 (i) 

gE 
C P  DT F =  

. -  
2 g = acceleration due t o  gravity (9.8 m/s ) 

E = energy released in plume (calor ies)  
= specific heat of a i r  (10 erg/g-"K) 

p = density of a i r  (.00125 g/cm ) 

7 

cP 3 

1 
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c 

c 

t 

T = temperature o f  ambient a i r  (OK) 
aT S = s t a b i l i t y  parameter; S = 9 [z + 9.81 

- -  aT - temperature g r a d i e n t  ("K/km). 
az 

The Morton, T a y l o r  and Turner model was descr ibed i n  Slade (1968) as 

be ing  s u i t a b l e  f o r  use w i t h  an instantaneous re lease,  such as an explos ion.  

The formula was compared t o  observat ions f rom a s e r i e s  o f  smal l  nuc lear  
exp los ions  and o n l y  s l i g h t l y  underest imated t h e  observed plume r i s e s .  

I n  B r i g g s '  c r i t i c a l  rev iew o f  plume r i s e  models (1969), he recommended 

t h e  use o f  a model t h a t  a l s o  took i n t o  account t h e  atmospher ic s t a b i l i t y  c l a s s  

and t h e  downwind d is tance t r a v e l e d  by t h e  plume. Such a model would be more 

a p p r o p r i a t e  f o r  a plume re leased d u r i n g  a f i r e  o r  a re lease t h a t  l a s t e d  more 

than approx imate ly  h a l f  an hour. 

4.3.2 Nearf  i e l  d Atmospheric Transpor t  

Many d i f f i c u l t i e s  a r i s e  when e v a l u a t i n g  atmospher ic d i f f u s i o n  i n  an area 

t h a t  i s  very  c l o s e  t o  the  re lease p o i n t .  Many models assume t h a t  t h e  source 
i s  e m i t t e d  f rom a dimensionless p o i n t  r a t h e r  than a r e g i o n  o f  f i n i t e  volume. 

For a source such as a burn ing  v e h i c l e ,  t h i s  p o i n t  source assumption i s  

adequate f o r  a dose p o i n t  severa l  k i l o m e t e r s  away, b u t  t h e  assumption may be 
ques t ionab le  f o r  a dose p o i n t  o n l y  100 meters from t h e  re lease p o i n t .  

Several atmospheric t r a n s p o r t  models, i n c l u d i n g  t h e  Gaussian model, use 

e m p i r i c a l l y  determined s tandard d e v i a t i o n s  t o  c a l c u l a t e  t h e  downwind concen- 
t r a t i o n s .  These data were o f t e n  d e r i v e d  f rom measurements made a t  d is tances  
g r e a t e r  than 100 meters, and us ing  (J values f o r  c l o s e r  d is tances  must r e l y  on 
e x t r a p o l a t i n g  f rom observed values. 
l e s s  than 100 meters, minor u n c e r t a i n t i e s  i n  (J can cause l a r g e  u n c e r t a i n t i e s  
i n  t h e  r e s u l t i n g  concentrat ions.  

Since t h e  (J values a r e  small  a t  d is tances 

Another problem w i t h  c l o s e - i n  est imates of concent ra t ions  i s  t h e  need f o r  

t h e  plume t o  be w e l l  developed t o  be adequately modeled by most techniques. 

Close t o  t h e  re lease p o i n t ,  t h e  plume may be in f luenced u n p r e d i c t a b l y  by 

b u i l d i n g  wake e f f e c t s  o r  by t h e  s t r u c t u r e  of the  genera t ing  p o i n t .  
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4.3.3 E f f e c t s  o f  Complex T e r r a i n  and Rough Surfaces 

I n  many c a l c u l a t i o n s  o f  atmospher ic d i s p e r s i o n ,  t h e  a c c i d e n t  scenar io  

does n o t  i n v o l v e  a s p e c i f i c  s i t e ,  b u t  r a t h e r  deals  w i t h  a re lease i n  a 

h y p o t h e t i c a l  l o c a t i o n .  For such a c a l c u l a t i o n ,  t h e  c o n f i g u r a t i o n  o f  t h e  

t e r r a i n  i n  t h e  v i c i n i t y  o f  t h e  r e l e a s e  would probably  n o t  be considered i n  

e v a l u a t i n g  atmospher ic t r a n s p o r t .  I n  a s p e c i f i c  l o c a t i o n ,  however, o r  f o r  a 

h y p o t h e t i c a l  e v a l u a t i o n  s p e c i f i c a l l y  i n c o r p o r a t i n g  c e r t a i n  t e r r a i n  f e a t u r e s ,  

t h e  changes i n  e l e v a t i o n  i n  t h e  v i c i n i t y  o f  t h e  re lease can p l a y  an i m p o r t a n t  
r o l e  i n  t h e  atmospher ic t r a n s p o r t .  

The c o n f i g u r a t i o n  o f  t h e  t e r r a i n  between t h e  re lease p o i n t  and t h e  dose 

p o i n t  can have severa l  d i f f e r e n t  e f f e c t s  on t h e  movement o f  t h e  plume. The 

roughness o f  t h e  t e r r a i n  can i n t r o d u c e  tu rbu lence i n t o  t h e  f l o w  o f  a i r ,  and 

t h e  d i s p e r s i o n  parameters ( a  and uz) should be chosen f o r  t h e  t y p e  o f  t e r r a i n  
be ing  evaluated. D i f f e r e n t  se ts  o f  d i s p e r s i o n  parameters have been compi led 

f o r  f o r e s t s ,  deser ts ,  farm1 ands, and o t h e r  types of t e r r a i n .  
t r a n s p o r t  model ing f o r  movement o f  a plume over  a body o f  water  p resents  an 

e s p e c i a l l y  d i f f i c u l t  problem because o f  l o c a l  c i r c u l a t i o n s  such as sea 

breezes. D ispers ion  parameters used f o r  f l o w  over  l a n d  o f t e n  cannot be 

a p p l i e d  t o  f low over  l a r g e  bodies of water,  and exper imenta l  s t u d i e s  of 
d i s p e r s i o n  over  water  have been l i m i t e d .  

Y 

Atmospheri c 

The t e r r a i n  can a f f e c t  t h e  d i r e c t i o n  o f  t h e  plume when t h e r e  a r e  features 

such as a w ind ing  r i v e r  v a l l e y .  If a s t r a i g h t - l i n e  model i s  used, t h e  a p p l i c -  
a b i l i t y  o f  t h e  model should be c a r e f u l l y  eva lua ted  f o r  t h e  s p e c i f i c  s i t e  be ing  
modeled. 
w i n d f i e l d  can be a d j u s t e d  t o  account f o r  these fea tures .  

I f  t h e  atmospher ic d i s p e r s i o n  model uses a r e a l i s t i c  w i n d f i e l d ,  t h e  

Many models account f o r  d i f f e r e n c e s  i n  e l e v a t i o n  over  t h e  pa th  o f  plume 

t r a v e l .  

t h e  e f f e c t i v e  r e l e a s e  h e i g h t  ( a c t u a l  re lease h e i g h t  p l u s  plume r i s e  c o r r e c t i o n  

f a c t o r ) .  ht i s  t h e  h i g h e s t  t e r r a i n  h e i g h t  above t h e  base o f  t h e  s t a c k  between 

t h e  r e l e a s e  p o i n t  and t h e  dose p o i n t .  T h i s  adjustment t o  t h e  r e l e a s e  h e i g h t  

can be o v e r l y  conserva t ive  f o r  many s i t u a t i o n s ,  and Br iggs  (1973) and Egan 
(1975; Egan, D' E r r i c o  and Vaudo 1979) recommend re lease-he igh t  adjustments 

NRC Regulatory  Guide 1.111 (NRC 1977) recomnends s u b t r a c t i n g  ht f rom 
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based on a more c a r e f u l  a n a l y s i s  o f  t h e  h e i g h t  o f  a t e r r a i n  r i s e  o r  drop, 
evaluated i n  t h e  l i g h t  of t h e  atmospheric s t a b i l i t y  c o n d i t i o n s .  
n ique i s  summarized by Hanna, Br iggs  and Hosker (1982). 

Th is  tech-  

4.3.4 C a l c u l a t i o n  o f  Downwind Atmospheric Transpor t  

The a c t u a l  c a l c u l a t i o n  o f  t h e  atmospheric t r a n s p o r t  o f  a plume o r  puff 
r e s u l t s  i n  values f o r  concent ra t ions  o f  t h e  hazardous m a t e r i a l  i n  a i r  o r  on 

t h e  ground a t  each o f  t h e  dose p o i n t s  downwind o f  t h e  re lease p o i n t .  

mathematical model most commonly used f o r  c a l c u l a t i n g  atmospher ic t r a n s p o r t  i s  

t h e  Gaussian model. Th is  model i s  based on t h e  assumption t h a t  a t  any d i s -  

tance downwind o f  t h e  re lease p o i n t ,  t h e  m a t e r i a l  concent ra t ion  i n  t h e  plume 

( o r  puf f )  i s  normal ly  d i s t r i b u t e d  i n  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s  
perpend icu la r  t o  t h e  wind d i r e c t i o n ,  w i t h  a maximum va lue  on t h e  plume center -  
l i n e .  The model was o r i g i n a l l y  developed by Sut ton (1932), P a s q u i l l  (1961, 

1974) and G i f f o r d  (1968). 

used can be found i n  Slade (1968) and Hanna, Br iggs  and Hosker (1982). 

The 

D e s c r i p t i o n s  o f  t h e  Gaussian model as c u r r e n t l y  

The bas ic  equat ion  u s i n g  t h e  Gaussian model f o r  c a l c u l a t i n g  t h e  r e l a t i v e  

a i r  concent ra t ion  due t o  a cont inuous plume re lease a t  a p o i n t  o f f  t h e  plume 

c e n t e r l i n e  i s  (Hanna, Br iggs  and Hosker 1982): 

where 

. 

-(z-h) '  - (z+h)' 

1 2uZ 
+ e  / ( 3 )  

x/Q = r e l a t i v e  a i r  concent ra t ion  
u = h o r i z o n t a l  crosswind s tandard d e v i a t i o n  of concent ra t ions  
Y 
u = v e r t i c a l  s tandard d e v i a t i o n  o f  concent ra t ions  

u = average wind speed 
y = crosswind d i s t a n c e  f rom t h e  plume c e n t e r l i n e  

z = e l e v a t i o n  o f  t h e  dose p o i n t  

h = e f f e c t i v e  re lease h e i g h t ,  i n c l u d i n g  plume r i s e  c o r r e c t i o n  f a c t o r  

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

Z 
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An important feature of the Gaussian model is the use of standard 
deviations, mathematically corresponding to the standard deviations used in 
Gaussian distributions in statistics. Several different sets of standard 
deviations are in use; the Pasquill values (Gifford 1968) are commonly used 
for many situations. 
distances and for different atmospheric stability conditions. The Pasquill u 
values are tabulated for six stability conditions, identified by the letters 
A-F. 
and F are for stable conditions. The atmospheric stability class is usually 
selected by measuring the vertical temperature gradient of the air at the 
release point. 

Values of u and uZ are tabulated for different downwind Y 

Classes A,  B, and C are for unstable atmospheres, D is neutral, and E 

Equation ( 3 )  is strictly applicable to a continuous release, with a 
constant wind direction and speed, with the release lasting long enough for 
the plume to be well established. For a release lasting less than approxi- 
mately one hour, depending on conditions, the release should be treated as 
instantaneous rather than continuous and should be considered a puff rather 
than a plume. 
puff release, and different standard deviations should be used for a puff 
release. 
Slade (1968) and Hanna, Briggs and Hosker (1982). 

The Gaussian equation is sometimes formulated differently for a 

The Gaussian model for an instantaneous puff release is discussed by 

One major limitation of the straight-line Gaussian model is the 
invariability of the wind. 
as a series of puff releases, with each puff allowed to be influenced by 
changing wind direction and speed. 
release produces a chain of puffs that can move about a two-dimensional grid 
representing the area around a release point. Such a model is implemented in 
the computer code MESOI (Ramsdell, Athey, and Glantz 1983). While a computer 
code like MESOI allows for a realistic representation of puff movement, a 
realistic windfield must be constructed to cover the whole grid. 
code can only be used for a site that has enough historical data on wind 
velocities to make a good prediction for the simulation, or instrumentation 
must be in place to transfer real-time data into the computer used to perform 
the calculations. If good windfield data is available, a variable trajectory 

A more realistic approach is to model the release 

In such a "variable trajectory" model, the 

Thus the 

. 
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model can be a very powerful tool for evaluating atmospheric transport, but in 
its absence, a straight-line dispersion code will perform almost as well. 

Models other than the Gaussian model have been developed for atmospheric 
transport. Whereas the Gaussian model is essentially empirical, other atmos- 
pheric transport models have been developed based on numerical or statistical 
analysis. A statistical model uses Monte Carlo calculations to follow indiv- 
idual particles as they diffuse during movement of the puff. The results of 
simulations of many thousands of particle movements are then combined to 
predict the behavior of a puff. Similarity models use dimensional analysis to 
combine the governing factors of diffusion into usable equations for specific 
conditions. Gradient transport (or K theory) models use numerical integration 
to solve the basic diffusion equations. 
that they are not limited by an assumption of constant eddy diffusivity as the 
Gaussian model is, and thus can be used in applications where the Gaussian 
model cannot. Good discussions of the non-Gaussian models and their applic- 
ability can be found in Slade (1968), Hanna, Briggs and Hosker (1982) and 
A1 pert, Gudi ksen and Woodard (1981). 

The advantage of K theory models i s  

Since the non-Gaussian models use powerful mathematical procedures, they 
are frequently able to handle certain atmospheric conditions that are outside 
the scope of the simple Gaussian model. 
non-Gaussian models are applied to most atmospheric transport situations, 
several empirical modifications must be made, thus diluting the "first 
principles" attraction of the technique. 
grounded in empiricism, has been widely used and has been the standard tool 
for many accident consequence modelers. 
modelers help make the Gaussian model a good choice for a "work horse" 
technique for atmospheric transport. 

In practice, however, when the 

The Gaussian model , although firmly 

The wealth of experience and study by 

4.3.5 Application of Atmospheric Transport Calculations to Hazard Analysis 

The object of an atmospheric transport calculation in an accident 
analysis is to arrive at the concentration of hazardous material at a location 
where a person could be exposed to the hazardous material. In a typical 
analysis, a number of these locations would be specified, and the concentra- 
tions would be calculated at each of these dose points. For toxic material, 
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these calculated values would be i n  units of mass per unit volume a t  the dose 
points. 
evaluated by calculating the q u a n t i t y  of the t o x i c  material t h a t  would be 
inha led  by a person a t  the dose point, and using th i s  inhaled q u a n t i t y  t o  
determine the t o x i c  hazard t o  the person. 

The potential consequence of exposure t o  the release could then be 

Air concentrations. For radioactive material, the a i r  concentration a t  
each dose p o i n t  would be evaluated i n  units of  act ivi ty  per u n i t  volume (e.g., 
curies per cubic meter) for each radionuclide in the plume or p u f f .  This 
value could then be used t o  evaluate the hazard from each of the possible 
exposure pathways. 
evaluation would be similar t o  t h a t  for toxic material. Another exposure 
pathway i s  the external dose: radiation emitted by radionuclides in the plume 
directly i r r a d i a t i n g  a person a t  the dose p o i n t .  I n  some cases th i s  external 
dose can be evaluated knowing only the a i r  concentration of radionuclides a t  
the dose point. For a more careful evaluation, i t  may be necessary t o  Lise a i r  
concentrations for  many positions within the range of the emitted radiation 
(as much as 100 meters) around the dose point. 

One common exposure pathway i s  i n h a l a t i o n ,  and t h i s  

Ground concentrations. For evaluating the short- and long-range effects  
o f  exposure t o  hazardous material in a p u f f  or plume passing a dose p o i n t ,  i t  
i s  also necessary t o  evaluate the concentrations o f  material deposited on the 
ground. 
i t  passes the dose location, using a fac tor  called the "deposition velocity." 
For radioactive material, the radionuclides deposited on the ground can emit 
r a d i a t i o n  t h a t  directly gives an external dose t o  a person a t  t h a t  dose 
location. The material on the ground can also be resuspended, and a person a t  
the dose po in t  may then inhale the resuspended toxic or radioactive material 
or be exposed t o  radiation emitted by resuspended radionuclides. 

The amount deposited depends on the a i r  concentration i n  the plume as 

Any long-term ef fec ts  from released material are usually from material 
deposited on the ground. The radionuclides could be deposited on f r u i t s  and 
vegetables and then ingested by a person. The deposited radionuclides could 
also be inhaled or ingested by farm animals, and then be ingested by a person 
eating the contaminated meat or da i ry  products. The dose evaluations for a l l  

1 -  

I 
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c 

these pathways use t h e  ground concent ra t ion ,  i n  u n i t s  of a c t i v i t y  pe r  u n i t  
area, t o  eva lua te  t h e  p o t e n t i a l  exposures. 

4.4 POTENTIAL INHALATION HAZARD FROM THE AIRBORNE RELEASES AND TRANSPORT 

OF AIRBORNE DU 

The h e a l t h  hazard o f  i nha led  uranium i s  a f u n c t i o n  o f  f o u r  main f a c t o r s :  

i s o t o p i c  composi t ion,  chemical composi t ion,  p a r t i c l e  s ize ,  and s o l u b i l i t y .  

The i s o t o p i c  concent ra t ion  i s  dependent on q u a n t i t i e s  of t h e  var ious  uranium 
isotopes remaining i n  t h e  ore  du r ing  pene t ra to r  f a b r i c a t i o n .  

p rev ious  d iscuss ions,  t h e  chemical compounds l i k e l y  t o  be present  du r ing  and 
a f t e r  t h e  acc ident  scenar io  f i r e s  a r e  var ious  uranium oxides. F i r e  t e s t s  w i t h  

t h e  M829 round i n  i t s  sh ipp ing  con ta ine r  i n d i c a t e d  t h a t  t he  o x i d i z e d  DU had a 

p a r t i c l e  s i z e  d i s t r i b u t i o n  t h a t  i nc luded  0.9 t o  2.3 w t %  o f  f i n e s  below 10 pm 

LLD and 0.2 t o  0.65 w t %  l e s s  than 10 urn AED. The s o l u b i l i t y  o f  p a r t i c l e s  o f  a 

s i z e  t h a t  may be r e s p i r e d  ( < l o  pm AED) determines whether t h e  i n h a l a t i o n  expo- 

sure presents  p r i m a r i l y  a r a d i o l o g i c a l  o r  t o x i c o l o g i c a l  hazard. 

As noted i n  t h e  

With dep le ted  uranium the re  a r e  two concerns about t o x i c i t y .  The f i r s t  

i s  t h e  r a d i o l o g i c a l  hazard t o  t h e  r e s p i r a t o r y  system and, t o  a l e s s e r  degree, 

t o  t h e  r e s t  o f  t h e  body. 

t i c u l a r l y  t o  the  kidney. 

on t h e  uranium compound, i t s  s o l u b i l i t y ,  and i t s  p a r t i c l e  s ize.  Genera l ly ,  
t h e  p a r t i c l e s  t h a t  a re  n e a r l y  i n s o l u b l e  o r  very  s l i g h t l y  s o l u b l e  w i l l  pose 

more o f  a r a d i o l o g i c a l  concern, w h i l e  the  so lub le  compounds w i l l  be t r a n s -  

po r ted  by the  b lood stream t o  o t h e r  organs i n c l u d i n g  t h e  kidney, which i s  t h e  
most s e n s i t i v e  t o  damage from uranium. 

The second i s  t he  chemical t o x i c i t y  o f  uranium, par-  

The type o f  t o x i c i t y  t h a t  i s  most l i m i t i n g  depends 

Th is  s e c t i o n  focuses on the  a c t i v i t y  and concen t ra t i on  l e v e l s  known t o  
have d e l e t e r i o u s  h e a l t h  e f f e c t s  and on de termin ing  whether t h e  r a d i o l o g i c a l  o r  
t o x i c o l o g i c a l  hazard i s  t h e  most l i m i t i n g .  
exc lus ion  area boundaries, based on t h e  r a d i o l o g i c a l  and chemical hazards of 

t h e  rounds, w i l l  conclude t h e  sec t ion .  

A d i scuss ion  on how t o  d e r i v e  

Previous r e p o r t s  re leased by t h e  U.S. Army have discussed i n  d e t a i l  t he  

h e a l t h  and environmental  e f f e c t s  o f  a i rbo rne  re leases  o f  GU as t h e  r e s u l t  o f  
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tes t ing the 105-mm M774 and M735A1 project i les  and in the event of a trans- 
portation or storage f i r e  (TASC 1979; TASC 1980; McMillan 1979; Funkhouser 
1981). 
c r i t e r i a  will be updated where possible w i t h  data from the M829 car t r idge 
tests and recent radiological c r i t e r i a .  
120-mm M829 cartridge will a lso be discussed. 

These f i n d i n g s  will be summarized here and the assumptions and 

The relevance of this analysis t o  the 

Depleted uranium, a by-product of the uranium enrichment process, con- 
ta ins  'a smaller percentage of the 234U and 235U isotopes than a re  found i n  
natural uranium and consequently has a lower ac t iv i ty  than natural uranium. 
I t s  radiological hazard, therefore, i s  reduced over t ha t  of natural uranium. 
The chemical properties of the natural and depleted forms are  nearly identical  
and the chemical toxici ty  of the two is  not dependent on isotopic content. 
The type of hazard tha t  presents the most serious consequences generally 
depends on the so lubi l i ty  of the material and t o  a lesser  extent ,  i t s  par t ic le  
s ize  dis t r ibut ion.  The smaller and more soluble the par t ic le  i s ,  the more 
l ikely tha t  the chemical toxici ty  is  more limiting than the radiation ac t iv i ty .  

4.4.1 Identification of the L imi t ing  Hazard 

First, therefore, t o  identify the limiting hazard, the isotopic and 
chemical composition and the par t ic le  size dis t r ibut ion must be determined. 
Solubility can be estimated i f  the chemical composition i s  known. Once these 
parameters a re  established o r  approximated, an analysis of the type and extent 
of hazard can be in i t ia ted .  

Isotopic composition. Uranium ore has a typical uranium fract ion of 
99.3% 238U, 0.7% 235U,  and minute quant i t ies  of 234U and 236U. Enriched 
uranium has a concentration of 2+% of 235U and a correspondingly reduced 238u 

concentration. 
some portion of 235U from the s ta r t ing  material. 
ac t iv i ty  and therefore produces the highest contribution t o  dose, extracting 
this from the ore leaves a product of reduced ac t iv i ty .  
various isotopes remaining a f t e r  the enriching process varies and ,  conse- 
quently, so does the to ta l  DU ac t iv i ty .  Variance of the to ta l  specif ic  
ac t iv i ty  of these isotopic mixtures ranges from 3.4 x C i / k g  t o  3.8 x 

C i / k g  recomniended by 10 CFR 20 as the average 

Depleted uranium i s  the waste product l e f t  a f t e r  extracting 
Because 235U has the highest 

The fract ions of the 

C i / k g ,  w i t h  3.6 x 

. 
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va lue  and considered r e p r e s e n t a t i v e  f o r  t h e  rounds (TASC 1979). 

sents  weight  f r a c t i o n s  o f  0.00037% 234U, 0.25% 235U, and 99.75% 238U. 
numbers t r a n s l a t e  t o  a c t i v i t i e s  and we igh t  f r a c t i o n s  i n  t h e  M735A1 and M774 

p e n e t r a t o r s  as l i s t e d  i n  Table 4.8. 

mass of 4 kg DU p e r  round, has a s i m i l a r  weight  f r a c t i o n  and a c t i v i t y  prepon- 
derance f rom 238U. 

t i o n  and 92.3% of t h e  t o t a l  a c t i v i t y  per  penet ra to r .  
i s o t o p e  o f  r a d i o l o g i c a l  concern. 

uranium isotopes,  the  e f f e c t  of decay on t h e  c o n c e n t r a t i o n  o f  uranium i s  n o t  
s i g n i f i c a n t  f o r  s h o r t  t i m e  per iods .  

Th is  repre-  

These 

The M829, w i t h  an approximate average 

Uranium-238 c o n t r i b u t e s  t h e  m a j o r i t y  o f  t h e  weight  f r a c -  

Thus, 238U i s  t h e  
Because o f  t h e  l o n g  h a l f - l i v e s  o f  t h e  

Chemical composi t ion.  Depleted uranium i s  produced from t h e  uranium 

f l u o r i d e  t a i l i n g s  o f  t h e  uranium enr ichment process. 

f i e d  by c o l d  t r a p p i n g  and i s  s t o r e d  e i t h e r  as UF6 o r  as t h e  reduced product  
UF4. 

uranium metal .  

a l l o y ,  which i s  then c a s t  i n t o  t h e  p e n e t r a t o r  shape (Olofson, Meyer and 

Hoffmanner 1976). 

The UF6 gas i s  s o l i d i -  

The uranium f l o u r i d e  i s  reac ted  w i t h  magnesium granules t o  produce t h e  

T i tan ium i s  added t o  t h e  uranium t o  produce a U-Ti(0.75%) 

A severe f i r e  may o x i d i z e  t h e  DU p e n e t r a t o r s  t o  form UOp, U308, and smal l  

q u a n t i t i e s  o f  o t h e r  U 0 ox ides and hydrates.  

formed i n  the  f i r e  b u t  q u i c k l y  r e a c t s  w i t h  a i r  t o  form an oxide. 

Uranium carb ide  may a l s o  be 
X Y  

The e x t e n t  

TABLE 4.8. I s o t o p i c  Composit ion o f  Depleted Uranium i n  
M735A1, M774, and M829 Penet ra to rs  

Approximate 
Average Mass 

o f  DU Per 
Penetrator 

Round (kg/raund) I sotope 

234 
2.18 235: 

238” 

M735A1 

M774 

M829 

3.40 

4.00 

Speci f i c 
A c t i v i t y  Per 

Un i t  Mass A c t i v i t y  Per Percent 
Weight I sotope Penetrator A c t i v i t y  Per 

Fract ion (Ci/kg) (Ci/round) Penetrator 

3 . 7 ~ 1 0 - ~  -6 

2 . 5 ~ 1  0-1 
9 . 9 7 5 ~ 1 0  

3 .7~101:  
2 . 5 ~ 1  0-1 

-6 3 . 7 ~ 1  0-3 
2 . 5 ~ 1 0 - ~  

9 . 9 7 5 ~ 1 0  

9 . 9 7 5 ~ 1 0  

6.  OSe3 
2.1 4x1 0-4 
3 . 3 3 ~ 1 0  

6.05-3 
2.1 4x1 0-4 
3 . 3 3 ~ 1 0  

4.88~101; 6.2 

7 . 2 4 ~ 1 0  92.3 
1 . 1 7 ~ 1 0 - ~  1.5 

7.61 ~ 1 0 1 ;  
1 . 8 2 ~ 1  0-3 
1 .13x10 

8.95~101: 
2.1 4x1 0-3 
1 . 3 3 ~ 1 0  

6.2 
1.5 

92.3 

6.2 
1.5 

92 -3 
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o f  o x i d a t i o n  i s  dependent on t h e  f i r e ' s  d u r a t i o n  and i t s  temperatures. 
f i e l d  t e s t  of a wood f i r e ,  t h e  p e n e t r a t o r s  from M829 packaged rounds were 

about  85% ox id ized.  

I n  a 

Chemical s o l u b i l i t y .  Aerosols of  dep le ted  uranium may be e i t h e r  s o l u b l e  

o r  i n s o l u b l e  o r  combinat ions of t h e  two. 

ox ides i s  compl icated by t h e  many n o n s t o i c h i o m e t r i c  and c r y s t a l l i n e  uranium 

compounds, some of which have one o r  more hydrated forms (Ka lkwar f  1983).  
most cases they  a r e  i n s o l u b l e  o r  o n l y  s l i g h t l y  s o l u b l e  i n  water.  Var ious 
f a c t o r s  c o n t r o l l i n g  s o l u b i l i t y  of t h e  compounds i n c l u d e  temperature,  pH, and 

t h e  surface-to-volume r a t i o .  T h e i r  s o l u b i l i t y  i n  t h e  body i s  somewhat i n  
quest ion.  C e r t a i n  s t u d i e s  show t h a t  t h e  compounds a r e  d i s s o l v e d  i n  f r e s h  

water  o r  s a l t  water  i n  a m a t t e r  of one t o  severa l  weeks. Other s t u d i e s  o f  

dep le ted  uranium and t h e  ox ides remain ing a f t e r  a severe f i r e  show t h a t  t h e  

d i s s o l u t i o n  i n  s y n t h e t i c  l u n g  f l u i d  takes  months t o  years  (Ka lkwar f  1982).  
Tests w i t h  s imu la ted  l u n g  f l u i d  i n d i c a t e  t h a t  up t o  50% of a e r o s o l i z e d  DU 

d i s s o l v e s  i n  s imu la ted  l u n g  f l u i d  i n  seven days (Gl issmeyer and Mishima 1979).  
The study ( i n  Sec t ion  2 )  of the  < l o  pm AED f r a c t i o n  o f  DU ash recovered from 
t h e  A p r i l  1983 hazard c l a s s i f i c a t i o n  t e s t  revealed t h a t  96% remained undis-  

so lved a f t e r  60 days (Table 2.7) .  

S o l u b i l i t y  assessment of t h e  uranium 

I n  

P a r t i c l e  s ize .  For a DU aerosol  t o  be c a r r i e d  s i g n i f i c a n t  d is tances  by 

p r e v a i l i n g  winds, t h e  p a r t i c l e s  must be <20 urn AED. 
r e s p i r a t o r y  hazard, t h e  p a r t i c l e s  must be <10 Dm AED and perhaps <3 um AED. 

For  i t  t o  pose a 

The r e t e n t i o n  o f  DU and i t s  t r a n s p o r t  from t h e  r e s p i r a t o r y  system t o  
o t h e r  p a r t s  o f  t h e  body i s  g r e a t l y  i n f l u e n c e d  by the  p a r t i c l e  s i z e  d i s t r i b u -  
t i o n .  
deposi ted b u t  a l s o  what t h e  c learance pathway w i l l  be. The dramat ic  c o n t r i -  
b u t i o n  t o  dose based on p a r t i c l e  s i z e  demonstrates how t h e  dose t o  t h e  lung,  

k idney, and bone marrow increases w i t h  s m a l l e r  p a r t i c l e  s i z e  ( F i g u r e  4.17).  

The p a r t i c l e  s i z e  i n f l u e n c e s  n o t  o n l y  where t h e  p a r t i c l e s  a r e  i n i t i a l l y  

For  any i n h a l e d  aeroso l ,  t h e  s i z e  determines where i n  t h e  r e s p i r a t o r y  

system t h e  p a r t i c l e s  w i l l  be depos i ted- - in  t h e  nasal  passage (N-P), i n  t h e  

t rachea and b r o n c h i a l  t r e e  (T-B), o r  i n  t h e  pulmonary parenchyma ( p ) .  

d i s t r i b u t i o n  p a t t e r n  i s  i l l u s t r a t e d  f o r  an aerosol  w i t h  an a c t i v i t y  median 

aerodynamic d iameter  (AMAD) between 0.2 and 10 urn ( F i g u r e  4.18).  

This  

The dashed 
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FIGURE 4.17. Variation of Inhalation Dose w i t h  Par t ic le  Size 

l ines  are  estimates of deposition beyond the 0.2- and 10-pm size range. 
t i c l e s  larger than 3 urn are  typically deposited i n  the nasopharyngial a n d  
trachiobronchial region by impaction. Deposition by gravitational se t t l ing  
can occur w i t h  a l l  nonvertical airways. Deposition by Brownian diffusion i s  
character is t ic  of par t ic les  smaller than 0.5 urn and occurs most often i n  the 
1 ung bronchioles and parenchyma. 
are  other less  important deposition mechanisms of par t ic les  i n  the respiratory 
t r a c t  (Raabe 1980). 

Par- 

Interception and e l ec t ros t a t i c  a t t rac t ion  
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FIGURE 4.18. P a r t i c l e  S ize Related t o  Dose 

Clearance o f  p a r t i c l e s  depos i ted  i n  t h e  r e s p i r a t o r y  t r a c t  proceeds a t  

d i f f e r e n t  r a t e s  f o r  t h e  t h r e e  ca tegor ies .  

on t h e  s o l u b i l i t y  as w e l l  as s p e c i f i c  p a r t i c l e  s ize .  
the  g a s t r o i n t e s t i n a l  t r a c t  and,the lymphat ic  system, and by d i r e c t  t r a n s f e r  t o  
t h e  blood. 
v e r s i o n  i n  I C R P  30 (1979) use mathematical models t o  represent  t h e  r e t e n t i o n  
t imes and c learance pathways o f  i n h a l e d  rad ionuc l ides .  
d i f f e r e n t  p o r t i o n s  o f  t h e  r e s p i r a t o r y  system and of removal pathways shows t h e  

v a r i o u s  d e p o s i t i o n  and removal compartments l a b e l e d  a through j ( F i g u r e  4.19). 

The c learance pathway a l s o  depends 

These paths a r e  through 

The I C R P  Task Group on Lung Dynamics (1966) model and i t s  updated 

A schematic o f  t h e  

These d o s i m e t r i c  models break compounds i n t o  t h r e e  s o l u b i l i t y  c lasses:  

D (days) f o r  r e l a t i v e l y  s o l u b l e  compounds w i t h  h a l f - t i m e s  i n  t h e  lungs  o f  l e s s  

than 10 days, W (weeks) f o r  compounds w i t h  h a l f - t i m e s  o f  10 t o  100 days, and Y 

(years )  f o r  compounds w i t h  l o n g  r e t e n t i o n  t imes. Compartments a, c, and e a r e  
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DN-P 

h 

Class 

D W Y 

Cornpa:[- T T T 
Rcgion rneni day F day F day F - 

N-P a 0.01 0.5 0.01 0.1 0.01 0.01 
( D H - p  -- 0.30) b 0.01 0.5 0.40 0.9 0.40 0.99 

c 001 0.95 0.01 0.5 0.01 0.01 T-B 
( D T . B  0.08) d 0.2 0.05 0.2 0.5 0.2 0.99 

e 0.5 0.8 50 0.15 5 0 0  0.05 
P r n.a .  n.a. 1.0 0.4 1.0 0.4 
( D ,  : 0.25)  g n.a. n.a. 50 0.4 500 0.4 

L I 0.5 1.0 50 1.0 I O 0 0  0.9 
J n.a. n.a. n.a. n.a. OD 0.1 

h 0.5 0.2 50 0.05 5 0 0  0.15 

FIGURE 4.19. Schematic o f  Removal Pathways 

4. 
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a b s o r p t i o n  processes; b, d, f, and g a r e  p a r t i c l e  t r a n s p o r t  processes. 

i a l  i n  compartment i i s  t r a n s l o c a t e d  t o  body f l u i d s  w h i l e  f o r  Y-class aero- 

s o l s ,  compartment j, t h e  pulmonary lymph nodes, r e t a i n  m a t e r i a l  t r a n s l o c a t e d  
t h e r e  i n d e f i n i t e l y .  The removal h a l f - t i m e s ,  T, and compartmental f r a c t i o n s ,  

F, a r e  t a b u l a t e d  f o r  t h e  t h r e e  c lasses  and t h e  t e n  compartments f o r  aeroso ls  
w i t h  a 1-pm AMAD. 

Mater-  

The L stands f o r  t h e  pulmonary l ymphat ic  system. 

I n e r t  and i n s o l u b l e  p a r t i c l e s  may be t e n a c i o u s l y  r e t a i n e d  i n  t h e  lungs. 

However, very  smal l  p a r t i c l e s ,  p a r t i c u l a r l y  <lo0 A i n  diameter,  may be smal l  
0 

enough t o  move r e a d i  

f rom t h e  l e s s  l i k e l y  

r e l a t i v e l y  i n s o l u b l e  
t h e  l u n g  if t h e  p a r t  
of very  smal l  p a r t i c  

y i n t o  blood, r e s u l t i n g  i n  c learance i n d i s t i n g u i s h a b l e  

chemical d i s s o l u t i o n .  I n  f a c t ,  m a t e r i a l  thought  t o  be 

may have h i g h  d i s s o l u t i o n  r a t e s  and s h o r t  h a l f - t i m e s  i n  
c l e  s i z e  d i s t r i b u t i o n  i s  very  smal l .  

es demonstrat ing a very  h i g h  d i s s o l u t i o n  r a t e  where 
Pu02 i s  an example 

prev ious  t h e o r y  d i d  n o t  p r e d i c t  such behavior .  

s i m i l a r  p a t t e r n  i f  t h e  aerosols  c o n s i s t  of very  small  p a r t i c l e s .  

Uranium ox ides may f o l l o w  a 

The i n f l u e n c e  o f  p a r t i c l e  s i z e  on t h e  dose t o  t h e  lungs, k idney,  r e d  bone 

marrow and t o  t h e  t o t a l  body i l l u s t r a t e s  t h e  o r d e r  o f  magnitude d i f f e r e n c e  i n  

dose' between 0.1- and 10-pm AMAD ( F i g u r e  4.19). 

The s i z e  d i s t r i b u t i o n  o f  t h e  p a r t i c l e s  formed i n  a f i r e  depend on t h e  

f i r e  temperature and t h e  p a r t i c l e s '  access t o  ox idants .  

formed 0.2 t o  0.65 w t %  p a r t i c l e s  < l o  pni (AED). 
re lease of <0.1 w t %  of t h e  uranium o x i d i z e d  as r e s p i r a b l e  p a r t i c l e s .  However, 
as a maximum r e l e a s e  u s i n g  conserva t ive  assumptions (complete o x i d a t i o n  of a l l  

uranium i n  t h e  worst-case temperature producing t h e  f i n e s t  p a r t i c l e  d i s t r i b u -  
t i o n )  and assuming t h a t  t h e  uranium ox ides a r e  t r a n s p o r t e d  f rom t h e  s i t e ,  as 
much as 4% o f  t h e  p a r t i c l e s  c o u l d  be i n  t h e  r e s p i r a b l e  s i z e  range of ~ 3 . 3  vm 
LLD. 

The 1983 burn t e s t  
T h i s  c rea ted  an a i r b o r n e  

Chemical t o x i c i t y .  The chemical t o x i c i t y  o f  uranium and uranium com- 

pounds i n  humans i s  n o t  v e r y  w e l l  known. Most of t h e  da ta  on t h e  q u a n t i t i e s  
necessary f o r  adverse e f f e c t s  and t h e  mechanisms of i n t e r a c t i o n  a r e  ex t rapo-  

l a t e d  from s t u d i e s  on l a b o r a t o r y  animals; s t u d i e s  on uranium miners a r e  a v a i l -  

ab le,  b u t  they  have concentrated on t h e  r a p i d i t y  o f  c learance/excre t ion  and 

i t s  c o r r e l a t i o n  w i t h  q u a n t i t i e s  of uranium i n  body t i s s u e s .  

\ -  

e -  

* 
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Unoxidized depleted uranium penetrators present l i t t l e  chemical hazard i n  
the metallic form. However, i f  the uranium i s  oxidized as the resul t  of a 
severe f i r e ,  the uranium oxide formed may be hazardous i f  inhaled or ingested. 

Soluble D U  inhaled into the lungs or  D U  solubilized in the lungs poses a 
toxicological concern when i t  i s  transported t o  the kidneys. 
dissolved DU t h a t  i s  transported th rough  the bloodstream t o  the kidneys i s  
released in the urine within 24 hr (Funkhouser 1981). 
biological half- l i fe  i n  the kidneys of abou t  5 days. According t o  ICRP 2 
(1959), 2.8% of the total  inhaled uranium i s  deposited in the kidneys. 

About 80% of the 

The remaining 20% has a 

A sufficiently high dose of DU in the kidneys may lead t o  b i n d i n g  of 
uranium w i t h  "protein in the ce l l s  walls, poisoning of ce l l s  and interfering 
w i t h  the vi ta l  functions of waste elimination and electrolyte balance" (TASC 
1979) .  This i s  a threshold e f fec t ,  where a certain concentration of the 
substance must be present before any deleterious effects  are noted. 

The body i s  able t o  repair minor damage t o  the kidneys from periodic 
doses of uranium, b u t  chronic exposure a t  elevated levels could lead t o  renal 
fa i lure .  Insoluble D U  cleared th rough  the GI t r ac t  apparently adds l i t t l e  t o  
the kidney dose; most i s  quickly excreted. 

Toxic dose levels. The toxicity of the different uranium compounds 
varies widely. 
are practically nontoxic even when fed t o  laboratory animals in large (mg) 
doses. U02(N03)2, UC14,  and  Na2U207 are toxic i n  moderate doses. 
the other h a n d ,  i s  toxic in relatively small doses par t ia l ly  due t o  the 
toxicity of the fluoride. 
extent of absorption of the different compounds (Tannenbaum 1951). 

Compounds l ike U02, U308, and UF4 are relatively insoluble and 

U02F2, on 

These differences are based particularly on the 

-+ 
Chemical toxicity of the uranium oxides in inhalation studies has also 

been found t o  be relatively low. 
similar insoluble dusts were rarely fatal  in animal studies a t  20 mg/m daily 
and produced l i t t l e  or no renal damage a t  the 2.5 mg/m 
workers exposed to  40 t o  100 times the maximum permissible concentration ( M P C )  
1 x 10-l' pCi/ml d i d  n o t  show signs of overexposure (Hodge, S tanna rd  and Hursh 
1973).  

In  30-day inhalation studies,  U02 and 
3 

level; further,  3 
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Several  agencies'  recommended l i m i t s  f o r  exposure t o  uranium and uranium 

oxides, based p r i m a r i l y  on t h e  chemical t o x i c i t y  o f  t h e  uranium compounds, a r e  

i n  Table 4.9. 

Most o f  these recommended exposure l i m i t s  a r e  based on c h r o n i c  exposure 

concent ra t ions .  T h e i r  use f o r  shor t - te rm re leases i s  v e r y  conserva t ive .  

Table 4.10 i s  a summary o f  l i m i t s  f o r  c h r o n i c  exposures. 

R a d i o l o g i c a l  hazard. Depleted uranium metal  emi ts  4.15- and 4.20-MeV 

Uranium decay products  as a group e m i t  h igh-energy 

alphas from 238U and 4.37-, 4.40- and 4.58-MeV alphas, as w e l l  as low-energy 

gamma-rays, f rom 235U. 
a lphas and beta and gamma r a d i a t i o n s .  

presents  p r i m a r i l y  an e x t e r n a l  hazard f rom photons because o f  t h e  low a c t i v i t y  

o f  most of  t h e  a lpha e m i t t e r s .  

about 23 mrem/hr f o r  t h e  round o r  272 mrem/hr f o r  t h e  bare p e n e t r a t o r  (Hooker 

e t  a l .  1983). 
r e q u i r e d  f o r  shor t - te rm hand l ing  o f  t h e  penet ra to rs .  

As assembled p r o j e c t i l e s ,  t h e  DU meta l  

The maximum exposure r a t e  a t  t h e  sur face  i s  

Gloves and s a f e t y  glasses are  u s u a l l y  the  o n l y  p r o t e c t i o n  

O x i d a t i o n  o f  t h e  DU a l t e r s  t h e  type  o f  r a d i o l o g i c a l  hazard t o  p r i m a r i l y  

i n h a l a t i o n ,  w i t h  p o t e n t i a l  i n j u r y  t o  t h e  lungs f rom a lpha r s d i a t i o n  f rom 

c o n f i n e d  DU p a r t i c l e s .  Depending on t h e  exposure pathway, t h e  o x i d i z e d  DU may 

a l s o  c o n t r i b u t e  be ta  and gamma r a d i a t i o n s ,  adding t o  t h e  whole-body dose. 
Under c o n d i t i o n s  descr ibed i n  t h e  s h i p p i n g  and s torage scenar ios,  t h e  be ta  and 

gamma dose c o n t r i b u t i o n s  t o  t h e  whole-body dose would be i n s i g n i f i c a n t  com- 
pared w i t h  t h e  i n h a l a t i o n  dose. ( 4  

Depending on t h e i r  s o l u b i l i t y ,  i n h a l e d  uranium p a r t i c l e s  c o n c e n t r a t i n g  i n  
The b i o l o g i c a l  h a l f - l i f e  t h e  lungs may be t r a n s p o r t e d  t o  t h e  k idney  and bone. 

i n  t h e  k idney i s  severa l  days. I n  t h e  lungs  and bone, however, i t  i s  more 
l i k e  180 days, so these a r e  t h e  main r a d i o l o g i c a l  concerns. 

Regulatory  and recommended exposure l i m i t s ,  most based on c h r o n i c  expos- 

ures,  a r e  l i s t e d  i n  Table 4.11. 

( a )  Documented i n  a l e t t e r  r e p o r t ,  " C a l c u l a t i o n s  o f  t h e  E f f e c t s  of Shipp ing 
and Bu lk  Storage Acc idents  I n v o l v i n a  Depleted Uranium Penetrators , "  f rom 
R. I .  Scherpelz, J .  Mishima and M. A. Parkhurst  ( P a c i f i c  Northwest 
Labora tory )  t o  t h e  U.S. Army i n  1984. 

t- 

? 
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TABLE 4.9. Recommended L i m i t s  f o r  Uranium and Uranium Oxide Exposures 
(based p r i m a r i l y  on chemical t o x i c i t y )  

P a t t y ' s  (C1 ayton and Clayton 1978) nonoccupat ional  
i n  a i r  i n  water 

238u s o l u b l e  3 x 1 0 - l ~  p C i / m l  
i n s o l u b l e  5 x 10- l '  p C i / m l  

I C R P  2 (1959) 

238u i n s o l  ub l  e 
s o l u b l e  UO 
s o l u b l e  U3a8 

ACGIH (1983) 
uranium ( n a t u r a l )  s o l u b l e  and i n s o l u b l e  compounds as U 

TLV-TWA - 0.2 mg3 
TLV-STEL - 0.6 mg/m3 

and 40-hr work week t o  which n e a r l y  a l l  workers may be 
repeated ly  exposed, day a f t e r  day, w i t h o u t  adverse e f f e c t  

where TLV-TWA i s  t h e  t ime-weighted average f o r  a normal 8 -hr  workday 

where TLV-STEL i s  t h e  shor t - te rm exposure l i m i t  def ined as " t h e  
concent ra t ion  t o  which workers can be exposed cont inuous ly  f o r  
a s h o r t  p e r i o d  of t ime w i t h o u t  s u f f e r i n g  from 1 )  i r r i t a t i o n ,  
2 )  chron ic  o r  i r r e v e r s i b l e  t i s s u e  change, o r  3 )  n a r c o s i s  o f  
s u f f i c i e n t  degree t o  inc rease the  l i k e l i h o o d  o f  acc identa l  
i n j u r y ,  i m p a i r  se l f - rescue o r  m a t e r i a l l y  reduce work e f f i -  
c iency,  and prov ided t h a t  t h e  d a i l y  TLV-TWA a l s o  i s  n o t  
exceeded. . . .It 

A STEL i s  def ined as a 15-minutes t ime-weighted average 
exposure n o t  t o  be exceeded a t  any t ime, and "should n o t  be 
repeated more than 4 t imes p e r  day w i t h  a t  l e a s t  60 minutes 
between exposures. I' 

NIOSH (Mackison, S t r i c o f f  and P a r t r i d g e  1978) 
Permiss ib le  Exposure L i m i t  

U and i n s o l u b l e  compounds 
s o l  u b l  e compounds 

3 0.25 mg/m3 
0.05 mg/m 

IDLH 

3 
3 

30 mg/m 
20 mg/m 

where IDLH i s  t h e  c o n c e n t r a t i o n  des ignated as " immediately 
dangerous t o  l i f e  o r  h e a l t h "  and represents  a maximum l e v e l  
f rom which one cou ld  escape w i t h i n  30 minutes w i t h o u t  any 
escape- impair ing symptoms o r  i r r e v e r s i b l e  h e a l t h  e f f e c t s .  
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TABLE 4.10. Summary of Chronic Exposure Limits 

Occupational L im i t s  General Populace L im i t s  
I nsol ubl  e Sol ubl e 1 nsol ubl e Soluble 

Exposure Index Un i ts  DU DU Uni ts  DU DU 

Who1 e-Body Dose r e d y e a r  5 5 remdyear 0.5 0.5 

Cr i t i ca l -Organ Dose r e d y e a r  15 15 r e d y e a r  1.5 1.5 

Radio1 og ica l  C i  /m l  1x1 0-1 O 7x1 0-1 C i  / m l  5 . 0 ~ 1  0-1 3 .  O X ~ O - ' ~  
Concentrat ion (averaged (averaged 
o f  DU i n  A i r  qua r te r l y )  annual ly)  

Concentrat ion (average (averaged 
o f  Sol ubl e weekly) annual 1 y 
DU i n  A i r  

Toxi co l  og ica l  mg/m 3 - 0.2 mg/m 3 - 0.007 

TABLE 4.11. Regulatory and Recommended Exposure Limits 
(based on radiological hazards) 

NRC (10 CFR 20) (1983) 
Occupational Exposure General Pub1 i c  

VCi /ml VCi /ml 
a i r  water a i r  water 

5 4 x 12 238U soluble 7 x 101:; 1 x lo-; 3 x 
238U insoluble 1 x 10 1 x 10- 5 x 10- 1 x 10- 

0.2 mg/m 238U aerosols (weekly occupational exposure) 
8 mg-hr/m3 - time-integrated factor 

3 ACGIH (1983) 
TLV - 0.2 mg/m for  U and  i t s  aerosols 

Recommendations presented by I.S. Eve (1964) 

tion integration factor (noted by Funkhouser (1981) a s  consis- 
tent with lab studies addressing nephrotoxicity from acute 
inhalation a n d  ingestion of U compounds) 

8 mg-hr/m3 (480 mg-min/rn3) - as maximum planned emergency concentra- 

ICRP 30 (1979) 
Inhalation Exposures - Solubility Classes D = days, W = weeks, 

Y = years 
Class D Class W Class Y 

A L I  (Bq)  
(annual l jmits on intake) 5 lo4 3 lo4 2 lo3 

(derived a i r  concentrations) 2 x 10 1 x 10 7 x 10-1 
DAC ( B q / m  ) (40 h r / w k )  

i- 

d 
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The EPA (1980) provides some guidance for acute exposure limits in its 
protective action guides (PAGs).  These PAGs suggest general population and 
emergency worker limits in the event of nuclear incidents releasing radioac- 
tive materials to the atmosphere. 
personnel in determining whether actions such as sheltering or evacuating are 
warranted to "amel iorate the impact" to exposed or 1 i kely-to-be exposed popu- 
lations. The assumed duration of the release is a few hours to a few days 
(EPA 1980). 

They are intended for use by emergency 

The whole-body external gamma radiation 1 imi ts conservatively assume that 
gamma exposure and whole-body gamma doses are equivalent and are as follows: 

general popul at i on 1-5 rem 
eme rgen cy workers 25 rem 
lifesaving activities 75 rem 

The inhalation limits for radioactive material in an airborne plume as recom- 
mended in the PAGs are based on dose to the thyroid: 

general population 5-25 rem 
eme rge n cy workers 125 rem 
1 ifesaving activities 

In both sets of limits, the lower numbers in the range should be used where 
there are no local constraints that prevent providing for such protection. 

(no 1 imit specified) 

Since the thyroid dose implies protection from beta-emitting radio- 
iodines, these values are not strictly relevant for lung dose from alpha emit- 
ters. 
and 20.101) indicates that the dose to the lung should be treated as the dose 
to the total body. These PAG limits provide somewhat arbitrary and conserva- 
tive guidance on the dose equivalent levels "allowed" in an emergency situation. 

While no PAG has been set for lung doses, 10 CFR 20 (sections 20.4 

Calculation of the chemical levels. Calculat 
soluble DU in air is expressed as: 

on of the concentration of 

ation) 

+ (fa*bll*vd*Kr*lo F (resuspension) 
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where 
CL, = average t o x i c o l o g i c a l  concen t r a t ion  o f  s o l u b l e  DU i n  a i r  t o  w h i c h  

a person i n  populat ion c l a s s  K i s  exposed dur ing  averaging pe r iod  
1 (mg/m3) 

= f r a c t i o n  o f  a v a i l a b l e  DU t h a t  is  d i s p e r s e d  t o  the  a i r  a s  a e r o s o l s  f a  
( p a r t i c l e s  <20 pm AED) 

f b  = f r a c t i o n  of a e r o s o l i z e d  DU t h a t  i s  r e s p i r a b l e  ( p a r t i c l e s  53 pm AED) 

N1 = amount of D U  a v a i l a b l e  f o r  r e l e a s e  t o  the a i r  du r ing  averaging 
per iod  1 (kg) 

F = normalized concen t r a t ion  of ma te r i a l  i n  the pass ing  c loud  a t  a 
3 ground-1 eve1 r e c e p t o r  (sec/m ) 

Amount o f  D U  Amount of D U  
accumulated through accumulated through 
beginning o f  f i n a l  + end o f  f i n a l  
averaging per iod  1 averaging per iod  1 

2 
- 

M1 - 

When the a c t u a l  du ra t ion  of r e l e a s e  i s  S the averaging p e r i o d ,  
M1 = N1 

= depos i t i on  v e l o c i t y  (m/sec) 'd 
concen t r a t ion  of 

Kr  = resuspension f a c t o r  = (l/d r e s p i r a b l e  D U  i n  the a i r  
concen t r a t ion  o f  
a e r o s o l i z e d  DU on the ground 

lo6 = conversion f a c t o r  (mg/kg). 

4.4.2 Calcu la t ion  o f  Exclusion Area 

If  a s cena r io - type  t r a n s p o r t a t i o n  o r  s t o r a g e  a c c i d e n t  occur red ,  an 
exc lus ion  a r e a  boundary could be e s t a b l i s h e d  t o  l imit  a c c e s s  nea r  the a c c i d e n t  
s i t e  o r  downwind o f  an a i r b o r n e  DU r e l e a s e .  The exc lus ion  boundary limits a r e  
based on the p o t e n t i a l  f o r  r a d i o l o g i c a l  and t o x i c o l o g i c a l  hazards  a s  well a s  
the p o t e n t i a l  missile impact and e x p l o s i v e  hazards o f  the M829. 

4.62 



‘4 

Exclus ion c r i t e r i a  may be s e t  up on t h e  bas is  o f  r a d i o l o g i c a l  and 
t o x i c o l o g i c a l  l i m i t s  t o  o c c u p a t i o n a l l y  exposed persons o r  t o  members of t h e  
general  p u b l i c ,  depending on t h e  people a t  r i s k .  Exposure t o  e i t h e r  o f  these 

groups i s  u s u a l l y  based on t h e  long- term exposure t o  t h e  s p e c i f i e d  m a t e r i a l - -  
u s u a l l y  40 hr/week f o r  occupat ional  and 168 hr/week f o r  t h e  p u b l i c .  

shor t - te rm re leases,  t h e  i n h a l a t i o n  l i m i t s  may be o v e r l y  conserva t ive  and t h e  
use o f  the  shor t - te rm exposure l i m i t  (STEL) may be more d i r e c t l y  a p p l i c a b l e  

f o r  these cases. 

For  

As discussed i n  Sect ion 4.2.1, t h e  compounds most l i k e l y  t o  be formed 

f rom DU by f i r e  a re  U02, U03, and UC. 

can l e g a l l y  be i n h a l e d  i s  governed by t h e  dose rece ived t o  t h e  lungs f rom 

i n h a l a t i o n .  

t h e  concent ra t ion  t o  t h e  k idney. 

The l i m i t  o f  i n s o l u b l e  compounds t h a t  

Exposure t o  s o l u b l e  DU compounds through i n h a l a t i o n  i s  l i m i t e d  by 
1 - -  

Previous analyses de termin ing  e x c l u s i o n  boundar ies have addressed t h e  

However, n e i t h e r  o f  these had much r e l e v a n t  f i e l d  

issues o f  r a d i a t i o n  and chemical t o x i c i t y  i n  e s t a b l i s h i n g  c r i t e r i a  (McMi l lan 

1979; Funkhouser 1981). 

data t o  base t h e i r  analyses on and bo th  had t o  use assumptions they g e n e r a l l y  

suspected were conservat ive.  
o u t l i n e d  here f o l l o w e d  by a d iscuss ion  of how t h e  r e s u l t s  d i f f e r  u s i n g  a v a i l -  

a b l e  f i e l d  data i n  p lace  o f  t h e  assumptions. 

r e t a i n e d  where no a c t u a l  i n f o r m a t i o n / d a t a  e x i s t s .  

T h e i r  approaches d e r i v i n g  exposure l i m i t s  a r e  

C e r t a i n  assumptions w i l l  be 

Th is  a n a l y s i s  assumes a mun i t ions  acc ident  as descr ibed i n  Sect ion 4.2 
where a f i r e  i s  respons ib le  f o r  t h e  o x i d a t i o n  o f  a p o r t i o n  o f  the  dep le ted  

uranium p e n e t r a t o r s  and an exp los ion  d isperses t h e  a e r o s o l i z e d  uranium ox ides 
downwind o f  the  acc ident  s i t e .  Concentrat ion l i m i t s  imposed on occupat ional  
workers w i l l  be cont ras ted  w i t h  l i m i t s  t o  t h e  general  p u b l i c .  

Popu la t ion  c h a r a c t e r i s t i c s .  I C R P  r e p o r t s  have been used t o  d e r i v e  popu- 
l a t i o n  exposure l i m i t s  and o c c u p a t i o n a l l y  exposed worker l i m i t s  t o  uranium. 
These l i m i t s  a r e  based on cont inuous exposure and a r e  conserva t ive  enough t o  

p r o t e c t  bo th  workers and t h e  p u b l i c  f rom long- term r a d i o l o g i c a l  and t o x i c  

e f f e c t s  o f  i n h a l e d  (and inges ted)  uranium. The p o p u l a t i o n  a t  l a r g e  c o n s i s t s  

of i n d i v i d u a l s  w i t h i n  a wide age d i s t r i b u t i o n .  

l a r g e  var iances i n  h e a l t h  and to le rances  t o  chemical i n s u l t  w i t h i n  t h i s  popu- 

There a r e  a l s o  l i k e l y  t o  be 
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l a t i o n .  P r o t e c t i o n  of t h e  popu la t i on  i s  g e n e r a l l y  based on p r o t e c t i o n  t o  t h e  
i n d i v i d u a l s  most a t  r i s k .  

c r i t i c a l  organ and i t s  mass i s  t h e  b a s i s  f o r  c a l c u l a t e d  uranium to le rances .  

For example, a t  exposure l e v e l s  above a t h r e s h o l d  concen t ra t i on ,  c h i l d r e n ' s  

much sma l le r  k idneys puts  them a t  g r e a t e r  r i s k  o f  k idney po ison ing  than a d u l t s  

w i t h  no rma l l y  f u n c t i o n i n g  kidneys. 

t o l e r a n c e  v a r i a t i o n s  i n c l u d e  t h e  v e n t i l a t i o n  r a t e  ( r e s p i r a t o r y  r a t e ) ,  t h e  

d u r a t i o n  o f  t h e  exposure, and exposure through o t h e r  pathways. App ly ing  t h e  
conserva t i ve  nephro tox i c  l i m i t  based on we igh t  o f  uranium p e r  gram o f  k idney 

across t h e  p o p u l a t i o n  appears t o  p r o v i d e  reasonable p r o t e c t i o n  f o r  a l l  members 

o f  t h e  p u b l i c .  

For s o l u b l e  compounds of uranium, t h e  k idney i s  t he  

Other f a c t o r s  i n f l u e n c i n g  i n d i v i d u a l  

D e r i v i n g  an exposure l i m i t .  Almost a l l  o f  t h e  r a d i o l o g i c a l  o r  t o x i c  

l i m i t s  f o r  exposure t o  uranium a r e  based on cont inuous exposure. 

p o s t u l a t e d  acc iden t  occurred, t h e  re lease  would have a l i m i t e d  d u r a t i o n  and 

the  i n h a l a t i o n  hazard t o  persons downwind would be acute i n  t h e  sense t h a t  i t  

would cease a f t e r  t he  re lease  was concluded o r  when t h e  wind changed d i r e c t i o n  
away from t h e  re fe rence  dose p o i n t .  Resuspension o f  depos i ted  p a r t i c l e s  cou ld  

c e r t a i n l y  add t o  t h e  t o t a l  i n h a l e d  dose, b u t  t h e  i n i t i a l  re lease  would be t h e  

major concern. Because a r e g u l a t o r y  l i m i t  does n o t  e x i s t  f o r  acu te  exposure, 

p a r t i c u l a r l y  i n  emergency s i t u a t i o n s ,  comple t ion  o f  t h i s  a n a l y s i s  r e q u i r e s  
t h a t  a l i m i t  o r  group o f  l i m i t s  be d e r i v e d  so t h a t  c o n t r o l  boundaries can be 

e s t a b l i s h e d  t o  p r o t e c t  a g a i n s t  overexposure f r o m  such an acc ident .  

I f  t h e  

3 The ACGIH (1983) recommended TLV l i m i t s  a r e  0.2 mg/m f o r  a 40-hr work 
3 week and 0.6 mg/m f o r  occasional ,  sho r t - t e rm exposures. 

l i m i t s  i s  adequate f o r  sho r t - t e rm releases. Two approaches suggested by  
McMil lan (1979) a r e  t o  d e r i v e  an emergency exposure l i m i t  f r o m  t h e  cont inuous 
exposure l i m i t  and t o  d e r i v e  i t  based on a maximum concen t ra t i on  of uranium i n  

t h e  kidneys. 

p rev ious  exposure and t h e r e f o r e  no i n i t i a l  body burden. 

N e i t h e r  o f  these 

Both approaches assume t h a t  t he  exposed i n d i v i d u a l s  have no 

D e v i a t i o n  f rom cont inuous exposure. Given t h a t  w i t h  cont inuous exposure, 

t h e  amount of uranium i n  t h e  k idneys i s  cons tan t  and t h e  amount exc re ted  d a i l y  

equals t h e  amount taken i n t o  t h e  body, then: 

C '  
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L*N = r e V * C  ( 5 )  

where L = ln (2) /15 ,  t h e  decay cons tan t  based on a b i o l o g i c a l  h a l f - l i f e  o f  

N = amount of  uranium i n  t h e  k idneys 

r = f r a c t i o n  absorbed i n t o  t h e  body 

V = v e n t i l a t i o n  r a t e  (1.25 m / h r )  

C = occupat ional  c o n c e n t r a t i o n  l i m i t  (0.2 mg/m ). 

15 days 

3 
3 

L i m i t i n g  the  t o t a l  body absorp t ion  t o  t h a t  q u a n t i t y  p e r m i s s i b l e  i n  t h e  
k idneys under cont inuous exposure c o n d i t i o n s ,  t h e  equat ion  becomes: 

N = r*V*C/L 

N = r a V * ( t / 8 ) * D  

where t = number o f  hours over  which exposure occurs 

D = d e r i v e d  c o n c e n t r a t i o n  l i m i t  

and t h e  8 represents  hours/day. 

S o l v i n g  f o r  t h e  d e r i v e d  c o n c e n t r a t i o n  t ime l i m i t ,  t h e  r e s u l t  becomes: 

D * t  = 8*C/L 

3 which g ives  a c o n c e n t r a t i o n  t ime f a c t o r  o f  34.6 mg-hr/m . 

( 7 )  

H is  second approach d e r i v e s  t h e  l i m i t  by back c a l c u l a t i n g  f rom t h e  
maximum p e r m i s s i b l e  concent ra t ion  (MPC) o f  uranium i n  k idney t i s s u e .  
i s  3 pg of U/g of t i s s u e  (Alexander 1974). 
(which does n o t  spec i fy  whether t h e  uranium i s  s o l u b l e  o r  i n s o l u b l e )  o f  0.028 
as t h e  f r a c t i o n  of i n h a l e d  uranium depos i ted  i n  the  k idneys and a k idney mass 
o f  300 g f o r  t h e  average a d u l t ,  t h e  l i m i t i n g  c o n d i t i o n  can be c a l c u l a t e d :  

This  MPC 

Using t h e  I C R P  2 (1959) s tandard 

0.028*V*C*T = 0.003-M 
o r  

COT = 0.003*M/(0.028-V) 
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where V = 

C =  
M =  

T =  
0.028 = 

0.003 = 

3 
3 

v e n t i l a t i o n  r a t e  (m / h r )  
c o n c e n t r a t i o n  (mg/m ) 

mass ( 9 )  
t i m e  (hours )  
f r a c t i o n  of i n h a l e d  uranium depos i ted  i n  t h e  k idneys 

.003 mg of uranium p e r  g o f  k idney t i s s u e .  

T h i s  equat ion  can be used f o r  o t h e r  age groups if t h e  k idney mass and the  

v e n t i l a t i o n  r a t e s  a r e  known. 

on da ta  i n  NUREG-0172 (Hoenes and S o l d a t  1977) and t h e  R a d i o l o g i c a l  Hea l th  

Handbook (1970) (see Table 4.12). These emergency l i m i t s  range from 25 t o  

40 mg-hr/m . 

McMi l lan c a l c u l a t e d  these exposure l i m i t s  based 

3 

Resu l ts  o f  these two s t r a t e g i e s  a r e  very  s i m i l a r  and y i e l d  va lues g r e a t e r  

T h i s  i s  about 3 t imes t h e  weekly l i m i t  o f  8 mg-hr/m f o r  an 

Given t h a t  t h e  t r a n s f e r  o f  uranium f rom t h e  b l o o d  t o  t h e  

3 3 than 25 mg-hr/m . 
occupat iona l  worker. 

k idneys i s  11% (Hoenes and Soldat  1977), t h e  d e r i v e d  25 mg-hr/m can be 

compared t o  t h e  p o s t u l a t e d  dose o f  uranium i n  t h e  b lood stream t h a t  may cause 

death. 
Assuming t h a t  25% o f  t h e  s o l u b l e  uranium t h a t  i s  i n h a l e d  w i l l  be absorbed and 

3 

T h i s  c o n c e n t r a t i o n  has been es t imated a t  1 mg/kg of body weight .  

u s i n g  a c o n c e n t r a t i o n  t i m e  f a c t o r  o f  25 t o  c a l c u l a t e  t h e  body i n t a k e ,  t h e  
mg/kg r a t i o s  t h a t  can be ob ta ined f o r  each age group a r e  i n  Table 4.13. 

TABLE 4.12. Ca lcu la ted  Emergency Exposure L i m i t s  

K i  d ney Vent i 1 a t  i on 
Mass Rate COT 

m3/hr mg- h r / m 3  Group 9 
NUREG 0172 

I n f a n t  
Chi 1 d 
Teen 
A d u l t  

55 
100 
210 
300 

R a d i o l o g i c a l  Hea l th  Handbook 
I n f a n t  ( 1  y )  55 
C h i l d  (10 y )  175 
A d u l t  300 
A d u l t  (work)  300 

0.233 
0.292 
0.562 
0.833 

0.195 
0.616 
0.95 
1.25 

25.24 
36.66 
39.97 
38.57 

30.09 
30.43 
33.83 
25.71 

1- 

c '  
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TABLE 4.13. Ca lcu la ted  mg/kg L i m i t s  

' t  

. 

. 

Group 

I n f a n t  

Chi 1 d 

Teen 
A d u l t  

A d u l t  (work) 

Res p i r a t  i on 
Rate 

m3/hr 

0.233 

0.292 
0.562 

0.833 

1.25 

Ab sorbed 
Urani  urn 

mg 

1.456 

1.825 

3.512 
5.206 

7.812 

Body 
Mass 
kg 
10.7 

2 1  

45 

70 
70 

R a t i o  
mg/ kg 

0.136 

0.086 
0.078 
0.074 

0.111 

McMi l lan concludes t h a t  t h e  body burden i s  l e s s  than 0.15 mg/kg, which 

represents  l e s s  than 15% of t h e  l i m i t  of 1 mg/kg s e t  f o r  an acute exposure, 

and i t  i s  t h e r e f o r e  "no t  unreasonable" t o  use t h e  c o n c e n t r a t i o n  t ime f a c t o r  o f  

25 mg-hr/m as t h e  maximum acute  exposure. He a l s o  suggests t h e  use of t h e  
3 3 8 mg-hr/m ( t h e  maximum weekly exposure f o r  workers)  and 2.5 mg-hr/m (a va lue  

o f  0.1 t imes t h e  d e r i v e d  maximum acute  exposure) as o t h e r  l o g i c a l  l e v e l s  o f  

c o n t r o l  l i m i t s .  
g i v e s  an o v e r a l l  t r a n s f e r  o f  2.8 (ICRP 1959) o r  25%, depending on t h e  approach 

used, reaching t h e  kidney (F igure  4.20). 

3 

A diagram o f  t h e  f r a c t i o n  o f  DU reach ing  each compartment 

Funkhouser (1981), address ing t h e  same issue,  supports t h e  use o f  a maxi- 
3 mum planned emergency t i m e - i n t e g r a t e d  c o n c e n t r a t i o n  f a c t o r  of 8 mg-hr/m , 

which he r e p o r t s  i s  conserva t ive  w i t h  respec t  t o  t h e  r a d i o l o g i c a l  models b u t  

i s  c o n s i s t e n t  w i t h  l a b o r a t o r y  s t u d i e s  assessing n e p h r o t o x i c i t y  f o l l o w i n g  acute  

i n h a l a t i o n  and i n g e s t i o n  o f  bo th  s o l u b l e  and i n s o l u b l e  uranium compounds i n  
excess of t h i s  value. 
c o n t r i b u t i o n  t o  t h e  k idneys f rom t h e  aeroso l i zed ,  r e s p i r a b l e ,  s o l u b l e  f r a c t i o n  
i s  3.75%. 
i s  a l s o  3.75%. 

He no tes  t h a t  t h e  somatic t r a n s p o r t a b l e  nephro tox ic  

The somatic nont ranspor tab le  r a d i o t o x i c  c o n t r i b u t i o n  t o  t h e  lungs 
He bases these f r a c t i o n s  on t h e  f o l l o w i n g  assumptions: 

'I 0 30% o f  t h e  rounds a r e  "e f fec ted" ;  70% a r e  "unef fec ted"  

50% of t h e  rounds a r e  aerosol ized;  50% a r e  deposi ted o n s i t e  

0 50% o f  t h e  a e r o s o l i z e d  compounds a r e  o f  r e s p i r a b l e  s i z e ;  50% 

are  nonrespi  r a b l  e 
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' t  

0 50% of the aerosolized compounds of respirable s ize  are  transport- 
able (nephrotoxic 1 imits) ;  50% are nontransportable (radiotoxic 
1 i m i  t ) . " 

These assumptions are diagramatically i l lus t ra ted  and show 3.75% entering the 
kidney from inhalation exposure (Figure 4.21).  

Funkhouser also analyzed the radiological dose commitment t o  the lungs 
following a single acute inhalation of respirable uranium tha t  remains ( i s  
somatic nontransportable) in the lungs assuming no previous accumulation and 
no additional exposure t o  uranium. He calculates the inhaled ac t iv i ty  
deposited t o  the lungs from the uranium i n i t i a l l y  present by the equation: 

pCi 3 m -hr m Ao(pCi) = CT (%) x V (E) x SpA (-) x f i  
m mg ( 9 )  

where CT i s  the integrated time-concentration fac tor  
3 V i s  the ventilation rate  of 1.25 m /hr 

3 SPA i s  the specific ac t iv i ty  fo r  uranium-238 of 0.333 pCi / lO mg of D U  
f i  i s  the insoluble, nontransportable fraction deposited in the lungs. 

Upon substi tution and evaluation of the numerical constants, the inhaled 
deposition i s :  

and 
L .  

c. 

m hr 1.25 m' 0.333 pCi o.0375 = 8.0 % x h r  
AO m lo3 mg 

A = 1.25 x pCi 
0 

The dose equivalent ra te  t o  the l u n g s  i s  calculated a s  mrem/day following 
th i s  equation: 
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d mrem MeV-rem 1 - DE(-) = Aoe d t  day 

- A E  I 

(vci) E (d isarad  )Xm(sm) 

-6 10 e r g  gmorad 
100 e r g  

3 
x [lo x 1.6 x MeV rem 

8 6 4 y  x 3.7 x 10 4 d i s  3 
aY 

X 

where E = t h e  e f f e c t i v e  absorbed energy p e r  d i s i n t e g r a t i o n  o f  

43 MeV-rem/dis-rad f o r  uranium-238 (DU) 

m = 1000 gm, t h e  t o t a l  mass of bo th  lungs 

and X E  = t h e  e f f e c t i v e  e l i m i n a t i o n  r a t e  o f  1n2/380 days. 

For  a one-year dose commitment t o  t h e  lungs, t h i s  becomes: 

x l o m 3  x 365))  -e = 73.3 mrem 
v 1  

The r e s u l t i n g  one-year dose commitment o f  about 73 mrem t o  t h e  lungs i s  l e s s  

than 15% of t h e  exposure p e r m i t t e d  t h e  nonoccupat iona l l y  exposed p u b l i c .  

The 50-year dose commitement t o  t h e  lungs i s :  

While Funkhouser's c a l c u l a t i o n  o f  3.75% as t h e  q u a n t i t y  t o  t h e  lungs f rom 
t h e  DU a t  t h e  a c c i d e n t  s i t e  i s  l o g i c a l  based on h i s  assumptions, the  cho ice  of 
0.0375 as t h e  fi va lue may n o t  be appropr ia te .  

t ime-concentrat ion f a c t o r  i s  t h e  q u a n t i t y  of uranium i n  t h e  a i r  over  t h e  

p e r i o d  o f  acute in take .  
f o r  c a l c u l a t i n g  fi would be w i t h  the  q u a n t i t y  of DU t h a t  i s  aeroso l i zed .  

assumptions are  t h a t  50% of t h e  a e r o s o l i z e d  compounds a r e  of r e s p i r a b l e  s i z e  

3 The 8.0 mg-hr/m i n t e g r a t e d  

Using Funkhouser's assumptions, t h e  s t a r t i n g  p o i n t  

The 
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and t h a t  50% of t h e  r e s p i r a b l e - s i z e d  p a r t i c l e s  a r e  nont ranspor tab le  f rom t h e  
lungs. The fi would then be 0.25 and t h e  equat ion:  

3 - 8 mg-hr 1.25 m 0.333 pCi  o.25 
3 10 mg 3 h r  m A. - 

would y i e l d  an a c t i v i t y  o f  A, = 8.33 x 

t o  t h e  lungs o f :  

pCi  and a one-year dose commitment 

Th 

(mrem) 
pCi ay 

x x 365))  '.d = 489 mrem 

50-year dose commitment t o  t h e  lungs would be: 

The one-year dose commitment of almost  0.5 rem equals t h e  amount o f  

c h r o n i c  exposure p e r m i t t e d  annua l ly  t o  t h e  nonoccupat iona l l y  exposed p u b l i c  i n  
10 CFR 20. 

5-rem whole-body exposure under emergency cond i t ions .  

Th is  dose i s  10% t o  50% o f  EPA's p r o t e c t i v e  a c t i o n  guide o f  1- t o  

The assumptions used i n  t h i s  a n a l y s i s  may be o v e r l y  c o n s e r v a t i v e  i n  

c a l c u l a t i n g  dose. Parameters such as t h e  chemical form o f  DU and i t s  a c t u a l  
s o l u b i l i t y  must be considered as w e l l  as t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  a t  t h e  
p o i n t  o f  exposure. 
r e s p i r a b l e ,  nont ranspor tab le  f r a c t i o n  may w e l l  be o f f s e t  by t h e  a d d i t i o n  o f  
assumptions of atmospher ic d i f f u s i o n  from t h e  t h e  acc ident  s i t e  t o  t h e  p o i n t  

o f  exposure. 

The use o f  t h e  0.0375 f a c t o r  r a t h e r  than t h e  0.25 f o r  t h e  

The I C R P  Report  30 d o s i m e t r i c  model f o r  t h e  r e s p i r a t o r y  system breaks 
uranium compounds i n t o  t h r e e  c lasses:  

compounds w i t h  h a l f - t i m e s  i n  t h e  lungs o f  l e s s  than 10 days, W (week) f o r  

compounds w i t h  h a l f - t i m e s  o f  10 t o  100 days, and Y ( y e a r )  f o r  compounds w i t h  
r e t e n t i o n  t imes l o n g e r  than 100 days. 

D (day)  f o r  r e l a t i v e l y  s o l u b l e  

Under t h i s  system, t h e  h i g h l y  i n s o l u b l e  

t 
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uranium oxides, U02 and U308, are assigned to  inhalation class Y and the 
fraction of  material expected t o  enter the gastrointestinal t r a c t  following 
inhalation exposure i s  0.002. 
t h a t  a fraction of 0.05 reaches the GI t rac t .  
t r a c t ,  0.12 ( D  and W )  and 0.00052 ( Y )  fractions are expected to  reach the 
kidney. 
respectively. 

U03 i s  assigned to  class W ,  and  i t  i s  estimated 
O f  the quantity entering the GI 

The effective half-lives in th i s  case are 6 and 1500 days, 

The choice of the concentration 1 imit fo r  exclusion boundary calculations 

The most conservative calculation i s  t o  assume t h a t  i f  any i s  
depends on the quantity of respirable, soluble uranium postulated t o  be 
released 
soluble, i t  i s  a l l  soluble, and the chemical toxicity concentrations apply. 
This wil protect personnel from chemical and radiological injury. I f ,  
however, the soluble portion of the respiratory uranium i s  only a small 
fraction of the uranium present, as would be expected from f ie ld  d a t a ,  use of 
the radiological concentration 1 imits i s  more reasonable, especially for  
short-term incidents. 
be selected a f t e r  consideration of the expected rat ios  of soluble t o  insoluble 
compounds and respirable t o  nonrespirable par t ic le  sizes.  

In  any case, the l imit  used in the calculations should 

Application o f  1983 f i e ld  data. In  the 1982-83 b u r n  t e s t s  w i t h  the M829, 

Rather t h a n  
the D U  penetrators did not  follow the behavior pattern established i n  e a r l i e r  
t e s t s  due t o  the combustible cartridge material used in the M829. 
ejecting nearly undamaged penetrators from the f i r e  as happened with the M774 
in 1977, the M829 propellent fizzled and the rounds remained in the f i r e .  The 
heated D U  penetrators oxidized over a period of two days, and in several cases 
a l l  t h a t  was l e f t  a f t e r  the f i r e  cooled was powdered uranium oxide. 
percent of the original mass was oxidized. During the April 1983 t e s t ,  a 
containment structure (8-ft  h i g h ,  30-ft by 30-f t  square) faci l  i t ia ted recovery 
of the DU oxide. Air monitors were secured outside the structure t o  detect 
aerosolized particulates. A mass balance performed on a l l  debris showed 
complete material recovery. 

Eighty 

The containment structure prevented collection on the monitors of any DU 
debris temporarily suspended by local winds. 
similar t o  previous tes t s  without containment structures i n  t h a t  the a i r  

Results of this t e s t  were 
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monitors detected no evidence of airborne D U .  Of the in s i t u  oxidized DU 
collected and analyzed fo r  i t s  s ize  dis t r ibut ion,  only  0.2% t o  0.65% was i n  
the respirable s ize  range. Furthermore, the respirable p o r t i o n  was 99+% 
insoluble i n  synthetic lung f lu id ,  indicating t h a t  the transfer of uranium t o  
the kidneys would be restricted.  

The extent of transfer of uranium t o  the kidneys of such predominantly 
238" insoluble material i s  n o t  clear.  The transfer coefficient of inhaled 

from the lung t o  the kidney i s  given as 0.11 in NUREG-0172 (Hoenes and Soldat 
1977).  Unfortunately, the assumptions of the chemical form and solubi l i ty  of 
the uranium are n o t  stated. McMillan used 25% of the soluble u r a n i u m  as the 
inhaled fraction reaching the blood. The ICRP 30 (1979) c i t e s  the percentage 
of uranium compounds being absorbed by the blood as a resul t  of ingestion as 
0.05 for water soluble inorganic compounds (usually hexevalent uranium) and 
0.002 for  relatively insoluble compounds (usually te t ravalent) .  

Typically, a portion of particles inhaled are removed from the lungs 
t h r o u g h  mucocilia action transferring them t h r o u g h  the bronchial tubes where 
they are coughed u p  and swallowed, thus entering the GI t rac t .  Of the soluble 
compounds cleared from the lungs in th i s  way, some would enter the blood by 
absorption t h r o u g h  the intestines.  
the GI t r a c t  i s  quickly excreted, contributing l i t t l e  t o  the dose t o  the 
kidney. ( I n  t h i s  case then, the radiological r isk would be the limiting 
factor for  determining a c r i t e r i a  level.)  

Most of the insoluble D U  cleared t h r o u g h  

The percentage of uranium reaching the l u n g s  and kidneys, based on the 
f i e ld  data and stated assumptions, i s  an expected transport of 0.51% t o  the 
lungs and  0.0052% t o  the kidneys from inhalation exposure (see Figure 4 .22) .  

Other exposure pathways. The d i rec t  hazard of inhalation exposure from a 
passing cloud of uranium aerosols i s  the most significant o f f s i t e  concern from 
a major DU f i r e .  There are ,  however, additional pathways of exposure, which 
will be briefly discussed and dismissed from further analysis because the 
inhalation exposure l imit  i s  the most c r i t i ca l  in establishing exclusion bound- 
ary areas. The f i r s t  of these i s  the external radiation exposure. The 
is  an alpha emitter and a s  such poses no real risk t o  any of the sensit ive 

238u 
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t issues of the body including the lenses of the eyes a t  a depth of 3 mm and 
the basal layer of the epidermis a t  70 pm. 

interacts only w i t h  the outer dermal layer a n d ,  a t  scenario atmospheric 
levels,  would have no significant effect .  
could pose a hazard t o  uncovered skin, and gamma r a d i a t i o n  would contribute t o  
the whole-body dose. 

This nonpenetrating r a d i a t i o n  

The beta radiation i n  the plume 

However, these dose contributions are expected t o  be 
insignificant.  (4  

Deposition of the radionuclides i n t o  the local environment may provide an 
additional source of direct  ingestion from D U  clinging t o  or incorporated into 
vegetation or contaminating the potable water supplies. 
f i r e  presents a contamination source t o  the local environment. 
the area affected depends on the a i r  circulation patterns, deposition rate  and 
the existing background r a d i a t i o n  levels.  The lbng half- l i fe  of the uranium 
isotope enhances the potential for biological uptake t h r o u g h  the food chain. 
Dilution and diffusion transport mechanisms remove some of the deposited 
material from the s i t e .  Environmental weathering may break D U  down allowing 
i t  t o  leach into the soil  b u t  i t  tends t o  remain close t o  the soil  surface 
(Stoetzel , Waite and Gilchrist  1983) rather t h a n  migrating into groundwater 
aquifers. Uptake of uranium by plants i s  highly variable depending on the 
soi l  chemistry and  composition and the relation t o  the growing  season. 
ever, plants generally select  against uranium uptake. Ingestion of plants 
t h a t  have direct  fo l i a r  deposition i s  probably more significant i n  the food 
chain. 

Release from a major 
The extent of 

How- 

A release over a water body provides a mechanism of transport from the 
s i t e  of particles direct ly  deposited on i t s  surface or entering t h r o u g h  runoff 
and leaching. 
deposited t o  the sediments. 
water though D U  penetrators themselves have been shown t o  break down i n  b o t h  
fresh and s a l t  water (TASC 1979). 

Generally the D U  particles are n o t  carried f a r  before they are 
Most D U  compounds are re la t ively insoluble in 

( a )  Documented in a l e t t e r  report, "Calculations of the Effects of Shipping 
and Bulk Storage Accidents Involving Depleted Uranium Penetrators," from 
R .  I .  Scherpelz, J .  Mishima and M. A. Parkhurst (Pacific Northwest 
Laboratory) t o  the U.S. Army in 1984. 
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P 

Food cha in  e f f e c t s  should be n e g l i g i b l e  t o  nonex is ten t  f o r  t h i s  s h o r t -  
term re lease and t h e  r a d i o i s o t o p e s  invo lved.  
i n g e s t i n g  DU f rom downwind o f  an area p e r i o d i c a l l y  exposed t o  DU t a r g e t  t e s t -  

i n g  showed t h a t  even under very  conserva t ive  assumptions, t h e  general  populace 
would have been exposed t o  l e v e l s  w e l l  below 10 CFR 20 (NRC 1983) p r o t e c t i o n  

standards of annual whole-body and c r i t i c a l - o r g a n  doses (TASC 1979). 

Studies o f  consumption o f  deer 

Resuspension of  deposi ted p a r t i c l e s  o f fe rs  a secondary source of FU 

contaminat ion bo th  e x t e r n a l  and through i n h a l a t i o n .  However, these secondary 

concent ra t ions  w i l l  be cons iderab ly  reduced f rom t h e  i n i t i a l  r e l e a s e  concen- 

t r a t i o n  a t  t h a t  l o c a t i o n  and w i l l  pose a p r o p o r t i o n a t e  f r a c t i o n  of t h e  i n i t i a l  

hazard. 

The conclus ions t o  be made concern ing t h e  e x t e r n a l  and i n t e r n a l  pathways 

(as ide  from i n h a l a t i o n )  a r e  t h a t  they  a r e  dec ided ly  secondary i n  importance t o  
t h e  pr imary release. Whi le t h e  environment may become somewhat contaminated 

over  i t s  normal background readings, i t  a l s o  a c t s  as a b u f f e r  m i t i g a t i n g  t h e  

hazard by s o i l  adsorpt ion,  which prevents  leaching,  and by t h e  s e l e c t i v e  

e x c l u s i o n  o f  uranium from most p l a n t s .  The s e v e r i t y  of  t h i s  problem i s  a 

f u n c t i o n  o f  t h e  o r i g i n a l  re lease c o n c e n t r a t i o n  l e v e l s ,  chemical form, and 

p a r t i c l e  s ize.  The e x t e n t  o f  contaminat ion w i l l  depend on t h e  p a r t i c l e  s i z e ,  

d e p o s i t i o n  r a t e ,  and s t a b i l i t y  c l a s s  d u r i n g  t h e  i n i t i a l  re lease.  

I n  t h e  event t h a t  these pathway a d d i t i o n s  t o  t h e  o v e r a l l  doses a r e  of  

s p e c i f i c  i n t e r e s t ,  numerous b i o l o g i c a l  food cha in  model ing codes have been 
developed which c a l c u l a t e  t h e  p r e d i c t e d  doses f rom each i d e n t i f i e d  pathway. 

t 
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ACGIH - American Conference of Governmental Industrial Hygienists 

AED - aerodynamic equivalent diameter, the diameter of a sphere of unit 
density exhibiting the aerodynamic behavior of the stated size 

AMAD - activity median aerodynamic diameter, the aerodynamic equivalent 
diameter at which half the radioactivity is from particles larger and half 
is from particles smaller than the stated diameter 

break weight - the weight of uranium reacted or the weight gain at which the 
rate of reaction/oxidation changes 

char - the component of wood that does not volatilize at temperatures normally 
found in fires but does oxidize 

chrome1 alumel - a metal couple used to measure temperature in the upper 
temperature range 

cooked off - the reaction of munitions to high temperature resulting in the 
dissassembly of the round 

crib - a method of stacking wood that allows good ventilation between 
individual pieces and assures good combustion 

DOD - U.S. Department of Defense 

DU - depleted uranium 
enclosure/compartnent fire - a fire occurring inside the confines of a single, 

open space, totally enclosed but communicating with a source of oxidant 

EPA - Environmental Protection Agency 

feedback - the transmission of energy back to the fuel surface resulting in 
continuing vaporization and further combustion 

fines collector - a rubber sack used as a last stage in a sonic sieve stack to 
collect "fines" passing through the last sieve 

fire-loading concept - the concept that fire damage is equated to the amount 
of combustible material per unit area at a location 

flashover - the point in an enclosure fire when all the combustible materials 
are involved and the flames "flashover" the assembly 

flaring - the combustion of unconfined propellant that occurs over a very 
short period of time, seconds 
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geometry, i n t e r n a l  - t h e  p h y s i c a l  parameters w i t h i n  a c r i b  t h a t  a r e  
i n f l u e n t i a l  i n  c o n t r o l l i n g  t h e  r a t e  o f  combustion (e.g., dimensions o f  t h e  
wood p i e c e s / f r e e  surface area, p o r o s i t y  o f  t h e  p i l e  o r  f r a c t i o n a l  voidage, 
a i r  p e r m e a b i l i t y  i n  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s ,  e t c . )  

HEAT ( rounds)  - h i g h  e x p l o s i v e  a n t i - t a n k  

HEP ( rounds)  - h i g h  e x p l o s i v e  p l a s t i c  

h y p e r s t o i c h i o m e t r i c  (UO ) - c o n t a i n i n g  more than t h e  q u a n t i t y  o f  oxygen i.n t h e  
molecule t o  c o n s t i t u ? e  a s t o i c h i o m e t r i c  ( t h e  p r o p o r t i o n  i n  which chemical 
elements combine t o  fo rm s t a b l e  molecules)  m i x t u r e  

I C R P  - I n t e r n a t i o n a l  Commission on R a d i o l o g i c a l  P r o t e c t i o n  

LLD - l e a s t  l i n e a r  diameter,  t h e  s m a l l e s t  geometr ic dimension o f  a p a r t i c l e  
( t h e  o r i e n t a t i o n  t h a t  a l l o w s  a p a r t i c l e  t o  pass through a s tandard mesh i n  
a s i e v e )  expressed as t h e  d iameter  o f  a sphere w i t h  t h e  same dimension 

M774 round - 105-mm round w i t h  a DU p e n e t r a t o r  and a s o l i d  case 

M829 round - 120-mm round w i t h  a DU p e n e t r a t o r  and a combust ib le  case 

MICROME - Micromeri  t i c  Inst rument  Corpora t ion  

MMAD - mass median aerodynamic diameter,  h a l f  t h e  mass o f  p a r t i c l e s  a r e  
assoc ia ted  w i t h  p a r t i c l e s  g r e a t e r  than and h a l f  l e s s  than t h e  s t a t e d  AED 

MMD - mass median diameter,  h a l f  t h e  mass o f  p a r t i c l e s  a r e  assoc ia ted  w i t h  
p a r t i c l e s  g r e a t e r  than and h a l f  l e s s  than t h e  s t a t e d  geometr ic d iameter  

MPC - maximum p e r m i s s i b l e  c o n c e n t r a t i o n  

NRC - U.S. Nuclear Regulatory  Commission 

NTIS - Nat iona l  Technica l  I n f o r m a t i o n  Serv ice  

PAG - p r o t e c t i v e  a c t i o n  guides (EPA) 

p e n e t r a t o r  - t h e  m o n o l i t h i c  metal  component o f  a p r o j e c t i l e  f rom k i n e t i c  
rounds 

PNL - P a c i f i c  Northwest Laboratory ,  operated by t h e  B a t t e l l e  Memorial 
I n s t i t u t e  under c o n t r a c t  w i t h  t h e  U.S. Department o f  Energy 

RH - r e l a t i v e  h u m i d i t y  

r e s p i r a b l e  f r a c t i o n  - a f r a c t i o n  o f  t h e  p a r t i c l e s  a i r b o r n e  t h a t  c o u l d  be 
i n h a l e d  i n t o  t h e  human r e s p i r a t o r y  system ( c o n s e r v a t i v e l y  es t imated  t o  be 
a l l  p a r t i c l e s  l e s s  than 10 pm AED) 
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SED - spherical equivalent diameter, exhibiting the same aerodynamic behavior 
as a sphere o f  the stated diameter 

SEM - scanning electron microscope 

staballoy - an alloy composed of 0.75% titanium and 99.25% depleted uranium 

STEL - short-term exposure l imit  (ACGIH) 

TASC - The Analytical Sciences Corporation 

thermophoresis - the deposition of par t ic les  u p o n  surfaces due t o  the thermal 
flux from a h o t  t o  cold surface 

TWA - time-weighted average (ACGIH) 

two-phase flow - a condition occurring i n  enclosure f i r e s  where the combustion 
products/flames come o u t  the upper po r t ion  of an opening and cold a i r  
enters th rough  the lower por t ion  of  the opening 

up-loaded tank - a tank carrying an operational load and mixture of munitions 

volat i les  - a combustible component of wood that  i s  vaporized by temperatures 
normally i n  f i r e s  

w t X  - percent by weight 

zonal - burning in discrete  physical layers or zones 
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